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Preface 

Breast cancer continues to be the focus of intense basic and clinical 
research. In Valurne 1 of this series we dealt exclusively with topics 
concerned with therapy. In the present Valurne 2, we turn our attention 
to the experimental biology which is the foundation for our understand
ing of problems concerned with breast cancer etiology, mechanisms of 
hormone action, cell kinetics, experimental chemotherapy, and markers 
of tumor burden. The contributors to the volume are all noted scholars 
who are personally investigating these problems. 

The first chapter addresses the question, do hormones cause breast 
cancer? Segaloff provides us with a rational up-to-date overview of the 
existing data. He concludes that hormones by themselves are not tumor 
initiators but rather alter the hast environment so that other carcinogens 
are effective. lt is pointed out that the selection of the modeltest system 
is critical; one can almost assure any desired result by choosing an ap
propriately biased test system. 

The question of the role of viruses in the etiology of human breast 
cancer remains unanswered despite elegant studies in mause systems. 
Schlom and associates using powerful molecular hybridization tech
niques have shown that 95% of viral nucleic acid sequences are very 
similar in several strains of mause mammary tumors that appear very 
early, while viral sequences from late-appearing tumors in the same 
strain may be substantially different. They also show that some viral 
sequences are not transmitted via the germ line but may be passed by 
the placenta, milk, or seminal fluids. Type-specific and group-specific 
immunochemical reactivities can be shown to differ between tumor 
viruses from different tumor strains. Although candidate viruses have 
been identified from human breast tumors, the authors pointout that 
even if viruses are eventually found to be necessary in the genesis of 

vii 
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human breast cancer, they are probably not sufficient in themselves to 
cause the disease. 

Turning to preneoplastic lesions, the mammary gland offers one of 
the few systems where defined preneoplastic lesions can be studied 
during progression to neoplasia. Medina has used the mouse mammary 
gland for such studies. This model depends on the important point that 
mouse mammary tumorigenesis is characterized by the presence of a 
precursor stage, the hyperplastic alveolar nodule, which has a greater 
probability of developing into mammary carcinoma than does normal 
epithelial tissue. A variety of etiologic agents, viral, chemical, and physi
cal, can interact at both the normal and preneoplastic stages to induce 
and promote tumorigenesis. This fact may be particularly important 
since Medina points out that many of the chemotherapeutic agents 
commonly used in human breast cancer therapy are among those com
pounds which can enhance the rate of tumor formation from precursor 
lesions. With regard to effects of known carcinogens on precursor le
sions, Medina proposes that precursor lesions are a mixed population of 
normal cells, unaltered precursor cells, and carcinogen-altered precursor 
cells which are regulated by cell-cell interactions. Carcinogens may 
either act directly on precursor cells to alter them and increase their 
tumorigenicity and/or indirectly by disrupting the microenvironment 
and consequently disrupting normal cell-precursor cell interaction. The 
result in either case would be an increased probability of expression of 
potentially tumorigenic precursor cells. 

Model systems to study the effects of hormones on breast tumor 
growth and regression have been available for many years, but have 
been fraught with difficulties because of complex interactions between 
the various endocrine glands, normal tissues, and the tumor cells. Now 
with the availability of a human breast cancer cellline in long-term tissue 
culture many of the above problems can be entirely avoided. Osborne 
and Lippman use this to show unequivocally the direct effects of estro
gens and antiestrogens on breast tumor cells. They show that androgen, 
glucocorticoid, progesterone, insulin, etc. can be studied in a similar 
manner. Their approach probably represents the best currently available 
model for studying hormone actioninhuman breast cancer cells. Clearly 
it has been the stimulus for a number of other laboratories to use these 
tissue culture cell lines in unravelling the mechanisms of hormone ac
tion. 

Antiestrogens represent a relatively new approach to the treatment 
of breast cancer. Horwitz and McGuire review the current state of 
knowledge regarding what is known about these remarkable com
pounds. They are clearly as effective in producing objective breast tumor 
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regressions as any other form of endocrine therapy. Within the tumor 
cell they bind to and translocate the estrogen receptor to nuclear sites 
and somehow prevent endogenaus estrogens from stimulating tumor 
growth; they have several other possible sites of action such as the 
pituitary and ovaries as weil. There are certain features of these com
pounds which demand further investigation. For example, it has been 
shown that certain doses of antiestrogens can directly stimulate proges
terone receptor synthesis, a property thought previously to be exclu
sively restricted to active estrogens. lt is likely that these compounds will 
replace most current forms of endocrine therapy because of their low 
associated morbidity, and they will no doubt also play an important role 
in adjuvant therapy of primary breast cancer. 

The search for biological markers of the presence of breast tumor 
cells continues. Heberman suggests that there are several promising 
leads for the application of immunologic or biochemical tests to the 
diagnosis and management of breast cancer. They include CEA, ferritin, 
calcitonin, breast-cyst fluid protein, and urinary hydroxyproline. To 
these might be added some measures of immune function and reactiv
ity, particularly lymphocyte counts and subpopulations of rosette
forming cells, lymphocyte-proliferative responses, and leukocyte
migration inhibition. Most of the techniques which are currently being 
used need tobe refined considerably. Most studies reported to date have 
concentrated on demonstrating differences between populations of 
women with breast cancer and control populations; more of the markers 
now need to be thoroughly evaluated for their practical use in staging 
and monitaring of patients. Procedures still need to be developed for 
application to the problems of individual patients. 

A great deal of new information is available regarding cell kinetics in 
experimental breast cancer. Schifferreviews this subject and provides us 
with the following generalizations. Transplantahle tumors are more 
highly proliferative than their spontaneaus counterparts and this dif
ference is exaggerated with increasing transplant generations. Metastases 
also appear tobe more highly proliferative than their primary tumors. In 
general, small tumors are more highly proliferative than large ones, and 
tumors near blood vessels appear to be more proliferative than those 
further away. However, we cannot extrapolate cell kinetic data from one 
experimental breast-tumor system to another because the variability is 
very wide even within a single system. Schifferpoints out that clinicians 
may have thought that a standard chemotherapy regimen based on 
average cell kinetic data could be designed for groups of patients, while 
in fact, in view of the variability of the data from one tumor to the next, 
the possibility of one overall treatment scheme seems to have little 
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chance of success. It is apparent that to properly design a 
chemotherapeutic strategy for a single patient, cell kinetic data must be 
obtained from that patient's tumor. Now that rapid in vitro techniques, 
designed so that the results are known soon enough for clinical utiliza
tion, are becoming available, combination chemotherapy may soon be
come less empirical and much more rational. 

It has been stated on occasion that clinical trials of chemotherapy are 
usually first performed on human patients and then repeated on mice 
and rats for illustrative purposes. This is often close to the truth in the 
case of breast cancer and can be explained by the lack of an overall 
model breast cancer system in mice or rats. This is discussed in detail by 
Bogden in the chapter on therapy of experimental breast cancer. He 
demonstrates that if the experimental question is carefully defined and 
the animal model is carefully chosen, valuable information can be ob
tained which can be of considerable benefit to the clinician. This is illus
trated by actual experiments designed to compare various doses of X-ray 
therapy and to determine the optimum time to change from one drug 
regimen to another. The latter point prompts a discussion of late inten
sification therapy which is based on the fact that very small tumors may 
be more resistant to therapy and thus require more intensive therapy 
than larger tumors at the inflection point of the Gompertzian curve. It 
now remains for the practicing chemotherapist to pay some attention to 
these experimental models and use the information to designinnovative 
trialsinhuman breast cancer patients. 

The molecular biologists have finally begun to investigate hormone 
action in breast cancer. Rosen provides convincing evidence that 
modern biochemical technology can be applied to biologically relevant 
questions. For example, it has been well demonstrated that both normal 
and neoplastic breast tissues contain receptors for prolactin. We also 
know that prolactin stimulates the synthesis of specific milk proteins in 
these tissues. The ability to rapidly induce specific mRNAs and to per
form pulse-chase experiments in mammalian cells will permit an eluci
dation of the primary site of steroid and peptide hormone action, i.e., 
whether they act at transcriptional, posttranscriptional, or translational 
levels. With the advent of recombinant DNA technology it should be 
possible to isolate probes for each of the mild protein mRNAs which can 
then be used to characterize the genes and their primary transcription 
products. An understanding of the primary gene structure and the 
availability of larger pieces of native DNA containing both the specific 
genes and their regulatory regions should provide the basis for future 
studies of the precise mechanism of hormone action in the mammary 
gland, which in turn may help explain how these regulatory 
mechanisms have deviated in hormone-dependent breast cancer. 
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In summary, Volume 2 of this series covers a wide range of topics, 
all of which should provide stimulating reading for basic biologists as 
weil as for clinicians caring for breast cancer patients. 

William L. McGuire 
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Hormones and Mammary 
Carcinogenesis 

ALBERT SEGALOFF 

1. Introduction 

1 

In the dassie sense of carcinogenesis, such as that produced by ionizing 
radiation or "carcinogenic" hydrocarbons, hormones are probably not 
carcinogenic. They are either procarcinogens or cocarcinogens. In this 
sense, they produce more substrate either for initiation or for promotion 
by other substances, but of themselves they are probably not carcino
gens. In the intact organism, the effects of administration of various 
horrnones at crucial periods of the host's life cycle may result in car
cinogenic effects because of profound lifelong changes in endocrine bal
ance that can be induced by a single horrnone administration. This latter 
phenomenon might be referred to as the inducement of unfavorable 
hormonal imbalance, and this imbalance has a procarcinogenic effect. 

2. History 

The real beginning of great interest in the horrnone induction of 
mammary cancer starts with the work of Professor Anton Lacassagne<u in 
1932, when he administered an extract, folliculine benzoate, to three 
male and two female RIII mice and found that all but one female de-
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veloped mammary cancers. In the RIII strain of mice, the females, 
particularly on forced breeding, developed a high incidence of mam
mary cancer, but neither intact nor castrated males developed this le
sion, and tne female that developed cancer did so in 4 months, while the 
earllest spontaneous cancer seen in untreated females was at 5 months. 
This result was therefore a demonstration of a new kind of cancer in an 
animal that does not develop mammary cancer. I remernher the impres
sive Professor Lacassagne telling us that he kept the mice in a battery jar 
on his desk so that he could observe them closely. This would be impos
sible to do in studies of thousands of animals in the pursuit of highly 
significant results, but it does not make his observation any less impor
tant nor ours any more. 

2.1. Studies in Mice 

The scientific soil on which Professor Lacassagne's substantial con
tribution was planted should be clarified. lt was obvious at that time that 
mice were easy to breed in captivity. They lent themselves well to gene
tic studies, and most stocks, under laboratory conditions in which they 
lived Ionger than wild mice, survived into cancer age, and had substan
tial numbers of breast cancers. (2> In addition, mice have essentially flat 
mammary glands, and even a tiny nodule of beginning cancer produces 
a bulge on the ventral surface, so that even the most unsophisticated, 
uneducated animal handler can look for mammary tumors as he trans
fers the mice by picking them up by their tails. For these reasons, highly 
inbred, homozygous strains of mice were already available with inci
dences of spontaneous mammary cancer in the females, either virginal 
or breeding, from zero to essentially 100%. 

The seeds of Dr. Lacassagne's observations grew luxuriantly in this 
soil, and there rapidly grew a literature documenting that estrogens 
were capable of inducing increases in mammary cancer in many mice 
providing they had the proper genetics. The mice without spontaneous 
mammary cancers did not appear to develop them when treated with 
estrogens, and the continuous administration of estrogen was consider
ably more effective in increasing the incidence of breast cancers than 
intermittent administration. 

It was about this time that Bittner3.4> observed the "milk factor" or 
mammary tumor virus that is responsible for the high incidence of 
mammary tumor in some stocks of mice. Transmissionofthis virus is 
not genetic or DNA transmission, but is vertical transmission by the 
mother' s milk. lt can be stopped by foster-nursing of the offspring, or 
the virus can be transmitted to non-virus-carrying strains by foster
nursing their offspring on virus-bearing mice. 
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Huseby and Bittner<5> suggested that the presence of the "milk fac
tor" in mice has a significant effect on their endocrine balance, as evi
denced by vaginal smears. This hypothesis was strengthened by the 
preliminary report that the milk agent altered fecal excretion of 
steroids.<6> Bittner and co-workers suggest that it may be through the 
endocrine system that the mammary tumor virus increases the incidence 
of breast cancer in mice that harbor it. Further work did not strengthen 
evidence of the relationship.(7) 

2.2. Studies in Rats 

These studies were then extended to another common Iabaratory 
rodent, the rat. Not as many strains were available, and many studies 
employed random-bred stocks of various designations. Even to this day, 
the bulk of observations on hormonal effects on carcinogenesis in rats 
are made in heterozygous stocks. The problern in many of the rat studies 
exaggerates problems seen in the mouse studies, namely, a difference of 
opinion regarding the microscopic appearance of the cancers induced 
and also the rarity of metastasis from induced tumors. Although there 
does not appear to be a mammary tumor virus in the rat, all the other 
observations mentioned above are similar. In addition, in the rat, it was 
first observed<s> that the continuous administration of estrogen Ieads to 
chromophobe adenomas of the pituitary gland that sometimes reach 
large size and cause the death of the animal.<s> We now know that these 
chromophobe adenomas produce pituitary hormones, at least prolactin, 
and may indeed be part of the genesis of the observed breast cancers.<9> 

Huggins et al., oo> in looking for a model of carcinogenesis, found 
that the females of a particular random-bred rat stock, the Sprague
Dawley, subsequently developed a high incidence of breast cancer when 
they administered 7,12-dimethylbenz(a)anthracene (DMBA) to these 
animals at a sharply restricted time in their development. In addition, 
various hormonal manipulations altered this incidence of cancer. 

2.3. Studies in Dogs 

Even though dogs may have American Kennel Club registration, 
they are not inbred stocks and are heterozygous; there is, however, a 
great variation in the incidence of mammary tumors in various breeds of 
dogs. The characteristic mammary cancer of Jogs is a mixed adenocar
cinoma.<ll) It generally grows slowly, and frequently metastasizes, but 
rarely kills the host. It is most common in beagles, but estrogens do not 
increase the incidence of this type or other types of breast cancers. 
Indeed, estrogens are quite toxic to beagles, and it appears that this 
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toxicity is mediated through the hone marrow.u2> In this species, how
ever, progestational hormones did lead to a high incidence of mammary 
cancers, generally of different histology than the spontaneous can
cers.U3> Despite this knowledge, the insistence of the United States Food 
and Drug Administration on the use of beagles for long-term studies has 
deprived us of the ability in this country to use progesterone derivatives 
as therapeutic agents because of the beagles' high rate of tumor forma
tion on this type of therapy. 

2.4. Studies in Primates 

Extensive studies<14> have not demonstrated that steroid hormones 
in primates increase the incidence of mammary cancer, and the single 
case observed by Kirschstein et al. us> should probably be considered a 
spontaneous rather than an induced tumor. 

2.5. Incidence in Women 

Ever since the introduction of estrogen into our clinical armamen
tarium, occasional reports of breast cancers in women receiving es trogen 
for short or long periods of time have appeared. When one considers 
that the incidence of breast cancer in women in our Western urban 
society is 8-10% of all women, one can expect a high correlation be
tween the finding of breast cancer and women who have received es tro
gen. Indeed, there is such a correlation. Large numbers of women who 
are postmenopausal and are or were taking estrogens as therapy de
velop breast cancer every year. It was recently suggested(lG> that this may 
be a cause-effect relationship; however, a great many studies with huge 
numbers of subjects will be required for statistically significant evidence 
of this relationship because of the high background incidence of breast 
cancer. I personally doubt that the postmenopausal use of estrogens, 
even continuously, is going to increase the incidence of breast cancer 
enough that we can show a significant increase in the incidence. 

3. The Rat as a Model of Honnone-Induced Mammary Cancer 

Since most of my work on mammary-gland carcinogenesis has been 
done in the rat, I will deal extensively with rat mammary tumors. 

3.1. Morphology of Mammary Tumors 

Many classifications of the morphology of mammary tumors and 
cancers in the rat have been proposed, but one by Shellabarget9> ap-
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pears to be most useful and simple and to agree most nearly with my 
own classification. 

Fundamentally, mammary tumors in rats and other rodents are 
divided into benign tumors (most of which are classified as adenofib
romas) and cancers (most of which are classified as adenocarcinomas). 
Efforts at classifying the cancers as other than adenocarcinomas seem to 
confuse the issue. The benign tumors may transplant readily and grow 
rapidly in syngeneic animals, and such tumors have been employed for 
extensive study.U7> The cancersalso grow progressively, can frequently 
be transplanted into estrogen-conditioned, syngeneic animals, and have 
a high incidence of metastases, particularly when they are allowed to 
continue until they cause the death of the animal. As they do in man, 
these metastases first occur in the regional lymph nodes. Successive 
generations of transplants into conditioned animals may lead to the 
development of autonomaus tumor lines.U8> 

Such cancers and benign tumors can readily be induced in appro
priate strains of rats by the continuous administration of estrogenically 
active hormones. McEuen°9> and Geschictet20> reported having induced 
mammary cancer in the rat by prolonged treatment with estrogen. The 
latter author believes that carcinogenesis requires a Superphysiologie 
dose of estrogen and that an orderly course of progression then occurs, 
consisting of hyperplasia, cyst formation, adenosis, benign tumor for
mation, and finally cancer. He reported rare distant metastases. In our 
experience, and that reported by Nelson}18> all these lesions tend to 
appear simultaneously in different areas of even the same mammary 
gland in animals chronically treated with estrogens, and proof of the 
orderly progression from hyperplasia to cancer is lacking. These early 
studies antedate our present ability to measure hormone levels in the 
host animals by the use of radioimmunoassay (RIA). 

No uniform agreement has been reached as to whether or not these 
similar-appearing tumors were indeed canceraus or on their ability to 
metastasize and kill the host. For example, Noble<21> at one time believed 
that the tumors were not unequivocally cancers, but he has now 
changed his view.<22> 

3.2 Continuous Estrogen Administration to A X C Rat 

Having the good fortune of working with Dunning and Curtis, we 
were able to study the induction of mammary cancer in their superb 
stocks of inbred rats. The A x C rats in our laboratory live to an older 
age than our other rats and have occasional benign mammary tumors, 
but they ordinarily fail to get mammary cancers. When estrogen is given 
continuously to the intact A X C female rat, however, this rat is prob-
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ably the most consistently susceptible rat to estrogen induction of mam
mary gland cancers. 

Other strains, such as the Copenhagen, appear resistant to the 
induction of mammary cancers. The Fischer rat develops considerably 
fewer mammary cancers on the continuous administration of estrogen 
than the A X C or most other rats. The Fischer rat, however, is a more 
fragile animal; it tends to have a shorter survival time, and much more 
important, it is prone to the estrogen induction of huge chromophobe 
adenomas of the pituitary that produce and secrete prolactin. The con
tinuous administration of es trogen in ample amount to Fischerrats Ieads 
to their demise from the huge induced symptomatic pituitary chromo
phobe adenomas. This observation Ieads to a truism that must never be 
forgotten: In biological studies, particularly in studies of carcinogenesis 
in which prolonged periods of time intervene between initiation of the 
experiment and production of cancer, the carcinogenic effect will be 
missed if the compound or physical agent to which the host is exposed 
is sufficiently toxic that the animal fails to survive to the minimum tumor 
age. In other words, in vivo carcinogenesis represents a race between 
mortality from toxic compounds that are carcinogenic and mortality 
from the carcinomas induced by the compounds. 

3.3. Estrogen Administration and Radiation to the A X C Rat 

An illustration of this important concept is our own work in which 
animals were exposed to graded doses of radiation to the mammary 
glands and continuous estrogen administration. <23> In the early part of 
the experiment, when the minority of the mammary cancers had 
occurred, there was a direct dose-response relationship between the 
amount of radiation given and the numbers of tumors induced. There 
was, however, a flexion point in the curve when the intermediate dose 
of radiation continued to induce progressively increasing numbers of 
mammary cancers, but the highest dose of radiation failed to produce a 
greater nurober of cancers because the animals died at too great a rate. 
Therefore, for experiments of long duration, we must use the inter
mediate amount of radiation to induce the largest nurober of cancers. 
I presume we must follow the biblical commandment "Thou shalt not 
kill" if we want optimal carcinogenesis. 

In our own experiments with the cancer-inducing effect of con
tinuous estrogen administration and the synergism with radiation, it 
became apparent that we produced the greatest nurober of tumors in 
the greatest nurober of animals if we employed intact female A x C rats. 
Since we had assumed that it was the continuous estrogenization that 
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was most important in this carcinogenesis, we believed we would be 
using our estrogens in a more standardized animal if we removed their 
gonads. We attempted to replace the other ovarian steroid, progester
one, either continuously in the form of pellets or cyclically by injections 
of progesterone. However, neither the continuous nor the cyclic admin
istration of progesterone restored the sensitivity of the A x C rat to the 
Ievels seen in intact animals.<24> 

3.4. Effects of Relaxin 

Of the various substances from the ovary that might explain the 
effects of oophorectomy, relaxin, a polypeptide that originates in the 
corpus luteum, seemed a possibility. Cutts had studied estrone
induced mammary cancers in the hooded rats previously reported on by 
Noble and his colleagues. Cutts<25> demonstrated that relaxin was 
capable of accelerating the growth rate of his estrone-induced rat mam
mary cancers. 

In our hands, administration of the NIH crude relaxin to intact 
or spayed A x C female rats temporarily accelerated the growth rate 
of mammary cancers induced by estrogen or by estrogen and radiation. 
These tumors then decreased rapidly in their growth and virtually 
disappeared despite continued administration of the relaxin. The serum 
of the animals at this time had a high titer of antibodies against pure 
porcine relaxin, which is what the NIH preparation contains as the 
active material. Thus, the possibility remains that the missing non
steroidal factor from the rat ovary is indeed relaxin. 

Porcine relaxin originales in the corpus luteum; it is a polypeptide 
composed of two chains that, like insulin, are joined by two disulfide 
bonds. <26> Relaxin contains no tyrosine, so that RIA requires the addition 
of tyrosine, which can be iodinated and used for RIA. With our best 
technique, we have only rarely been able to demonstrate relaxin in the 
blood of nonpregnant rats. During pregnancy, however, as has been 
reported by others}27> there is an initiallow Ievel of radioimmunoassay
able relaxin that reaches its peak at the time of delivery. The physiologi
cal role of relaxin in lower mammals, particularly in the pocket gopher, 
is to produce sufficient relaxation of the pelvic Iigaments tp permit the 
animal to deliver a fetus that is larger than its birth canal. The physiolog
ical role of relaxin in primate pregnancy is still unknown. Our studies in 
human pregnancy indicate that the curve for relaxin Ievels (measured by 
RIA with porcine relaxin) in peripheral blood is highest in early preg
nancy and lowest at term.{28> The usual human infant does not require 
separation of the pelvic bones for delivery. Although we do not have 
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sufficient evidence to prove it, we currently believe that relaxin is the 
ovarian nonsteroidal substance required for the greatest carcinogenesis 
and the greatest growth rate of the tumors. 

3.5. Estrogen: Substrate Enhancer of Carcinogenesis 

Little has been leamed about the effect of hormone administration 
on mammary carcinogenesis since the early studies. All known es
trogenic compounds appear capable of producing mammary cancers, 
whether because they produce the substrate for the other carcinogenic 
activities or because they are themselves carcinogenic. Estriol has been 
said to be not only an antiestrogen but also possibly a protector against 
carcinogenesis. Nothing could be further from the truth. Even before 
our present knowledge of the extremely short activity of estriol on the 
estrogen receptor,<29> we knew that for the greatest estrogenic expression 
of estriol, it had tobe administered frequently,<30•3u and carcinogenesis 
requires continuous estrogenization. Therefore, to show that a highly 
water-soluble estrogen such as estriol is not carcinogenic to the mam
mary gland, one would give small amounts intermittently and show its 
lack of carcinogenicity. Noble<32> and Rudali et a/.,<33> who are aware of 
these properties as a necessity for the display of estrogenic activity of 
estriol, did do appropriate studies and reported that it is as carcinogenic 
as other estrogens in their hands. 

The difficult decision now is left: how can one classify the obvious 
ability of estrogens to increase mammary carcinogenesis? To my knowl
edge, a single acute dose of any hormone has never been reported to act 
as an initiator of mammary carcinogenesis. Therefore, when hormonal 
administration leads to carcinogenesis, it is not playing the role of an 
initiator. The possible exception is the administration to the neonatal 
mouse of a single dose of estrogen (it generally takes more), which 
initiates a chain of events that may lead to mammary carcinogenesis.<34> 

In this instance, however, the initiating event is an imprintation by the 
estrogen on the mouse's immature hypothalamus that changes the 
characteristic development of the hypothalamus so that the normal 
female cyclic pattem does not develop. This imprintation can also be 
done with hormonal agents other than estrogen, such as progesterone 
or testosterone. This is a dose-related phenomenon, and vaginal tumors 
can be prevented by oophorectomy in the animals that have gotten 
lower doses neonatally; if larger doses are employed, oophorectomy 
does not prevent the development of the characteristic vaginal changes. 
If this experiment is done in animals that are susceptible to the estrogen 
induction of mammary carcinogenesis, these animals also develop 
mammary cancers late in life. This is the only context I know of in which 
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the hormones might be considered as initiators. lt is my interpretation of 
these data, however, that this is not initiation. 

Estrogens seem to play the role of providing the substrate for car
cinogenesis in animals that already have a genetic or other means of 
initiation. Does the provision of a substrate for carcinogenesis constitute 
promotion of carcinogenesis? The sense in which promotion is used for 
chemical carcinogenesis may indeed apply, but I prefer to use a different 
term-"substrate enhancer" or "substrate enhancement." This term 
more nearly describes the role of hormones in carcinogenesis as I see it, 
yet does not prohibit us from considering the role as a special type of 
promotion. 

3.6. Strain and Species Susceptibility 

The active hormone acts as part of the endocrine system, and it is 
impinged on by a whole host of extemal influences, such as stress, 
pregnancy, diet, and drugs. This leads to an examination of strain and 
species differences in susceptibility to the estrogen induction of mam
mary cancers. Animals may lack a genetic initiator, andin this case, the 
initiation could be supplied by some nonhormonal, nongenetic means. 
W e can best illustrate this dilemma again from our studies of the A X C 
rat. These animals, as indicated above, have the genetic initiation for 
mammary carcinogenesis, but apparently do not have any endogenaus 
promotors. Exposure of these animals to ionizing radiation increases the 
number of mammary tumors, particularly the benign tumors, after a 
prolonged latent period. Thus, these animals have some endogenaus 
promotion after initiation by the ionizing radiation. 

3.7. Dependence 

These radiation/estrogen-induced mammary cancers illustrate the 
problems of dealing with the endocrine system. lf the cancers are in
duced either with or without radiation and with the implantation of a 
pellet from which estrogen is absorbed continuously, removal of the 
pellet induces substantial regression or disappearance of the mammary 
cancers. lf, however, the pellet is left in place so that the source of 
estrogen is still available, the tumors can be made to regress by removal 
of the ovaries. This function of the ovary cannot be replaced by the 
further administration of progesterone. The required presence of the 
hormonal stimulus for the continued growth, indeed for the continued 
presence, of the induced malignancy isanother dimension that is pecu
liar almost exclusively to hormonally sensitive tumors. This phenome
non is known as dependence and means, at least in the case of the A X C 
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rat, that if the hormonal stimulus or the induced changes in the hor
monal milieu are removed, the tumor with its metastases will regress 
and often disappear, and may remain dormant unless the stimulus is 
reapplied. 

Dependence is more clearly shown in rat tumors than in human 
tumors, in which instance the term is more loosely applied to tumors 
that show temporary or partial regression on removal of a normal hor
mone. lf dependence requires that the tumor with its metastases disap
pear on removal of the stimulus, then most human tumors do not fulfill 
the requirements. A handmaiden of dependence is independence, and 
the independent tumor is termed "autonomous." lf successive genera
tions of induced tumors in rodents are transplanted into hormonally 
conditioned or treated hosts, independent, usually rapidly growing, 
tumors that no Ionger require the presence of the hormonal stimulus 
may develop. 

3.8. Dual Hormone Requirement in the Sprague-Dawley Rat Model 

Although many of the characteristics of hormonal carcinogenesis 
have been illustrated in a single model, we must employ an additional 
model system to flesh out our background data. Hugginsno> demon
strated many years ago that the administration of DMBA to Sprague
Dawley rats at a crucial time in their life (50- to 60-day-old females) led to 
a high incidence of mammary tumors generally having the microscopic 
appearance of adenocarcinomata. These tumors do not appear to require 
the exogenous administration of hormones. Instead, there may be some 
peculiarity about the mammary gland of the Sprague-Dawley rat at this 
crucial time that makes it more susceptible to the carcinogenic effect of 
DMBA. These tumors are dependent on the continued presence of both 
estrogen and prolactin for their continued growth. In common with 
many hormonally responsive human tumors, the DMBA-induced rat 
tumors contain an estrogen receptor in the cytoplasm and also a specific 
prolactin receptor in the cell membranes. These tumors have a dual 
hormonal requirement for continued growth. They must have adequate 
amounts of both estrogen and prolactin, or growth ceases and tumors 
regress. The estrogen may be removed by oophorectomy, adrenalec
tomy, hypophysectomy, or a combination of all three. The prolactin may 
be removed through hypophysectomy or by the administration of 
drugs. Some of the drugs that inhibit the synthesis andrelease of prolac
tin are L-dopa and many of the ergot derivatives, such as a

bromo-ergocryptine or ergoHne mesylate. The tumorsalso regress when 
estrogen activity is inhibited by the administration of an antiestrogen, 
such as tamoxifen. 
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3.9. Genetic Substrate on Which Hormonal Agents Work 

The hormonal balance differs for all animals, and in addition, ani
mals differ in their responses, both qualitatively and quantitatively, to 
drug administration. The different handling of hormones or drugs by 
different animals is because of the difference in tissues with respect to 
receptor proteins, or to their ability to metabolize the hormone or drug 
to either an inactive or superactive form, or to both factors. For example, 
if high Ievels of prolactin are obligatory for hormonally induced mam
mary carcinogenesis, a test for estrogen carcinogenicity might be ham
pered if the animal selected is one of those that fail to respond to estro
gen administration with an increase in prolactin, as in the dog. On the 
other hand, the selection of an animal that is exquisitely sensitive to the 
estrogen induction of high prolactin Ievels may enhance the car
cinogenic effect of the administered estrogen. 

Although I know of no species of mammal in which the mammary 
gland does not contain estrogen receptors, the analogy of the human 
disease of feminizing testes, in which the receptors are either defective 
or absent in the end organs, makes one believe that it is entirely possible 
that we will find an animal with mammary glands that are resistant to 
estrogen because of the absence of receptors. Animals in which adminis
tered hormones exhibit an extremely short half-life arealso not suitable 
candidates for demonstrating the carcinogenicity of hormones. 

3.10. Choice of Anirnal Models 

The choice of animal species to test these hypotheses therefore be
comes crucial. Taking the factors mentioned above into consideration, 
an experimenter can select his test animal and agent in such a way that 
the administered hormone will or will not exhibit carcinogenic effects as 
desired. lf one wishes to show that progestational agents are car
cinogenic, one can administer them continuously for long periods of 
time to beagle dogs, and lo and behold, progesterone derivatives are 
carcinogenic. On the other hand, if one wishes to show that estrogens 
are not carcinogenic to the mammary gland, one may select the same 
animal (the beagle), administer estrogen continuously, and lo and be
hold, estrogens arenot carcinogenic. Many of the experiments that in
fluence our thinking profoundly were either deliberately or inadver
tently designed without regard for these principles. Whatever the rea
sons for the decisions, the experiments are misleading. Thus, one must 
consider any experiment as incomplete unless it is applied to several 
model systems. 

We are barely on the threshold of adequate testing of hormonal 
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agent& as procarcinogens, and a great deal of difficult and thoughtful 
work is still needed. In some animals, the guinea pig, for example, the 
mammary gland does not seem to serve as a main target for car
cinogenesis. The continuous administration of estrogen to the guinea 
pig was studied thoroughly by Lipschutt35> and his colleagues in San
tiago. Their work followed the original demonstration by Nelson<as> that 
in this species, the major estrogenic effect is the production of benign 
fibrous tumors generally within the peritoneum or pleural cavities. Al
though the production of such tumors is not mammary carcinogenesis, 
the knowledge of the interactions between estrogens and other steroidal 
hormones gained from the experiments of this group is incalculable. I 
recommend Lipschutz's book, Steroid Hormonesand Tumors.<35> 

Is it possible to temper the carcinogenic effect of a hormonal agent 
by the administration of another hormonal agent? Indeed it is. Wehave 
illustrated the profound effects on the endocrine system of the adminis
tration of single agents. Some of the "deleterious" effects of estrogen 
administration can be counteracted by the administration of proges
terone at the same time. Indeed, in the example of the estrogen-treated 
A x C female rat, we can see that the administration of progesterone has 
a distinct protective effect for the breast.<24> 

4. Specific Hormones and Mammary Carcinogenesis 

4.1. Thyroid Substance 

The interest in thyroid substance and its effect on breast cancer goes 
back to Beatson/37> who introduced the use of castration for the treat
ment of human breast cancer. He was working at the sametimethat 
thyroid substance was first introduced as treatment for myxedema, and 
it appeared that most of his patients who obtained good objective re
gressions were also given thyroid substance. The effect of thyroid sub
stance on breast cancer remained a question, however, until the recent 
study by the Cooperative Breast Cancer Group<as> showed that thyroid 
supplementation had no significant effect on the number of objective 
regressions following castration in advanced human breast cancer. 

The possibility that the administration of thyroid substance to 
women could be etiological in breast cancerwas suddenly raised in 1976 
by Kapdi and Wolfe.<39> These authors from the Hutzel Hospital in De
troit studied women who had mammograms at that hospital, and found 
that breast cancer occurred more often in women receiving thyroid hor
mone therapy than in those who were not. They said that the incidence 
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of breast cancer increased with greater duration of treatment with 
thyroid hormone, particularly in nulliparous warnen. This anecdotal 
article, which ignored such other questions as those of underlying 
thyroid disease and other medications, produced a number of letters to 
the Journal of the American Medical Association and received wide publicity 
in the press. The unfortunate consequence of the wide publicity was that 
many patients in unquestionable medical need of thyroid therapy have 
discontinued its use because of their greater fear of breast cancer. 

Much more careful attempts to link the incidence of breast cancer to 
thyroid disease have led to conflicting results. In a careful study by 
Mittra and Hayward,<40> it appears that there is a lower Ievel of thyroid 
function in breast cancer patients as a group than in their matched 
controls. There has also been a suggestion that hyperthyroidism may be 
more common among warnen with breast cancer than among control 
subjects, but I am aware of no adequate study in this area. In experimen
tal carcinogenesis, and particularly in dealing with DMBA car
cinogenesis in rats, either iodine restriction or the induction of 
hypothyroidism increases the incidence of tumorigenesis, whereas 
thyroid feeding decreases the numbers of induced tumors. These find
ings would seem to contradict the findings of Kapdi and Wolfe,<39> but 
are consistent with the Mittra and Hayward<4o> study. 

Mustacchi and Greenspan,<4u with the provisional inference that 
both breast cancer and the duration of thyroid therapy are age
dependent, question the correlation suggested by Kapdi and Wolfe,<as> 
and pointout that the true relationship between these two variables can 
be determined only by careful prospective study. The American Thyroid 
Association, which is the scientific body of physicians and basic scien
tists in the United States who are most concemed with the thyroid and 
its diseases, wamed patients taking thyroid hormones for well
established indications to continue to do so, and urged that controlled 
studies be made to determine the possible relationship between thyroid 
substance and human breast carcinogenesis.<42> 

The questionable role of thyroid hormone in carcinogenesis brings 
up the question of interactions among hormones and the real difference 
between the administration of a given hormone and the delivery of that 
hormone and/or its metabolites to the mammary gland by the general 
metabolic processes of the host. Not only may thyroid hormone have a 
direct effect on the mammary gland, but also the Ievel of thyroid hor
mone in the host has a profound effect on the biotransformation of 
estrogens. Most of the studies in this regard have been donein man, and 
the pioneering studies of Fishman et al. <43> are noteworthy. Persans with 
hyperthyroidism, either idiopathic or iatrogenic, show a sharp increase 
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in the fraction of carbon-labeled estradiol-17-ß that is converted to 
2-methoxyestrone. This increase is accompanied by an equally sharp 
decrease in the fraction that is converted to estriol. In further studies, 
Fishman et al. <44> observed that in myxedema, the Ievel of conversion to 
2-hydroxyestrone is greatly diminished and the conversion to estriol is 
increased. With hyperthyroidism, the formation of 2-hydroxyestrone 
makes it the major estrogen metabolite.<44> 

Thus, it is possible that the increase in mammary cancers following 
DMBA administration in Sprague-Dawley rats that are either iodine
deficient or hypothyroid is due to the increase of estriol as a metabolite. 
On the other hand, the catechol estrogens (2-hydroxyestrone and 
2-methoxyestrone) are increased in hyperthyroidism at the expense of 
estriol and estradiol-17-ß, and these catechol estrogens may weil be 
responsible for the sparing effect on mammary cancers due to the 
thyroid feeding. This seems to be an even more logical explanation 
when we consider that 2-hydroxyestrone is the characteristic urinary 
estrogen found in anorexia nervosa, in which genital and mammary 
atrophy are the rule, whereas an increase in estriol in the urine is charac
teristic of obese individuals, who are also more susceptible to breast 
cancer.<45> Along this same line of thought, progesterone, when given 
simultaneously with estradiol-17 -ß, profoundly decreases the peripheral 
estrogenic activity of the administered estradiol-17-ß while altering the 
hepatic biological inactivation of the same estrogen in the opposite direc
tion.<46> 

4.2. Estrogens 

Regarding estrogens and mammary carcinogenesis, continuous es
trogen action on the mammary gland seems to be required for a pro
longed period of time and in an appropriate amount for each animal 
species. There is undoubtedly an optimal Ievel at which the estrogenic 
activity produces the greatest number of mammary cancers without 
undue toxicity to the host. There appears tobe no particular predilection 
for any certain animal and any particular estrogen, natural or synthetic, 
to produce breast cancer as long as the compound possesses the neces
sary estrogenic activity in the test animal. 

4.3. Insulin 

The studies of Cohen and Hilf<47> indicate that insulin is required for 
lactation, which probably indicates that insulin is also required for 
mammary carcinogenesis, at least for promotion to identifiable clinical 
size. 
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4.4. Progesterone 

Studies regarding a possible carcinogenic role for progesterone 
show even greater disagreement than those regarding estrogens, but in 
the case of progesterone it is largely related to the species in which the 
studies are done. In our experience, estrogen-induced carcinogenesis of 
the mammary gland is reduced in rats through the simultaneaus admin
istration of progesterone<24>; on the other hand, in the dog, in which 
estrogens do not appear to induce mammary cancer, progesterone and 
its derivatives produce mammary cancers without the concomitant ad
ministration of estrogen.03> 

Sherman and Korenmad48> suggested that breast cancer occurs in 
warnen who have a short luteal phase of the menstrual cycle and are 
therefore exposed to unopposed estrogen Ionger during any given cycle. 
Kodama et al. <49> have been studying urinary steroids in Japanese pa
tients with breast cancer and in normal control subjects. The breast
cancer patients have shown a significant decrease in metabolites, par
ticularly progesterone, which Kodama and associates term 
"menstruation-dependent steroids." They interpret their data to indi
cate a disturbed corpus luteum function in warnen who develop breast 
cancer. This disturbance is reflected not only by the excretion studies, 
but also by the fact that they have a lower number of live births. Hoover 
et al. oe> observed, in private practice, a group of patients who had a 
significant increase in endometrial cancer after being given estrogens for 
long periods of time and an increase in the incidence of breast cancer in 
these same patients. The latter increase was not statistically significant, 
but since the basal incidence of breast cancer is so great, it is doubtful 
that there will ever be a statistically identifiable increase of breast cancer 
in warnen treated with estrogens. In none of these studies was there 
prolonged treatment with estrogens in combination with progesterone. 

Various studies have failed to connect contraceptive pills with a 
significant increase or decrease in malignant breast tumors, but these 
compounds, which at present are a combination of estrogen and a 19-
nortestosterone derivative and formerly were a combination of an estro
gen and a progesterone, are said to decrease the incidence of benign 
breast tumors requiring biopsy. 

4.5. Pituitary Hormones 

Moon et al. <so> showed that the prolonged administration of both 
bovine and ovine growth hormone led to neoplasms of most of the 
organ systems in the Long-Evans rat, and that one of the common 
systems involved was the mammary gland. As far as I know, this is the 
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sole well-executed study showing a tumorigenic effect from a single 
pituitary hormone. Most other studies are not reliable-they employ 
either (1) impure mixtures of drugs such as hormones active on the 
central nervous system, which have a major effect on the release of 
pituitary hormones, and which Iead to increases in prolactin secretion; 
or {2) the transplantation of pituitary tumors that produce predomi
nantly prolactin; or (3) the transplantation of pituitary anterior Iobes to 
ectopic sites, which Ieads to the increased secretion of prolactin because 
it separates the pituitary from the pituitary stalk. The stalk is the source 
of prolactin-inhibiting factor, which holds prolactin secretion in check in 
normal animals. 

When we analyze the effect of pituitary hormones, we should recall 
that the endocrine system is a system of checks and balances influencing 
through a series of hypothalamic hormones the secretion of pituitary 
hormones, and that both the pituitary gland and the hypothalamus are 
affected by the hormones, both steroidal and nonsteroidal, produced by 
the end organs. None of the hormones involved in carcinogenesis acts 
by itself. We arenot speaking of carcinogenesis in in vitro studies, but in 
an intact, living organism the endocrine system of which responds to the 
administration of hormones or to the removal of the organs by which 
they are synthesized. 

For example, the chronic administration of estrogen, such as is re
quired for carcinogenesis, carries with it an appropriate host reaction to 
decrease gonad-stimulating hormones (follicle-stimulating hormone 
and luteinizing hormone) and to increase prolactin Ievels. In some ani
mals, the administration of estrogen appropriately produces the status 
of pseudo-pregnancy and the consequent additional production of 
progesterone and relaxin. The belief has been espoused not only that 
prolactin is a fundamental requirement for the carcinogenic effect of 
estrogen, but also the opposite, that the complete absence of prolactin, 
either through interference with its release by drugs such as L-dopa or 
by hypophysectomy, stops the carcinogenic effect of estrogen. The pos
sibility also exists that the progesterone inhibition of estrogen car
cinogenesis is mediated through its effect on pituitary gonadotropin and 
its inhibition of the prolactin-releasing effect of estrogens. Thus, allen
docrine manipulations have reflections on the rest of the systems. 

Meites<sl> summarized a great deal of his and his colleagues' work 
on the relationship of prolactin to mammary tumorigenesis. Spontane
ous, benign mammary tumors in old female Sprague-Dawley rats occur 
at a time when their prolactin Ievels are higher than in young animals. 
Meites and his co-workers therefore made surgicallesions in the median 
eminence of young, adult Sprague-Dawley rats. These lesions produced 
a rapid and sustained rise in serum prolactin concentrations. The rats 
bearing these lesions, as opposed to the control rats with operations, 
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were larger and heavier, and had serum prolactin Ievels almost four 
times greater. There was greater development of the mammary glands 
in three times as many lesion-bearing rats and five times as many 
tumors. These findings indicate that prolactin in the Sprague-Dawley 
rat is etiological at least in the production of benign mammary tumors. 
In further studies, these workers showed that if the serum prolactin is 
raised by a wide variety of methods before the Sprague-Dawley rat is 
exposed to DMBA, there is a significant decrease in the number of 
mammary cancers. I believe that these observations indicate that prolac
tin in the Sprague-Dawley rat may be increasing the number of benign 
tumors, but decreasing the carcinogenic response to a chemical carcino
gen. This view is in rather sharp contrast to studies by the Furth group 
(see Section 5.2). 

5. Interaction between Hormonal Change and Carcinogens in 
Mammary Carcinogenesis 

We have learned a great deal about the effects of hormones and 
carcinogenesis through the study of the interaction between hormonal 
change and carcinogens, particularly radiation and carcinogenic hydro
carbons. 

5.1. Estrogen and Irradiation 

In our laboratory, we have studied the synergism between estrogen 
and radiation in mammary carcinogenesis. The synergism is optimal in 
the A x C female rat given diethylstilbestrol continuously in 
diethylstilbestrol-cholesterol pellets and exposed to y radiation. Our 
observations have been extended by others to show that neutron radia
tion is equally effective. For radiation-estrogen synergism, we found the 
dosage-response curve for optimal production of mammary cancers to 
be 150 rads in a single dose; larger doses produce excessive deaths, and 
smaller doses produce fewer mammary cancers. The presence of the 
ovary is essential for optimal carcinogenesis, and the other major ova
rian steroid, progesterone, does not return the ability for this synergistic 
effect to occur. It is our belief that the missing factor from the ovary that 
is essential for carcinogenesis may weil be relaxin. 

5.2. Mammotrophic Hormone and Irradiation or Chemical Carcinogen 

Furth<52> and his school have contributed much to our knowledge of 
the hormonal genesis of mammary tumors. They have developed in 
the pituitary of rats transplantable tumors that secrete large amounts of 
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what he refers to as "mammotrophic hormone" (MtH). In general, it 
appears that these tumors produce large amounts of prolactin. In the 
Furth experiments, if rats are exposed to 50 rads of irradiation, they get 
no tumors. If they bear the MtH-producing pituitary tumor alone, they 
get no mammary tumors. If, however, they bear the tumor and are 
exposed to 50 rads of irradiation, 58% of the animals develop mammary 
tumors. A similar result is obtained by the single administration of 10 mg 
3-methylcholanthrene. By itself, this substance produces no mammary 
tumors in the rats, but when it is given to rats bearing the MtH
producing, transplantable pituitary tumors, 85% of the animals have 
mammary tumors. The mixed results seem to indicate that the pituitary 
hormones coming from the transplantable pituitary tumor are able to 
synergize with a dose of radiation or chemical carcinogen, insufficient of 
itself to produce tumors in these animals, suchthat a substantial number 
of the animals with a combined exposure have mammary tumors. 

Yokoro and Furth<sa> attempted to extend the observations by trans
planting the induced benign and malignant tumors. When these tumors 
were transplanted into female ratsnot bearing the MtH -secreting tumor, 
only an occasional tumor grew. However, when they were transplanted 
into female rats bearing the MtH-secreting tumor, all the mammary 
tumors, both benign and malignant, grew. 

The hormone required for mammary carcinogenesis in the 
Sprague-Dawley rat given DMBA has also been the subject of many 
studies. This carcinogenesis is inhibited by hypophysectomy, by the 
drugs that inhibit prolactin release, by castration, by pregnancy, and by 
hyperthyroidism. Thus, we have some evidence that rodent car
cinogenesis, either by hydrocarbons such as DMBA or by various forms 
of radiation, may serve as a good model for the endocrine background of 
breast cancer. 

5.3. Prolactin and Various Carcinogens 

Clifton et al. <54> have evidence that the prolactin production from 
transplantable, functional pituitary tumors enhances development of 
mammary carcinomas, but further alteration in the animals is necessary. 
When a functional tumor was used in Fischer rats, few carcinomas de
veloped in the animals bearing the functional pituitary tumor or after 
exposure to y rays or fission neutrons. When these animals were ad
renalectomized and maintained with deoxycorticosterone, however, 
86% of them developed mammary carcinomas. If the Fischer female rats 
had a graft of an anterior pituitary gland as their presumed source of 
increased prolactin, the same type of irradiation led only to a significant 
increase in mammary fibroadenomas.<ss> Unfortunately, data are not 
available in these papers to compare the Ievels of prolactin attained by 
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the transplanted gland as opposed to the functional tumor. The authors 
do suggest that the functional tumor produces much more prolactin. 

Bulbrook et al. <56> conclude from their own studies, and those in the 
literature, that prolactin is important, not in the etiology of human 
breast cancer, but only in very specialized animal models. They believe 
that the similar protective effects of early pregnancy and early castration 
in humans indicate that large amounts of estrogen given early are pro
tective, and that women who undergo early oophorectomy probably 
had hyperestrogenism previously. This is a very ingenious suggestion 
and should be considered. 

Welsch and Nagasawa<57> reviewed the data on prolactin and rodent 
mammary carcinogenesis. In a concluding note, which they confirmed 
in their laboratory, they reported that although ovine prolactin does not 
stimulate human breast tissue in organ culture, human prolactin (or 
human placental lactogen) shows evidence of doing so. They suggest 
that there may be some human carcinomas that have been influenced by 
prolactin, but proof of this suggestion requires further work. 

5.4. Honnones and Nutrition 

There is increasing evidence that nutrition has an effect on mam
mary carcinogenesis largely because of its effect on the endocrine sys
tem. A common observation is that mammary cancer is more common 
among obese women and that when it does occur in obese women, it 
has a worse prognosis than in lean women. Obesity is frequently as
sociated with a deranged menstrual cycle and sterility, both of which are 
associated with a higher incidence of breast cancer. Obese women have 
excessive conversion of androstenedione to estrone, which may be the 
basis for the irregular menses and the sterility and which exposes the 
mammary gland to continuous estrogen stimulation. Chan et al. <58> re
port that breast cancer is more readily induced in animals fed a diet high 
in saturated fat and that obese rats have higher prolactin Ievels. Obese 
women, like hypothyroid women, excrete more estriol in their urine. 
Very thin women with anorexia nervosa excrete excessive 2-hydroxyes
trone in their urine. This may be the real link between obesity and 
breast cancer and the hypothyroid women with breast cancer reported 
by Hayward.< 37> 
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Viruses and Mammary Carcinoma 

JEFFREY SCHLOM, DAVID COLCHER, WILLIAM DROHAN, 
DONALD KUFE, AND YOSHIO A. TERAMOTO 

1. Introduction 

2 

Viruses have long been known tobe involved in the etiology of a variety 
of neoplasms of animals ranging from fowl to nonhuman primates. This 
involvement has been demonstrated by the isolation of these agents 
from spontaneaus tumors, their inoculation into animals of the same 
species, and the reisolation of the particular virus from the subsequent 
tumor that developed. 

The viruses belong to a group called "RNA tumor viruses," because 
they contain RNA as their genetic information. They are also referred to 
as "retroviruses"u> because they contain an RNA-directed DNA 
polymerase enzyme that is capable of reversing the process of transcrip
tion, converting the viral RNA into DNA; this DNA eventually becomes 
integrated into the host genome as provirus. In general, members of this 
group of viruses cause tumors only in their species of isolation. This 
specificity, of course, raises immediate problems in the isolation and 
identification of putative human viruses. Moral and ethical considera
tions rule out the kind of inoculation experiments described above that 
are performed on laboratory animals. How then does one identify 
viruses suspected of being involved in the etiology of human breast 
cancer? An additional point that should be considered in any discussion 
of viruses and breast cancer is that whereas viruses may be necessary in 
the genesis of a mammary tumor, they may not, and indeed probably 
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YOSHIO A. TERAMOTO • National Cancer Institute, National Institutes of Health, 
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are not, sufficient in themselves to cause the disease. To be more spe
cific, it has been demonstrated that genetics, hormones, chemicals, radi
ation, diet, as well as many other factors may play a role, along with 
viruses, in the etiology of the extensively studied murine mammary 
tumor model. <2•3> The studies outlined in this chapter make use of recent 
techniques of molecular biology and immunochemistry to help answer 
questions relating viruses and mammary neoplasia. The central question 
to be answered is: what is the variation (if any), biochemically, im
munologically, andin mode of transmission, of viruses involved in the 
etiology of mammary carcinoma of a given species? The answer to this 
question is fundamental if one is to draw conclusions conceming data 
relating viruses and human breast cancer. 

The murine model is widely used to study factors involved in the 
etiology of mammary carcinoma. It became evident from the early 
studies of Bittnet4> that a filterable agent, i.e., a virus, is involved in at 
least some mouse strains in the causation of mammary cancer. Over the 
past four decades, experimental systems have been developed in nu
merous mouse strains, and in almost every strain studied, a murine 
mammary tumor virus (MMTV) has been revealed. These studies have 
been reviewed elsewhere.<2•3> TableI surveys some of the mouse strains 
that have been extensively used, and reveals the variations in incidence 
of spontaneously occurring mammary tumors, latent period to tumor, 
types of tumors produced, and whether or not murine mammary tumor 
virions are observed in mammary tumors by electron microscopy. Also 
included are the various designations given to the MMTV s that have 
been isolated from the various mouse strains. It should be noted that 
mammary tumors appear "early" (before 1 year) in the high-incidence 
mouse strains C3H, RIII, and GR, and "late" (after 1 year) in moderate
and low-incidence strains C3HfC57BL and BALB/c. 

A question that has remained unanswered conceming the origin of 
mammary oncogenesis in the mouse is: how many MMTV s are there? 
There are at least two possible answers to this question: (1) each mouse 
strain contains its own MMTV or MMTVs, which are distinct from other 
viruses in other mouse strains; or (2) there is only one MMTV, and each 
mouse strain exerts its own control over various properties of this virus, 
such as its expression or its virulence. It is essential that this question be 
answered if we are to understand the etiology of this disease. 

2. Growth of Murine Mammary Tumor Viruses in Cell Culture 

A major problern in the study of mouse mammary tumors has been 
the inability to obtain pure MMTV preparations. Until recently, the only 
sources of MMTV available were mouse-milk and tumor-cell homoge-
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nates. These are both highly complex media, containing numerous 
normal-cell or tumor-cell components, and it is thus extremely difficult 
to distinguish viral from host-cell components. 

When mouse mammary tumors are placed in culture, MMTV is 
produced in many instances, but these cultures are often contaminated 
by the spontaneous release of murine type-C leukemia viruses. The 
studies of Cardiff et a[.,<s> McGrath,<s> and Young et al.,<7> demonstrated 
that it is possible to grow mammary tumors of the BALB/cfC3H mouse 
strain in densely seeded primary mammary tumor cultures containing 
insulin and hydrocortisone. Moreover, we recently demonstrated<8•9> 
that this method allows the production of MMTV from all mouse strains 
examined. These include mammary tumors of strains C3H, RIII, GR, 
DD, BALB/cfC3H, and BALB/c. These cultures have been extensively 
examined by a variety of criteria to demonstrate the purity of MMTV 
produced, and have been shown to contain little or no contaminating 
type-C murine leukemia virus or other adventitious viruses. Fur
thermore, these cultures are an excellent source of both MMTV 60-70 S 
RNAs and radioactive MMTV cDNAs (DNAs complementary to the 
RNA of the MMTVs). These viral RNAs and cDNAs can now be em
ployed in molecular hybridization studies to answer questions concern
ing differences among MMTVs and their natural distribution in the 
murine population. 

3. Nucleic Acid Studies of Murine Mammary Tumor Viruses 

3.1. Differences in Genomes of Murine Mammary Tumor Vimses 

Early studies on the distribution of the MMTV, using molecular 
hybridization, reported that MMTV sequences were present in the DNA 
of all mice examined.U0> These studies, unfortunately, may have given 
the impression that on a molecular Ievel, there is only one MMTV, and 
that it is equally present in all mouse strains regardless of their incidence 
of mammary tumors. These studies were conducted, however, with 
double-stranded [3H]-cDNA probes consisting of an unequal repre
sentation of the MMTV genomeu0 ; therefore, only a portion of the 
MMTV genome may have actually been followed. 

The use of primary cultures of mouse mammary tumors from vari
ous mouse strains, as described above, made possible the radioactive 
labeling of the 60-70 S RNAs of the MMTVs from various mouse strains. 
These 3H- or 32P-labeled 60-70 S RNAs were first used in competitive 
molecular hybridization experiments to determine whether differences 
exist among various MMTVs.U2> In these experiments, increasing 
amounts (0.3-1200 ng) of unlabeled RNA from GR, RIII, and C3H 
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MMTV s were added to a hybridization reaction between radioactively 
labeled 60-70 S RNA of MMTV(RIII) and DNA from RIII early mammary 
tumors. The addition of the unlabeled RNAs resulted in a complete 
competition of the hybrid formation between the labeled 60-70 S RNA of 
MMTV(RIII) and its homologaus RIII tumor-cell DNA. These results 
indicated that the 60-70 S RNAs of the GR and C3H mouse strains are 
very similar to the 60-70 S RNA of the RIII mouse strain. It is important 
to pointout that in all these studies, the source of MMTVs used was 
cultures of early-occurring mammary tumors. 

To extend these studies, increasing amounts of 60-70 S RNAs from 
GR, RIII, and C3H MMTVs were added to hybridization mixtures be
tween radioactively labeled 60-70 S RNA of MMTV(GR) and DNA from 
early GR mammary tumors. Again, complete competition was observed. 
Finally, increasing amounts of unlabeled RNAs of GR, RIII, and C3H 
MMTV s were added to the hybridization between radioactively labeled 
60-70 S RNA of MMTV(C3H) and DNA from early C3H mammary 
tumors; this again resulted in a similar complete displacement of all 
hybrid formations. These data indicate that the viral genomes of the 
60-70 S RNAs of MMTVs released from early mammary tumors of the 
RIII, C3H, and GR mouse strains are very similar in nucleic acid se
quences within the Iimits of the assay employed; since these Iimits con
stitute approximately 5%, one can state that these viruses are at least 
95% related in their nucleic acid sequences. 

Mammary tumors were also cultivated from the C3HfC57BL mause. 
This strain arose<a.ta> by foster-nursing of C3H newboms on C57BL 
mothers (C57BL mice do not express detectable MMTV in their milk). As 
can be seen in Table I, these tumors arise at a moderate incidence late in 
the life of the animal. MMTV was obtained from these tumors, and the 
RNA of the virus was extracted. When this RNA was used02> as compe
titor in the hybrid formation between radioactive MMTV(C3H) 60-70 S 
RNA and the DNA of early mammary tumors of the C3H mause, ap
proximately 75-80% displacement of the hybridization was observed. 
These results indicated that there is a substantial difference in nucleic 
acid sequences between the MMTV released from early C3H mammary 
tumors and the MMTV released from the late mammary tumors of that 
same mause strain. This also constituted the first evidence that mice 
harbor MMTVs that may differ significantly in their nucleic acid se
quences. 

3.2. Distribution of Murine Mammary Tumor Virus Sequences in 
Murine DNAs 

MMTV s have been shown to be transmitted in different mouse strains 
either by the milk or via the germ line.<2•3> Occasionally, MMTV may also 



28 Jeffrey Schlom et al. 

be transmitted by male seminal fluids to females, which in turn can 
transfer the virus to their progeny via the milk. Other modes of trans
mission are, of course, possible. The question that we setout to answer 
is: can one distinguish whether an MMTV has been introduced into a 
given mousevia the germ line (i.e., as a germinal provirus or virogene) 
or via some non-germ-line mechanism, such as via the placenta, milk, or 
seminal fluid, or as a plasmid? The term "horizontal transmission" is not 
used here due to the confusion that would arise from such modes of 
viral transmission as via the placenta or as a plasmid in a germ cell. If an 
MMTV were introduced into a mouse via the germ line, one would 
expect to find MMTV proviral sequences equally distributed in the DNA 
of all tissues of that mouse. On the other hand, if an MMTV were 
introduced into a mouse by some other mechanism, one would expect to 
see an uneven distribution of MMTV sequences in the DNA of different 
tissues ofthat mouse. To address these points, we used the technique of 
molecular hybridization. 

3.3. Kinetics of Hybridization of Murine Mammary Tumor Virus 
[1251]-RNA to Cellular DNAs 

MMTV(C3H) was isolated from supematant fluids of the Mm5mt/c1 

C3H mammary tumor cellline. The 60-70 S RNA from these virions was 
purified as described by Drohan et al., 04> and was iodinated to a specific 
activity of approximately 2 X 107 cprnl~-tg; this RNA was 99% TCA pre
cipitable and 98% RNase sensitive. This RNA was then hybridized at 
various C0 t values to DNA from C3H mammary tumor cells and DNA 
from an apparently normal C3H liver; hybridization to sheep DNA was 
used as a control. (C0t is defined as the product of the DNA concentra
tion in moles of deoxyribonucleotide per Iiter and time in seconds.) As 
assayed by resistance to ribonuclease (RNase A and T1 ) digestion, hy
bridization to sheep DNA remained consistently at S-6% up to a C0 t of 
35,000 (Fig. 1), and was thus scored as nonspecific background. Hy
bridization between the iodinated MMTV(C3H) 60-70 S RNA and DNA 
extracted from the C3H mammary tumor cellline from which the virus 
was produced reached a maximum of 60% (Fig. 1). This value was about 
10% more than the maximum extent of hybridization between this 
MMTV(C3H) RNA and DNA from livers of C3H mice (Fig. 1). 

The C0t! value of the hybridization between MMTV(C3H) [1251]-RNA 
and the C3H mammary tumor cellline DNA was approximately 380, and 
the C0 t1 value of the hybridization to DNA from C3H liver was approxi
mately 440. For comparison, poly-A-enriched C3H cellular RNA 
(selected by poly-U sepharose chromatography) representing mes-
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Fig. 1. Hybridization of MMTV(C3H) [125 1] 60-70 S RNA to various cellu1ar DNAs. Hy
bridization conditions were as described by Drohan et al. < 14' The hybridization mixtures 
contained MMTV(C3H) [1 251]60-70 S RNA and DNA from the C3H mammary tumor cell 
line Mm5mt (&), from normal C3H liver (e), and from sheep Jung (0). For comparison, 
hybridizations were performed between 1251-labelf'd poly-A-enriched mouse RNA and 
C3H liver DNA (!'.) and calf thymus DNA (•). 

senger RNA was also iodinated and hybridized to C3H liver DNA. As 
can be seen in Fig. 1, the C0 tt value obtained using this RNA was approx
imately 3100, thus representing the value obtained with "unique" DNA. 
As an additional control, the poly-A-enriched [! 251]-RNA was also hy
bridized to calf thymus DNA; no significant hybridization was observed 
up to a C0t of 35,000. The results depicted in Fig. 1 demonstrate that 
both the C3H mammary tumor cell line and C3H liver contain MMTV 
proviral sequences in the low repetitive range.04•15J The lower C0tt value 
obtained with the C3H mammary tumor cell line DNA suggests that 
there are more MMTV proviral sequences in this DNA than in the DNA 
of the C3H liver. The differences in final percentage of hybridization
i.e., approximately 60% for the C3H tumor cellline DNA and approxi
mately 50% for the C3H liver DNA-may, however, be indicative of two 
phenomena: (1) there are quantitatively more MMTV proviral sequences 
in the mammary tumor DNA than in the liver DNA; or (2) the DNA of 
the C3H mammary tumor cells contains a portion of the MMTV genome 
that is not found in the DNA of C3H liver cells. To answer this question, 
recycling experiments were performed. 
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3.4. Recycling of Murine Mammary Tumor Virus [1 251] 60--70 S RNA 

Todetermine whether there are any MMTV sequences in tumors 
that arenot present in the DNA of an apparently normal organ, i.e., the 
liver of a C3H mouse, iodinated MMTV (C3H) 60-70 S RNA was first 
hybridized to a vast excess of C3H liver DNA. Liver DNA was chosen 
because murine livers have been shown to be negative for most MMTV 
markers.<2•3•16> A sample of 300,000 cpm of MMTV(C3H) 60-70 S RNA 
was first annealed to 30 mg normal C3H liver DNA at 68°C to a C0t of 
20,000. The unhybridized single-stranded [1251]-RNA eluting from the 
hydroxylapatite column at 0.14 M sodium phosphatewas termed "recy
cled RNA."04> This RNA was then concentrated and reannealed to C3H 
mammary tumor DNA and to C3H liver DNA to a C0t of 20,000 as 
described above. As can be seen in Fig. 2, the recycled MMTV(C3H) 
RNA failed to hybridize above background levels to the DNA of normal 
C3H livers. This result demonstrates that the recycling procedure effec
tively removed all portions of the MMTV(C3H) [1251]-RNA that are com
plementary to the DNA of normal C3H liver. The same low level of 
hybridization can be seen between the recycled MMTV RNA and sheep 
lung DNA. The recycled [1251]-RNA hybridizes more than SO%, how
ever, with DNA from C3H mammary tumor cells (Fig. 2). 
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Fig. 2. Hybridization of recycled MMTV(C3H) [1251)-RNA to rnurine cellular DNAs. 
MMTV(C3H) iodinated 60-70 S RNA was extensively hybridized to normal C3H Ii ver, and 
the unhybridized fraction was recovered by hydroxylapatite colurnn chrornatography as 
described by Drohan et a/.<' 41 The recycled RNA was then hybridized to the following 
cellular DNAs: (.&.) C3H rnarnrnary turnor cell line MrnSrnt (e) C3H liver; (0) sheep Jung. 
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The results described above were obtained with DNA from a C3H 
mammary tumor cell line and DNA from the liver of an apparently 
normal animal. Todetermine whether similar results could be obtained 
with naturally occurring "early" mammary tumors, DNA was extracted 
from spontaneaus mammary tumors of C3H mice and from livers of 
those same tumor-bearing animals. Livers were examined grossly and 
demonstrated no evidence of metastatic lesions. No significant dif
ference was observed in percentage hybridization (to a C0t value of 
15,000) when MMTV(C3H) [1251]-RNA was hybridized to the DNA of 
spontaneaus C3H mammary tumors before or after recycling against 
C3H liver DNA (Table II). This same [1251]-RNA, however, hybridized 
49% to the DNA livers from the tumor-bearin8 animals before recyclin8, 
but hybridized to only background Ievels to this same DNA after recy
clin8 (Table II). These data again demonstrate that there areproviral se
quences in "early" C3H mammary tumors that are non-8erm-line 
transmitted. 04•17> 

Todetermine whether the sin8le-stranded [1251]-RNA recovered by 
recyclin8 is indeed part of the MMTV(C3H) 8enome, purified unlabeled 
60-70 S RNAs of MMTV(C3H) and murine leukemia virus from C3H 
mice [MuLV(C3H)] were added to the hybridization between recycled 
MMTV(C3H) [1251]-RNA and mammary tumor DNA. Addition of 0.2 or 
1.5 JJ-8 MuLV(C3H) RNA did not inhibit the hybridization. However, 0.2 
P-8 MMTV(C3H) 60-70 S RNA inhibited this hybridization by 87%, and 
addition of 1.5 JJ-8 of this RNA resulted in a 8reater than 98% inhibition 
of the hybridization. These results further demonstrated that the 
radioactive sequences obtained by recyclin8 a8ainst C3H liver DNA are 
non-germ-line-transmitted MMTV(C3H) sequences. 

Table II 
Hybridization of MMTV(C3H) 1251-Labeled 60-70 S RNA, 

before and after Recycling against C3H Liver DNA, to Murine DNAs 

Source of DNA 

C3H spontaneaus mammary tumor 
C3H mammary tumor cell line (Mm5mt) 
C3H liver from mammary-tumor-bearing animal 
C3H liver from a non-tumor-bearing animal 
Bovine ovary 

Hybridization (%)" 

Before After 
recycling 

55 
61 
49 
49 

6 

recycling 

53 
58 

6 
5 
6 

" All values refer to an average percentage of hybridization of duplicate points assayed at a C0 t of 
15,000. 
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3.5. Distribution of Non-Germ-Line-Transmitted Murine Mammary 
Tumor Virus Sequences 

MMTV(C3H) [1251]-RNA was recycled against DNA from C3H livers 
because liver cells do not appear to express detectable amounts of 
known MMTV antigens. To determine whether other organs of C3H 
would be suitable for recycling experiments, a DNA preparation was 
made from a pool of five tissues of apparently normal C3H mice: brain, 
spieen, lung, kidney, and heart. A sample of 300,000 cpm of 
MMTV(C3H) [1251]-RNA was hybridized to 30 mg DNA from these tis
sues, and the recycled single-stranded RNA was purified and concen
trated as described by Drohan et al. u4> This recycled RNA hybridized 
substantially to DNA from the mammary tumor cellline both before and 
after recycling. After recycling, however, the (1251)-RNA failed to hy
bridize above background Ievels to DNA from livers or kidneys from 
normal C3H mice. Apparently, normal C3H pooled organs can therefore 
also be used for recycling to obtain the non-germ-line-transmitted 
MMTV sequences found in the DNA of C3H mammary tumors. 

The recycled MMTV(C3H) [1251]-RNA was also hybridized to DNA 

Table III 
Hybridization of MMTV(C3H) Recycled [1251]-RNA 

to DNAs of Mammary Tumors and Apparently 
Normal Tissues of Different Strains of Micea 

Source of DNA 

C3H mammary tumor 
C3H liver 

RIII mammary tumor 
Rlll liver 

GR mammary tumor 
GR liver 

BALB/c mammary tumor 
BALB/c liver 

C57BL-6N liver 
C57BL/10SCN liver 

C3HfC57BL mammary tumor 

Ovine lung 

Hybridization (%) 

44 
7 

47 
7 

40 
38 

7 
7 

4 
6 

7 
6 

• A sample of 600 cpm of MM1V(C3H) recycled ['251]-RNA was hy
bridized to 500 ILg cellular DNA to a c.t of 15,000 (in 0.4 M NaPB, 
pH 6.8, and 0.05% SOS). The hybridizations were assayed using 
RNase as described by Drohan et al."" 
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from RIII mammary tumors and RIII livers. Complementary sequences 
were found in the DNA of mammary tumors, but not in the DNA of 
livers (Table III). 

The GR strain of mice is of interest due to the transmission of the 
MMTV as a one-gene dominant characteristic.<2> The recycled 
MMTV(C3H) [1251]-RNA was hybridized to GR mammary tumor and 
liver DNAs. Complementary sequences are present in the DNAs of both 
GR mammary tumors and GR livers (Table III). DNA of mammary 
tumors of the low- and moderate-incidence strains BALB/c and 
C3HfC57BL (see Table I) were also analyzed for the presence of the 
recycled sequences in their DNA and were negative. Since the 
C3HfC57BL strain was originated by C3H mice foster-nursed on C57BL 
mothers, a strain of mice devoid of overt MMTV in its milk, this finding 
is further evidence that the recycled sequences are part of the milk
transmitted MMTV(C3H) and arenot germ-line transmitted. 

Livers of BALB/c, C57BL/6N, and C57BL/10SCN mice were shown to 
contain some MMTV proviral informationu7>; they do not, however, 
contain sequences homologous to the MMTV(C3H) recycled RNA (Table 
III). 

It thus appears that the virus responsible for causing early mam
mary tumors in C3H is substantially different from the virus causing late 
mammary tumors in C3HfC57BL and BALB/c mice. Furthermore, a virus 
similar to the highly oncogenic non-germ-line-transmitted C3H virus 
appears to be integrated as a germinal provirus in the DNA of the GR 
strain. 

3.6. Thermal Analyses of Hybrids 

It is important in the interpretation of hybridization experiments to 
determine whether or not the hybrids formed between viral RNA and 
cellular DNAs are composed of well-matched complementary nucleic 
acid sequences. The DNA-RNA hybrids formed were therefore 
analyzed for thermal stability by hydroxylapatite column chromatog
raphy. 

Thermal analysis of hybrids formed between [1251] MMTV(C3H) 
60-70 S RNA and DNAs from C3H, RIII, and GR mice is shown in Table 
IV. fiT m values of 3.0-3.3°C were demonstrated with RIII DNAs, and a 
value of 3.8°C was seen for GR DNA. Since a rc fiT m corresponds to 
approximately 1.5% mismatching, us> thesefiT m values indicate that the 
RNA genomes of the highly oncogenic MMTVs of RIII, C3H, and GR 
mice are approximately 4-6% divergent in nucleic acid sequence homol
ogy. 
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Table IV 
Thermal Stability of Hybrids of MMTV(C3H) [1251]60-70 S 

RNA and DNAs of Various Murine Tissues 

Mouse 
strain Source of DNA fl.T m" 

C3H Mammary tumor (MmSmt/c.) cellline 0 
C3H Mammary tumor 0.3 
C3H Liver 0.5 
RIII Mammary tumor 3.3 
RIII Li ver 3.0 
GR Li ver 3.8 
BALB/c Li ver 2.2 
C57BL Li ver 1.9 

"The ilT m for a given hybrid is defined as the difference in degrees centigrade 
between (1) the degrees centigrade of 50% dissociation of cellular DNA
DNA duplexes minus the degrees centigrade of 50% dissociation of cellular 
DNA-viral RNA duplexes, employing DNA from the cell in which the vints 
was grown, and (2) the same as (1) but employing DNA from a different 
tissue or strain of mouse, i.e., (2) - (1). 

3.7. Comments on Nucleic Acid Studies 

The results reported here demonstrate that substantial differences 
exist in nucleic acid sequence homology between the RNA genomes of 
the endogenaus MMTV of C3H mice and the non-germ-line-transmitted 
MMTV of that mause strain. Whereas mammary tumors of C3HfC57BL 
mice contain B-particles and intracytoplasmic A particles,<2•13•19> they do 
not contain the portion of the MMTV genome that is found in the DNA 
of early mammary tumors of C3H mice. The mammary tumors of the 
C3H, RIII, and GR mice that arise at high frequency early in the life of 
the animalall contain these particular sequences, whereas the mammary 
tumors of BALB/c and C3HfC57BL mice, low- and moderate-mammary
tumor-incidence strains, do not. It is of interest to note that the only 
mause strain thus far examined in which these "recycled" MMTV(C3H) 
sequences are found in apparently normal livers is the GR mouse, a 
strain in which genetic evidence has been presented for a one-gene 
dominant characteristic for MMTV.<2•20> One possible explanation, there
fore, is that a virus similar to the non-germ-line-transmitted viruses of 
C3H and RIII has become integrated as an endogenaus virus of GR. This 
virus is substantially different, however, from the endogenaus MMTVs 
of C3HfC57BL or BALB/c. 

Qualitative differences between MMTVs of different mause strains 
were also determined by the thermal analysis of hybrids. The differences 
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in tl.T m values observed indicate that there is a difference of approxi
mately 5% in nucleic acid sequence homology between MMTV{C3H) 
and the MMTVs of RIII and GR mice. This finding is in accord with 
previous competitive molecular hybridization studies in which a nucleic 
acid sequence homology of 95% (the Iimit of detection of the assay) was 
reported for the MMTV s from early occurring mammary tumors of C3H, 
RIII, and GR mice,02> and with minor differences seen in partial se
quence analysis<2u of the RNAs of MMTVs of GR and BALB/cfC3H. 
These studies thus demonstrate that both major differences [as detected 
with recycled MMTV(C3H) RNA] and minor differences (as deteded 
by tl.T m values) exist in MMTVs of various mause strains. Searches for a 
viral involvement in mammary cancer of other experimental animals or 
in human breast cancer should consider the complexities in both the 
mode of transmission and the distribution oi nucleic acid sequences of 
the various MMTV s. 

4. Immunological Studies of Murine Mammary Tumor Viruses 

4.1. Introduction 

Wehave also addressed the question of diversity of MMTVs from 
the immunological view. Immunological assays including virus neutrali
zation/22> immunization/23> and immunodiffusiod24> previously indi
cated a possible antigenic difference among MMTV s isolated from dif
ferent strains of mice. These serological data are difficult to interpret, 
however, principally due to the Iack of pure-cell-culture sources of 
MMTV virions and MMTV proteins, free of contaminating cellular de
bris, as weil as to the lack of MMTV s grown in nonmurine cells. 

Highly purified preparations of MMTV s have been obtained from 
primary cultures of mause mammary tumor cells and from mause 
mammary tumor celllines. The polypeptide and antigenic structures of 
MMTVs purified from culture fluids were described previously.<25·26> The 
major surface component of the MMTV virion envelope is a 52,000-
dalton glycoprotein (gp52). The other major protein components of the 
MMTV virion are a 36,000-dalton glycoprotein (gp36), and the 28,000-, 
14,000-, and 10,000-dalton polypeptides (p28, p14, and p10, respec
tively). 

With the development of sensitive radioimmunoassays (RIAs) for 
the whole MMTV virion< 2s> or for purified MMTV polypeptides/ 2 7-- 29> it 
has become possible to analyze precisely, both quantitatively and quali
tatively, similarities or differences among MMTVs from different mause 
strains. The propagation in nonmurine cells of MMTV from RIII mause 
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milk<ao> and other mouse strains<au has made possible the tasks of 
discriminating (1) viral-coded from host-coded reactivities and (2) dif
ferent antigenic reactivities among MMTV s derived from different 
mouse strains. 

Reactivities among immunologically related proteins were 
categorized by Hunter<32> as (1) reactions of identity, (2) complete cross
reactions, and (3) incomplete cross-reactions. Reactions of identity are 
shown by proteins that compete in RIA in a manner that is indistin
guishable from that of the antigen being assayed. The slope of competi
tion curves of proteins showing reactions of "identity" are exactly the 
sameasthat of the antigen being assayed. Proteins showing "complete 
cross-reaction" are capable of competing for all the antibodies binding to 
the antigen; the affinity, however, is reduced. More of the cross-reacting 
protein than antigen is required for an equal displacement of labeled 
antigen, resulting in a shallower slope of the competition curve in com
parison with that of the antigen. "Incompletely cross-reacting" proteins 
will compete for some but not all of the antibodies binding to the anti
gen. Competition curves of incompletely cross-reacting proteins will 
plateau at some Ievel above complete displacement of labeled antigen. 
The first category of reactivity is characteristic of a group-specific reac
tion, while the latter two can be designated as type-specific reactions. 
We setout to determine whether both type and group specificities are 
associated with the 52,000-dalton major envelope glycoprotein (gp52) of 
MMTV virions. 

4.2. Development of Radioimmunoassays 

Highly purified MMTV preparations were used in virion RIAs.<aa> 
Purified virions were routinely monitored for the presence of intact 
MMTV type-B virions and the absence of murine leukemia virus type-C 
virus by double diffusion in agar, by divalent cation preference of 
virion-associated reverse transcriptase, and by electron micros
copy.<8·9·25> By all these criteria, no evidence of type-C retroviruses was 
detected in any of the MMTV preparations used. Sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SOS-PAGE) profiles of un
labeled virions revealed polypeptide patterns consistent with those 
reported earlier<34> for MMTV. In lactoperoxidase-labeled intact MMTV
(RIII) or MMTV(C3H), greater than 90% of 1251 Iabel migrated as 
a 52,000-dalton protein (Fig. 3A). Purified MMTV(RIII) or MMTV(C3H) 
gp52, labeled with 1251 by the lactoperoxidase method, was also found to 
migrate as a homogenous species in SOS-PAGE (Fig. 3B). The specificity 
of the goat anti-MMTV(RIII) serum and its ability to react with native 
gp52 on the surface of the virion was determined by direct precipitation 
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of Triton-X-100-disrupted 1251-labeled MMTV virions. <33> Only the gp52 
proteinwas precipitated by this antiserum (Fig. 3C). 

The 50% end-point titer of the anti-MMTV(RIII) usually ranged 
from 1 : 50,000 to 1 : 100,000, depending on the specific activity of the 
virus preparation. All antibody dilutions are reported as input dilutions 
in 10 p.l. Greater than 90% of the 1251 label in the virus preparations was 
precipitable by the anti-MMTV(RIII) or by TCA. As little as 10 ng 
purified MMTV(RIII) gave 30% competition in the anti-MMTV(RIII) vs. 

A. anti-Rm .. '""r-Rm anti-RID vs 125I-Rm 

100 ... + .......... 11>------------10+ ....... 

60 

40 

~~ 
ffi ~C~-.m-i--Rm+-.. -~-1--c~+-~~~~~~~~nr-~-i--R~m-w_m_•I--~~H--+-~~~~~ 

~100 
80 

60 

40 

l<f 10" IC5' v:Jl 
COMPETING PROTEIN (ng) 

Fig. 4. Competition RIA using MMTV virions and MMTV purified gp52. Anti
MMTV(RIII) at an input dilution of 1 : 10,000 was reacted with 24 ng (10,000 cpm) of 
[1251)-MMTV(RIII) intact virions (A, B) or with 24 ng (10,000 cpm) of [1251)-MMTV(C3H) 
intact virions (C, D). The competing proteins were: (A, C) MMTV(RIII) virions (O) or 
MMTV(C3H) virions (e); (B, D) MMTV(RIII) gp52 (0) or MMTV(C3H) gp52 (e). Other 
competitors were tested at multiple inputs of protein; however, only two points are de
picted for clarity: (~) RD-114; (+) avian myeloblastosis virus; (0) Mason-Pfizer monkey 
virus; ( +) C3H type-C virus; ( x) squirrel monkey retrovirus; (A) feline kidney cell extract; 
(6) C57BL lactating mammary gland extract; <•> C57BL clarified milk; (D) fetal calf serum 
proteins. <331 
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[1 25 I]-MMTV(RIII) assay (Fig. 4A). No significant qualitative differences 
were observed whether virion preparations from mouse milk or from 
tissue-culture fluid were used in the competition RIA. 

The specificity of the RIA was further examined by using other 
retroviruses, mouse and feline tissues, and fetal calf serum proteins as 
competitors in the binding of [1 25 I]-MMTV(RIII) virions to the goat 
anti-MMTV(RIII) antiserum (Fig. 4A). Rauscher murine leukemia virus, 
a type-C virus from C3H cells (C3H/T10t avian myeloblastosis virus, 
RD-114, Mason-Pfizer virus, and squirrel monkey retrovirus did not 
inhibit the RIA. Similarly, mouse milk and lactating mammary gland 
extracts from C57BL mice, cell-free extracts of CrFK cells, and fetal calf 
serum proteins did not inhibit. 

4.3. Type and Group Reactivities of Murine Mammary Tumor Viruses 

The antigenicity of gp52s associated with MMTV virions from RIII 
and C3H mice were compared by RIA.<33> The anti-MMTV(RIII) serum 
precipitated greater than 90% of 125 I-labeled MMTV(RIII) or MMTV(C3H) 
virions, indicating the presence of cross-reactive antigens on both 
virions. In addition, the 50% end-point titer of the anti-MMTV(RIII) 
was similar with either MMTV(RIII) or MMTV(C3H), suggesting com
parable specific activities and concentrations of cross-reacting antigens 
for both virion preparations. The precipitation of MMTV(C3H) by the 
anti-MMTV(RIII) serum was consistent with previous data describing 
group-specific antigens of MMTV.< 8•2s,Js,36l 

In addition to the reactivities observed by direct precipitation of 
MMTV(RIII) and MMTV(C3H) virions, differences between the RIII and 
C3H MMTVs were observed when MMTV(C3H) was used to compete 
for the binding of anti-MMTV(RIII) serum to [l 25I]-MMTV(RIII).<33> In 
this homologaus MMTV(RIII) virion assay, a reduction in the slope of 
the competition curve generated by increasing amounts of MMTV(C3H) 
was observed as compared with the curve generated with MMTV(RIII) 
as competitor (Fig. 4A). While complete competition was obtained with 
1~-tg MMTV(RIII), only 80% inhibitionwas achieved by adding 100 11-g of 
competitor MMTV(C3H). To eliminate the possibility that the reduced 
competition by MMTV(C3H) was due to incomplete purification of the 
virus or to an alteration in antigenic structure, both MMTV(C3H) and 
MMTV(RIII) were analyzed in a RIA using the same antiserum and 
MMTV(C3H) as the labeled antigen. In this system, identical competi
tion curves were obtained with MMTV(C3H) or MMTV(RIII) used 
as competitor (Fig. 4C). Thus, Figs. 4A and 4C demonstrate type-specific 
determinants between MMTV(RIII) and MMTV(C3H) as well as show 
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that both virion preparations contain similar amounts of group-specific 
determinants. 

4.4. Reactivities of Purified Murine Marnmary Tumor Virus 
Glycoproteins 

The gp52s from MMTV(RIII) and from MMTV(C3H) were purified 
and analyzed to determine whether the observed type- and group
specific reactivities were associated with this molecule. Results similar to 
those observed with whole virions as competitors were obtained when 
the purified gp52s were used as competitors. Increasing amounts of 
MMTV(C3H) gp52 competed in the anti-MMTV(RIII) vs. [l25I]
MMTV(RIII) assay with a reduced slope as compared with purified 
MMTV(RIII) gp52 as competitor (Fig. 4B). Only 60% competition was 
obtained with 5 ~-tg MMTV(C3H) gp52 as competitor, while less than 
0.02 ~-tg MMTV(RIII) gp52 was required for the same extent of competi
tion. In the assay employing anti-MMTV(RIII) serum and [125I]
MMTV(C3H), however, both MMTV(C3H) gp52 and MMTV(RIII) gp52 
competed completely with very similar slopes and with comparable 
quantities (Fig. 40). 

4.5. Reactivities of Murine Mammary Tumor Viruses Grown in 
Heterologous Cells 

To exclude the possibility that the observed type- or group-specific 
differences were due to murine cellular antigens, MMTV(RIII), 
MMTV(C3H), and MMTV(GR) were grown in the identical feline cell 
line (CrFK) and were analyzed in the same RIAs described above. These 
MMTV preparations were first tested by a variety of techniques and 
shown tobe free of detectable murine and feline type-C viruses includ
ing RD-114.<31 > The results obtained with the MMTVs grown in feline 
cells were similar to those obtained with the murine-grown MMTV s in 
regard to slope differences. MMTV(C3H)Fe [i.e., MMTV(C3H) virus 
grown in feline cells] and MMTV(GR)Fe competed in the anti
MMTV(RIII) vs. [125 I]-MMTV(RIII) RIA with reduced slopes (Fig. SA), 
and much more competing protein was required as compared with the 
complete competition observed with MMTV(RIII)Fe preparations. In the 
assay using anti-MMTV(RIII) vs. [125 I]-MMTV(C3H), however, all three 
MMTVs grown in feline cells competed with identical quantities and 
with identical slopes (Fig. SB). The preservation of both the type- and 
group-specific reactivities with the MMTVs grown in feline cells demon
strates that these reactivities are viral-coded and are not due to antigenic 
differences of different strains of mice. 
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A. anti-Rm vs 125I-Rm 
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Fig. 5. Competition RIA with MMTV grown in feline cells. Anti-MMTV(RIII) at an input 
dilution of 1 : 10,000 was used to precipitate (A) ['251]-MMTV(RIII) whole virions (24 ng, 
10,000 cpm) or (B) ['251]-MMTV(C3H) whole virions (24 ng, 10,000 cpm). Feline-grown 
MMTV(RIII) (0), feline-grown MMTV(C3H) (e), or feline-grown MMTV(GR) (A) was 
used as competitor at the designated inputs of protein.<aal 
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4.6. Reciprocal Cross-Reactivities 

To determine whether the type-specific differences observed were 
uniquely detected by the anti-MMTV(RIII) serum, reciprocal experi
ments were carried out with anti-MMTV(C3H) serum.<aaJ MMTV(RIII) 

A. anli-C3H vs I25I-C3H 

100 

80 

60 

40 

20 

B. anli-C3H vs 125l-C3H Fig. 6. Competition radioimmuno-

100 
assay for MMTV. (A) Anti-MMTV 
(C3H) serum at a 1:10,000 input 

0 dilution was used to precipitate 24 
z 80 ng (10,000 cpm) of [1251)-MMTV :::> 
0 (C3H) intact virions. MMTV(RIII) m 
1- 60 (0) or MMTV(C3H) (e) was 
z used as competitor. (B) Anti-w 
u MMTV(C3H) serum at a 1:10,000 a:: 40 w input dilution was used to precipi-a.. 

tate ['"51]-MMTV(C3H) whole vi-
20 rions. MMTV(C3H) (e) or MMTV-

(GR) (.A.) was used as competitor. 
(C) Anti-MMTV(C3H) serum, ab-

c. anti-C3H {GR absorbed) vs l25l-C3H sorbed with MMTV(GR), was 

100 used at a 1:10,000 dilution to pre-
/ '-.c3H cipitate [125I]-MMTV(C3H) whole 

~·-" virions. MMTV(C3H) (e), C3H 
80 m type-C virus (6), MMTV(RIII) (O) 

or MMTV(GR) (.A.) was used 
60 as competitor. For absorption of 

antiserum, 1 ml ofthe anti-MMTV-

40 (C3H) serum, at a 1:500 dilution, was 
C3H-""_.. mixed with an equal volume of 

20 
MMTV(GR) containing 1 mg of 
virus and incubated at 37°C for 1 
hour. Immune complexes and re-
sidual MMTV(GR) virions were 

loO 101 102 103 104 105 removed by cen trifugation at 
COMPETING PROTEIN (ng) 20,000g for 35 min. l3JI 
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and MMTV(C3H) were used to compete for the binding of anti
MMTV(C3H) to [125I]-MMTV(C3H). The results were analogous to those 
of the previous experiments described. In this system, increasing 
amounts of MMTV(RIII) competitor gave a shallower slope than that 
given by the homologous MMtv(C3H) (Fig. 6A). At the highest input of 
competing MMTV(RIII) protein employed, i.e., 100 ~J-g, only 75% inhibi
tion was obtained, while less than 1 ~J-g MMTV(C3H) resulted in the 
same competition. In assays using anti-MMTV(C3H) vs. [l25I]
MMTV(RIII), both viruses competed identically, i.e., with comparable 
inputs and with the same slope. 

The addition of increasing amounts of MMTV(GR) into the anti
MMTV(C3H) vs. [125I]-MMTV(C3H) system did not cause complete in
hibition of the precipitation of [125I]-MMTV(C3H) (Fig. 6B). Even at high 
inputs of protein, MMTV(GR) was incapable of competing for all the 
antihoclies binding to MMTV(C3H). The anti-MMTV(C3H) serum there
fore appears to contain an antibody population that is directed toward 
antigenic determinants that are present in MMTV(C3H) but not in 
MMTV(GR). To further amplify the type-specific reactions observed, 
anti-MMTV(C3H) serum was absorbed with MMTV(GR) and the im
mune precipitate was removed by centrifugation (see the Fig. 6 caption). 
The resulting MMTV(GR)-absorbed anti-MMTV(C3H) serum retained 
its ability to bind [125I]-MMTV(C3H). This binding could be completely 
inhibited by the addition of MMTV(C3H) or MMTV(C3H) gp52, but was 
not inhibited by the addition of up to 10 ~J-g MMTV(GR) competitor (Fig. 
6C). The altered slope with MMTV(RIII) as competitor was retained 
using this antiserum. Additional type-specific reactivities among the 
various MMTV s also exist. These include differences between 
MMTV(C3H) and the endogenous C3H virus obtained from C3HfC57BL 
mice. 

4.7. Comments on Immunological Studies 

We have demonstrated here that MMTVs derived from different 
mouse strains can differ and contain both type-specific and group
specific reactivities. Both the reactivities observed are associated with 
the 52,000-dalton major extemal glycoprotein of the MMTV virion. The 
type and group specificities of MMTVs grown in feline cells were indis
tinguishable from the reactivities observed with murine-grown MMTV s. 
The maintenance of the antigenic differences and similarities of the 
feline-grown MMTV provides strong evidence that the MMTV gp52 
antigens are coded for by the virus. The analysis of feline-grown MMTV 
further excludes the possibilities that the observed antigenic differences 
were due to either differences in murine antigenic determinants of the 
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different mouse strains producing the virus or to host-coded differences 
in glycosylation of virions. 

The three categories of antigenic reactivities described by Hunter<32> 

(see Section 4.1) have been demonstrated here tobe present on the gp52 
of MMTVs: (1) "reactions to identity," i.e., group-specific reactions be
tween MMTV s from C3H, RIII, and GR mice, and two kinds of type
specific reactions: (2) "complete cross-reactions," resulting in shallower 
slopes of the competition curve, and (3) "incomplete cross-reactions," 
resulting in plateaus at some Ievel above complete displacement. The 
type differences among MMTV variants were further magnified by ab
sorption of antisera that removed antibodies against group-specific de
terminants. It was possible under the appropriate conditions to com
pletely eliminate the antigenic reactivity to MMTV(GR) from an an
tiserum made against MMTV(C3H). 

The identification of the type-specific differences for different 
MMTVs should now be of great help in monitoring the host's immune 
response to mammary tumorigenesis, as weil as in studies seeking 
transspecies reactivities with MMTVs. These studies further delineate 
the molecular diversity of viruses that can be involved in the etiology of 
mammary carcinoma within a given species. 
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Preneoplasia in Breast Cancer 

DANIEL MEDINA 

1. Introduction: Significance of Preneoplasias* 

The pathogenesis of murine mammary cancer has been extensively stud
ied over the past 25 years. One concept that illustrates the course of 
mammary tumorigenesis was proposed and developed by DeOme and 
co-workers.0-4> The concept states that mammary tumors arise from 
morphologically discrete epitheliallesions that are altered from normal 
mammary epithelial cells. This concept of progressive stages in the de
velopment of mammary neoplasia was recognized at the turn of the 
century by Haaland,<5> who stressed the biological significance of 
hyperplastic changesthat preceded neoplasia. The concept of multistage 
development of neoplasia gained general acceptance after the elegant 
experiments on experimental skin and liver tumorigenesis<s-t9> and for 
neoplasias arising from most epithelial tissues. <2m A variety of human 
cancers are thought to progress through several stages, as evidenced by 
the terms "carcinoma in situ" and "precancerous cystic hyperplasia,"<lt> 

*Abbreviations used in this chapter: (BSA) bovine serum albumin; (Con A) concanavalin 
A; (CP) Corynebacterium parvum; (CTX) cytoxan; (DH) ductal hyperplasia; (DMBA) 7,12-
Dimethylbenz(a)anthracene; (5-FU)S-fluorouracil; (GPDH) glucose-6-phosphate dehy
drogenase; (HAN) hyperplastic alveolar nodule; (KN) keratinized nodule; (LOH) Iactate 
dehydrogenase; (LNC) lymph node cell(s); (L-P AM) phenylalanine mustard; (MCA) 
3-methylcholanthrene; (MTV) mammary tumor virus; (MTX) methotrexate; (NN) 
nodule-inducing virus; (NMR) nuclear magnetic resonance; (PRL) prolactin; (VC) 
vincristine; (WGA) wheat germ agglutinin. 

DANIEL MEDINA • Department of Cell Biology, Baylor College of Medicine, Hous
ton, Texas 77030. 
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although the concept is muddied by the Iack of clearly defined criteria to 
characterize the various stages biologically. 

The concept of preneoplasia as a biologically significant entity has 
been deeply engrained in scientific Iiterature and thought over the past 
half-century. The description of preneoplastic mammary lesions by 
morphological, biochemical, and biological criteria has developed exten
sively over the past 25 years. The relationship between preneoplastic 
lesions in experimental animals and suspected analogaus lesions in hu
mans has remained debatable, however, and only in the past few years 
has evidence accumulated that supports the hypothesis that similar le
sions do exist in humans. Previous discussion of the concept of the 
significance of preneoplastic lesions in humans has been clouded by the 
attempt to develop an exact analogy between experimental mammary 
tumorigenesis and human tumorigenesis. Like all analogies, these at
tempts are fraught with inherent difficulties. One cannot and should not 
expect an exact analogy between human and experimental 
tumorigenesis with respect to etiology, hormonal dependence, metasta
tic frequency, invasive potentials, morphology, and other criteria. The 
significant features of experimental h1mor systems are to provide con
cepts and models by which one can understand the pathogenesis, on 
both the cellular and the molecular level, of human mammary tumors. 
The murine mammary tumorigenesis model provides a concept by 
which human tumorigenesis can be understood and analyzed. Basically, 
the model stresses the important point that mouse mammary 
tumorigenesis is characterized by the presence of a precursor stage, 
which has a greater probability of developing into mammary carcinomas 
than do normal mammary epithelial cells. Second, a variety of etiological 
agents, viral, chemical, and physical, can interact at both the normal and 
preneoplastic stages to induce and promote mammary tumorigenesis. 

It is the purpose of this review to define, illustrate, and discuss the 
preneoplastic state. The majority of the chapter will concentrate on the 
cellular and cell-population characteristics of precursor mammary popu
lations. The methodology involved in the induction, observation, and 
transplantation of mammary preneoplastic nodules, the biological prop
erties of mammary preneoplastic nodules, and the effects of carcinogens 
on different nodule cell populations, particularly the information avail
able before 1973, was thoroughly reviewed by Medina.<4> In addition, 
recent reviews have covered the general topics of comparative aspects of 
mammary preneoplasia<22> and the roles of mammary tumor viruses<23> 

and endocrine hormones in mammary tumorigenesis.<24> These topics 
will therefore be mentioned only to complete discussion of particular 
aspects in this review. 
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2. Induction of Preneoplasias 

2.1. Etiological Agents 

2.1.1. Viral 

49 

The principal preneoplastic lesion in mouse mammary glands is the 
hyperplastic alveolar nodule (HAN), which is a focus of hyperplastic 
lobuloalveolar development in an area of nonstimulated mammary 
gland (i.e., ductal). HANs are found in high-incidence murine mam
mary tumor virus strains (i.e., C3H, A, DBA, RIII), which carry the 
murine mammary tumor virus (MTV*) and the nodule-inducing virus 
(NIV<25• 261 ); in high-incidence mammary tumor strains, which carry GR 
virus (i.e., GR/N 27l); in low-mammary-tumor strains, which carry just 
NIV (i.e., C3Hf<25•28>); andin MTV-free, NIV-free mice (i.e., BALB/c<3>). 
HANs can be induced in susceptible strains by MTV if MTV is intro
duced by foster-nursing,<29•301 by intraperitoneal injection of cell-free ex
tracts of virus-containing normal mammary tissues and tumors,l29•30> or 
by intraperitoneal injection of blood from virus-positive mice.<31 •321 

HANs can be induced by NIV in susceptible strains only by mating the 
susceptible strain with an NIV -positive strain. 

The frequency and tumor-producing capabilities of HANs are corre
lated with the oncogenic properties of the inducing virus. Thus, MTV 
infection Ieads to the early appearance of HANs and subsequently the 
early appearance of tumors and a high tumor incidence. For instance, 
hormonally stimulated, MTV -free, NIV -free BALB/c and C3H/StWi mice 
produce few HANs and tumors by 15 months of age, but hormonally 
stimulated MTV -positive BALB/c and C3H/StWi mice have a 90% inci
dence of HANs by 5 months and 100% incidence of tumors by 9 months. 
HANs found in MTV -positive BALB/c and C3H mice have very high 
tumor potentials (Table I). In contrast, NIV -positive C3Hf mice contain a 
low incidence of HANs and subsequently a low incidence of tumors, 
and the tumor potential of the nodules is low (Table I). In pathogen-

•The terminology of the various mammary tumor viruses is complex because of different 
terminology used by different investigators and confused due to the Iack of terminology 
that distinguishes between exogenous viruses, which are always expressed as complete 
viral particles, and endogenous viruses, which may or may not be expressed as complete 
viral particles (i.e., endogenous virus carried in C3Hf/He compared with viral DNA 
sequences carried in BALB/c, respectively). Therefore, for this discussion, MTV refers to 
MTV -S or Bittner virus, NIV is the same as MTV -L, and MTV -free, NIV -free refers to 
those strains presumably carrying viral DNA information that is not expressed as intact 
viral particles except under very unusual and generally poorly documented conditions 
(i.e., BALB/c). 
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TableI 
Tumor-Producing Capabilities of Hyperplastic Alveolar Nodules 

Mean time of 
Type of Tumors/ tumor appearance 

5train Transplant• MTV transplants Percentage (weeks)" 

C3H HAN MTV-5, MTV-L 31/44 70 20.6 
C3H NMG MTV-5, MTV-L 5/47 11 27.5 
C3Hf HAN MTV-L 3/29 10 45.0 
BALB/cfC3H HAN MTV-5 31/38 82 29.5 
BALB/c HAW None 8/8 100 N.D. 

• (HAN) Hyperplastic alveolar nodules; (NMG) normal mammary gland; (N.D.) not determined. 
• Experiments performed using nodule outgrowth lines rather than primary HAN. 

defined C3Hf mice that live until 32 months of age, the incidence of 
HANs (70% of mice have HANs by 15 months) and tumors (76% by 32 
months) is high, and the survival curve is parallel to that of C3H but 
extended in time by 16 months.<aa> These data suggest that NIV -induced 
C3Hf HANs can be tumorigenic under specific conditions. When C3Hf 
HANs have been tested directly for tumorigenicity by transplantation 
experiments, however, they have exhibited low tumor potentials.<34•35> 
Thus, although individual HANs induced by NIV have relatively low 
tumorigenic potential, a high frequency of HANs induced under specific 
conditions (i.e., pathogen-defined mice) resulted in a high tumor inci
dence. The oncogenic potential of NIV is low if expressed in terms of 
time, but high if expressed in terms of incidence (cases). 

2.1.2. Chemical 

HANs can be induced by a variety of chemical carcinogens, includ
ing 3-methylcholanthrene/36> 7, 12-dimethylbenz(a)anthracene (DMBA), 
urethane, and 1,2-benz(a)pyrene (ref. 37 and unpublished observa
tions). However, the frequency of HANs induced by a potent carcino
gen, such as DMBA, is very low.<37> Table II shows the results of several 
experiments examining the effects of DMBA on noduligenesis in mice of 
BALB/c and other low-incidence strains. Surprisingly, the frequency of 
HANs was very low, although the mammary tumor incidence was mod
erate. The HANs, which were isolated and transplanted from 
carcinogen-fed mice, had morphological and growth properties similar 
to those of HANs isolated from MTV-infected BALB/c mice.<as> The pri
mary lesions found in DMBA-fed mice were ductal hyperplasias, which 
produced mammary tumors on transplantation. 
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Table II 
Incidence of Mammary Dysplasia and Neoplasia in 

Chemical-Carcinogen-Treated Mice 

Incidence of dysplasias" Neoplasias 

Neoplasms/ 
Strain Carcinogen (mg) HANs % DH % total mice 

BALB/c DMBA (4) 0/12 0 7/12 58 11/30 
BALB/c DMBA (6) 2/30 7 23/30 71 22/50 
C3H/StWi DMBA (6) 0/10 0 6/10 60 17/37 
C57BU DMBA (6) 115 20 3/5 60 11/19 
(C57BL x DBAf)F1 • Urethane (200) 0/13 0 11/13 85 9/13 

51 

% 

37 
44 
46 
58 
69 

" lncidence is the number of mice with dyplasias over the total number of mice examined by observation 
of stained whole mount preparations of the mammary glands. 

• All mice were virgins except the C57BL and (C57BL x DBAf)F1 , which carried a pituitary isograft for 
3-6 months. 

2.1.3. Hormone Stimulation 

Prolonged hormone stimulation by pituitary isografts or forced 
breeding will induce HANs in MTV-free BALB/c mice<3•39> and increase 
the effectiveness of MTV and NIV in inducing HANs in susceptible 
strains.<35•40> In BALB/c mice, nodules are very rare and appear late in the 
second year of life. The morphological and biological characteristics of 
HANs induced under these conditions are very similar to those of HANs 
induced by MTV and DMBA.<as> Hormone Stimulation enhances mark
edly the noduligenic and tumorigenic effect of both MTV and DMBA. 
Thus, virgin, MTV-positive BALB/c mice produce 10% tumors by 12 
months of age, whereas MTV -positive BALB/c mice stimulated by pitui
tary isografts produce 90% or greater HAN and tumor incidence.<Js> 
Analogaus results are found with pituitary isograft stimulation of DMBA
treated BALB/c mice, although the morphological variant of HANs differs 
as compared with those produced by MTV.< 3 s> 

2.2. Morphological Types 

The predominant preneoplastic lesions in mice are HANs, which 
are morphologically similar whether induced by MTV, NIV, or DMBA, 
or whether they appear spontaneously. However, two other types of 
lesions that occur predominantly in chemical-carcinogen-fed mice have 
been described. The frequency and morphological appearance of these 
ductal hyperplasias have been described in detail<37•38•41> and will only be 



52 Daniel Medina 

reviewed here. The ductal hyperplasias were found in DMBA-treated 
BALB/c, C57BL, (C57BL x DBAf)F11 and C3H/StWi (MTV-free) female 
mice. The incidence varied from 50 to 85%. The ductal hyperplasias 
were divided into four categories on the basis of their general 
morphological type: (1) simple duct hyperplasia, (2) lobular hyperplasia, 
(3) papillary hyperplasia, and (4) end-bud hyperplasia. The first three 
types of ductal hyperplasias were characterized by intraluminal epithe
lial hyperplasia and have been shown to give rise to mammary car
cinomas either in situ or by transplantation into the mammary gland free 
fat pads of syngeneic mice.<38•41> 

The other type of dysplastic lesion found in DMBA-fed mice are foci 
of keratinizing alveoli, termed "keratinized nodules. "<37•38•42> These le
sions are numerous in DMBA-treated, pituitary-isograft-bearing BALB/c 
mice and have limited growth and tumorigenic potentiaJ.<37> When 
transplanted into control unstimulated mice, these lesions produced 
ductal outgrowths and only 7% tumors by 56 weeks after transplanta
tion. Such dysplasias transplanted into mice bearing pituitary isografts 
exhibited persistent lobuloalveolar development and produced a higher 
incidence of tumors (32%) on transplantation. The low tumorpotential 
of these lesions supports similar results reported in an abstract by Liebelt 
and LiebeJt.<43> These lesions are absent in DMBA-treated BALB/c mice 
without pituitary isografts<37•38> andin DMBA-treated C57BL mice bear
ing pituitary isografts. 

A majority of keratinized nodules (KNs) appear to be reversible 
lesions. By 6 weeks after removal of the pituitary isograft, 72% of 
DMBA-treated BALB/c mice had KNs (X = 29 KNs/mouse), but by 12 
weeks, only 26% of the mice had KNs (X= 5 KNs/mouse). The behavior 
of KNs on transplantation supports the observations based on mam
mary gland whole mounts that KNs arereversible dysplasias. On trans
plantation, 75% survived and all produced ductal outgrowth, but an 
average of only 48% of the mammary fat pad was filled by 9 weeks after 
transplantation. The presence of a pituitary isograft led to fulllobuloal
veolar development, which persisted in a minority of cases afterremoval 
of the pituitary isograft. This result suggested that the growth of existing 
nodule cells was selectively enhanced by hormone Stimulation, and it 
was these cells that eventually produced tumors. KNs can be conceived 
as a mixed population of HAN cells and desquamating cells, which are 
nontumorigenic. 

2.3. Comparative Aspects of Noduligenesis 

Since this subject was reviewed recently by Cardiff et al., <22> only a 
few pointswill be discussed here. Hyperplastic lesions occur in mice,<4> 
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rats}44•45> dogs,<46•47> and humans.<4s-so> The predominant lesions in 
DMBA-fed rats are alveolar hyperplasias similar to HANs and ductal 
hyperplasias (DHs).<44•45> The former have a very low tumor 
potential,<51- 54> and mammary tumors can be induced in the absence of 
any observable HANs.<52> Recently, Haslam<53> demonstrated that the 
alveolar hyperplasias found in DMBA-treated rats and transplanted into 
the mammary gland free fat pads of untreated female rats have little 
tumor potential. However, similar lesions transplanted into the mam
mary fat pads of rats that were subsequently treated with DMBA pro
duced a high incidence of mammary tumors.<54> These experiments 
suggested that DMBA-induced HANs may be high-risk lesions in the 
rat, although their tumor potential may be relatively low compared with 
that of other types of hyperplasias in the DMBA-treated rat. Several 
questions remain unanswered in these experiments-in particular, the 
tumor potential of normal-appearing duct taken from DMBA-treated 
rats and transplanted into rats subsequently treated with DMBA. Sec
ond, the morphological type of tumor (adenoma vs. adenocarcinoma) 
was not clearly documented in these experiments. Third, the relatively 
long latent period for the appearance of HANs as compared with that for 
DHs would suggest that HANs represent only a minor pathway in 
tumor progression in the rat. Finally, the observation that HANs and 
HAN outgrowths do not regress after ovariectomy}55> although the vast 
majority of DMBA-induced mammary tumors are ovarian-dependent, 
has not been explained satisfactorily. Either HANs give rise to ovarian
independent mammary tumors relatively late in the lifetime of the rat or 
the HANsare composed of mixed cell populations of hormone-sensitive 
and hormone-independent cells, with the former cell type being more 
tumorigenic than the latter. 

Russo et al. <56•57> looked at the early changes in the DMBA-treated rat 
mammary glands and described DHs similar to the simple DHs de
scribed in the mice.<56•57> These hyperplasias progressed to mammary 
tumors based on in situ observationsrather than transplantation experi
ments. These lesions represent a possible intermediatestage in DMBA
induced rat mammary cancer, although Sinha and Dad52> maintain that 
the majority of rat mammary tumors arise directly, rather than indirectly 
from normal mammary gland. The recent description by Russo et al. <s7> 
of three cytologically different cell types in the normal mammary 
epithelium offers the possibility that HANs and DHs may be composed 
of different cell types derived from different normal cell progenitors. 

The recent experiments by Wellings and co-workers<4s-so> described 
early lesions in human breast cancer. On the basis of their experiments, 
they postulate that the earliest changes occurred in the intralobular ter
minal duct of the mammary gland. They presented a scheme to suggest 
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that these changes occurred in the terminal ducts, and eventually the 
altered ducts coalesced to present a structure that could be interpreted as 
a single larger duct showing intraluminal epithelial hyperplasia. They 
considered the alterations in the terminal ducts to progress to atypical 
DH, carcinoma in situ, and subsequently infiltrating ductal carcinoma. 
The alterations in the terminal ducts were found more frequently in 
cancerous breasts and in contralateral breasts of breast cancer patients, 
and increased with the age of the patient. So far, transplantation of 
various ductal atypias into the mammary fat pads of nude mice has not 
shown that these lesions progress to more atypical forms, although the 
results were preliminary.<49•50> 

2.4. Model for Experimental Tumorigenesis 

The data discussed in the preceding sections have been interpreted 
to provide the model in Fig. 1. The model states that MTV induces 
primarily HANs (reaction 1) in both virgin and hormone-stimulated 
mammary glands. The tumorpotential of HANs depends on the on
cogenic potential of the virus and, more important, on the innate charac
teristic of the individual HAN. Furthermore, MTV can enhance the 
tumor potentials of existing HANs (reaction 4). In contrast, DMBA leads 
to primarily DHs in virgin mammary glands (reaction 3a) and to HANs 
(reaction 2) and KNs (reaction 3b) in hormone-stimulated mammary 
glands. DMBA can increase further the tumor potential of existing 
HANs (reaction 5); however, the effect of DMBA on existing DHs or KNs 
has not been fully investigated. This model is based on experiments in 
C3H, BALB/c, BALBcfC3H, and C57BL mice. lt omits consideration of 
plaques, which are probably pregnancy-dependent tumorsandnot pre
neoplastic lesions in the context of this discussion. The model considers 
that one-step transformations from normal to neoplastic cells are rare. 

MTV 

~~ 
NORMAL ... HAN----.NEOPLASM 

~ /(5) 
CHEMI CAL 

CARCINOGEN p ',,@ ,, 
NORMAL--fj.;:-~--I .. ~DH ------i~NEOPLASM 

--L~~·~KN NEOPLASM 

Fig. 1. Proposed model for murine mammary tumorigenesis. 
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The concept of precursor populations is probably valid for DMBA
induced rat mammary tumors and human breast carcinoma, although 
any particular pathway may be emphasized over another in any given 
species. The model differs from earlier models<:3-4> in stressing multiple 
pathways to mammary tumorigenesis, but is similar in stressing the 
existence of discrete preneoplastic precursor populations. 

3. Behavioral Properlies in Vivo 

3.1. Establishment of Nodule Outgrowth Lines 

In investigating the morphological, hormonal, immunological, and 
biochemical properties of mammary preneoplasias under minimal var
iability, it has been advantageous to examine established in vivo celllines 
of preneoplastic lesions rather than multiple primary lesions. These es
tablished lines are referred to in general terms as preneoplastic out
growth lines and specifically as either nodule or ductal outgrowth lines. 
The majority of the analyses have been done on nodule outgrowth lines 
established from primary HANs. One of the elegant simplicities of the 
mammary tumor system is the ability to transplant normal and dysplas
tic mammary tissues into their normal anatomical site, the mammary fat 
pad. Since the normal mammary parenchyma grows and extends into 
the mammary fat pad up to 12 weeks of age, the areas of the mammary 
fat pads that contain the growing ductal elements in 3-week-old wean
lings can be dissected from the host, leaving the remaining 80% of the 
mammary fat pad free of host mammary parenchyma. This gland-free 
mammary fat pad serves as a natural and ideal transplantation site for 
normal and dysplastic tissues.<u Normal ductal and lobuloalveolar tis
sues give rise to ductal outgrowth, whereas preneoplastic tissues give 
rise to hyperplastic nodule or hyperplastic ductal outgrowths. Sampies 
of the preneoplastic outgrowth tissues can be serially transplanted from 
one fat pad to another indefinitely, always giving rise to preneoplastic 
tissue that fills the mammary fat pad. By this technique, preneoplastic 
outgrowth lines can be established. These lines can be considered in vivo 
equivalents of in vitro celllines.U·4> The preneoplastic lines can be charac
terized with respect to numerous criteria that might distinguish them 
from normal or neoplastic tissues. 

3.1.1. Transplantability 

Normal cells in vitro andin vivo have a finite life span that can be 
estimated by serially passaging the cells.<s&-si> Under these conditions, 
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normal cells have a limited division potential. Normal mammary cells 
can be serially transplanted in vivo for 5 or 6 transplant generations.<ss-so 
The transplantability of normal mammary cells is not influenced by 
hormones, but is decreased by increasing age of the host.<so> Neoplastic 
cells can be transplanted indefinitely. Preneoplastic populations, 
whether alveolar or ductal, behave like neoplastic populations, since 
they exhibit an indefinite division potential.<st> The unlimited division 
potential is not influenced by the etiological agent inducing the original 
preneoplastic lesion. Certain dysplastic variants, which arise as primary 
lesions or as variants within a preneoplastic population, exhibit a limited 
division potential. These variants include KNs, cystic alveolar nodules, 
and end-bud OHs. 

In cantrast to neoplastic cells, which will grow subcutaneously, in
traperitoneally, and in other white fat depots (i.e., gonadal fat organ), 
preneoplastic nodule cells, like normal cells, will grow only in the 
mammary fat pad. Cells from nodule outgrowth line 02 transplanted 
into the gonadal fat organ and into subcutaneous fat failed to grow, 
although they remained viable. The possibility existed that the environ
ment inside the peritoneal cavity might be harmful to growth; however, 
the gonadal fat organ exteriorized on the abdominal wall failed to sup
port active growth of nodule cells. Therefore, some intrinsic factors exist 
in the mammary fat pad that are conducive to mammary nodule growth. 
Since both the mammary fat pad and the gonadal fat pad are considered 
tobe part of a systemic fat organ that behaves physiologically and genet
ically as a unit, some local factors peculiar to mammary fat pads must 
play an important regulatory role.<sz> Whatever the factors, preneoplastic 
tissues, unlike neoplastic cells, are subject to them. 

Similarly, the spatial pattern of normal mammary ducts and pre
neoplastic nodule outgrowths is regulated by local growth regulatory 
factors produced by the ducts.<63> Neoplastic cells are unresponsive to 
these local growth regulatory factors. 

3.1.2. Stability 

The morphological, hormonal, growth, and tumorigenic properties 
of preneoplastic lesions are generally stable over lang periods of serial 
transplantation.<4•64> It should be emphasized, however, that this stabil
ity is partly artifactual, since a selective pressure is exerted at each trans
plantation generation for those characteristics that the investigator 
wishes to maintain in each line. Thus, the characteristics of each lineare 
consciously selected for by the investigator. Several examples can be 
used to illustrate this point. First, over the first 10 transplant generations 
of nodule line 02, the overall morphology of the line was lobuloalveolar 
and the tumorigenic potential was moderate (45% tumors by 12 
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months). During transplant generation 6, however, two distinct sublines 
emerged. One line was characterized by large cystic alveoli, and the 
tumorpotential decreased to less than 5% (2/50). This line was selected 
against and not transplanted. This variant reappeared twice over the 
next 30 transplant generations and was always selected against. In two 
other nodule lines, this variant was selected for with the result that the 
tumor potential dropped; subsequently, the nodule lines could no 
langer be serially transplanted after 3 transplant generations. Second, 
the tumor potentials of nodule lines vary over each transplant genera
tion. In at least two cases, a low oncogenic line Dl produced sublines 
with high tumor potentials. Similarly, high oncogenic line 02 produced 
sublines with low tumor potentials. The stability of the biological charac
teristics of nodule outgrowth lines is often misunderstood because the 
unconscious selective pressures exerted by the investigator that deter
mine this stability often go unrecognized or unstated. 

3.1.3. Tumorigenicity 

The tumor potential of primary nodules and established nodule 
outgrowth lines is determined at the time of formation of the lesion by 
the etiological agent. If one examines the tumor potential of a variety of 
primary HANs from different strains with differing tumor incidences, 
early results clearly demonstrate that HANs from MTV-positive strains 
produce tumors at a high frequency and with short latent periods, 
whereas HANs from NIV -positive strains produce tumors at a low fre
quency. <34,35> 

The establishment of nodule outgrowth lines from primary HANs 
found in untreated, in chemical-carcinogen-treated, and in virus-

Table III 
Tumor-Producing Capahililies of Preneoplastic Outgrowth Lines 

Preneoplastic Tumors/ TE50 

line and strain Type Origin TG" transplants Percentage (weeks)" 

Dl BALB/c Alveolar Hormonal 36-39 14/122 11.5 
D2 BALB/c Alveolar Hormonal 18-26 45/89 51 40 
C3 BALB/c Alveolar DMBA 8-16 88/109 81 26 
C4 BALB/c Alveolar DMBA 8-10 39/48 81 29 
C6 BALB/c Alveolar DMBA 3-11 46/83 55 48 
CD-3 BALB/c Alveolar DMBA 4-8 50/62 80 20 
CD-7 BALB/c Ductal DMBA 4 14/20 70 21 
HD-4 (C57BL x DBAf)F, Ductal Urethane 2-6 24/68 35 
HD-7 (C57BL x DBAf)F, Ductal Urethane 2-7 50/110 45 

•(TG) Transplant generation; (TE50) 50% tumor endpoint. 
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Table IV 
Enhancement of Mammary Tumor Formation by Viral and 

Chemical Carcinogens 

Preneoplastic Tumors/ 
line Agent transplants Percentage Tf.s0 (weeks) 

01 10/250 4 
D1 MTV-S 91/122 75 44 
01 DMBA" 63/89 71 28 
02 41/92 45 
02 MTV-S 43/53 81 26 
02 OMBA 32/40 80 17 
C3 26/30 87 23 
C3 OMBA 21/22 95 11 
C4 21/25 84 32 
C4 OMBA 29/30 97 13 

C0-3 21/28 75 18 
C0-3 OMBA 21/26 81 11 

"Total dose = 1.5 mg. 

positive mice clearly shows that the tumor potentials of HANs vary from 
very low to very high. Table III shows the tumor potential of several 
established lines from untreated and carcinogen-treated mice. The 
tumorpotential ranges from a low of 12% at 12 months after transplanta
tion to a high of 81% at 6 months. A similar range of tumorpotential was 
seen in ductal lines established from DHs, with HD-4 and HD-7 
showing a low tumorpotential and CD-7 a very high tumor potential. 

The tumor potential of both nodule and ductal lines can be en
hanced by subsequent infection with MTV and treatment with chemical 
carcinogens. Table IV gives some selected examples of these experi
ments that demonstrate convincingly that the tumorpotentialisnot a 
fixedproperty of a cell population, but can be significantly altered by a 
variety of agents. Subsequent discussion will also demonstrate that 
agents can significantly inhibit as weil as enhance tumorigenesis. 

3.2. Hormonal Responsiveness 

Since the hormonal responsiveness of nodule populationswas ex
tensively reviewed by Banerjee/24> this discussion will summarize only 
the principal findings and will present some new results. The hormones 
necessary for noduligenesis (induction of nodules) are the same for 
mammogenesis, i.e., estrogen plus luteoid or corticoid plus growth 
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hormone or prolactin (PRL).<65> The hormones necessary for HAN main
tenance are similar to those for HAN induction (luteoid or corticoid plus 
growth hormone or PRL); however, estrogen is no Ionger obligatory, but 
only facilitative. The hormones necessary for tumorigenesis (formation 
of tumors) are the same for nodule maintenance; however, once tumors 
are formed, mammary carcinomas become hormone-independent as a 
rule. Large doses of PRL can maintain nodules in the absence of steroid 
hormones from the ovary and adrenal, <ss> thus overriding, under these 
specific conditions, the requirement for a corticoid. 

Recent experiments by Welsch and Gribler<6n and Welsch<68> dem
onstrated that inhibition of PRL synthesis and secretion by 2-
bromo-a-ergocryptine inhibited the nodule to tumor transformation. 
Thus, the mammary tumor incidence in 14-month-old C3H virgin mice 
decreased from 27 to 1%, and the nodule incidence decreased from 90 to 
30%.<67> The inhibition by 2-bromo-a-ergocryptine was as effective, if 
not more so, than the inhibition of mammary tumorigenesis by ovariec
tomy.<68> 

While C3H nodules and nodule outgrowths are very sensitive to 
growth inhibition by the absence of estrogen or PRL or both, BALB/c 
nodule outgrowth lines show a morediverse response. Of eight BALB/c 
nodule outgrowth lines examined, the growth of five lines was unaf
fected by ovariectomy, whereas none of them was affected by 
2-bromo-a-ergocryptine administration. Interestingly, the three nodule 
lines whose growth was inhibited by ovariectomy were all induced by 
chemical carcinogens, whereas four of five unresponsive lines originated 
in hormone-stimulated mice.<38'69> The sensitivity to hormonal treat
ments was more varied when one considers other hormones; for in
stance, administration of testosterone led to inhibition of growth and 
tumorigenesis in three of five nodule lines tested, but there was no 
correlation between sensitivity to ovariectomy and to testosterone 
among the lines tested.<69> These results clearly demonstrate the remark
able variety of responses to hormonal treatments seen in preneoplastic 
populations. 

If preneoplastic mammary populations exhibit diverse hormonal re
sponsiveness, carcinomas derived from preneoplastic nodules exhibit a 
very uniform response. Of 40 tumors tested for their responsiveness to 
ovariectomy, nafoxidine, testosterone, and CB-154, none showed any 
responsiveness.<69> The tumors were derived from nodule lines that were 
both responsive and unresponsive to the agents listed above. Not all 
murine mammary tumors are hormone-unresponsive. Mammary car
cinomas arising from plaques in GR mice are pregnancy-dependent. 
Recently, mammary carcinomas arising from DMBA- and urethane
induced DHs in BALB/c and (C57BL X DBAf)F1 mice were shown to be 
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Fig. 2. Hormone responsiveness of chemical-carcinogen-induced mammary tumors in 
(C57BL x DBA)F, mice. 

ovarian-responsive. Of 11 tumors transplanted subcutaneously into 
ovariectomized mice, 10 failed to grow progressively.<70' Two of these 
tumors were investigated further, and the data are illustrated in Fig. 2. 
Ovariectomy markedly inhibited growth of both small and !arge tumors, 
and estrogen-replacement therapy stimulated tumor growth in ovariec
tomized mice.<70' Progesterone also stimulated tumor growth in ovariec
tomized mice, but to a greater extent than estrogen. Recent experiments 
showed that these tumors have !arge quantities of cytoplasmic estrogen 
receptors that are translocatable to the nucleus and that exhibit a high 
Ievel of specific estrogen binding.<70' These tumors are unlike tumors 
arising in C3H mice or BALB/c mice, which have estrogen receptors that 
are either untranslocatablem> or undetectable.<72 ' These tumors were 
classified as papillary ductal carcinomas or well-differentiated ductal 
carcinomas, in cantrast to the adenocarcinomas arising in C3H and 
BALB/c mice. 

3.3. Immunogenicity 

Several investigators have demonstrated that mammary adenocar
cinomas in mice are immunogenic.<73-75' The primary antigens responsi
ble for the immunogenicity of mammary adenocarcinomas and HANs 
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are related to the MTV.<76' 7n Some MTV-positive mammary tumors con
fer resistance in MTV -positive syngeneic hosts that is not cross-reactive 
with other MTV -positive tumors.<7s-so> Cross-reactive and non-cross
reactive antigenic types were also demonstrated by in vitro immunologi
cal techniques.<su 

MTV -negative BALB/c mammary tumors have been reported to be 
weakly immunogenic in BALB/c mice by both in vivo<82•83> and in vitro<84> 

techniques. Recent experiments demonstrated that the strength of the 
immunogenicity of BALB/c tumors is correlated with the nature of the 
inductive stimulus. Tumors arising from HANs induced in a hormone
stimulated environment were weakly immunogenic (ref. 84 and unpub
lished observation), whereas tumors arising from HANs or DHs induced 
by chemical carcinogens were strongly immunogenic<ss> Table V). The 
latter tumors did not show cross-reactive antigens in two experiments in 
vivo. Prehn<86> recently demonstrated that the immunogenicity of in
duced tumors was related to the concentration of the carcinogen. The 
immunogenicity of tumors decreased with low doses of carcinogen even 
when the latent period was constant. At very low concentrations, the 
immunogenicity of tumors was like that of spontaneous tumors. 

Some limited experiments have examined the immunogenicity of 
HANs. Treatment of MTV -positive C3H mice with MER, a nonspecific 
immunological enhancement substance, produced protection against 
growth of tumor isografts, spontaneous tumor development, and spon
taneous nodule development.<74> Sensitization of MTV -negative C3Hf 
hosts with MTV -positive C3H nodules resulted in protection against 
growth of subsequent challenge implants of C3H nodules and 

Table V 
Immunogenicity of Mammary Tumors Arising from Preneoplastic Lines 

Ethiological agent 
Preneoplastic Tumors immunogenid Degree of 

line Preneoplasia Neoplasia tumors tested (%) immunogenicity" 

D1 Hormonal Spontaneaus 2/9 (22) Weak 
01 Hormonal DMBA/MCN 6/1S (40) Weak 
02 Hormonal Spontaneaus 7/14 (SO) Weak 
C4 DMBA Spontaneaus 8/8 (100) Strong 
es DMBA Spontaneaus 3/3 (100) Strong 

CD-3 DMBA Spontaneaus 4/4 (100) Strong 

• Weal<: decrease in either the perrentage takes or the mean tumor size; strong: decrease in both the 
percentage takes and the mean tumor size. 

• Tumors arise in mice bearing D1 transplants in the mammary fat pad and treated with either DMBA or 
MCA. 
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tumors.<87•88> Rejected nodule outgrowths grew poorly and/or were de
void of alveolar cells characteristic of nodule tissues. 

Nodules occurring in mice treated with 3-methylcholanthrene 
(MCA) are highly immunogenic.<ss> Nodule outgrowths derived from 
these carcinogen-induced nodules grew out as ductal outgrowths in 
appropriately sensitized syngeneic mice. The normality of the ductal 
cells remains unclear. Limited experiments demonstrated that the 
nodules exhibited non-cross-reactive immunogenicity and could sen
sitize the host against subsequent challenge of homologaus tumors. 

In vitro studies on the immunogenicity of MTV -negative HANs and 
tumors have supported the in vivo studies s11owing that these lesions are 
weakly immunogenic. Furthermore, they suggested that the preneo
plastic HANs and tumors derived from them contained some common 
antigens, and different HAN lines also shared common antigens.<84> 
Theseantigens were not shared by tumors derived from fibroblasts.<84> 
One of the surprising results from these experiments was the enhanced 
survival of target cells in the presence of sensitized lymphocytes. Lymph 
node cells (LNC) from mice bearing HAN implants, or from mice whose 
implants had been removed less than 7 days prior to testing, failed to 
inhibit significantly the survival of HAN cells in culture, but instead 
enhanced survival. Specific and significant inhibition of HAN cells was 
found with LNC from mice whose HAN implants had been removed for 
more than 10 days. Enhanced but not decreased survival cross-reacted 
between 01 and 02 HANs, between 01 and 02 tumors, and between 
01-02 tumors and MTV -induced BALB/c tumors, but not between 
01-02 and chemically induced mammary tumors or fibrosarcomas.<84•89> 
Recent results in our laboratory showed that this phenomenon of 
LNC-mediated enhancement followed by LNC-mediated resistance 
applies to OMBA-induced mammary tumors when measured by the 
microcytotoxicity test in vitro. Interestingly, these tumors are highly im
munogenic in vivo and confer strong resistance to tumor challenge (Table 
V). 

In summary, the preneoplastic HAN shared some of the same anti
gens found in tumors originating from the nodules, particularly for 
MTV-positive HANs and the hormonally induced 0 series of HANs. 
Non-cross-reacting antigens at the HAN and tumor level have been 
shown to be easily dernonstrahle in chemical-carcinogen-induced le
sions and are a minority component in MTV -positive lesions. The nature 
of the cross-reactive antigens seen in the 0 series of lesions is not under
stood, and organ-specific antigens have not been ruled out at present. 
The possibility that HAN may contain unique stage-specific antigens has 
not been examined thoroughly and has not been ruled out. 
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3.4. Response to Cytostatic Drugs 

The effects of cytostatic drugs on experimental mammary cancer 
have beenexamined recently in several systems. Studies by Martin and 
co-workers<90•9u using transplantable tumors derived from MlV -positive 
hybrid mice demonstrated the chemotherapeutic effectiveness of a va
riety of drugs such as phenylalanine mustard (L-PAM), cytoxan (CTX), 
methotrexate (MTX), 5-fluorouracil (5-FU), and adriamycin. Fisher et 
al. <92> examined the effects of similar drugs given singly, in combina
tions, and with the nonspecific immune enhancement agent, Corynebac
terium parvum (CP). Generally, the combination treatment was more 
effective than any drug given singly.<92> The addition of CP to any com
bination of drugs showed the same effects as the combination alone, 
although CP enhanced the effects of drugs given singly. Bogden and 
Taylor93> reported extensive and similar results using an immunogenic, 
transplantable rat mammary tumorsensitive to various chemotherapeu
tic drugs. 

The response of preneoplastic mammary lesions to cytostatic drugs 
has not been addressed until recently. Mice bearing the weakly im
munogenic, moderate-tumor-potential nodule line 02 and the highly 
immunogenic, moderate-tumor-potential nodule line C4 were trans
planted into syngeneic BALB/c female mice that were subsequently 
treated with a variety of cytostatic drugs including L-PAM, 5-FU, CTX, 
MTX, vincristine (VC), and prednisone. The results are shown in Figs. 3 
and 4. The results were unexpected, since L-PAM, 5-FU, CTX, and VC 
enhanced the rate of tumor formation, whereas MTX and prednisone 
inhibited the rate of tumor formation in nodule line 02. For nodule line 
C4, L-P AM enhanced and 5-FU, CTX, MTX, and prednisone inhibited 
the rate of tumor formation. VC had no effect on line C4. There was no 
correlation between the effects on nodule growth rate in filling the 
mammary fat pads after transplantation (measurement of the cytotoxic 
effect of the drugs) and the rate of tumor formation for any of these 
drugs. Furthermore, L-PAM, 5-FU, CTX, and MTX inhibited the growth 
rate of subcutaneously transplanted tumors derived from both nodule 
lines.<94> 

These results suggest that preneoplastic mammary populations can 
respond differently from neoplastic mammary populations to the same 
cytostatic drugs, and that some cytostatic drugs can act to promote 
mammary tumorigenesis. The possible implications of these results for 
human breast cancer are worthwhile to consider. Human breast cancer 
is a disease affecting both breasts, and persons with prior breast cancer 
are high-risk patients for subsequent breast cancer in the contralateral 
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Fig. 3. Effects of cytostatic drugs on tumor potential of nodule line 02. 
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breast. In addition, the disease is suspected of passing through preneo
plastic stages.< 4s- so> The results stated above suggest that MTX rather than 
L-PAM would be the safer drug to use in combination chemotherapy. 

The carcinogenicity of some of the cytostatic drugs was established 
early by Haddow et al., <95> and evidence has subsequently accumulated 
from several sources that a variety of cytostatic drugs, particularly the 
alkylating agents, are carcinogenic in both experimental animals<96•97> 

and humans.<9s> The basis for the differential response of the two nodule 
lines to5-FU, VC, and CTX is not understood at present. The inhibitory 
effects of the low dose of CTX, however, may have been counteracted by 
the carcinogenic effects of high doses, which would explain the Iack of 
effect at the higher dose Ievels. In these experiments, prednisone acted 
like a hormone, inhibiting the neoplastic transformation but having no 
effect on neoplastic growth per se. 

In summary, the data on the behavioral properties in vivo of pre
neoplastic lesions suggest that these lesions cannot be considered as 
homogeneaus populations of early neoplasms, since they exhibit prop
erties that are often intermediate between normal and neoplastic as weil 
as properties that are completely opposite to neoplastic populations. In 
particular, their response to hormonal agents and cytostatic drugs 
suggests that a qualitative change has occurred in the transformed cells 
as they progress from a preneoplastic to a neoplastic state. 

4. Cell-Population Dynamics 

4.1. Effects of Carcinogens 

4.1.1. Viral 

The establishment of mammary nodule outgrowth lines in BALB/c 
mice presents material that can be used to investigate the roles of chemi
cal and viral carcinogens in the neoplastic transformation. These exper
iments were reviewed in detail by Nandi and McGrath,<23> but a sum
mary is presented here to illustrate the principal findings. Both MTV and 
NIV can infect and replicate in mammary preneoplasias and enhance the 
tumor potential of a series of preneoplastic lines. MTV is more effective 
than NIV, which is in accord with the noduligenic effect of these two 
viruses.<23> NIV -infected 01 outgrowths transplanted and maintained in 
BALB/cCrgl mice continued to produce a low incidence of tumors in 
comparison with MTV -infected outgrowths.<39> Prior infection with NIV, 
however, inhibited subsequent infection by MTV.<99> The mechanism 
behind this inhibition is unclear, although it is possible that the inhibi-
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tion may occur at the blood Ievel by blocking the blood stage of the life 
cycle of MTV or at the cellular Ievel by blocking absorption of MTV. 

One experiment, which investigated possible differences between 
the effects of the two viruses, demonstrated by electron microscopy that 
MTV infects or replicates, or both, in preneoplastic nodule cells very 
quickly (by 8-10 weeks after transplantation), whereas NIV infects or 
replicates, or both, in the preneoplastic cells by 40 weeks after transplan
tation. The delayed appearance of NIV expression correlated with its 
low oncogenic potential. PRL stimulation of the mammary gland, which 
enhances NIV -induced nodules and tumors, also Ieads to early expres
sion of NIV in the preneoplastic tissue.0°0> These data demonstrated that 
both types of MTV can infect nodule tissues and enhance their tumor 
potential as weil as induce primary HANs. The altered tumor potentials 
of such populations are stable over serial transplantation, which may be 
due to the continued presence of the virus. This system has not been 
studied with temperature-sensitive mutants to determine whether viral 
presence is obligatory for the permanent increase of tumor potential. In 
vitro infectivity has not been successful at this Ievel, although MTV was 
shown to infect and replicate in normal mammary tissues.0°1> The fre
quency of cells infected in a given preneoplastic population has not yet 
been determined. Preneoplastic mammary lines in BALB/c mice are free 
of B-type virus particles,(2) have undetectable Ievels of gp52 viral anti
gen,U02> have insignificant Ievels of MTV reverse transcriptase, which is 
not increased by dexamethasone}103> and have Ievels of endogenaus 
viral DNA (4 copies/genome) similar to normal intact BALB/c mammary 
gland.0°4> The significance ofendogenaus MTV DNA is not clear; how
ever, it will be important to determine whether chemical carcinogens 
increase the number of these copies per cell. The relationship between 
endogenaus MTV, NIV, and exogenaus MTV in this type of system 
would be of considerable interest to determine from the standpoint of 
the similarities and dissimilarities of the degree of MTV information 
contained in the genome of each of the virus DNA. In this respect, 
Drohan et al. <105> recently demonstrated that the RNA of exogenaus MTV 
contains information in addition to that of the endogenaus virus, al
though McGrath et al. 004> could not confirm this observation. Finally, 
such information might help to explain why BALB/c preneoplasias that 
contain putative endogenaus MTV are infectable by exogenaus MTV 
and how NIV can inhibit infectivity by MTV. 

4.1.2. Chemical Carcinogens 

The oncogenic effect of several chemical carcinogens, MCA, DMBA, 
and urethane, as weil as of y-irradiation, has been tested on several 
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series of BALB/c nodule outgrowth lines. All four agents increased the 
tumorpotential of nodule lines derived from nodules induced originally 
by hormones or DMBA. The preneoplastic stage is much more sensitive 
to the effects of chemical carcinogens like DMBA than the normal stage. 
For instance, 0.5 mg DMBA enhances the tumor potential of line 01 
from 10 to 62%, whereas it requires 4 mg DMBA to induce a low inci
dence of preneoplastic lesions.<4•37> The effectiveness of chemical car
cinogens on the preneoplastic stage may be due to several conditions: (1) 
The nodule cell population, containing many alveolar cells, may be more 
susceptible than ductal cells. In this respect, hormone-stimulated nor
mal mammary gland produces a high incidence of dysplastic lesions 
with 1.0 mg DMBA, although these are mainly self-limiting dead-end 
squamating alveolar lesions (KNs). (2) Tumorigenesis by chemical car
cinogens is a function of cell division rather than cell number. Recent 
experiments showed that the nurober of cells undergoing DNA synthe
sis in preneoplastic nodule cells is greater than normal 2-day lactating 
mammary gland (a peak period of cell division in normal mammary 
gland). These experiments were done by examining the frequency of 
cells incorporating a pulse dose of radiolabeled thymidine after 60 min. 
(3) The carcinogens may act indirectly on the local population to disrupt 
the local environment and cell-cell interactions, thereby allowing high
risk preneoplastic cells to express themselves. On the basis of recent 
experiments examining the response of nodule outgrowth lines to en
zymatic agents, this latter possibility is not unreasonable. 

4.1.3. Direct vs. Indirect Effects of Chemical Carcinogens 

The effects of chemical carcinogens at the target-organ and systemic 
Ievels have been examined intensively over the past decade. Experi
ments by Sachs and Huberman,<lO&-los> Heidelberger and Chen,n°9> and 
DiPaolo et al. <11o> leave little doubt that the initial interactions between 
carcinogen and the target cell are the critical events in the initiation of 
neoplasia. Such experiments have not been done critically in mammary 
tumorigenesis, although Brennan et al. n11> demonstrated that exposure 
of an intact mammary gland in vitro to DMBA initiated alterations in the 
mammary cells that were expressed as mammary tumors on in vivo 
transplantation. Preneoplastic alveolar or ductal mammary hyperplasias 
have not been induced in vitro by chemical carcinogens, except for the 
nodulelike lesions described by Banerjee et al. n12> 

The possible pathways of chemical carcinogen action on the pro
gression of preneoplastic lesions is still a matter of debate. lt is conceiva
ble that the effects of chemical carcinogens on the immune and hor
monal systems of the host enhance the progression of preneoplastic 
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mammary lesions in the absence of a direct effect on the target cells. 
Several experiments have examined these possibilities,<113•114> since it has 
been well documented that chemical carcinogens can alter the immune 
response<ns-m> and the functions of reproductive organs.ms.nD> 

Pituitary and serum PRL and serum progesterone levels were mea
sured in chemical-carcinogen-treated BALB/c mice by polyacrylamide gel 
electrophoresis and by specific radioimmunoassay.<114> Serum and 
pituitary glands were collected from chemical-carcinogen-treated 
BALB/c female mice that were 15-17 or 44 weeks old. Neither MCA (1.5 
mg) nor DMBA (1.5-6.0 mg) significantly altered pituitary content or 
serum PRL concentration in the 15- to 17-week-old mice, but DMBA 
slightly increased (33%) the total amount of pituitary PRL in the 44-
week-old mice. The elevation of pituitary PRL content in 44-week-old 
mice was not correlated with the incidence of mammary tumors in the 
group nor with the presence of a mammary tumor in an individual 
mouse. 

Serum progesterone levels were increased approximately 22% in 
MCA-treated mice by 50 days after the last carcinogen treatment. This 
increase could be attributed to higher serum levels during diestrus and 
proestrus. Progesterone levels were unaltered by ovariectomy, but were 
reduced approximately 60% by adrenalectomy. DMBA had no signifi
cant effect on serum progesterone levels in mice assayed at 44 weeks of 
age. 

These results<114> provided little support for the concept that MCA 
and DMBA promote murine mammary tumorigenesis by leading to a 
sustained increase in pituitary PRL content or in serum PRL concen
trations either shortly (15- to 17-week-old mice) aftercarcinogen treat
ment or at times during mammary tumor formation and growth (44-
week-old mice). 

The significance of chemical-carcinogen-induced immunosuppres
sion in carcinogen-induced mammary tumorigenesis was investigated in 
BALB/c mice.<na> The immune response of mice treated with a car
cinogenic dose of MCA and DMBA was measured between 1 and 100 
days aftercarcinogen treatment. Cell-mediated immunity was measured 
by rejection of skin and heart homografts, and humoral immunity was 
measured by the direct hemolysin plaque assay. 

Both MCA and DMBA depressed cell-mediated rejection of skin 
and heart homografts for up to 50 days after carcinogen treatment. The 
survival time of homografts in carcinogen-treated mice was 50-100% 
greater than in control mice. 

DMBA, but not MCA, induced a profound suppression of the pri
mary humoral response that lasted up to 100 days after carcinogen 
treatment. This effect was strain-specific, since MCA induced suppres-
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sion of the primary immuneresponsein C3H but not in BALB/c mice. 
Finally, in an assay system that involves both cell-mediated immunity 
and a counteracting humoral blocking factor, namely, hypersensitivity 
to methylated bovine serum albumin (BSA), MCA did not alter the 
balanced immune response of the host. 

In an attempt to answer directly whether carcinogen-induced im
mune suppressionwas a significant factor in mammary tumorigenesis in 
preneoplastic mammary tissue, samples of DMBA- and MCA-treated 
nodule outgrowth lines Dl and D2 were transplanted into the mammary 
gland free fat pads of mice already treated with 1.5 mg DMBA and MCA, 
respectively. The tumorpotential of these outgrowths was the same as 
that of outgrowths transplanted into untreated mice and significantly 
less than that of outgrowths exposed directly to DMBA or MCA (Table 
VI). 

These experiments support the contention that there is no simple 
correlation between carcinogen-induced immunosuppression and 
tumorigenesis in mammary tumors arising in preneoplastic outgrowths, 
and that the immunosuppressive function of DMBA and MCA is not 
essential for the carcinogenic function. 

4.1.4. Serial Transplantation of Carcinogen-Treated Nodule Outgrowth Lines 

To examine the stability of carcinogen-induced alterations in pre
neoplasias, carcinogen-treated nodule outgrowths were serially trans
planted under a variety of protocols. Earlier results had shown that Dl 
nodule outgrowth lines exposed to MCA, DMBA, or irradiation failed to 
produce a significant number of tumors if transplanted as small pieces 
into untreated syngeneic mice,<4' 120> but expressed their altered tumor 
potential if whole glands were transplanted onto the abdomens of un
treated virgin BALB/c miceu2o> or as small pieces into mice bearing pituit
ary isografts.020> The relationship held even for nodule outgrowths that 
were treated for 4 consecutive generations with MCA.020> The expres
sion of the MCA-induced increase in tumorpotential and the increased 
response to pituitary isograft stimulation was unstable, since the effects 
disappeared after serial transplantation of the treated outgrowths into 
untreated, unstimulated mice.020> 

In an attempt to understand the basis for this effect, a second series 
of long-term experiments was set up using a more potent carcinogen, 
DMBA. The results are illustrated in Fig. 5. The results were similar to 
the previous experiments in two respects and different in one other. 
Like MCA, a cumulative effect of DMBA was not seen if one considered 
the tumor incidence in DMBA treated outgrowths over 4 generations. 
Each generation produced 70-80% tumors with a similar latent period, 
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Fig. 5. Serial transplantation of DMBA-treated nodule line Dl. 

even though the cumulative dose of DMBA increased progressively 
from 1.5-3.0 to 4.5-6.0 mg. On transplantation of samples of the 
treated populations into untreated mice, however, the expression of the 
increased tumor potential was proportional to the total amount of car
cinogen. Thus, outgrowths that had been treated with a cumulative dose 
of 3.0, 4.5, and 6.0 mg DMBA exhibited an increased expression of 
tumorigenesis. The tumor potential decayed, however, on successive 
transplantation. The explanation for these results is puzzling. It is clear 
that an increasing number of DMBA-altered cells are recruited with each 
successive dose of DMBA; however, some unknown effect of transplan
tation influenced their expression. The expression of altered cells was 
not influenced by the length of time between treatment and subsequent 
transplantation.<120> Outgrowths transplanted from 1 to 30 days after 
treatment still behaved the same way. Initially, it was proposed that 
these observations could be explained on the basis of a quantitative 
effect; i.e., the number of cells altered was small and the probability of 
picking out and transplanting altered cells was small when transplanting 
only 20-40% of the exposed cells. In the second series of experiments, 
however, at least 80% of the nodule outgrowth tissue was transplanted 
into recipient hosts; therefore, this explanation appeared untenable. An 
alternative explanation of most of the observed data is as follows: A 
nodule population is a mixed population of normal cells, unaltered 
nodule cells, and DMBA-altered nodule cells that is regulated by cell
cell interactions. Carcinogens may act either directly on nodule cells to 
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alter them and increase their tumorigenicity or indirectly by disrupting 
the microenvironment and consequently disrupting normal cell-nodule 
cell interaction, or both directly and indirectly. The result in either case 
would be an increased probability of expression of potentially 
tumorigenic nodule cells. On transplantation of the DMBA-treated 
population, a minimum period of time (approximately 3 weeks) is neces
sary for the entire population to vascularize and adjust itself to the new 
surroundings. This period of "transplantation shock" might act to Coun
terbalance any selective growth advantage of nodule cells. With increas
ing DMBA exposure, more cells are recruited, which increases their 
probability of surviving the initial transplantation as an "expressible" 
unit. However, each successive transplantation of a given population 
into normal mice counteracts the accumulative DMBA effect, i.e., allows 
normal cells torepair or regain control. The phenomenon of "transplan
tation shock" was demonstrated in experiments by Mehta et al. 021> in 
which nodule cells could grow in organ cultures only if they had been 
transplanted into the mammary fat pads for 3 weeks before explanation 
into organ culture. This time was needed to overcome the effects of in 
vivo transplantation before the cells were capable of starting their growth 
spurt in vitro. Instead of "transplantation shock," one could invoke the 
expression of potential reversibility of these DMBA-altered nodule cells 
as demonstrated in in vitro carcinogenesis experiments by Rabinowitz 
and Sachs.022> The potential interactions of normal and nodule cells will 
be examined below. 

Any hypothesis would have to explain why a cumulative effect was 
not seen in the treated hosts. A possible explanation exists based on the 
results of another experiment. When 01 outgrowths were treated with a 
high dose of urethane (100 mg), 83% of the treated outgrowths gave rise 
to tumors. A subsequent dose in the second generation gave the same 
result; thus, no apparent cumulative effect was demonstrable; i.e., a 
maximum threshold was reached by 100 mg. However, if a low dose of 
urethane (20 mg) was given each generation, the tumor incidence in the 
firstgenerationwas 43% andin the second generation, 70%.<4> A similar 
"threshold" may have been reached using 1.5 mg DMBA. Experiments 
using 0.1 mg DMBA per generation are now in progress to test this 
hypothesis. 

The original aim of the serial transplantation experiments was to 
investigate the response of a target tissue to cumulative doses of a given 
carcinogen and to sequential doses of several different carcinogens. The 
results demonstrated that the effects of viral and chemical carcinogens in 
this system were additive.<4•123> More important, they suggested the pos
sibility that the effects of a carcinogen, i.e., "increased tumorigenicity," 
were not permanent or irreversible, but could be modulated by the 
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experimental and artifactual technique of transplantation. Moreover, the 
early events associated with transplanted cell populations might influ
ence the expression and regulation of a preneoplastic or high-risk popu
lation. 

4.2. Normal-Preneoplastic Cell Interactions 

4.2.1. Evidence of Local Growth Regulation 

The spatial pattem of mammary ducts in the rodent mammary 
gland is regulated by local growth regulators produced by normal 
mammary ducts.'63> Experiments have indicated that the minimum dis
tance between ducts is 0.25 mm<63>; however, normal alveoli arising in 
the mammary glands of pregnant mice are not subject to such exact 
regulation. HANs, but not mammary tumors arising from HANs, are 
subject to the same growth regulation as local host mammary ducts. 
Nodules transplanted into intact fat pads do not overgrow the host 
ducts<4•63> as do tumors. Nodules transplanted into intact fat pads con
taining growing host mammary ducts stop growing at the interface of 
the growing host tissue.<4•63> In such cases, ducts can be seen to reverse 
this growth path by tuming 180° and to continue growing in unoccupied 
space at the edge of the fat pad.<4> This ability to override local growth
regulatory factors remains the most important distinction between pre
neoplastic and neoplastic mammary tissues that has yet been described 
in experiments. The nature of the growth regulators operating in this 
system remains unknown, although this factor (or factors) is (are) not 
easily dernonstrahle by other means.U24> 

In an elegant experiment by Mintz and Slemmer,025> it was demon
strated that normal cells can influence the growth characteristics of a 
preneoplastic population when in cell-to-cell contact. Using C3H ~ 
C57BL allophenic mice in which each tissue had cells from both parents, 
these workers induced primary HANs. The HANs transplanted into 
hybrid (C3H X C57BL)F1 female mice produced lobuloalveolar out
growth in 100% of the mammary fat pad. Outgrowths transplanted into 
parental C57BL female mice produced 100% ductal outgrowths, indicat
ing that the C57BL phenotype was a normal cell. Outgrowths trans
planted into parental C3H female mice produced HAN outgrowths that 
filled only 30% of the fat pad, indicating that the C3H phenotype was 
the transformed cell type. These latter outgrowths produced tumors 
subsequently. More interestingly, they demonstrated the synergistic ef
fect of normal cells on HAN cells and suggested that normal cells either 
were indistinguishable from HAN when in cell-to-cell contact or were 
modulated to the HAN phenotype.U25> The cells from the respective 
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phenotypes were identified by their histocompatible antigens and their 
isoenzyme patterns, which were unique for each strain. 

4.2.2. Expression of Hyperplastic Alveolar Nodule Transformation 

The induction and appearance of HANs have been studiedunder a 
variety of stimuli. Factars such as virus infection, virus oncogenicity, 
hormonal milieu, immunological status, diet, and exogenaus chemical 
carcinogens influence the appearance of HANs. HANs appear as foci of 
lobuloalveolar hyperplasia, visible by semigross observation, starting at 
9-10 months of age in virgin BALB/cfC3H female mice. Hormone Stimu
lation, by pregnancy or pituitary isografts, decreased the latent period to 
4 months. While agents such as hormones clearly influence the expres
sion of HAN phenotype, it is not clear whether this phenomenon is 
directly related to induction. In a recent series of experiments, Miyamoto 
and co-workers026•127> demonstrated that the expression of the HAN 
phenotype is dissociable from the induction of the HAN phenotype. 
Enzymatically dissociated normal virgin mammary gland from MTV
positive BALB/cfC3H mice gave rise to HAN outgrowths on transplanta
tion into the mammary fat pads of syngeneic mice. HAN cells could be 
detected in the mammary glands of 3-month-old virgin BALB/cfC3H 
mice, but not in 2-month-old BALB/cfC3H mice or in 10-month-old 
BALB/c or C57BL female mice.U26> The number of transplants yielding 
lobuloalveolar outgrowth rose from 30 to 65% in 3-month-old to 
6-month-old mice. The lobuloalveolar phenotype was stable on serial 
transplantation of the outgrowths and was also highly tumorigenic.U26> 

A similar procedure was used to select HAN cells from pregnancy
dependent tumors (plaques) in GR mice, indicating the heterogeneaus 
nature of the plaque population.<127> 

Similar experiments have been performed using BALB/c nodule 
outgrowth lines as the source of dissociated cells. In these experiments, 
enzymatic dissociation led to an increase in tumor potential in nine 
different experiments using four different nodule outgrowth lines with 
differing tumor potentials.028> In all experiments, the cells injected as 
single cells were compared with the same outgrowth line transplanted 
assmall pieces (1 mm3 ). In nodule line 01, the tumorpotential increased 
from 19% (21/109) to 50% (44/88). In nodule line 02, the tumorpotential 
increased from 54% (46/85), with the 50% tumorend point reached at 11 
months, to 74% (32/43), with the SO% tumor end point reached at 7 
months. A similar increase in tumor potential was seen with nodule 
lines C4 and C0-3. It seemed unlikely that the enhanced tumor po
tential could be explained on the basis of a larger number of cells 
transplanted in the cell suspension than in a small piece. Two facts 
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argued against this possibility: First, cells transplanted as a cell suspen
sion filled the fat pad at a slower rate than cells transplanted as a piece; 
i.e., by 8 weeks after transplantation, 105 cells transplantedas a suspen
sion filled 60% of the fat pads as compared with 90% for cells trans
planted as pieces. Second, an estimate of the number of epithelial cells 
in the "piece"-size transplant gave a minimum figure of 75,000 cells/ 
piece for 01 and 83,000 cells/piece for 02, which was not significantly 
different from 105 cells. The estimate was made on the basis of experi
ments in which mammary fat pads containing nodule outgrowths were 
dissected into 100 standard-size transplantation pieces (1 mm3), the 
pieces were pooled and enzymatically dissociated, and the cells were 
counted. The total number of cells divided by 100 yielded a minimum 
number of cells in one average-size piece. The estimate was considered 
minimum, since cells were lost during the dissociation procedure. 

The basis for the enzymatically induced increase in tumor potential 
is unclear, although the hypothesis that the enzyme effect indirectly led 
to the selective expression of existing altered cells is reasonable and 
testable. It is known that broadly active proteases (i.e., trypsin, pronase) 
can induce a variety of changes in normal cells, including increased 
lectin agglutinability; changes in plasma membrane proteins, 
glycosaminoglycans, and cyclic nucleotide levels; an enhanced rate of 
glucose uptake; and stimulation of cell multiplication.029> The similarity 
of responses to different environmental stimuliwas termed a "coordi
nate response" by Rubin and Koide.U30> These responses are seen in 
neoplastic cells induced by chemical or viral carcinogens. Enzymes can 
induce changes that mirnie the responses of neoplastic cells. In the 
nodule experiments, it is not clear what properties of this coordinate 
response the enzymatically dissociated cells would also exhibit. How
ever, the significance of broadly active proteases in the enhancement of 
tumorpotential was examined directly in a further series of experiments. 
Nodule outgrowth lines 01 and 02 were dissociated with just col
lagenase plus BSA plus hyaluronidase. In these experiments, the cell 
yield, percentage viability, and percentage single cells were less than 
with the three-enzyme procedure; under favorable conditions, however, 
the experiments could be carried out. Negative results would have been 
difficult to interpret due to the greater frequency of small clumps of cells 
(5-10 cells) transplanted along with the single cells. However, both 
nodule lines dissociated with just collagenase, hyaluronidase, and BSA 
exhibited a markedly enhanced tumor potential. Although collagenase 
preparations are thought to have contaminating broadly active pro
teases, BSA protects cells against their actions. uso This was confirmed in 
our experiments by examining concanavalin A (Con A) agglutination of 
normal and neoplastic mammary cells treated with collagenase in the 
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presence or absence of BSA. Collagenase alone increased mammary-cell 
susceptibility to Con A agglutination, but BSA counteracted the Col
lagenase effect. The presence or absence of hyaluronidase in the dissoci
ation procedure had no effect on Con A agglutinability of in vivo dis
sociated cells. While these results support the hypothesis that enzymatic 
digestionaltered the expression of transformed cells, conclusive experi
ments would require the preparation of a single cell suspension by 
mechanical nonenzymatic methods, which has been difficult to attain 
thus far. 

The stability of the altered tumor potentials seen in enzymatically 
dissociated nodule cells was investigated by serial transplantation of the 
dissociated cells into syngeneic mice. Nodule line D1 dissociated and 
transplanted at 10 5 cells per fat pad produced 50% tumors, compared 
with 19% for control implants. lf these outgrowths were then trans
planted serially as pieces, however, the tumor potential decreased to 32 
and 15% in each transplant generation, respectively. Therefore, the in
crease in tumor potential was not stable, and these cell populations 
behaved similarly to the DMBA-treated nodule-cell populations. 

4.2.3. Interactions of Separate Cell Types 

Analysis of potential interactions between separate cell types of the 
mammary gland in normal and abnormal development was attempted 
in a few experiments. m 5 •132) Slemmer<132l postulated the existence of 
three cell types in normal mammary gland: ductal epithelial, alveolar epi
thelial, and myoepithelial. In his model, each cell type can be transformed 
to a specific dass of preneoplastic lesion that can progress to neoplasia. 
Alveolar epithelial cells produce alveolar preneoplasia, ductal epithelial 
cells produce ductal hyperplasia, and myoepithelial cells produce 
epidermoid-mesenchymal metaplasia.032J Experiments examining the 
interaction between normal and transformed cells of each type have 
been performed in allophenic mice and their parental strains. By induc
ing the lesion in allophenic mice, maintaining them in histocompatible 
hybrids, and analyzing them in the parental strains, Slemmer demon
strated that the normal cell type synergized and stimulated the growth 
of preneoplastic cells. However, progression to malignancy was accom
panied by a loss of dependence on normal cells for optimal and ma
lignant growth.032J By reassociating normal cells with pure populations 
of neoplastic cells, Slemmer noted that the genotype of the normal com
ponent was not a significant factor. 

Slemmero32 l studied the effects of reassociating normal with prema
lignant cells under conditions that examined the progression of prema
lignant growth to malignant growth. In many cases, it was clear that his 
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premalignant lesions were not equivalent morphologically or biologi
cally to the preneoplastic nodule lines described above. Experiments 
using the reassociation method with normal cells and preneoplastic 
cells, under defined conditions, suggested that normal cells can influ
ence the neoplastic transformation in preneoplastic nodule lines.<128> In 
these experiments, normal cells were mixed in ratios of 1 : 1, 2 : 1, and 3 : 
1 with a single cell suspension of nodule cells. Normal cells prepared 
from virgin, pregnant, or lactating mammary glands inhibited the rate of 
tumor formation in nodule line D2 (i.e., 75 to 37%), whereas a similar 
ratio of normal cells had no effect on tumor-cell growth. This experiment 
was also repeated with the D1 nodule line. Interestingly, in a reassocia
tion between normal cells and nodule cells, morphological structures 
resembling normal ducts could not be seen in stained whole mounts, 
indicating the intimate interaction between the two cell populations. The 
further elucidation of events occurring at the cellular level in these exper
iments requires the development and application of markers that will 
distinguish between normal and preneoplastic cells. 

5. Cell Biology of Preneoplasias 

5.1. In Vitro Characteristics 

5.1.1. Growth Patterns 

The conditions necessary for the establishment of successful cell 
cultures of normal, preneoplastic, and neoplastic mammary gland have 
not been defined extensively. The majority of such information has re
sulted from experiments on neoplastic cells that clearly show that criteria 
developed for transformed fibroblasts in vitro do not extend to neoplastic 
mammary cells.0°3' 133- 135> The growth characteristics of mammary glands 
can be summarized briefly. Unlike normal fibroblasts, the growth of 
which can be described by a sigmoid-shaped curve, reaching a common 
saturation density independent of the plating density, normal and neo
plastic mammary epithelial cells reach a sharp density plateau that is 
dependent on the nurober of cells plated initially.033•134> Furthermore, 
normal, preneoplastic, and neoplastic mammary cells reach a common 
saturation density if plated at similar initial concentrations.033•134> This is 
unlike fibroblast systems, in which transformed fibroblasts show higher 
saturation densities than normal fibroblasts. 

A variety of criteria based on growth parameters have been estab
lished to distinguish between normal and transformed fibroblast cells. 
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These criteria include plating efficiency, saturation density, growth in 
suspension, and growth in agar. In a recent study, using several cloned 
lines each from five different mammary tumors of differing etiologies, 
Butel et al. uoa> demonstrated that none of these characteristics was 
strictly correlated with in vivo tumorigenicity. 

Organ cultures of preneoplastic mammary tissues have been more 
successful than cell cultures. In one series of experiments, Mehta et 
al. u21> described the successful growth of preneoplastic nodule out
growth tissue under conditions in which the whole fat pad was 
explanted in vitro. The amount of growth was remarkable, since 50% of 
the fat pad was filled with nodule outgrowth after only 12 days in cul
ture under the influence of insulin, PRL, and aldosterone.02u This 
growth rate was faster than generally seen in vivo. These experiments 
are important, since they provide a possible tool to examine the growth 
potential of dysplasias from human breasts that were recently 
described. <4s-5o> 

In another series of experiments, Banerjee et al. 012> described the 
induction by chemical carcinogens of nodulelike lesions in vitro under 
organ culture conditions. These lesions arealveolar dysplasias and per
sist after the hormonal stimulus for lobuloalveolar differentiation is 
withdrawn. The tumor potential of these lesions has not yet been estab
lished. The frequency of these nodulelike lesions is correlated with the 
dose of DMBA and the potency of the carcinogen, i.e., DMBA > DBA > 
BA> A (personal communication). This latter result suggests that these 
lesions may be analogous to in vivo induced HAN. 

5.1.2. Morphology 

Normal mammary epithelial cells seeded at high (5 X 10 5 cells/cm2) 

and medium (1 -2 X 10 5 cells/cm2) cell densities have very similar 
morphology, growth patterns, DNA synthesis patterns, and Saturation 
densities.03a-135> Epithelial cells form islands from which cells migrate 
outward and flatten to give the typical epithelial pavement of tightly 
fitting polygonal cells. Initial cultures, and up to 9 days in primary 
cultures, are primarily diploid, although cells seeded at low density (1 X 

104 cells/cm2 ) show a high incidence of multinuclearity and polyploidy 
by 10-12 days in culture. Tumor cells plated at low density exhibit 30% 
polyploidy by 4 days, whereas normal cells take 16 days to achieve this 
degree of polyploidy. 

A unique feature of many epithelial cells in vitro is the formation of 
multicellular blisters or "domes." These multicellular structures are 
raised hemispheric areas of turgid epithelial cells, whose frequency is 
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dependent on plating density.035•136> Domes can be formed by both nor
mal and neoplastic mammary cells, although neoplastic cells lose this 
tendency to form domes with increasing passage number.035•136> 

The development of epithelial cell junctions was examined in nor
mal, preneoplastic, and neoplastic mammary cells in thin sections and 
freeze-fractured replicas.037•138> Normal mammary gland is characterized 
by desmosomes, by tight junctions and gap junctions in duct cells of 
virgin and pregnant gland, and by tight junctions in the alveolar cells of 
lactating gland. Preneoplastic nodule tissues and neoplastic cells have 
irregular tight junctions, variable numbers of desmosomes, and gap 
junctions similar to normal.u37•138> There appeared to be more variation 
in the junctional complexes between cells found in the different devel
opmental stages of normal mammary gland than between normal and 
preneoplastic and neoplastic cells. The cell junctions of the latter resem
ble normal ductal and pregnant mammary tissues. Junctional complexes 
in murine mammary gland survive neoplastic transformation and ap
pear to be a stable property of the cell that is expressed normally under 
the appropriate conditions. 

Very little information is available from scanning electron micros
copy. The limited information on normal, preneoplastic, and neoplastic 
mammary cells grown in identical conditions in vitro suggests that no 
major differences in surface attachment patterns, microvilli, number and 
degree of surface distortions, and general three-dimensional topog
raphy can be easily seen (Medina and Brinkley, unpublished). More 
detailed comparisons utilizing different culture conditions may provide 
additional information. 

5.2. Cytoskeletal Characteristics 

The primary components of the cytoskeleton in eukaryotic cells are 
microfilaments and microtubules that appear to connect either directly 
or indirectly to macromolecules in the plasma membrane (reviewed in 
ref. 139). Several lines of evidence indicate that cytoplasmic mi
crotubules, microfilaments, or both participate in regulating a number of 
membrane-associated cellular events, including cell morphology, cell 
motility, adhesion of a cell to its substrate, maintenance of contact inhi
bition of cells, mobility of cell surface receptors for immunoglobulins 
and lectins, and binding of hormones to cell-surface receptors.039> Trans
formed cells show alterations in many of these properties, and such 
alterations may underlie the aberrant responses and interactions of 
cancer cells with their environment and with neighboring cells. These 
modifications may be due to changes in cytoskeletal elements, since 
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recent electron-mieroscopie040> and immunofluorescence<141 ' 142> studies 
revealed that mierotubules and mierofilaments are often diminished in 
transformed cells. 

The majority of such studies have utilized either early-passage cell 
cultures or established celllines of mesenchymal origin usually derived 
from embryonie or neonatal tissues. 040-142> Relatively little work has been 
done on normal adult epithelial cells and their neoplastic derivatives. 
For instance, cytoplasmie mierotubules were examined in cells of estab
lished lines from rat hepatomas, mouse mammary and renal car
cinomas, and human cervieal carcinoma (HeLa).<142> However, a corre
sponding normal epithelial cell of each type was not available for study. 

Wehave begun studying the relationship of cell-surface properties 
and the cytoskeleton system to the progression of neoplasias in mouse 
mammary cells. Although a tremendous wealth of data exists on the 
growth, hormonal, morphologieal, and tumorigenie properties of nor
mal, preneoplastie, and neoplastic murine mammary tissues (for a re
view, see ref. 4), there are no cellular markers known that will distin
guish among the three cellular phenotypes. Since epithelial cells do not 
behave like embryonie or fibroblast cells after transformation in vitro, it 
has been extremely diffieult to analyze the preneoplastic and neoplastic 
transformations on a cellular basis. 

5.2.1. Microfilaments and Microtubules 

The staining pattems of normal mammary cells, cells derived from 
02 HAN outgrowths, and cells isolated from 02 tumors were examined 
after exposure to actin and tubulin antibodies.043> Figures 6A-C show 
examples of these cells following treatment with antiactin antibodies. 
Most, but not all, of the normal epithelial cells (Fig. 6A), as weil as fibro
blast cells in the culture, displayed an elaborate network of actin cables 
resembling those found in normal fibroblasts of other systems. Some 
epithelial cells derived from the 02 HAN outgrowths were devoid of 
staining (Fig. 6B), suggesting a reduction or loss of actin structured in the 
form of mierofilaments. In contrast, fibroblast cells in the same culture 
stained readily. Mierofilaments were also diminished in some of the 
epithelial cells cultured from 02 mammary carcinomas (Fig. 6C), al
though normal fibroblast cells possessed striking arrays of actin cables. 

Examples of the same three cell types after staining with tubulin 
antibodies are presented in Fig. 7 A-C. The normal epithelial cells (Fig. 
7 A) usually contained a full complex of mierotubules. Such cells have 
extensive fluorescent strands. Long delicate filaments extended to the 
cell periphery and either terminated or bent and continued along the cell 
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Fig. 6. lmmunofluorescent localiza
tion of microfilaments in mammary 
cells grown in vitro using an anti
actin antibody. (a) Normal mammary 
cells; (b) preneoplastic HAN cellline 
02; (c) 02 mammary tumor. Normal 
cells contain an abundant and well
developed network of microfilaments, 
whereas some preneoplastic and 
neoplastic cells contain a diminished 
content of microfilaments. X600. 
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Fig. 7. Immunofluorescent localiza
tion of microtubules in mammary 
cells grown in vitro using an anti
tubulin antibody. (a) Normal mam
mary cells; (b) preneoplastic HAN cell 
line 02; (c) 02 mammary tumor. 
Normal cells contain a complete net
work of microtubules, whereas 
some preneoplastic and neoplastic 
cells contain a diminished network. 
X600. 
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surface. The number of microtubules in cells from 02 HAN outgrowths 
(Fig. 7B) and tumors (Fig. 7C) was reduced and their organization was 
more disoriented. 

The occurrence of cytoskeletal alterations in the cytoskeletons was 
also tested in HAN line 01 and in three other tumors, those developing 
from 01, C3, and C4 HAN outgrowths. The staining pattems of all four 
of these cell types were similar to those seen in cells of the D2 HAN and 
tumors. The reaction with antiactin antibodies of cultures established 
from normal and transformed populations revealed that many colonies 
of epithelial cells were mixed populations consisting of cells with a full 
complement of actin cables and cells that had few or no visible micro
filaments. 

The data demonstrated that despite many similarities, mammary 
epithelial cells only shortly removed from the adult animal exhibited 
no differences in their cytoskeletons regardless of whether their origin 
was from normal, HAN, or tumor tissue. These findings suggest that 
alterations in cytoplasmic microtubules and microfilaments could not 
offer a valuable marker for distinguishing populations of preneoplastic 
and neoplastic cells from normal mammary cells in culture, since 
individual cells in these transformed populations are capable of express
ing a full complement of microtubules and microfilaments. The factors 
that influence this modulation of cytoskeletal expression pose an in
teresting problern to be elucidated. The presence of modulation in mi
crotubules and microfilaments in cells of all the stages of mammary 
tumorigenesis suggests that these changes could not represent early 
manifestations of neoplastic progression. At the same time, it also 
seems probable that other changes in surface-related properties may be 
important for the neoplastic transformation and for the full expression 
of the neoplastic phenotype. 

5.2.2. Leetin Agglutination 

A second measure of the structural characteristics of cells that has 
been used to distinguish between normal and neoplastic cells is the 
property of lectin agglutination to the cell surface. 039> Although not all sys
tems will show significant differences between normal and neoplastic 
cells, a majority of neoplastic cells, in comparison with their controls, 
will show enhanced agglutination by Con A or wheat germ agglutinin 
(WGA).039> Arecent report by Voyles and McGrath044> suggested that 
mammary preneoplastic and neoplastic cells are highly agglutinable by 
Con A, in comparison with normal mammary cells. All three cell types 
were grown as primary cultures and assayed by the indirect 
hemagglutination technique.045> The normal and neoplastic cells, when 
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transplanted back into the mammary fat pads of syngeneic mice, de
veloped into normal and neoplastic tissues, respectively. 

At the time this report was published, we had been doing a series of 
experiments asking similar questions. In our experiments, agglutination 
of the three cell populations was examined in three different pro
tocols.046l Initially, cells were dissociated with collagenase plus BSA, 
then mixed in suspension with several concentrations of Con A, and the 
agglutination frequency determined semiquantitatively by visual inspec
tion.<131J While this technique had its limitations (namely, background 
spontaneaus clumping), neither the threshold dose, the half-maximal 
dose, nor the maximal dose of Con A or WGA was different for the three 
populations. To avoid misinterpretation of the results due to back
groundspontaneaus clumping, another series of experiments examined 
the agglutinability of mammary cells grown on cover slips in vitro, either 
directly or indirectly by a hemagglutination assay.u45J Both tests showed 
the same results, namely, that normal, preneoplastic, and neoplastic 
mammary cells grown under identical conditions in vivo show only a 
very low degree of agglutination by Con A (1 + at 50 J.LS Con Nml). 
These experiments were repeated over a dozen times under different 
conditions. The use of fluorescein-labeled Con Ademonstrated that all 
three cell types bound Con A in similar qualitative patterns and, judged 
by the intensity of the fluorescein staining, at similar quantitative Ievels. 
Mammary epithelial cells could be induced to agglutinate to maximal 
agglutination by drugs that disrupt the microtubule or microfilament 
complexes, or both. Colchicine, cytochalasin B, and Dibucaine all en
hanced agglutination. In addition, agents that presumably act on the 
cell-surface Ievel, such as hyaluronidase, also enhanced agglutination. 
Collagenase, in the presence of BSA to inhibit contaminating protease 
activity, and trypsin did not enhance agglutination. In our experiments, 
cells from the three different types of cultures were transplanted back 
into the mammary fat pads of syngeneic mice and produced outgrowths 
similar to the original starting material (i.e., normal produced normal, 
preneoplastic produced preneoplastic, and tumor produced tumor). 

The differences between Voyles and McGrath's experiments and 
ours have not been definitively explained. Similar tissues were used in 
both experiments, and a similar protocol with minor differences was 
used to detect agglutination. Two brands of Con A were used (Miles
Yeda and Pharmaceia), and in our hands, neither agglutinated mam
mary tumor cells but both did agglutinate SV40-transformed 3T3 cells. 
The major difference appears tobe in the dissociation procedure. Voyles 
and McGrath used trypsin, whereas we used collagenase. The former 
enzyme is known to alter cell-surface proteins in a reversible manner029J 
and to enhance agglutination. Further experiments should clarify the 
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significant reasons behind the different results. From the results avail
able so far, it would appear that Ieetin agglutination will be of limited 
value in distinguishing between normal and preneoplastic mammary 
cells. 

5.3. Nuclear Magnetic Resonance Studies 

In 1971, Damadian°47> used nuclear magnetic resonance (NMR) 
techniques tb study the spin-lattice (T1) and spin-spin (T2) relaxation 
times of water protons in normal and neoplastic tissues. His results, 
which were confirmed by numerous other investigators, demonstrated 
that neoplastic cells have elevated T1 and T2 relaxation times of water 
protons.048- 152> Hazlewood et al. 048•151) demonstrated a progressive in
crease in the relaxation times of water protons for preneoplastic nodule 
outgrowth lines Dl and D2 and mammary tumors, respectively. By this 
technique, preneoplastic mammary tissues could be distinguished from 
both normal and neoplastic tissues. Further studies indicated that ele
vated T1 and T2 relaxation times were not correlated with the individual 
tumor potential of the preneoplastic line, but with the preneoplastic 
phenotype per se, which indicated that the intracellular changes respon
sible for elevated T1 and T2 relaxation times were not sufficient for full 
expression of the neoplastic phenotype. The elevated relaxation times of 
neoplastic in comparison with preneoplastic tissues indicated that a pro
gressive change occurred with neoplastic transformation. 

Recently, Frey et al. 053> and others051 ' 154> demonstrated that elevated 
T1 relaxation times occurred in uninvolved argans (i.e., spieen, kidney, 
liver, and hematopoietic) of tumor-bearing mice. This "systemic effect" 
extended to the sera of tumor-bearing animals055> and to human cancer 
patients. 056> BeaU et al. 057> demonstrated that the increase in water proton 
relaxation times in sera occurred in mice bearing small benign ductal 
mammary papillomas as well as ductal carcinomas, but was not present 
in mice bearing the preneoplastic stages that preceded these tumors. 
The elevation of T1 in serum did not correlate with stress, serum iron 
Ievels, or serum protein concentration. These results indicated that the 
changes of water proton relaxation times in tissues occurred earlier than 
in sera and were a more sensitive indicator of an early change in the 
direction of neoplasia. 

lt is not clear at present whether the NMR techniques are dis
criminating enough to distinguish neoplastic states from nonneoplastic 
diseased states or suspected high-risk lesions in the breast. One study 
demonstrated that fibroadenomas and carcinomas could be distin
guished from fibrocystic disease in the human breast,058> but serum 
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values were not done. At present, more work is needed in this area to 
develop NMR as a potential diagnostic aid for indicating recurrence of a 
breast neoplasm and distinguishing early proliferative changes in the 
human breast. This effort requires application of more advanced 
methodology, as demonstrated by the recent results of Oamadian et 
al. oss> 

6. Biochemical Aspects 

6.1. Metabolie Pathways 

Since much of this area was reviewed in an excellent article by 
Abraham and Bartley/160> only the principle and general conclusions will 
be stated here. 

Biochemically, HAN outgrowth cells resemble normal alveolar cells 
with respect to levels of enzyme activities involved in glucose utilization 
via the Embden-Meyerhof and pentose phosphate pathways.061 •162> The 
levels of enzyme activities of hexokinase, phosphoglucomutase, phos
phoglucose isomerase, phosphofructokinase, glucose-6-phosphate de
hydrogenase (GPOH), 6-phosphogluconate dehydrogenase, and en
zymes responsible for ribose-5-phosphate breakdown are similar for 
nodule outgrowth cells and normal alveolar cells. The enzyme activities 
of aldolase, a-glycerophosphate dehydrogenase, and lactate dehy
drogenase (LOH) were decreased in HANs as compared with normal 
alveolar cells. These enzyme activities, however, are not rate-limiting in 
any pathway in the mammary cell. All enzyme activities in nodule and 
normal cells, however, except phosphoglucomutase, differed from 
levels in adenocarcinomas derived from these nodule outgrowths. 

Three sets of isoenzyme pattems investigated in HAN and tumor 
vs. normal alveolar cells demonstrated differences among the three cell 
types. Both tumor and normal had type I and II but no type III 
hexokinase enzyme. The five isoenzymes of LOH were examined in 
normal, HAN, and tumor cells. LOH-3 was greatly elevated in tumor 
and moderately elevated in HAN cells. The greatest differences were 
seen with GPOH, where a distinct isoenzyme, GPOH-1, was found in 
HAN and tumor cells, whereas normallactating cells showed predümi
nantly GPOH-3 and normal virgin cells a mixture of GPOH-2 and 
GPOH-3. The authors suggested that the appearance of GPOH-1 could 
be used to diagnose the presence of HANs.063> 

The levels and distribution of enzyme activities involved in utiliza
tion of di- and tricarboxylic acids were similar in HAN and normal 
alveolar cells, but different from those found in mammary adenocar-
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cinomas. Enzymes measured were aconitase, isocitrate dehydrogenase, 
malate dehydrogenase, malic enzyme, and citrate cleavage enzyme.U62> 

This analysis was extended by Bartley et al. u64> with the measure
ment of additional parameters, which included the uptake of labeled 
glucose, lipogenesis, and pentose phosphate cycle activity. HAN cells 
were similar in these parameters to normal, lactating unsuckled mam
mary gland cells. The only significant change seen in HAN cells was in 
their pattern of fatty acid synthesis. Although normal unsuckled and 
suckled lactating gland cells produced fatty acids of 10-12 carbons, 
nodules and mammary tumors produced fatty acids of 16 carbons. This 
was one of the first indications of a significant metabolic pattern in 
nodules distinct from normal, albeit the change was quantitative, not 
qualitative. The rate of protein synthesis and phosphatidylcholine syn
thesis in HANs and tumors was in a normal range, between that of 
pregnant and lactating mammary gland, although interestingly, the 
physiological changes from pregnancy to Iactation did not alter the rate 
of protein synthesis in HANs and tumor as it did with the rates seen in 
normal mammary tissues.063> 

In general, HAN and tumor cells had a lower rate of Iactate utiliza
tion.063> This lower rate was due to a lower absolute number of 
mitochondria pergram tissue weight in HAN and tumor compared with 
normal, rather than a defect in the organeHe itself. In isolated mitochon
dria, no major differences in substrate oxidation, phosphorylation, or 
phosphate ion transport were observed.063> 

Some enzymes active in nucleic acid metabolism were studied by 
Nahas et al.065> In MTV -positive BALB/c mice, dihydrofolate reductase, 
thymidylate kinase, and thymidine kinase increased in activity as nor
mal cells progressed to the nodule and tumor states, but no changewas 
found in uridine kinase. In MTV -negative BALB/c mice, dihydrofolate 
reductase activity increased in nodule and tumor cells. Xanthine oxidase 
activity was the samein normal and HAN; both were significantly lower 
than in mammary tumors.063> Interestingly, the xanthine oxidase activity 
responded to changes in the physiological state of the host. Activities of 
tRNA methylases were similar in HAN and lactating gland, although 
both were threefold lower than in mammary tumors.<163> Gantt et al. u66> 
reached the opposite conclusion based on differences in extent of methy
lation. They concluded that lactating mammary glands had a greater 
capacity to methylate RNA than did tumor extracts. 

Whereas some of the enzymatic activation in HANs (i.e. xanthine 
oxidase and fatty acid syntheses) responded to the physiological change 
of the host in a manner similar to normal mammary gland, DNA and 
RNA exhibited little difference in rates of syntheses with such a 
change.063> However, a dramatic drop in the Ievel of pituitary hormones 
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(in hypophysectomized mice) led to a dramatic decrease in DNA synthe
sis without a concomitant decrease in RNA synthesis.U60> Bodellu67> re
cently reported no difference in DNA repair rates between normal, 
HAN, and tumor cells. 

In conclusion, the metabolic activity of HAN cells in a wide variety 
of pathways is similar to the normal pregnant and unsuckled lactating 
mammary gland in terms of Ievels of enzymatic activity. In a few in
stances, such as GPDH isoenzyme pattems, a significant qualitative 
difference could be found that might allow distinction between normal 
and HAN cells. Perhaps more significant was the general finding that 
HAN cells were much less responsive to shifts in the physiological state 
of the host (from virgin to pregnancy to lactation), thus placing the HAN 
between a fully responsive state like mammary gland and a generally 
unresponsive state like mammary tumors. 

6.2. Hormonal Control of Molecular Events 

A recent excellent revieW24> covered the general topic of the re
sponses of mammary cells in vivo and in vitro to hormones. Like other 
hormone-dependent organs, the hormonal regulation of normal mam
mary gland growth is mediated by hormone (estrogen and proges
terone) stimulation of DNA, RNA, and protein synthesis, including 
hormone-induced synthesis of DNA polymerase. In a series of extensive 
experiments, Banerjee et al. u68•169> demonstrated that DNA polymerase 
activity and DNA synthesis in MTV -positive and MTV -free nodule out
growth lines (Dl, Dl-MTV, D8, CH33) were independent of ovarian 
hormones. The HAN outgrowth lines, irrespective of tumor potential, 
exhibited the same degree of lack of responsiveness to normal regulation 
of DNA synthetic and polymerase activities.U69> HAN lines Dl and 
D8 also actively synthesized ribosomal precursor RNA and heterogenaus 
nuclear RNA, the rate being unaffected by ovariectomy, adrenalectomy, 
prolonged treatment with estradiol-17ß and progesterone, or the 
physiological states of pregnancy and lactation. The loss of hormonal 
(ovarian) control of DNA polymerase and DNA synthetic activities 
and rapidly labeled RNA synthesis correlated with loss of hormonal 
control of cell proliferation, lobuloalveolar structure, and tumorigenesis. 
This loss of hormonal control of cell proliferation along with an 
indefinite division potential represents two of the major fundamental 
changes in the preneoplastic mammary population that are often 
attributed only to neoplastic populations. 

Lysine-rich histones from midpregnant mammary glands, preneo
plastic nodule outgrowth lines (Dl, D2a), and tumors derived from them 
were fractionated by chromatography. The subfractions from preneo-
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plastic and neoplastic tissues were qualitatively similar to those obtained 
from normal mammary tissues.0 70> Hormone-dependent induction of 
casein in normal mammary tissue in vitro was preceded by specific 
changes in the pattern of amino acid incorporation into lysine-rich his
tone subfractions.Om These same hormones had no effect on casein 
induction and lysine-rich histone synthesis in one of two preneoplastic 
lines (02) and tumors derived from either preneoplastic line. Line 01 
responded in a qualitatively similar manner in casein induction and 
lysine-rich histone synthesis as did normal mammary tissues.Om 

6.3. Chromatin Biochemistry 

Arecent series of studies of the biochemical modification of ehrorna
tins in normal, preneoplastic, and neoplastic mammary tissues provided 
some information on the intranuclear organization, conformation, com
position, and functional activity of chromatin subfractions.072•173> Basi
cally, the gross mass compositions of nuclei and of chromatin were not 
statistically distinguishable among the three types of tissues. Neoplastic 
cell chromatin, however, contained an elevated content of nonhistone 
protein relative to normal, which suggested that the elevated nonhis
tone protein content was a result of retention of nuclear nonhistone 
protein during an incomplete conversion of neoplastic cell nuclei to 
chromatinY73> Analysis of the chromatin-associated nonhistone proteins 
by one-dimensional polyacrylamide gel systems, while precluding con
clusions of absolute quantitative differences, suggested that neoplastic 
and preneoplastic chromatin showed extensive quantitative reduction 
and qualitative simplification in their heterogeneity pattern as compared 
with normal. There were many "apparent" qualitative differences in 
neoplastic chromatin. The differences between normal and tumor-cell 
chromatin reflected a unique intranuclear organization of tumor cell 
chromatin that prevented the removal of certain nuclear components 
during the usual solvent extraction protocols. In this respect, preneo
plastic and lactating chromatin were indistinguishable. Further elucida
tion of the differences between tumor and preneoplastic chromatin 
await two-dimensional gel and template activity analysis. 

7. Conclusions and Perspectives 

The mammary gland offers one of the few systems in which defined 
preneoplastic lesions can be studied during the progression to neo
plasia. A tremendous wealth of data exists on the biological characteris
tics of mammary preneoplasias that documents the significant role these 



Preneoplasia in Breast Cancer 91 

preneoplastic lesions play in the genesis of mammary tumors. Table VII 
summarizes the important characteristics of mammary preneoplasias 
and compares them with neoplasms and normal tissues. Several fea
tures are worthwhile to consider further. While there is significant in
formation on the hormonal sensitivities of preneoplastic HANs, very 
little information is available on hormone-induced molecule changes 
with the notable exception of the studies by Banerjee and co-workers. 
For instance, do preneoplasias induced by various etiological agents 
synthesize cell products (i.e., casein) characteristic of differentiated 

Table VII 
Characteristics of Normal, Hyperplastic Alveolar Nodule, 

and Neoplastic Mammary Tissues 

Criteria 

Morphological and physiological 
Myoepithelium 
Apical alkaline phosphatase 
Mg2+ -dependent ATPase 
Virus particles (A and B) 
Polyploid DNA 
NMR 

T1, Tz water protons (tissue) 
T,, Tz water protons (serum) 

Microtubules 
Microfilaments 
Con A agglutination 
Cell-surface junctional complexes 

In vitro growth 
Saturation density 
Contact Inhibition 
Scanning electron microscopy: 

Shape 
Microvi!li 

Growth in Methocel 
Transplantation 

Survival 
Growth inhibition by cortisol 
Progressive growth 
Serial transplantation 
Mammary -fat-pad -dependent 
Subject to local growth regulation 

Hormonal dependency 
Ovariectomy 

Growth 
Alveolarity 

Normal" 

+ 

+ 
+ 

Low 
Low 

+ 
+ 

+ 

+ 
+ 

Flat 
1-4++ 
N.D. 

+ 
N.D. 

+ 
+ 

+ 
+ 

HAN" 

+ 

+ 
++ 

Intermediate 
Low 

+ 
+ 

+ 

+ 
+ 

Flat 
1-4++ 
N.D. 

+ 

+ 
+ 
+ 

+1-
+1-

Neoplastic" 

+ 
+ 

+++ 
+ 

High 
High 
+ 
+ 

+ 

+ 
+ 

Flat 
1-4++ 

-4++ 

+ 
+ 
+ 
+ 

_h 

(Continued) 
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Table VII (Continued) 

Criteria Normal" HAN" Neoplastic" 

Transplantation (continued) 
Hypophysectomy 

Growth + + 
Alveolarity + + 

Growth inhibition by hormoneslantihormones 
Testosterone + + 
CB-154 (antiprolactin) + +1-
Nafoxidine (antiestrogens) + +1-

E., receptors + +1- _b 

lmmunogenicity + + 
Response to chemotherapeutic drugs 

Melphalan N.A. tlt t 
5-FU N.A. tlt t 
CTX N.A. tltc t 
vc N.A. tl-
MTX N.A. m t 
Prednisone N.A. tlt 

"(+) Yes or positive; (-) no or negative;(+/-) yes for some lines, no for other lines; (N.D.) not deter
mined; {N.A.) not applicable; (j) enhances; {1) inhibits; {fit) D2/C4 HAN lines. 

•The exceptions to the general rule are the tumors in GR mice that arise for plaques and the DMBA
induced tumors in (C57BL x DBAf)F1 mice that arise for DHs. 

c in line C4, low dose inhibits tumor fonnation, whereas higher doses enhance tumor fonnation. 

mammary epithelial cells? If so, is the casein produced by the preneo
plasias the same as that produced by normal cells? How are casein pro
duction and hormone receptors regulated in altered cells? Is the lack of 
casein production correlated positively with the evolution of hormone 
independence? Another related area, the molecular analysis of chroma
tin and DNA transcription changes, has been untouched. 

A second area in which information is lacking is the cell biology of 
preneoplasias. Very little attention has been paid to the growth of these 
lesions in vitro, the state and regulation of the cAMP and cGMP systems 
during neoplastic progression, cell cycle kinetics during progression, 
cell-surface characteristics, and, most important, the development of 
stage-specific markers to analyze the cellular nature of neoplastic pro
gression similar to studies currently being attempted on the rat preneo
plastic hepatic nodules. 

A third area that needs to be reinvestigated is the pathogenesis of 
virus- and chemical-carcinogen-induced preneoplasias. What are the 
basic cells types in normal mammary epithelia, and what are their 
cytochemical and ultrastructural characteristics? After treatment with 
chemical carcinogens or mammary tumor viruses, do unique and dif
ferent cell types respond to each carcinogen? Do preneoplastic cells per-
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sist for lang periods of time before they are expressed as large foci of 
hyperplastic cells? What are the factors that preneoplastic cells are still 
responsive to in the mammary fat pad? What is special about the mam
mary fat pad as compared with the gonadal fat depot? Finally, what cell 
types comprise a HAN population, which cell type gives rise to the 
mammary tumor, and is the progression to neoplasia the result of a 
qualitative change in a cell or due to selection of preexisting neoplastic 
cells? 

Excellent model systems have been available over the past decade to 
study some of these problems, and with the current technological 
sophistication, it would seem that the time is ripe to exploit this system 
to answer some very critical questions concerning the progression to 
neoplasia. The mammary tumor system still remains the only system 
that combines the presence of a discrete unique preneoplastic lesion 
with the ability to analyze suspected alterations in vitro andin vivo and to 
be continually monitared in vivo in syngeneic, untraumatized, normal 
hosts. No other tumor system, whether it be skin, liver, or hematopoi
etic, has these capabilities and attributes. A tremendous effort has been 
spent developing this system to the point where it now offers a new and 
exploitable approach to understand both mammary carcinogenesis and 
carcinogenesis in general. 
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Human Breast Cancer in Tissue 
Culture: The Effects of Hormones 

C. KENT OSBORNE AND MARC E. LIPPMAN 

1. Introduction 

4 

The hormone-dependent nature of some human breast cancers has been 
appreciated by physicians for nearly a century.m Clinical responses in 
breast cancer patients to ablative and additive hormone therapies 
suggest that several hormones are important growth regulators of 
mammary cancer. Recent studies of the basic mechanisms by which 
hormones influence target tissues have led to important advances in our 
understanding of steroid hormone action and the clinical care of women 
with breast cancer.<2•3J It is now recognized that the first step in steroid 
hormone action is the binding of the hormone to a cytoplasmic receptor 
protein.<4 J In the absence of this receptor, the steroid hormone is unable 
to elicit a response in the cell. Using this principle, investigators have 
now identified receptors for estrogen and other steroid hormones in 
some breast tumor samples, providing a basis for more rational 
therapeutic decisions. 

The effect of peptide hormones on human breast cancer is less clear. 
Studies of normal rodent mammary glands and spontaneaus or 

C. KENT OS BORNE AND MARC E. LIPPMAN • Medicine Branch, Division of Cancer 
Treatment, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 
20014. Dr. Osborne's present address is Department of Medicine, University of Texas 
Health Center at San Antonio, San Antonio, Texas 78284. 

103 



104 C. Kent Osbome and Mare E. Lippman 

carcinogen-induced mammary tumors, however, suggest that insulin, 
prolactin, and probably other peptides are important growth factors.<:>-- 7) 

Nonetheless, clinical and animal studies have incompletely defined 
the biochemical mechanisms whereby hormones influence the growth 
and metabolism of human breast cancer. This deficiency may be 
partially explained by the difficulty in obtaining human tissue for the 
study of normal mammary gland physiology and by the absence of an 
adequate in vitro system to study hormone action in malignant tissue. In 
vivo studies are difficult to interpret, since secondary effects of the hor
mone on the activities or concentrations of other factors, or hormonal 
effects on the adjacent supporting stroma or immune systemrather than 
the malignant epithelial component, cannot be excluded. 

In this chapter, we will review alternative approaches to the study 
of hormone action in human breast cancer. Short-term explant tissue 
culture of breast tumor specimens will be considered briefly, followed by 
a more detailed discussion of hormone action using Iang-term continu
ous tissue culture cell lines derived from human breast cancer. These 
tissue culture systems enable the investigator to study mechanisms of 
hormone action in a defined medium and controlled environment de
void of the potential effects of other trophic factors. 

Before we turn to an analysis of these cell systems, a few general 
comments and caveats need to be considered. First, before one con
cludes that a given hormonal stimulus evokes a response in vitro, one 
must substantiate that the in vitro system is composed of cells that ap
pear by as many criteria as possible to resemble those found in the in vivo 
tissue. These criteria could include, for example, morphological criteria, 
chromosomal analysis, the elaboration of chemical products characteris
tic of mammary epithelium, and the ability to form tumors in nude mice. 
Second, one must always bear in mind that the failure to observe a 
response to a trophic stimulus may not reflect an absolutely refractory 
target cell, but may be due to the absence of additional factors the pres
ence of which is "permissive" for a given effect, or conversely may be 
due to the presence of stimulatory concentrations of the hormone in the 
incubation medium (usually as aserum component) masking effects of 
exogenaus hormone. Supporting stromal elements or specific cell-cell 
orientation or density may be required for response as weil. Third, al
though the cells in vivo may respond to a given agent, sufficient selection 
may have occurred over prolonged hormonoprival cell-culture condi
tions that an unresponsive population of cells has appeared. As we 
examine studies in several systems, it will be helpful to keep the prob
lems adumbrated above in mind. Finally, no matter how impressive the 
in vitro experimental results are, the ultimate general validity of such 
systems rests on verification of hypotheses in intact animal systems. 
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2. Human Breast Cancer in Organ Culture 

Since the pioneering work of Fell nearly 50 years ago,m the tech
nique of organ or explant tissue culture has proved to be a valuable 
biological tool. Most of our current understanding of mammary gland 
physiology has been achieved with studies of rodent glands in organ 
culture.<s> In 1937, a human breast carcinoma explant was maintained in 
short-term organ culture for the first time.<s> Since then, numerous at
tempts have been made to improve this technique for the culture of 
human breast tumors, with the hope of developing an in vitro system to 
predict hormonal or drug responsiveness.<9-t2> Human breast tumors 
continue tobe extremely difficult to cultivate in organ culture, however, 
probably because the scirrhous character of the tissue results in over
growth by fibroblasts, deprives the tumor cells of essential nutrients or 
growth factors, or impedes epithelial cell division by some other pro
cess.<tLt3> This feature does not predominate in benign human breast 
tumors or in animal breast carcinomas, which grow well in culture.U3> 
Paradoxically, a potential advantage of the organ-culture methodisthat 
the tumor explant with its surrounding stroma more closely approxi
mates in vivo conditions than do monolayer cells in continuous culture. 
Unfortunately, this scirrhous component severely Iimits the viability and 
survival of the explant, and has limited this potentially useful method. 

2.1. Effects of Hormones on Nonmalignant Human Breast Tissue in 
Organ Culture 

Despite the difficulties in maintaining human breast tissue in organ 
culture, several studies have examined the effects of steroid and peptide 
hormones on explants from both normal and neoplastic specimens. In 
cultures of normal mammary gland, the effects of steroid hormones 
remain controversial. By morphological criteria, Ceriani et al. u4> con
cluded that physiologic concentrations of estradiol or progesterone 
produced full maintenance and lobuloalveolar development of the 
explant. Higher concentrations of estradiol were "toxic." Unfortunately, 
these descriptive morphological data were not complemented by sup
porting biochemical studies. Other investigators have found either no 
effect or an inhibitory effect of estradiol and testosterone on mac
romolecular synthesis or growth.U5•16> However, suprapharmacologic 
concentrations of steroids (1(}6 -1(}4 M) were employed, making in
terpretation of the data difficult. 

Observations of the effects of insulin and prolactin on organ cul
tures of nonmalignant human breast tissue have also been variable. 
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Insulin has been claimed to induce "full maintenance" of explants,u41 to 
produce hyperplasia of the duct epithelium,07•18> and to increase the 
thymidine labeling and mitotic index.09-21> Other studies failed to show 
any effect of insulin on cell survival or proliferation.05•22 > Pharmacologic 
concentrations of insulin were invariably employed in all these studies. 
Similarly, pharmacologic concentrations of prolactin with or without 
insulin were required to observe any effect on maintenance or growth of 
explants.<14•19•21 •22 > Proof of an effect of these hormones on nonmalignant 
human breast tissue awaits the demonstration that physiologic concen
trations of insulin and prolactin influence the epithelial component of 
the tissue by both morphological and biochemical criteria. 

2.2. Effects of Hormones on Malignant Human Breast Tissue in Organ 
Culture 

Studies of the effects of hormones on malignant human breast 
explants in organ culture are more numerous, but still inconclusive. By 
morphological criteria or crude survival of the tissue, pharmacologic 
concentrations of estradiol, testosterone, and prolactin enhanced the 
viability of a small number of tumor explants.<2s-25> Other studies dem
onstrated no effects of these hormones, glucocorticoids, or insulin.05•26> 

To improve on the crude survival method of determining hormone 
dependence, other investigators have employed a biochemical ap
proach. When oxygen consumption/27> glucose utilization and Iactate 
production/28> a variety of enzyme determinations}23•2s-3o> or incorpora
tion of labeled precursors into macromolecules06•31- 34> were used to de
termine hormone responsiveness, the majority of tumors were unaf
fected by hormones. Although a few tumor explants were stimulated by 
estradiol, the most consistent finding was inhibition by all steroid hor
mones at concentrations greater than 1 JLM. Welsch et al. <3 D showed 
that thymidine incorporation in tumor explants was consistently en
hanced by insulin, whereas a minority were stimulated by prolactin. 
Both hormones were used at concentrations more than 1000 times 
higher than the physiologic range. More important, perhaps, there has 
been no study convincingly correlating hormonal effects on breast can
cers in organ culture with the clinical response to hormone therapy. 

An improved organ-culture technique in which breast cancers could 
be maintained for up to 2 weeks was recently described by Heuson et 
al. 01 > and Pasteeis et al. 03> Increased survival of scirrhous tumors was 
achieved by treatment with collagenase. Although no significant effect 
of insulin, prolactin, or hydrocortisone on survival was observed, 
physiologic concentrations of estradiol improved survival especially in 
the scirrhous group, and was accompanied by collagen digestion in the 
explant. The data suggested the presence of an estrogen-dependent 
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collagenolytic activity in these breast-cancer specimens. Whether or not 
the phenomenon is an important in vivo component of hormone depen
dency in human breast cancer is open to speculation. 

In conclusion, organ culture of human breast cancer is still in its 
infancy and has not yet contributed significantly to our understanding of 
the effects of hormones in this disease. With improved techniques, 
however, this method of studying hormone action remains a potentially 
valuable adjunct to steroid-receptor assays in defining hormone
dependent tumors. 

3. Human Breast Cancer Cells in Long-Term Tissue Culture 

Proponents of the organ-culture method might argue that human 
breast cancer cells maintained in long-term tissue culture do not resem
ble the tumors from which they were derived. These cells, of course, are 
devoid of the supporting stromal elements present in vivo or in organ 
culture, a feature that may be an important prerequisite for hormone 
responsiveness. In addition, adaptation to and maintenance in long
term culture might select mutant strains or cell types present in only 
small numbers in the original tumor. 

Nevertheless, this technique offers distinct advantages over in vivo 
or organ-culture model systems for the study of hormone action in 
human breast cancer. First, the continuous tissue culture of a fully viable 
cellline allows for repeat or sequential experiments on the same tissue, 
which are not possible with short-term explants. Second, the use of a 
cloned cell line ensures that the observed effects represent hormone 
interaction with the malignant epithelial component of the tumor. This 
assurance is particularly important, since normal mammary epithelial 
tissue or adipose and fibrous tissue may be targets for the action of many 
hormones and are potent metabolizers of steroid hormones.<35> Third, 
the environment of cells in monolayer or suspension may be controlled 
and manipulated easily. In addition, nearly all the cells are exposed to 
the defined conditions or medium, whereas in organ culture, a central 
core of tissue may be deprived of essential factors. Fourth, cells in con
tinuous culture provide the opportunity to develop mutant or variant 
hormone-independent lines, making possible genetic studies oriented 
toward dissection of critical steps in hormone action. Finally, one can 
add back individual stromal components in cocultivation experiments or 
add their diffusible products to reconstitute in vitro the situation extant 
in the host. 

In summary, human breast cancer cells grown in continuous long
term tissue culture facilitate the study of the mechanisms of hormone 
action at the molecular and biochemical levels. This review will now 
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focus on recent investigations in this direction. We hope to demonstrate 
the usefulness of this technique and its potential for advancing our 
understanding of hormone-dependent breast cancer. 

3.1. Characteristics of Breast Cancer Cells in Continuous Culture 

Continuous cultivation of a human breast cancer cellline was first 
described in 1958 by Lasfargues and Ozzello.<36> This cellline, BT -20, was 
derived from a primary breast tumor specimen. Despite this success, 
long-term tissue culture of human breast cancer remains a difficult task, 
and only a short Iist can be compiled from Iiterature reports of lines 
sufficiently weil characterized to be confident of their mammary nature 
(Table I).* It is evident that primary or solid tumor metastases provide 
the source of a minority of long-term cultures. Indeed, Dr. R. Cailleau of 
the M. D. Anderson Hospital and Tumor Institute failed on more than 
200 attempts to establish celllines from solid breast tumor specimens, 
but had considerably more success with cells isolated from pleural effu
sions.<42> 

The cell lines shown in Table I also emphasize the importance of 
documenting the human and mammary characteristics of an established 
culture and of excluding contamination by non-breast-tumor cells. Sev
eral features support the human and mammary origin as shown for four 
lines studied in depth by our laboratory (Table II). First, all these lines 
were derived from malignant effusions from women with metastatic 
breast cancer and have been in continuous tissue culture for at least 2 
years. Second, routinechromosomal analyses reveal a human karyotype 
with a modal number near triploid or in the hypotetraploid range, and 
the presence of easily identifiable marker chromosomes resembling the 
original tumor. Chromosome banding studies demonstrate that these 
cells are not HeLa contaminants, which is amplified by their Type B 
isoenzyme mobility for glucose-6-phosphate dehydrogenase. As Nelson
Rees and co-workers<52•53> recently emphasized, HeLa contamination 
is common in tissue culture laboratories, and several "breast cancer" 
cell lines have now been shown to be HeLa cells (see Table I). 
Third, epithelial morphology by light and electron microscopy supports 
the mammary nature of these cells. The cells possess microvilli, desmo
somes, and usually rough endoplasmic reticulum and golgi, and some 
cell lines tend to arrange themselves in ductlike structures.<51•54> This 
type of morphology is particularly evident in the MCF-7 and ZR75-1 cell 

*Information on these celllines was kindly supplied by Dr. E. M. Jensen and can be found 
in the Cell Culture Bank Inventory of the EG+G/Mason Research Institute, 1530 East 
Jefferson Street, Rockville, Maryland 20852. 
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TableI 
Some Human Breast Carcinoma Cell Lines in 

Continuous Tissue Culture 

Cellline Referencesa ER' 

From primary 
BT-20 
BOT-2 
HBT-3c 
SW-613 
HS 0578T 

From metastasisd 
SH-3' 
MDA-MB-134 
MDA-MB-157 
MDA-MB-175 
MDA-MB-231 
MDA-MB-330 
MDA-MB-361" 
MDA-MB-415 
CaMa 
HBT-39< 
AIAlY 
T-470 
G-11" 
SK-BR-3 
MCF-7 
EVSA-T 
ZR75-1 
HBL-lOOh 
BT-474 
BT-483 

36-38 
39 

37,40 

41 
42 

37,43 
42 
42 

44 
45 

37,46 

47, 48 
48 
49 
50 
51" 

+ 

+ 

+ 

+ 

a An asterisk (*) means that information was obtained from the Cell 
Culture Bank Inventory, EG+G!Mason Research Institute. 

0 Presen ce ( +) or absence ( -) of es trogen receptor if known. 
' Indicates HeLa cell culture on basis of chromosomal banding and 

glucose-6-phosphate dehydrogenase typing. " 2•53 ' 

d Malignant effusion unless otherwise noted. 
'Isolated from solid brain metastasis. 
fisolated from solid Jung metastasis. 
"This line was established by Dr. N. Young and Ms. L. Engel of the 

National Cancer Institute. 
h Isolated from nonmalignant breast secretions. 
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lines, whereas the MDA-MB-231 line tends to have Ionger spindle
shaped cells without striking acinarlike formation. When the MCF-7 
cells are grown on artificial capillaries<5L 55> or in sponge culture/54> they 
bear a striking resemblance to the original tumor from which they were 
derived. Examples of the MCF-7 cells grown in vitro are shown in Figs. 1 
and 2. These were kindly supplied by Jose Russo, M.D., of the Michigan 
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Fig. 1. (A) Antecedent primary breast tumor of MCF-7. Connective tissue surrounds clus
ters of epithelial cells. x 850. (B) Histological section of pleural effusion clot from which the 
MCF-7 cell line was derived. Seen are clusters of epithelial cells forrning a lumenlike 
structure by necrosis of the central portion . Pyknotic cells arealso observed. A fibrin clot 
surrounds the neoplastic component. x850. (C) MCF-7 cells growing in monolayer on the 
collagen-coated cellulose sponge. X600. (D) Transmission electron micrograph of a per
pendicular section through a monolayer of cells growing on the collagen coat. x 4000. 
(E) Vertical section through a duster of cells. x 2000. Supplied by J. Russo, Michigan 
Cancer Foundation. 
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Cancer Foundation. Fourth, the mammary origin of a cellline may be 
suggested by the detection of milk proteins such as casein or 
a-lactalbumin. All four celllines in Table II synthesize small amounts of 
a-lactalbumin by both enzymatic and radioimmunoassay.<47•50•56> Cau
tion is necessary in interpreting these results, however, since the ac
cumulation of this protein is apparently not hormonally controlled in 
these lines; none of the celllines accumulates casein when measured by 
a sensitive radioimmunoassay}57> and small amounts of a-lactalbumin 
have been found in several non-breast-celllines including the HBT -39 
and G-11 now known to be HeLa contaminants.<so> If malignancy is 
accompanied by derepression of genes, then the synthesis of many pro
teins by tumor cells is not surprising. This lack of cell specificity is 
supported by our demonstration that serum casein Ievels were elevated 
in about 10% of samples from breast cancer patients and 50% of samples 
from patients with colon cancer.<57> Thus, the presence of proteins 
thought to be specific for the differentiated mammary gland does not 
ensure the mammary nature of a cellline. Other markers such as car
cinoembryonic antigen (CEA) that are occasionally secreted by the 
tumor cells in vivo may be secreted by the cells in culture, providing 
additional assurance of the cell of origin. The EVSA-T cellline, which 
was derived from malignant ascitic fluid from a patient with breast 
cancer and an elevated serum CEA, released this marker into the culture 
medium in vitro. <so> 

Finally, the presence of receptors and biological responses to several 
hormones known to influence the growth and development of the breast 
strongly supports the mammary nature of an established cell line. A 
panoply of steroid and peptide hormones, and even iodothyronines/58> 
have been shown to influence some breast cancer celllines in culture. 
The four celllines in Table II display a spectrum of hormone responsive
ness. The EVSA-T line does not respond significantly to the hormones 
tested, whereas the MCF-7 cellline contains receptors for and responds 
to several hormones at physiologic concentrations. Furthermore, the 
mammary and epithelial nature of a cellline is more certain if it contains 
receptors for estrogen and progesterone, since adipose and fibrous tis-

Fig. 2. (A) Scanning electron microscopy of cells recovered from the supernatant medium 
by centrifugation onto a Millipore filter. Observe the long arrays of densely packed small 
round cells. Note the sharply defined cell Iimits. The surface is covered by short, thin 
microvilli. X2000. (B) Cluster formed of small rounded cells that are covered by densely 
packed microvilli. x2000. (C) MCF-7 cells forming a pseudoacinar structure by develop
ment of an eccentrically Jocated Iumen. This structure is attached to the collagen. X600. 
(D) Cross section of a pseudoacinar structure in which the Iumen contains cell detritus and 
a necrotic cell (far right). Microvilli and junctional complexes are Jocated at the outer 
surface. Supplied by J. Russo, Michigan Cancer Founda•ion. 
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sue and strains of HeLa cells are devoid of these proteins. HeLa cell 
contaminants such as the G-ll do possess glucocorticoid receptors.<47> 
Hormone-receptor assays are becoming widely available and should 
provide additional markers for comparisons between established breast 
cancer celllines and the original tumor from which they were derived. 

In summary, although breast cancer celllines in long-term culture 
are far from their in vivo environment, many maintain a striking resem
blance to the original tumor by morphological, chromosomal, and 
biochemical criteria. With this in mind, we will now review in more 
detail the effects of hormones on these celllines. 

3.2. Effects of Estrogens and Anliestrogens 

For nearly a century, the ovarian-dependent nature of breast cancer 
has been appreciated. As noted by Stol1,0 > Beatson first showed that 
removal of ovaries could lead to regression of breast cancer, yet the 
obscurity of the mechanism of this dependence has only recently begun 
to yield to scientific investigation. Many questions require a great deal 
more study, including why only some women respond to castration, 
why some tumors can be made to regress when pharmacologic concen
trations of estrogens are administered, and what interactions andro
gens, progestins, and antiestrogens have with estrogen-responsive 
tumors. 

Early studies in many systems suggested that binding of hormone 
to specific receptor proteins was a critical first step in steroid hormone 
action. The ability to measure estrogen receptor in the cytosols of human 
breast carcinoma specimens has represented a major advance in the 
treatment of this disease.<a> To further investigate and perhaps extend 
this observation, attempts were made to devise an in vitro model system 
to facilitate the study of hormone-receptor binding. Brooks et al.<59> first 
demonstrated estrogen receptor in an established breast tumor cellline, 
MCF-7. The binding protein had an equilibrium dissociation constant 
(Kt) of 2.5 nM, and the number of cytoplasmic binding sites approxi
mated 60 femtomoles (fmol) PH]-17ß-estradiol bound/mg cytosol pro
tein. Identification of estrogen-receptor protein in the MCF-7 cellline 
was confirmed later by Horwitz et al. <6o> and Lippman et al. <so> Receptor 
assays performed by sucrose density gradients,<2> protamine sulfate pre
cipitation}61> or dextran-coated charcoal<62> revealed receptor concen
trations similar tothat described by Brooks (60-100 fmol bound/mg pro
tein), but with a lower Kd (0.06-0.7 nM). Sucrose density gradients run 
in low-ionic-strength buffer at ooc showed an 8 S peak of PH]estradiol 
binding (Fig. 3) similar to that reported by Horwitz et al. <6o> This binding 
peakwas shifted to about 4 S when the gradients were performed in 0.4 
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Fig. 3. Sucrose density gradients of cytoplasmic estrogen receptor from MCF-7 human 
breast cancer. The gradients shown in this figure were clone under low-salt conditions. 
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M KCI,<so> which may indicate receptor-subunit dissociation at high ionic 
strength. In any event, both binding peaks of [3H]estradiol were com
pletely inhibited by a 100-fold excess of unlabeled estradiol or by a 
1000-fold excess of the antiestrogen tamoxifen (ICI 46474). 

In addition to saturable, high-affinity binding, the estrogen recep
tors in the MCF-7 cells demonstrate remarkable steroid specificity (Fig. 
4). Estrogens and antiestrogens [nafoxidine {U11,100A), tamoxifen, and 
Parke Davis Cl628] can bind to the receptor and completely displace the 
labeled hormone, whereas progestins, androgens, and antiandrogens 
{R2956) have no effect at the concentrations shown. Similar results dem
onstrating limited binding specificity for estrogen and estrogen 
analogues were found by others. <59•60> 
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We have been able to identify estrogen rec~ptors in only two of 
about ten breast cancer cell lines tested, and interestingly, both these 
lines (MCF-7 and ZR75-1) also have progesterone, androgen, and 
glucocorticoid receptors (see Table II). In addition, we are aware of only 
two other celllines that have been reported to contain estrogen receptor 
(see Table 1). We do not know whether this paucity of estrogen
receptor-positive celllines reflects: (1) differences in the intrinsic abilities 
of receptor-positive and -negative tumors to adapt to tissue culture; (2) 
selection of receptor-negative cells in tissue culture from a heterogene
aus population in the original tumor; (3) that specimens for culture are 
most frequently obtained from effusions in patients with previously 
treated widely metastatic disease, which may select for fewer receptor 
positive tumors; or (4) that endogenaus estrogen in the tissue culture 
medium may bind the available cytoplasmic receptors, or transport them 
to the nucleus, where they will not be detected by routine assays on 
cytoplasmic extracts, or both. The wider availability and application of 
estrogen-receptor assays should permit serial determinations of recep
tors on specimens derived from an original tumor, thus answering some 
of these queries. 

Since the presence of estrogen and progesterone receptors predicts 
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estrogen dependence in a high percentage of human tumors in vivo, <63> 

one might expect that cell lines possessing both receptors would be 
biologically responsive to estrogen. Indeed, this is the case for the 
MCF-7 and ZR75-l cell lines. When the MCF-7 cells are grown in 
serum-free or charcoal-treated serum-containing medium with a 
physiologic concentration of estradiol, a significant growth effect is evi
dent (Fig. 5). Estradiol treatment results in a 2-fold increase above con
trols in the number of cells per dish by the 8th day of culture. Similar 
results are obtained if one estimates growth by measuring the total pro
tein per dish. On the other hand, significant inhibition of cell growth is 
observed with the addition of tamoxifen, a potent antiestrogen. When 
tamoxifen is added to cells maintained in totally serum-free conditions 
or when added at a concentration of 1.0 ~-tM, a majority of the cells begin 
to detach from the dish and die after 48-72 hr. This appears to be a 
specific antiestrogen effect, because it does not occur in cells lacking 
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Fig. 5. Effects of estradiol and tamoxifen on growth of MCF-7 human breast cancer cells. 
Hormones were added at 0 time. Triplicate dishes of uniformly plated cells were harvested 
at various time intervals and counted. Results are shown ± 1 S.D. Complete methodologi
cal details are supplied in Lippman et al. <5o> 
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estrogen receptor, is observed with several antiestrogens,<64> and can be 
reversed by the addition of 10-fold less estradiol as late as 48 hr after the 
addition of tamoxifen.<64> 

Previous unsuccessful efforts to demonstrate an estrogen effect in 
human breast cancer cells in vitro may have resulted from endogenaus 
estrogen inadvertently present when serum was used in the culture 
medium. This is demonstrated graphically in Fig. 6. Estradiol or tamoxi
fen or both were added to MCF-7 cells maintained in medium containing 
10% fetal calf serum. Estradiol has no stimulatory effect on thymidine 
incorporation, whereas tamoxifen is inhibitory. This can be explained by 
the presence of estradiol in the medium sufficient to stimulate the cells 
nearly maximally, but insufficient to reverse the antiestrogen effect. On 
the other hand, the addition of estradiol with tamoxifen raised the total 
estrogen concentration sufficiently to abolish the antiestrogen effect. 
Estrogen Ievels frequently approach 1.0 nM in commercial sera prepa
rations,65 concentrations that when diluted 10-fold in medium still pro
duce significant stimulation in these cells (see Fig. 7). It must be ap
preciated that for each 10-fold dilution of serum, there is only a 2-fold 
reduction in the free steroid concentration due to the equilibrium be
tween free hormone and that associated with sex-steroid-binding 
globulin. 

The striking sensitivity of macromolecular synthesis in the MCF-7 
cells to estrogen analogues is shown in Fig. 7. Estrone, estradiol, and 
estriol all stimulate amino acid incorporation into acid-insoluble material. 
As little as 20 pM estradiol stimulates protein, RNA, and DNA synthe
sis in these cells. <51•66•67> The maximal fold of induction is similar for all 
three hormones. If human breast cancers in vivo also demonstrate this 
degree of estrogen sensitivity, then some patients may not respond to 
ablative hormone therapies because peripheral aromatization of precur
sor steroids may result in postcastration estrogen Ievels that remain 
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sufficient to stimulate the tumor. Another interpretation for this striking 
estrogen sensitivity is also possible. The retention of even small amounts 
of estrogen by these cells throughout various preincubations prior to the 
addition of exogenous hormone would have the effect of both shifting 
the dose-response curve of the cells toward increased sensitivity and 
diminishing the apparent fold of induction. 

The ability of these estrogens to compete for [3H]estradiol-binding 
sites is proportional to their potency in stimulating thymidine incorpora
tion (Fig. 8 and Table III). Estradiol is 4-5 times morepotent than estrone 
and at least 5-10 times more potent than estriol in competing for the 
receptor and stimulating DNA synthesis. These data are supported by 
direct binding studies using tritiated estrogens. By Scatchard analysisl 
the affinity of the receptor for estradiol is about 10-fold higher than that 
for estrone and estriol.<66> Nevertheless, estrone and estriol are capable 
of maximally stimulating macromolecular synthesis. Since estriol is not 
converted in these cells to estradiol or estronel we conclude that estriol 
has potent estrogenic activity in these human breast cancer cells.<66> 

These data may have important clinical ramifications. Estriol has 
been considered an estrogen antagonist for many years.<6s> In addition, 



120 C. Kent Osbome and Mare E. Lippman 

i 
.!.! 78 

I 86 
1:11 
E al .... 
I 54 
...I 
0 48 
ö 

~ 42 

36 
'? 
~ :II 
c 
z 24 :J 
0 
111 18 
~ 
...I 12 (S 
u:: 6 ü 
~ 
fJl 1.25 X 10""' 1()-4 

CONCENTRATION OF COMPETING ESTROGEN IMI 

Fig. 8. Competition of various unlabeled estrogens with [3Hjestradiol for cytoplasmic 
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epidemiological studies showed that women with a high excretion of 
estriol relative to estrone and estradiol have a decreased incidence of 
breast cancer, suggesting a protective effect.<69> Some investigators have 
proposed that estriol should be considered for clinical trials in high-risk 
women in an attempt to reduce the incidence of breast cancer, since it 
prevented carcinogen-induced mammary carcinoma in rats.<7o> Our 
studies indicate, however, that estriol is not an estrogen antagonist but a 
potent agonistinhuman breast cancer cells in culture. Recent data from 
Clark et al. m> provide a basis for partially resolving these disparate re
sults. They demonstrated that estriol acts as an estrogen antagonist 
when injected in vivo as a single bolus because of the short nuclear 
retention time of nuclear receptor-hormone complexes. When estriol is 
present continuously, however, it isapotent estrogen, since the nuclear 
level of receptor-hormone complexes is maintained. We therefore do 
not support the proposed use of estriol in clinical trials without further 
documentation of its "antiestrogenic" activity. 

Another puzzling feature of the effect of estrogens on breast cancer 
in women is the observation that ablative therapies that lower estrogen 
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Table III 
Correlation between Inhibition of [3H]Estradiol 

Binding and Stimulation of Thymidine Incorporation 
by Estrogens in MCF-7 Cellsa 

Es trogen 

Estrone 
Estradiol 
Estriol 

Concentration of estrogen (M) 
causing one-half maximal: 

Inhibition Stimulation of 
of binding thymidine incorporation 

7 X 10--9 1.5 X 1()--10 

2 X 10-9 0.3 X 10--10 

10 X 10-9 6.0 X 1()10 

"Results are means of triplicate determinations. 
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Ievels or the administration of pharmacologic doses of estrogen will both 
induce tumor regression in about one third of cases.<72> The mechanism 
of this latter effect is not known, although like the former, it is correlated 
with the presence of estrogen receptor.<a> We therefore examined the 
effect of pharmacologic concentrations of estrogens on human breast 
cancer cells in culture in an attempt to define potential mechanisms 
(Table IV). Cells were exposed to physiologic and pharmacologic con
centrations of 17ß-estradiol or the much less active isomer, 17a
estradiol, which has a much lower affinity for the estrogen receptor in 
the MCF-7 cells. Stimulation of macromolecular synthesis is seen when 
physiologic concentrations of 17ß-estradiol are incubated with cells con
taining receptor. Pharmacologic concentrations of either hormone are 
inhibitory and ultimately cause cell death. This inhibition appears to be 

Table IV 
Effects of Physiologie and Pharmacologic Estrogen 

on Human Cancer Cells in Culture 

17ß-Estradiol" 17a-Estradiol" 

Cellline ERb 1.0 nM 10 J.LM 1.0 nM 10 J.LM 

MCF-7 + t t t 
ZR75-1 + t t ~ 
MDA-MB-231 ~ ~ 
EVSA-T t ~ 
He La ~ ~ 

"Stimulation (j), inhibition aJ, or no effect (-) on macromolecular synthesis or growth. 
b Presence ( +) or absence (-) of es trogen receptor. 
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nonspecific, however, since: (1) it does not require the presence of estro
gen receptor; (2) it is observed in non-breast-celllines including HeLa 
cells; and (3) it is observed with a relatively inactive estrogen. Kiang and 
Kennedy13> recently suggested in a preliminary presentation that high 
concentrations of estrogen can block nuclear translocation of cytopl<~.s
mic estrogen. More information will allow proper assessment of this 
observation. The mechanism of additive estrogen therapy remains a 
mystery and requires further study. 

Antiestrogens induce tumor regressions in a significant number of 
estrogen-receptor-positive patients.<74> As illustrated above, we and oth
ers have also shown that antiestrogens inhibit macromolecular synthesis 
and growth in receptor-positive breast cancer cells in culture.<50•64•67•74> 

Antiestrogens can compete with estrogen for the estrogen receptor; they 
also inhibit the stimulatory effect of estrogens, and this effect can be 
reversed with estradiol.<64•67•75> Interestingly, in the apparent absence of 
estrogen, antiestrogens inhibit DNA synthesis in these cells below con
trollevels, suggesting that they are capable not only of blocking es trogen 
effects, but also of inhibiting cellular processes themselves. Since anties
trogens can bind to estrogen receptor and translocate it to nuclear 
sites,<7&- 7s> one might speculate that these complexes inhibit transcription 
of key mRNA molecules required for the synthesis of growth regulatory 
proteins in the basal state. Finally, if "free," biologically active nuclear 
es trogen receptor exists in these cells as suggested by Zava et al., <75> then 
perhaps antiestrogens can bind to this nuclear receptor and deactivate it, 
thus inhibiting transcription. 

Although physiologic concentrations of estradiol stimulate DNA 
synthesis and growth in the MCF-7 cells, this hormoneisnot absolutely 
necessary for the growth or maintenance of this cellline. In our hands, 
the cells grow weil, although not optimally, in medium supplemented 
with insulin and serum treated with charcoal to remove steroid and 
probably many peptide hormones. Zava et al. <75> extended this observa
tion and showed that the antiestrogen nafoxidine markedly reduced 
thymidine incorporation, whereas estradiol showed only 30-40% stimu
lation above control, suggesting that the growth of these cells is not 
dependent on estrogen. Their results may also be explained, however, 
by the fact that they performed their experiments in medium containing 
insulin, which also stimulates these cells. Wehave observed (Fig. 9) that 
insulin and estradiol effects are not additive, and when Stimulation of 
RNA or DNA synthesis by estradiol is determined in the presence of 
insulin, a relatively small (30%) fold of induction above that seen with 
insulin alone is apparent. In the absence of insulin, a 2-fold or greater 
increase above controls is observed. This observation suggests that 
some final pathway may be stimulated by both these trophic hormones. 
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Fig. 9. Effects of estradiol and insulin on nucleoside incorporation in MCF-7 human breast 
cancer cells. (E 2) estradiol (10-8 M); (I) insulin (0.1 unit/ml). Methods are similar to those 
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On the other hand, we observe incomplete reversal of tamoxifen inhibi
tion by insulin (as opposed to estradiol). We have found the fold of 
stimulation by estrogen in these cells variable, although usually in ex
cess of 50%(50) and occasionally up to 6-fold. Wehave also observed that 
whereas antiestrogen inhibition is virtually always observed, this effect 
too may vary from 50 to 95% inhibition of cells as compared with con
trol. A plausible explanation for this phenomenon was offered by Zava 
et al. (75> When the distribution of estrogen receptor was examined, most 
was located in the nucleus even when the cells were maintained in the 
absence of estrogen. In addition, this receptor was "free," i.e. not bound 
to endogenaus estradiol, and the residual cytoplasmic receptor was ca
pable of translocating estradiol to the nucleus. The authors suggested 
that stimulation of growth of these cells by unbound nuclear receptor 
might explain these results. The slight estrogen stimulation would result 
from the binding of estrogen to the few residual cytoplasmic receptors 
and their translocation to the nucleus, whereas blocking of the unbound 
nuclear receptor by antiestrogen would result in significant inhibition of 
transcription. The variability of stimulation might be due to the relative 
preponderance of nuclear compared with cytoplasmic receptor. Unfor
tunately, the effects of the other hormones in their systems (insulin, 
prolactin, and glucocorticoid) on cellular localization of estrogen recep
tor are not known. A preliminary observation in our laboratory is not 
easily explained by this interpretation. lf the MCF-7 cells are maintained 
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in estrogen-depleted medium for a period of weeks (several passages), 
estrogen Stimulation is markedly enhanced relative to antiestrogen inhi
bition. This result suggests that incompletely removed estrogen in the 
earlier experiments may explain the preponderance of antiestrogenic vs. 
estrogenic effects when compared with control. Whether the enhanced 
stimulation in cells devoid of estrogen is accompanied by a compatible 
alteration in the distribution of receptor remains to be determined. It 
should be mentioned that in the case of chick oviduct at least, the addi
tion of highly purified progesterone receptor to chromatin is devoid of 
effect on transcription. Only when bound to progestins are progesterone 
receptors capable of inducing changes in mRNA transcription.c79> 
Documentation that some human breast cancers in vivo contain free 
nuclear estrogen receptor might have important therapeutic implica
tions.c7s> 

Thus, some human breast cancer cells in tissue culture possess 
high-affinity estrogen receptors and respond to estrogen with increased 
macromolecular synthesis and growth. One might now ask what the 
mechanisms of the estrogen effect are distal to receptor binding and 
nuclear translocation. Recently, we examined the effect of estradiol on 
the activity of cytoplasmic thymidine kinase (TK), a potentially rate
limiting enzyme of the salvage pathway of deoxynucleotide biosyn
thesis.cso> The rate of ['lH]thymidine incorporation, TK activity, and re
ceptor binding are a function of the estrogen concentration in the MCF-7 
cells (Fig. 10). The plots for thymidine incorporation and TK activity are 
similar; significant stimulation of both is evident with 50 pM 17ß
estradiol, and in the experiment shown, a maximal 2-fold stimulation 
above control is observed with 1.0 nM estradiol. The plot of estrogen 
binding to receptor is shifted to the right about 10-fold, as we have 
previously shown.cso> This binding assay was performed on whole cells 
in conditions similar to those for the biological response studies. Scatch
ard analysis of the whole-cell binding data reveals a KI similar to that 
seen with cytosol extracts at ooc (about 0.6-0.8 nM).c47> Since total cellu
lar receptor is measured with this assay, the shift in the binding curve 
cannot be explained by alteration in receptor distribution within the cell. 
These findings suggest that near-maximal Stimulation of TK activity and 
thymidine incorporation is observed when only 50% of estrogen binding 
sites are filled. The significance of these "spare" receptors is not known. 

As we have already noted, however, a small residual contamination 
of these cells by endogenaus estrogen in serum would tend to shift the 
dose-response of these cells to the left, away from the binding curve. 
Similarly, if residualestrogen acted as a competitive inhibitor of binding 
of radiolabeled estradiol, it would tend to shift the binding curve to the 
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right toward lower apparent affinity. The presence of unbound but 
biologically active nuclear receptor would have a similar effect Thus, the 
exact mechanism of the observed disparity between binding and re
sponse is still unsettled. 

As expected, antiestrogens inhibit TK activity in these cells.<so> In 
addition, TK activity does not respond to estrogen or antiestrogen in 
cells lacking estrogen receptor. Finally, time-course studies show that 
stimulation of TK activity by estrogen follows a 4- to 6-hr lag period and 
precedes estrogen Stimulation of thymidine incorporation into DNA. 
Actinomycin D and cycloheximide, when added simultaneously with 
estradiol, block this induction. These data suggest that one mechanism 
by which estrogen stimulates DNA synthesis and growth in the MCF-7 
cells may be mediated by estrogen interacting with its receptor, trans
location of this complex to the nucleus, and then stimulation of tran
scription of mRNA molecules necessary for the synthesis or activation 
of TK. We cannot exclude, however, the possibility that the increased 
TK activity is merely the indirect result of estrogen stimulation of growth 
through some other mechanism. We hope that these estrogen-respons
ive tissue-culture cell lines will provide a system in which to study in 
further detail these and other aspects of estrogen action. 
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3.3. Effects of Androgens 

The effects of androgens on mammary carcinoma are less clear than 
those of estrogens. The findings that a mouse breast tumor model is 
stimulated by physiologic concentrations of androgens and possesses 
androgen receptor<sü and that carcinogen-induced rat mammary car
cinomas are inhibited by pharmacologic doses of androgen<82> suggest 
that some rodent breast cancers may be androgen-dependent. 

Tumor regression is occasionally noted in human breast cancer 
treated with pharmacologic doses of androgens. Furthermore, some 
human breast cancers respond to adrenalectomy, which reduces the 
Ievel of weak androgens that may potentially be converted to more 
potent androgens or aromatized to estrogens. Although the mechanism 
of the effect of adrenalectomy may more likely be the removal of a source 
of estrogen precursors, the mechanism of additive androgen therapy has 
not been defined. Wehave examined the interaction of androgens with 
human breast cancer cells in culture to determine whether these hor
mones exert a direct biological effect. 

Wehave demonstrated that growth of the MCF-7 cells is enhanced, 
not inhibited, by pharmacologic concentrations (up to 1.0 11-M) of Sa
dihydrotestosterone (DHT).<83•84> This is illustrated in Tables V and VI. 
Sa-DHT stimulates thymidine incorporation by more than 100% in the 
experiment shown, whereas the less active isomer Sß-DHT is ineffec
tive. Two antiandrogens, R2956 (17ß-hydroxy-2,2,17a-trimethylestra-
4,9,11-triene-3-one) and cyproterone acetate are inhibitory (Table V). 
Increased DNA synthesis is accompanied by a 50% increase above 
controls in the number of cells after exposure to DHT for 8 days (Table VI). 
Again, R2956 inhibits cell growth and causes cell death when used at a 
concentration of 1.0 11-M. Similar data are obtained when net protein 

Table V 
Relative Effects of Androgens and Antiandrogens 

on Thymidine Incorporation in MCF-7 Cellsa 

Hormone• 

Control 
Sa-DHT 
Sß-DHT 
R2956 

Cyproterone acetate 

"See Lippman et al. '84' for details. 

Thymidine incorporation 
(% change) 

0 
+ 128 
+9 
-46 
- 36 

• All hormones used at a concentration of 1.0 ~-tM. 
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Table VI 
Effect of Androgens and Antiandrogens on 

the Growth of MCF-7 Breast Cancer 

Cell number x (lQ-3)" 

Day Control 5a-DHT0 R2956° 

0 55 55 
2 62 72 
4 65 73 
8 62 85 

• Values represent the mean of replicately plated dishes. 
•concentration of O.l~tM added on day 0. 

55 
61 
58 
42 
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synthesis is measured. Growth stimulation by androgens at these 
concentrations is not as striking asthat induced by estrogens (see Fig. 5). 
This difference becomes even more impressive when one considers that 
DHT effects are not evident at concentrations below 50 nM, whereas 
maximal effects of estradiol are achieved by 0.5 nM estradiol. 

DHT dose-response curves for thymidine and leueine incorporation 
in the MCF-7 cells are biphasic (Fig. 11), similar to that seen with es
tradiol. The curves are shifted far to the right, however, compared with 
that for estradiol. Maximal Stimulation is observed at about 0.5 ILM. A 
rapid fall-off of precursor incorporation is seen with concentrations 
greater than 1.0 ILM, and cell death ensues. As is the case for estrogens, 
however, the inhibitory effect of androgens is nonspecific, since it is 
observed in androgen-receptor-negative cells and with Sß-DHT, an 
analogue that does not bind to the receptor in these cells (see Fig. 13). 
Thus, the mechanism of the response to additive hormone therapies 
with both estrogens and androgens remains to be defined. 

As one might expect from the biological response studies, MCF-7 
cells contain an androgen receptor, as shown by Horwitz et al. <6o> and 
Lippman et al. <s4> Sucrose density gradients of cytoplasmic extracts incu
bated with labeled DHT demonstrate an 8 S binding peak that is inhib
ited with cold DHT or antiandrogens (cyproterone acetate), but not with 
antiestrogens (tamoxifen) (Fig. 12). With the sucrose density gradient 
technique, Horwitz et al. <6o> demonstrated that progestins were also ca
pable of competing with DHT for binding, whereas estrogens had only a 
minimal effect. These data were confirmed with a detailed specificity 
study performed by the dextran-coated charcoal technique (Fig. 13). 
Competition for [3H]-DHT binding is observed with androgens and an
tiandrogens and to a lesser extent with progesterone and 17ß-estradiol. 
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Antiestrogens compete only at extremely high concentrations. The an
tiandrogen cyproterone acetate competes less weil for receptor than 
R2956, which is also a more potent inhibitor of growth in these cells. 
These specificity data clearly distinguish the androgen receptor from the 
es trogen receptor in the MCF-7 cells (refer to Fig. 4 and Horwitz et al. (60>). 

A saturation curve and Scatchard plot of DHT binding in MCF-7 
cells reveals a limited-capacity, high-affinity receptor (Kt = 8.7 X 10--10 
M) (Fig. 14). This dissociation constant approximates that found by 
Horwitz et al. <so> These data, however, immediately unearth an inconsis
tency with regard to the interaction of DHT with these cells. The concen
tration of DHT required for half-maximal stimulation of macromolecular 
synthesis . is about 1000-fold greater than that which half-maximally 
saturates the receptor. This phenomenon might be explained by several 
potential mechanisms. First, one might argue that this discrepancy is 
artifactual due to the differing conditions in which the binding assay 
(cytoplasmic extract at ooC) and biological response assay (whole cells at 
3~C) were performed. When binding studies were repeated using these 
latter conditions, however, the dissociation constant was not altered 
significantly.<84> Second, metabolism of DHT to inactive analogues might 
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Fig. 14. Binding of ["H]-5a-dihydrotestosterone to cytoplasmic receptor sites from MCF-7 
human breast cancer cells. The same data are replotted in the inset using the Scatchard 
technique prepared by computer-assisted methods.'117> 

also explain these findings. Conversion of DHT to inactive metabolites 
would be expected to shift the dose-response curve for biological activ
ity to the right. We examined the metabolism of androgen in these cells 
using thin-layer chromatography to quantify the radioactive metabolites 
produced at various time intervals after the addition of [3 H]-5a-DHT or 
[3H]testosterone.<84> These studies demonstrated a significant and ex
tremely rapid conversion of DHT to androstanediol and other more 
polar metabolites. Only 30% of the DHT remained intact after an incuba
tion period of 8 hr. In addition, the cells were capable of converting 
testosterone to DHT, indicating 5a-reductase activity. One might argue, 
however, that significantly more DHT would have to be converted to 
inactive products to account for the 1000-fold discrepancy. Furthermore, 
the major metabolite of DHT androstanediol, although less potent, is 
capable of competing for receptor binding (see Fig. 13), suggesting that it 
might be an active androgen in these cells. 

A third alternative explanation for the discrepancy between DHT 
binding and biological response was recently offered in a preliminary 
report by Zava and McGuire.<ss> In contrast to our results shown in Fig. 
4, they showed in a previous study that 100-fold excess DHT inhibited 
rH]estradiol binding by 10%. They wondered whether this low-affinity 
DHT binding to the estrogen receptor might be responsible for its biolog-
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ical effects. Several lines of reasoning support this interpretation.<ss> 
First, using several different methods, they repeated their initial obser
vation that DHT can inhibit estradiol binding to estrogen receptor, an 
effect not observed with antiandrogens. Second, physiologic concen
trations of DHT can bind to androgen receptor and translocate it to the 
nucleus, but no biological activity results. On the other hand, phar
macologic doses of DHT can translocate estrogen receptor to the nu
cleus, an effect that is accompanied by cell growth. Third, large doses of 
DHT can reverse antiestrogen inhibition of cell growth. Furthermore, 
this DHT "rescue" is not blocked by antiandrogens, suggesting that the 
effect is mediatedvia the estrogen receptor. Although these preliminary 
data await confirmation, they suggest that the effect of androgens on the 
MCF-7 cells is mediated by estrogen receptor. This interpretation 
cannot explain our observation that the MCF-7 cells are inhibited by 
antiandrogens, since neither R2956 nor cyproterone acetate has any af
finity for the estrogen receptor. Furthermore, we showed that DHT can 
reverse most of the antiandrogen inhibition.<84> Resolution of these ap
parent disparities awaits further investigation. 

3.4. Effects of Glucocorticoids and Progesterone 

The mammary gland is though t to be a target tissue for glucocor
ticoids and progestins. <s> In addition, it has been recognized for many 
years that pharmacologic administration of these hormones induces ob
jective tumor regression in 10-15% of women with breast cancer.<u Al
though the response seen with glucocorticoids has frequently been at
tributed to its "medical adrenalectomy" effect, it is possible that a direct 
antitumor effect also occurs. Teulings et al. <S6> detected significant Ievels 
of glucocorticoid receptor in about one third of human breast tumor 
samples. We found that about 50% of human breast cancer biopsy 
specimens contain glucocorticoid receptor (in prep). Some caution 
is required in the interpretation of these data in that most of the support
ing stroma (fibroblasts, leukocytes, and adipocytes) are glucocorticoid 
target tissues and contain glucocorticoid receptor. Recent studies 
suggest that progesterone receptor in breast-cancer specimens provides 
a marker for estrogen dependence and helps to predict responses to 
endocrine therapy.<aa> With this in mind, we investigated the interaction 
of glucocorticoids and progestins with human breast cancer cells in tis
sue culture.<87•88> Because of the apparent close relationship of the in
teraction of both hormones with these cells, we have chosen to discuss 
them together. 

The effect of various steroid hormones on PH]thymidine incorpora
tion in the ZR75-1 cell line is shown in Fig. 15. This cellline contains 
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receptors for four classes of steroid hormones (see Table II). The re
sponse to estrogen and antiestrogen is similar to that described pre
viously for the MCF-7 cells. Dexamethasone (DEX) inhibits significantly 
the rate of thymidine incorporation. Progesterone at the concentration 
shown (0.1 JLM) has no effect. A more detailed dose-response curve 
of the effect of several steroid hormones on the rate of [3H]thymidine 
incorporation in the MCF-7 cells is shown in Fig. 16. The potent syn
thetic glucocorticoid DEX inhibits thymidine incorporation, an effect 
that is half-maximal at about 10 nM. Cortisol, cortexolone, and R5020 
(a progestational agent) also inhibit these cells, whereas lla-cortisol, 
an inactive glucocorticoid that does not bind to the MCF-7 cells 
(see below), and the metabolite tetrahydrocortisol have no effect. Slight 
inhibition is observed with progesterone at a concentration of 1.0 JLM. 
Leueine incorporation into protein and net protein synthesis are rela
tively unaffected for up to 48 hr in DEX.<87> Inhibition of DNA synthesis 
by DEX is manifested by a decrease in the cell growth rate, as we pre-
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Fig. 16. Effects of various steroids on [3H]thymidine incorporation in MCF-7 human 
breast cancer. Methodological details are supplied in Lippman et a/.'87> The shaded area 
represents thymidine incorporation in control cells ± 2 S.O. 

viously showed.<87l Furthermore, the EVSA-T cellline does not contain 
glucocorticoid receptor and accordingly fails to respond (see Table II). 
Thus, glucocorticoids effectively inhibit receptor-positive human breast 
cancer cells in vitro. 

With the knowledge that glucocorticoids influence the growth of 
these cell lines, the presence of high-affinity receptors for these hor
moneswas expected. By sucrose density gradients<60•87l or the dextran
coated charcoal assay}87l glucocorticoid receptors were demonstrated in 
the cytosol from MCF-7 and other cell lines as shown in Table II. A 
typical DEX binding curve and Scatchard analysis with the MCF-7 cell 
line demonstrates a singledass of receptors with a uniform KI of about 
2.4 nM, similar to that reported by Horwitz et al. <Sol (Fig. 17). Binding
specificity studies demonstrated that the ability of various glucocor
ticoids to compete with ['lH]-DEX binding (Table VII) closely parallels 
their ability to inhibit thymidine incorporation as shown in Fig. 16. DEX 
is the mostpotent competitor, followed by cortisol and cortexolone. As 
expected, the inactive lla-cortisol and tetrahydrocortisol do not com
pete for ['lH]-DEX binding. Of interest is the observation that progestins 
compete significantly with [3H]-DEX for the receptor. Since R5020 ex
hibits significant glucocorticoidlike activity (see Fig. 16), one is not sur
prised to find that it also competes for this receptor. Progesterone, how-
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Other methods are to be found in Lippman et a/. '87' 

Table VII 
Ability of V arious Steroids to lnhibit the Binding 

of [3H]Dexamethasone or [3H]Progesteronea 

Relative inhibition of binding 

Hormone ["H]Dexamethasone [3H]Progesterone 

Glucocorticoids 
DEX ++++ + 
Cortisol +++ 
Cortexolone ++ + 
lla-Cortisol 
Tetrahydrocortisol 

Progestins 
R5020 +++ ++++ 
Progesterone +++ ++++ 

Androgens (DHT) + ++ 

aoata adapted from previously published binding specificity 
studies.'86 •8n 
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ever, does not induce a detectable biological response in the MCF-7 
cells, yet it too competes for [3H]-DEX binding nearly as weil as cortisol. 
Double reciprocal plots of specific binding of fH]-DEX to receptor with 
various concentrations of progesterone or R5020 (inhibitor) indicate 
competitive inhibition by these steroids for a common binding site<88> 
(see Figs. 20 and 21). This failure of progesterone to display gluco
corticoid activity despite binding to the glucocorticoid receptor has 
been observed in other systems.<89> Thus, progestational agents appear 
to bind to glucocorticoid receptors in human breast cancer in vitro. 

Characterization of the binding of [3H]progesterone to receptor in 
the MCF-7 cells is more complex. When bindingwas initially examined 
using relatively low concentrations of progesterone, a single saturable 
high-affinity site was observed.<87> Binding-specificity studies (Table VII) 
showed that [3H]progesterone binding was inhibited readily by R5020 
and progesterone and to a lesser extent by DHT. The slight inhibition of 
binding by glucocorticoids may in fact result from their competition with 
(3H]progesterone for the glucocorticoid receptor (see below). The results 
of the specificity studies reviewed in Table VII are nearly identical with 
those reported previously.<6o> 

When studies of fH]progesterone binding are performed using a 
broader range of concentrations, a different result is obtained (Fig. 18). 
When the binding data are plotted by the method of Scatchard and 
quantified as recommended by Bulleret al., <go> a two-component curve is 
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Fig. 18. Binding of ["H]progesterone to receptors in MCF-7 human breast cancer cells. The 
binding data are replotted in the inset using the Scatchard technique.0171 Methods for 
quantification of these binding components are described in BuHer et al. '"01 
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obtained. The first component, a high-affinity, low-capacity site, pre
sumably represents progesterone binding to progesterone receptor. The 
second component, a low-affinity, high-capacity site, presumably re
flects progesterone binding to glucocorticoid receptor, as suggested by 
the receptor-specificity studies shown in Table VII. Similar results were 
obtained when R5020 was used as the labeled progestin (Fig. 19).<88> 

Further illustration of the ability of progestins to bind to the glucocor
ticoid receptor and the failure of glucocorticoids to bind to the proges
terone receptor is shown in Figs. 20 and 21. In Fig. 20, competitive 
inhibition by R5020 of rHl-DEX binding to receptor in the MCF-7 cell 
line is demonstrated by double-reciprocal analysis. In contrast, a similar 
plot of the data for [3 H]progesterone binding in the presence of cortisol 
reveals noncompetitive inhibition (Fig. 21). 

In summary, some human breast cancer celllines in tissue culture 
respond to glucocorticoids and the progestational agent R5020 with a 
decreased rate of DNA synthesis and growth. Other progestins are 
inactive. Furthermore, these studies support the hypothesis that in the 
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Fig. 19. Binding of ["H]-R5020 to receptor sites in cytoplasmic extracts from MCF-7 human 
breast cancer cells. Detailed methods will be found in Lippman et a/. <ss:usl 
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Fig. 20. Double-reciprocal analysis of specific binding of ["H]dexamethasone to receptor 
from MCF-7 human breast cancer cells in the presence of various concentrations of R5020 
(shown beside each curve). Specific bindingwas measured and analyzed as described by 
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MCF-7 cells, progesterone at low concentrations binds to a distinct 
progesterone receptor for which glucocorticoids have little affinity, 
whereas at high concentrations, progestins are also capable of significant 
binding to glucocorticoid receptor. Whether tumorresponsein vivo to 
these horrnones is mediated by a direct effect on the tumor cell via 
specific receptor, as suggested by these in vitro studies, and whether 
measurement of these receptors will be of any clinical value remains to 
be determined. 

As mentioned earlier, recent studies by Horwitz et al. <63> suggest that 
the presence of progesterone receptor in breast cancer biopsy specimens 
might be an important marker for predicting estrogen dependence. This 
idea was prompted by the observation that in rat uterus, estrogen in
duces the appearance of progesterone receptor. Since the MCF-7 human 
breast cancer cells contain both estrogen and progesterone receptors, 
these investigators undertook to study in more detail regulation of pro
gesterone receptor by estrogen in this system.<9 u In a preliminary report, 
they showed that estradiol significantly increases progesterone receptor 
in these cells after an incubation period of 4 days. Surprisingly, the 
antiestrogen tamoxifen also increased progesterone-receptor levels. 
Both hormonesbind to cytoplasmic estrogen receptor, and translocate it 
to the nucleus, where a phase they called "nuclear processing" occurs 
prior to the inductive effect. Progesterone-receptor Ievels fall to baseline 
on hormone withdrawal. Thus, tamoxifen has an estrogenic effect on 
induction of progesterone receptor, whereas it has antiestrogenic effects 
on growth (see Section 3.2). Delineation of the exact nature of this "nu
clear processing" phase will require further study. These studies pro
vide support, however, for the clinical observation that the presence of 
progesterone receptor aids in predicting estrogen dependence of human 
breast cancer, providing a morerational basis for therapeutic decisions. 
It is of some interest that while insulin will largely replace estrogen in 
the general promotion of growth in these cells, it will not obscure the 
estrogen-mediated induction of progesterone receptor. 

3.5. Effects of Insulin 

Although a requirement for insulin by the human mammary gland 
has not been clearly defined, insulin is essential for growth and de
velopment of the rodent mammary gland.<s> In addition, proliferation of 
certain animal mammary carcinomas has been shown to be insulin
dependent. <92 •93> Heusan et al. <93> showed that administration of insulin 
to rats bearing 7,12-dimethylbenz(a)anthracene-induced mammary car
cinoma resulted in tumor growth in a significant number of animals, 
whereas induction of diabetes with alloxan caused tumor regression.<92> 
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Similar results were obtained with explants of these tumors in organ 
culture. <93> 

The effect of insulin on human breast cancer in vivo is not known. 
Interpretation of the effect of insulin on breast cancer in organ culture is 
difficult, as discussed in Section 2.2. Many studies showed no effect, 
whereas in others, extremely high concentrations of insulin were used to 
demonstrate a response. At such high concentrations, insulin could be 
eliciting an effect through a "growth factor" receptor such as that for 
nonsuppressible insulinlike activity (NSILA), rather than its own recep
tor.<94> Furthermore, organ cultures are heterogeneous and may contain 
fibroblasts and adipocytes, which may also be insulin-responsive. For 
similar reasons, a recent preliminary report of the demonstration of 
insulin binding to human breast cancer specimens is suspect.<9s> Since 
human breast cancer cells in long-term tissue culture provide a 
homogeneous population of epithelial cells, study of the interaction of 
insulin with these celllines has recently been intitiated. 

Physiologie concentrations of insulin are mitogenic for the MCF-7 
cells (Table VIII).<96> A 50% increase above controls in the number of cells 
is observed after 3 days with only 0.1 nM insulin. With 10 nM, a nearly 
2-fold increase is evident by 3 days. Similar results were obtained with 
the ZR75-1 cellline, whereas the MDA-MB-231 and EVSA-T lines did 
not respond to insulin (see Table 11).<97•98> To investigate the insulin effect 
on these cells in more detail, we examined the rates of DNA, RNA, 
protein, and fatty acid synthesis as a function of insulin concentration 
(Table IX).<96·99·100> The MCF-7 cells are extremely sensitive to insulin. As 
little as 0.05 nM insulin significantly stimulates all four parameters. This 
degree of insulin responsiveness was reproducible in multiple experi-

Day 

0 
1 
3 

Table VIII 
Effect of Insulin on the Growth of 

MCF-7 Human Breast Cancera 

Control 

40 
55 

140 

Cell count ( x 1!14 ) 

0.1 nM 

40 
80 

220 

Insulin 

10 nM 

40 
85 

265 

a Cells were replicately plated in medium with 10% fetal calf serum. 
They were changed to serum-free medium 24 hr prior to addition 
of insulin as described by Osbome.'96' 
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Table IX 
Effect of Insulin on Macromolecular and Fatty Acid 

Synthesis in MCF-7 Human Breast Cancera 

[ 3H]Precursor incorporation (% above control) 

Insulin 
concentration (M) Thymidine Uridine Leueine Acetate 

5 X 1() 11 48 36 22 12 
1 x w--10 75 42 39 22 
5 X 1(]-10 85 45 40 34 

1 X 1()9 95 66 46 41 
1 X 10-8 120 122 50 37 

a Insulin was added to cells maintained in serum-free medium. Labeled thymidine, uridine, 
and leueine incorporation into acid-insoluble material, and acetate incorporation into 
hexane·extractable material were measured as described previously."6•100' 

ments, and in addition, the ZR75-1 cell line responds similarly. The 
sensitivity of the MCF-7 cells to insulin was recently confirmed by Ril
lema and Linebaugh.0°1> Thus, some human breast cancers at least in 
vitro respond to physiologic concentrations of insulin with enhanced 
macromolecular synthesis and growth and the more differentiated func
tion of fat synthesis. 

The effect of insulin on metabolism in the MCF-7 cells proceeds in 
an ordered manner. Protein and fatty acid synthesis are stimulated 
within 1 hr of the addition of insulin.<96•100•100 The effect on RNA synthe
sis is also rapid, whereas a significant lag period exists for insulin Stimu
lation of DNA synthesis (Fig. 22). Uridine incorporation is stimulated by 
3 hr and near maximal by 10 hr incubation with insulin. Increased 
thymidine incorporation is not evident until10-15 hr and is maximal at 
24 hr. This effect is preceded by an increase in the thymidine acid
soluble pool that is evident by 8 hr (Fig. 23). These results are nearly 
identical to those reported subsequently by Rillema and Linebaugh.0°1> 

Preliminary observations in our Iabaratory suggest that the increased 
thymidine acid-soluble pool size might result from both enhanced 
thymidine transport into the cell and increased thymidine kinase activity 
(in preparation). 

Stimulation of cell metabolism by insulin is thought tobe primarily 
a posttranscriptional effect.0°2> Results obtained on the effect of insulin 
on protein and fatty acid synthesis in the MCF-7 cells support this no
tion (Table X).<96•100> With concentrations of actinomycin D sufficient to 
inhibit new RNA synthesis by 90%, no inhibiting effect is seenon insu
lin Stimulation of leueine incorporation into protein or acetate incorpora-
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TableX 
Effect of Actinomycin D and Cycloheximide on 

Insulin-Induced Leueine and Acetate lncorporation 
in MCF-7 Human Breast Cancer 

Leueine 
incorporation• 

Acetate 
incorporation• 

Insulin (alone) 
+ Act Db 
+ Cycloheximide< 

50 
48 

0 

100 
100 
120 

a Values given are percentages above control for ['H]leucine and [14C]
acetate incorporation after 8 hr in insulin. Details can be found in Osbome 
et a/."6' and Monaco and Lippman.""m 

"Actinomycin D, 1 J.Lg/ml, added 2 hr before insulin. This concentration 
inhibited RNA synthesis by more than 90%. 

ccycloheximide, 20 J.Lg/ml, added 8 hr before insulin. 
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Fig. 22. Time course of the effect of insulin on thymidine and uridine incorporation into 
TCA-insoluble material in the MCF-7 cells. Insulin (10 nM) was added at time 0 after a 
24-hr preincubation in serum-free medium. Cells were pulsed for 1 hr with [14C]thymidine 
and [3H]uridine and harvested at the time shown. 
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Fig. 23. Timecourse of the effect of insulin on the P4 C]thymidine TCA-soluble pool size in 
MCF-7 cells. The procedure was similar to that described in Fig. 22, except that the 
acid-soluble radioactivity was measured. 

tion into fatty acids. Furthermore, when the effect on leueine incorpora
tion is inhibited significantly with cycloheximide, the effect of insulin on 
acetate incorporation is again unchanged (Table X). Finally, [3H]water 
incorporation into fats is also enhanced by insulin (Fig. 24), although the 
fold of stimulation is less than with [14 C]acetate. This finding suggests 
that the primary effect of insulin on fatty acid synthesis is not increased 
precursor transport into the cell, since water is freely diffusible across 
the cell membrane. These results suggest that enhanced fatty acid syn
thesis in the MCF-7 cells by insulin does not require new RNA or protein 
synthesis and is not mediated by an effect on membrane transport. 
Whether insulin activates key enzymes involved in the regulation of 
fatty acid synthesis is currently being investigated. Preliminary data 
point to an insulin-stimulated increase in acetyl-CoA carboxylase. 

Another potential mechanism whereby insulin might stimulate cell 
metabolism is through increased glucose availability or utilization. This 
possibility was eliminated by the results obtained when macromolecular 
and fatty acid synthesis in response to insulin were determined in 
glucose-free tissue-culture medium.<96•100> Basal Ievels of precursor in
corporation in cells maintained glucose-free were lower than in cells with 
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glucose; however, the ability of insulin to stimulate the cells was unal
tered. 

The effect of insulin on fatty acid synthesis in these cells is specific, 
and does not result from an overall Stimulation of cell proliferation (Fig. 
25). Other hormones, estradiol (&) and 5a-dihydrotestosterone (DHT), 
previously shown to stimulate growth of the MCF-7 cells, do not influ
ence acetate incorporation into fats. Furthermore, iodothyronines (T3 ), 

dexamethasone (DEX), human placental lactogen (hPL), and proges
terone (Po) have no effect. The combination of hPL and DEX, hormones 
known to enhance the lactogenic effect of insulin in rodents, does not 
stimulate fatty acid synthesis above that seen with insulin alone. 

Table II illustrates that only two of the four human breast cancer 
celllines tested (MCF-7 and ZR75-1) are insulin-responsive. To deter
mine whether this failure to respond by the MDA-MB-231 and EVSA-T 
lines represents a defect in the initial interaction of the hormone with 
the cells, we studied insulin binding and degradation in detail in all 
four cell lines. All four lines possess insulin receptors that are quali
tatively and quantitatively similar to receptors characterized in other 
tissues.<51 •97•98•103> Furthermore, the differences in biological responsive
ness cannot be explained on the basis of relative insulin-binding affinities 
or receptor concentration, since these parameters were similar among the 
cell lines. All four lines degrade insulin, but to a variable degree. The 
most insulin-responsive cellline, MCF-7, is also the most active insulin 
degrader. To demonstrate binding adeqmtely in these cells, bacitracin, an 
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Fig. 24. Effect of insulin on incorporation of either [3H]water or [1 4C]acetate into hexane
extractable fatty acids in MCF-7 human breast cancer cells. Detailed methods are provided 
in Monaco and Lippman.'99•100l 
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antibiotic that is also a protease inhibitor, is necessary to inhibit degrada
tion. A representative receptor-specificity study in the MCF-7 cells using 
bacitracin to block degradation is shown in Fig. 26. Insulin, insulin 
analogues, and other unrelated peptide hormones compete for [125I]insu
lin binding to a degree roughly proportional to their capacity to stimu
late glucose oxidation in adipocytes.0°4> Porcine insulin and chicken in
sulin are equipotent, whereas proinsulin and guinea pig insulin are 
50-100 times less potent. Epidermal growth factor does not compete for 
insulin binding (not shown). Multiplication-stimulating activity,uos> a 
growth factor derived from conditional medium of buffalo rat liver cells 
that displays similarities to human somatomedins, inhibits labeled
insulin binding, but with about 1% the potency of insulin. Half-maximal 
inhibition of binding is observed with about 6 ng/ml (1.0 nM) porcine 
insulin, a concentration similar to that causing half-maximal stimulation 
of macromolecular synthesis (see Table IX). These data suggest that 
human breast cancer cells in long-term tissue culture contain insulin 
receptors, and that growth Stimulation by insulin is mediated through 
an "insulin" receptor rather than another "growth" receptor such as 
that for NSILA or somatomedin. The ability to investigate possible dif-

300 

...J 
02()() 

~ z 
8 
u. 
0 
#. 

100 

C T3 DEX hPL E2 P0 DHT hPL + 
I+ 
DEX 

Fig. 25. Effects of various hormones on incorporation of [1 4C]acetate into fatty acids in 
MCF-7 human breast cancer cells. (C) Control; (I) insulin, 0.1 U/ml; (T:,) triiodothyronine, 
10-8 M; (DEX) dexamethasone, 10-7 M; (hPL) human placentallactogen, 10 JLg/ml; (E.,) 
estradiol, Io-"M; (Pu) progesterone, 1o-7M; (DHT) Sa-dihydrotestosterone, lo-6 M. De
tailed methods are provided in Monaco and Lippman.'99•100 ' 
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Fig. 26. Specificity of ['25l)insulin binding. Cells (3 x 106 ml) were incubated with ['25l]in
sulin (120 pg/ml) for 4 hr at 21°C in the presence of the indicated concentrations of polypep
tide hormones: porcine insulin (Pol, e), chicken insulin (Cl, 6), porcine proinsulin (PI, 0), 
guinea pig insulin (GPI, 0), and multiplication-stimulating activity (MSA, A). Bacitracin 
(70 U/ml) was used to inhibit degradation. "Bound" and "free" hormone were separated 
by centrifugation of the cells through cold buffer, and the radioactivity in the "bound" 
fraction was determined. 

ferences between the insulin responsive and unresponsive cells may be 
useful in studying the complex mechanisms of insulin action. The strik
ing insulin sensitivity of the cells and the ability to monitor metabolic 
and growth parameters and insulin binding make this a unique model 
system. 

3.6. Other Hormones 

3.6.1. Prolactin 

Whether prolactin has a role in growth regulation of human breast 
cancer is still controversial.006> Prolactin does have, however, a major 
role in growth and development of rodent mammary glands<s> and 
breast carcinomas.U07> On the other hand, tumor response in patients 
undergoing hypophysectomy for metastatic breast cancer does not cor
relate well with prolactin blood level. In fact, tumor regressions have 
been noted in women after hypophysectomy or pituitary stalk section 
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despite elevated prolactin levels.U08> In addition, pharmacologic inhibi
tion of prolactin secretion in patients with breast cancer does not result 
in significant tumor regressions.(106•109> As described in Section 2.2, 
studies of the effect of prolactin are inconclusive. Kleinberguo> noted 
Stimulation of a-lactalbumin by prolactin in only 2 of 19 human breast 
cancer specimens studied in organ culture. These effects may have been 
due to normal breast cells contaminating the specimen. 

In an attempt to better define the effect of prolactin and other lac
togenic hormones on human breast cancer, we searched for both lac
togenic receptor and biological responses in several breast cancer cell 
lines in vitro. To date, we have been unable to demonstrate prolactin 
receptor or activity in any of the celllines using a variety of lactogenic 
hormones including human and ovine prolactin, human placentallacto
gen, and human growth hormone (unpublished observations). This 
could suggest true prolactin independence in the human tumors from 
which the celllines were derived, or, altematively, it might reflect dedif
ferentiation of cells in long-term culture. Last, we cannot exclude the 
possibility that the conditions used were not optimal for observing a 
response or that prolactin might influence a paramater not measured in 
our assays. 

Shafie and Brooksou> recently reported an effect of prolactin on 
growth of the MCF-7 cells. With high concentrations of human or ovine 
prolactin alone, no Stimulation of thymidine incorporation or increase in 
DNA content was observed. In contrast, insulin increased both parame
ters significantly, as we described earlier. However, when dibutyryl cyclic 
AMP (cAMP) was administered with prolactin, stimulation of DNA syn
thesis was evident. Paradoxically, theophylline, which potentiates the 
action of endogenaus cAMP by inhibiting its degradation, had the oppo
site effect. These puzzling results remain unexplained, and further in
vestigation is required to clarify a possible interaction between prolactin 
and cyclic nucleotides. 

These authors also presented data demonstrating that high concen
trations of prolactin increased the estrogen-receptor Ievel in the MCF-7 
cells. Serious methodological difficulties preclude full interpretation of 
their data. 

3.6.2. Epidennal Growth Factor 

Epidermal growth factor (EGF) is a polypeptide hormone that 
stimulates growth in fibroblasts and rodent mammary epithelial cells in 
culture.0 1z.-t 14> Although an effect of EGF on rodent or human breast 
cancer has not been reported, Stoker et al. 014> recently provided clear 
evidence that this growth factor in low concentrations stimulates DNA 
synthesis in benign human breast tumors in organ culture. Insulin and 
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hydrocortisone were ineffective. In recent years, several other growth 
factors have been isolated from human and animal sera.015> Whether 
these factors are important in the growth regulation of human tissues in 
vivo and, particularly, human breast cancer remains tobe determined. 
Meanwhile, human breast cancer cells in culture should provide an in
teresting system in which to study their effects in vitro. 

3.6.3. Thyroid Honnones 

The mammary gland has also been thought tobe a target of thyroid 
hormone action based on its growth-promoting and lactogenic effects in 
rodent mammary glands. 016> In a preliminary report, Burke et al. <ss> stud
ied the effect of iodothyronines on the MCF-7 breast cancer cell line. 
They found that physiologic concentrations of triiodothyronine (Ta) in
creased the growth rate of these cells. Furthermore, similar to the results 
described earlier for prolactin, Ta increased the level of estrogen recep
tor. The authors also reported that nuclei from MCF-7 cells contain 
specific high-affinity thyroid-hormone receptors. The importance of 
these hormones in the development and/or growth regulation of breast 
cancer in vivo requires further study. 

4. Conclusion 

The various experimental results reviewed in this chapter make 
clear that human breast cancer cell lines are an extremely promising 
system in which to study hormone action. Clearly, these celllines have 
already provided new information conceming estrogen and insulin ac
tion, and as discussed later, more progress is anticipated. While experi
ments on androgen effects have also been carried out, it cannot be stated 
with assuredness that true androgen-dependent cells are available. 
While cell lines with progesterone receptor have been defined, we are 
not aware of any results in which specific progesterone effects have been 
observed. Finally, thyroid-hormone receptor and response studies are in 
a relatively preliminary stage of development. Unequivocal prolactin, 
growth hormone, or other growth factor effects have not yet been iden
tified. Next, we briefly identify a few areasthat to us are most promising 
for future studies. 

There are a variety of experiments for which human breast cancer 
cells may be useful in the future. Same of these new areas may be 
explored using existing cell lines; others will undoubtedly require cell 
lines initially developed under conditions that avoid preselection of 
hormone-independent cell lines. 

The mostfundamental general area in which the unique properties 
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of these cells can be exploited is in the general field of mechanisms of 
hormone action. In the case of steroid action, little information is avail
able for human cells on the events following initial binding of steroid to 
receptor. Cloned populations of cells such as these provide a useful 
starting point for studies of receptor processing and induction of specific 
RNA products. The potential ability to select against hormone
responsive cells (e.g., by the use of antiestrogens) could allow for the 
development of sublines defective in various steps in hormone action. 
Such genetic approaches have been critical in unraveling control 
mechanisms in prokaryotes and could be of similar value in 
eukaryotes.<119> Clearly, increased awareness of the various potential 
hormones and factors that may alter growth or differentiation (such as 
prostaglandins, growth peptides, thyronines, transferrin, retinoids) 
may allow the initial development of cell lines with previously unsus
pected dependency. These new lines in turn can be used to study 
mechanisms of action of theseadditional factors. Eventually, this should 
Iead to propagation of cells under entirely defined conditions. 

Second, these cell lines may be employed for identification and 
purification of specific protein products of interest. For example, exam
ination of the supernatant medium after incubation with celllines might 
permit identification of new biological markers of interest as weil as 
ailow a greater understanding of regulation of production rates of these 
materials. Altematively, these cells might provide a useful starting point 
for purification of human steroid receptors. While several ceillines con
taining estrogen receptor are available, it is possible that variants could 
be developed that have vastly increased Ievels of receptor. A general 
method of selection that might be suitable was recently developed. 020> 

Similarly, these or newly derived celllines should be suitable for more 
detailed attempts to identify specific oncogenic viruses or viral products. 

Finaily, it should always be bome in mind that a tumor in vivo is a 
complex organ made up of numerous elements in addition to tumor ceils 
themselves. lt is critical to study the mechanisms by which tumor and 
host interact. Thus, angiogenesis factors, coilagen-promoting activity, 
and other biochemical concomitants of the morphology of tumors need 
to be explored. These studies might weil Iead to alternative strategies 
limiting tumor growth independent of direct tumor-ceil kill itself. 
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Antiestrogens: Mechanism of Action 
and Effects in Breast Cancer 

KATHRYN B. HORWITZ AND WILLIAM L. McGUIRE 

1. Biological Activities of Anliestrogens 

1.1. Introduction 

5 

Several of the nonsteroidal antiestrogens are in experimental use for the 
treatment of breast cancer. The treatment goal is to obtain, with minimal 
toxicity, specific control over cell growth by chemical means, thereby 
avoiding, on the one hand, pharmacologic doses of hormones and, on 
the other, major surgical ablative procedures.U> One rationale for use of 
estrogen antagonists is an outgrowth of our current awareness of the 
role of estrogen receptors (ERs) and estrogen in breast cancer. Recent 
reports show that hormone dependence can be predicted by use of ER 
measurements. If estrogen antagonists block the action of estrogen at its 
receptor, it would be possible to obtain, by noninvasive means, the same 
therapeutic end as ablative hormonal procedures. Despite considerable 
research to that end, however, our knowledge of the mechanism of 
antiestrogen action remains unclear. The purpose of this review is to 
summarize this research. We will review first some of the biological 
activities of antiestrogens in normal tissues, and the mechanisms that 
have been proposed for their effects, then the role of antiestrogens in 
experimental animal breast cancer, and the data currently available on 
use of antiestrogens in humans and human breast cancer. Finally, we 
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will describe some of our work involving the mechanisms of antiestro
gen actioninhuman breast cancer cells in tissue culture. 

1.2. Estrogenic and Anliestrogenie Properlies of Estrogen Antagonists 

Many compounds can interfere with the biological effectiveness of 

estrogens. These compounds include the natural steroids (progesterone, 
androgens, and estriol), the synthetic steroids, and the synthetic 
nonsteroidal compounds. Among the latter are derivatives of 
triphenylethylenes (Fig. 1), of which the most common are ethamoxy-

OH 
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cls- Clomlphene 
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OCH3 

U,IIIOO (Nofoxldlne) 
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Fig. 1. Structure of estradiol and some nonsteroidal antiestrogens. 



Anliestrogens in Breast Cancer 157 

triphetol (MER-25), nafoxidine (U-11, lOOA), clomiphene, tamoxifen (ICI 
46,474), and CI 628. 

Because estrogen antagonists were originally developed as anti
fertility agents,<2J their biological activity has for the most part been 
measured and compared with estrogen-sensitive parameters in the 
female reproductive tract. Without exception, all antiestrogens have 
been shown tobe estrogenic.<H9J They induce vaginal comification<7·11J 
and are uterotrophic. Antiestrogens can double uterine weights of 
ovariectomized rats or mice<Hol; the uterine epithelial ultrastructure re
sembles that of the estrogen-stimulated tissue.U2J Antiestrogens increase 
PH]leucine incorporation and protein synthesis,03·14J increase mitosis 
and DNA content,<9·10·1:;..17J increase RNA polymerase activity,U8J and 
increase glucose metabolism.U9J Why, then, are these compounds con
sidered antagonists? Their antagonistic properties are defined in con
trast to the effects of estradiol. In general, estrogens alone provoke more 
potent effects than do antiestrogens alone (in this respect, antiestrogens 
may simply be considered weak estrogens). In the presence of estradiol, 
however, antiestrogens prevent the full expression of the estrogenic 
response. This property characterizes true antagonists, though even in 
the presence of estrogens, antiestrogens usually do not prevent the es
trogenic response, but rather reduce it to the level seen with antiestro
gen alone.<z-4·15·20) 

The distinctions between estrogenic and antiestrogenic effects of 
estrogen antagonists are most clearly seen in comparisons of single and 
multiple doses of these substances given alone or together. Such 
studies, in which changes in uterine weight and DNA and protein syn
thesis are used as markers of estrogenic responses, have been performed 
mainly in the laboratories of Clark, 00·16) Katzenellenbogen,<8•9·10·21·22J and 
Rochefort.<23J After single doses of antiestrogens, purely estrogenic re
sponses are observed. In immature female rats, a single injection of 
nafoxidine00·22·23J or other antiestrogens<7J results in a pronounced, 
slowly developing increase in uterine weight, exceeding the effect seen 
with a single dose of estradiol. There are also sustained (72-hr) increases 
in RNA polymerase activity08J and DNA and protein synthesis,<9·16J in 
contrast to estradiol, with which these effects have receded by 72 hr. No 
antagonism is observed when the two compounds are injected to
gether.U0J Curiously, low doses (5 p,g) of nafoxidine are more potent 
estrogens than high doses (50 p,g), an unexplained effect that has re
peatedly been seen with antiestrogens in several responses 
studied. <4.11,22,24-26) 

The antagonistic properties of antiestrogens appear when estrogens 
or antiestrogens are injected separately or together two or more times, 
24 hr apart. With estradiol alone,09J a second injection causes uterine 
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weights to continue to rise considerably above weights evoked by a 
single injection. In contrast, with nafoxidine and other antiestrogens 
alone/8•9> no increase occurs beyond that seen in the first 24 hr. If both 
estrogens and antagonists are given together, the heightened second 
estrogen response is prevented. These observations have been con
firmed in studies of the effects of nafoxidine and tamoxifen on uterine 
ornithine decarboxylase activity.<24> Thus, antiestrogens are antagonistic 
because they fail to produce a second response when injected alone, and 
because they inhibit the second response to estradiol. Note, however, 
that the timing of injections may be quite critical. For instance, the sec
ondestrogen dose fails to enhance weight above that seen after the first 
dose, if the second is given too soon after the first.<27> 

In sum, estrogens and antiestrogens are remarkably similar in the 
first 24-48 hr after a single injection, but differ markedly after long-term, 
multiple injections. Estrogen antagonists may be either estrogenic or 
antiestrogenic, depending on concentration, on timing and number of 
doses, and on the presence or absence of estradiol. 

In addition, other factors may modify the response obtained with 
antiestrogens. For instance, hormones other than estrogens may alter 
antiestrogen effects. Progesterone serves as an example. When the ef
fects of antiestrogens on uterine ultrastructure in ovariectomized rats are 
considered, they are estrogenic if given alone, have no effect if given 
together with progesterone, and are antiestrogenic in the presence of 
estradiol.02·17> Since progesterone can modify the uterine response to 
estrogen,<2s-ao> its ability to modify responses to estrogen antagonists 
should not be surprising. To further complicate matters, proges
teronelike effects have been described for nafoxidine.<31 ' Antiestrogens 
may also have androgenic activity<25> and interact with androgen recep
tors.<32> Furthermore, antiestrogens can have direct effects on ovaries 
and pituitaries.<aa> 

Given such complex interactions, it is quite likely that the effects of 
antiestrogens in intact cycling females may be different from those de
scribed in immature or ovariectomized adult animals normally used as 
models. For instance, in the mature uterus at proestrus, there is di
minished capacity to respond to exogenous estrogens, unrelated to 
cytoplasmic ER levels (see below), suggesting that there exist in the cyc
ling rat other factors the replenishment or reactivation of which is slower 
than that of the receptor.<34> Unfortunately, studies in mature intact ani
mals are sparse. Until the biological effects of antiestrogens are studied 
in the adult cycling animal, it will be difficult to explain their variable 
effectiveness (as for instance when comparing pre- and postmenopausal 
women) in breast cancer. 

The most important contributions that have been made toward 
understanding the mechanisms of action of estrogen antagonists have 
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come from comparisons of their effect with those of active estrogens on 
cellular estrogen receptors. These studies are discussed in the following 
section. 

2. Mechanisms of Anliestrogen Action 

Antiestrogens are being extensively studied in the hope that this 
will help to explain not only their own mechanism but also the 
mechanism of normal estrogen action. Despite this effort, there is no 
single unifying concept to explain antiestrogen action. Instead, a wide 
range of mechanisms have been proposed that envision antiestrogen 
intervention at virtually every site that is susceptible to estrogen control. 
Therefore, before considering the possible sites of antiestrogen action, 
we will briefly summarize the general model of estrogen action. 

2.1. Mechanisms of Estrogen Action 

It is widely<35> though not universally<36> believed that estrogens 
enter the cell by passive diffusion, and that these steroids and others 
accumulate in the cell because they are bound there by specific receptor 
proteins. Binding is to a limited number of high-affinity sites.<37> On 
sucrose gradients, the receptor is an 8 S molecule in low-salt buffers, or a 
4 S molecule in hypertonic buffers. Since Sedimentation properties de
pend on experimental conditions,<38> the Sedimentation velocity of the 
native cytoplasmic form remains unknown. When steroid binds with the 
receptor, a change in the conformation of the molecule appears to be 
induced/39> which in hypertonic buffers in vitro is temperature
dependent, and is accompanied by an increase in Sedimentation rate to 
5 S.<4o> The 4 S to 5 S transformation may occur while the receptor is still 
in the cytoplasm, <40> although there is also evidence that transformation 
occurs only after steroid-receptor complex is in the nucleus.<41 > In any 
case, estrogen, bound to a 5 S receptor essentially indistinguishable 
from the cytoplasmic receptor, can be extracted from the nucleus.<42> 

According to the basic "two-step" model,<43> derived for the most part 
from studies with the rat uterus, unfilled receptors exist only in the 
cytoplasm, and filled receptors are rapidly translocated to the nucleus. 
This may prove to be an oversimplification, since we<44•45> and others<46> 

have demonstrated unfilled ER sites in the nuclei of tumor cells in cul
ture and in vivo. <47•48> These free receptors bind estrogen directly, and 
may possess biological activity even in the absence of estrogen.<44> 

The fate of the ER-hormone complex in the nucleus is unclear, but 
several nuclear components, including DNA,<49•50> nuclear proteins/51 > 

ribonucleoproteins,<52> and nuclear membranes/53> have been proposed 
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as acceptor sites. It is possible that more than one site is involved in 
these interactions.<54> While in the case of progesterone receptor sequen
tial binding to two sites may precede nuclear activation, for ER it has 
been proposed that one, relatively weaker, binding site releases es
tradiol quickly and a second, tighter binding site is responsible for long
term retention of the receptor-hormone complex<55> required for true 
uterine growth. It is not known whether the primary response is tran
sitory, after which the receptor-hormone complex is inactivated, or 
whether sustained receptor-acceptor interactions are required for pro
longed effects. Once estrogen is bound to acceptor, the earllest effect is 
regulation of gene transcription following a rise in polymerase activ
ity.us.ss> Most nuclear receptors disappear within 6 hr of estrogen treat
ment, preceding cytoplasmic receptor replenishment. Nuclear loss and 
cytoplasmic replenishment are not linked events, since cycloheximide 
inhibits the latter without affecting the former.<57> 

Any or all of these steps are potential sites of action of an an
tagonist, which in the broadest definition of the term is a compound that 
should interfere either with the availability of estrogen to the cell or with 
the cellular responses to estrogen. 

2.2. Anliestrogen Effects on Estradiol Levels 

Although there are reports that antiestrogens inhibit ovarian hor
mone secretion, <ss> there are considerable data showing that antiestro
gens do not decrease circulating estradiollevels. Tamoxifen induces rat 
mammary tumor regression without affecting circulating prolactin or 
estradiol.<59> Patients with breast cancer whose tumors are responding to 
tamoxifen have unchanged plasma estradiol and prolactin levels,<6o> 
while menstrual cycles in premenopausal women are unchanged.<6u 
This finding suggests that a complete block of estrogen secretion is not 
required to obtain antiestrogen-induced tumor regressions. Though an
tiestrogens may have little direct effect on estradiollevels, they appear 
able to suppress estradiol-induced effects on the pituitary. Nafoxidine<au 
and tamoxifen<62> have been shown to antagonize the estradiol-induced 
increase of prolactin secretion by a direct action on pituitary prolactin
secreting cells.<au 

Interestingly, antiestrogen treatment failures in humans may be as
sociated with increased estradiol levels.<61 •63> The possibility arises that 
the pituitary, the estrogen sensitivity of which is blocked by antiestro
gens, reacts to an apparent decrease in estrogen activity by hypersecre
tion of gonadotropins, resulting in an actual increase in estrogen secre
tion from the ovaries and escape from antiestrogen suppression. Such a 
mechanism might explain the finding of high circulating prolactin Ievels 
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after some antiestrogen treatments}64> and could also explain why 
tamoxifen may be more effective at low doses than at high doses in 
promoting breast-tumor regression.<65•66> 

Very littleis known about the effect of antiestrogens on intracellular 
estradiol availability, though this is another possible means of reducing 
estrogen activity. One method would be by promoting estradiol 
metabolism to less active estrogens.<67> Antiestrogens can also stimulate 
microsomal enzymes and aceeierate the metabolism of estrogens.<68•69> 

2.3. Anliestrogen Metabolism 

We now turn to consideration of intracellular estrogen antagonism. 
Since estrogen entry into the cell is generally assumed to be a passive 
process, little effect of antiestrogens can be expected at this point. There 
is, however, considerable interest in studies involving tumover rates of 
antiestrogens and the role of metabolism in controlling both extracellular 
and intracellular antiestrogen Ievels. Studies from Katzenellenbogen's 
laboratory<8•9•19> suggest that chemical alterations of a compound can 
markedly change its biological potency. Ethinyl estriol cyclopentyl ether 
is a more potent estrogen than ethinyl estriol. The higher estrogenicity 
of the former has been attributed to its gradual metabolism to produce a 
continual supply of ethinyl estriol, the active form.< 19> Similarly, it is 
proposed that nafoxidine may be a long-acting antiestrogen because it is 
in fact a "prohormone" that is metabolized slowly to an active form; 
altematively, it may simply have a slow rate of clearance or inactivation 
in the blood. All these effects could, by controlling concentration at the 
target cell, influence its potency.<s.s> 

Wehave shown that the effectiveness of tamoxifen in vitro cannot be 
explained by its conversion to a more active metabolite. We incubated 
human breast cancer cells the growth of which is inhibited by tamoxifen 
with fH]tamoxifen, and then analyzed the nature of the products ex
tracted from the cells. Figure 2 shows the LH-20 elution pattems of 
ethyl-acetate-extractable radioactivity from medium incubated with or 
without ceils, and from cell cytoplasm and nuclei. The position of 
purified tamoxifen is indicated by the bars. Even in the absence of cells, 
tamoxifen in the mediumbreaksdown at 37'C to an unidentified com
pound. Although extensive amounts of this breakdown product are pre
sent in the medium, only tamoxifen itself is recovered from the cell. We 
conclude, first, that in vitro only the intact tamoxifen molecule is taken 
up into cells, and, second, that the dual estrogenic/antiestrogenic prop
erties of this compound therefore cannot be explained by metabolic for
mation of the true antiestrogen from a prohormonal (and estrogenic) 
precursor. 
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Fig. 2. LH-20 elution pattem of extractable radioactivity from media and cells treated with 
[3H]tamoxifen. Elution of purified tamoxifen is shown by the bar. 

The thesis that chemical modification of a prohormone sustains 
serum levels of antiestrogens and increases their potency is attractive, 
but requires experimental validation. lt must be shown whether the 
compounds are only sequestered in the body and slowly released in 
unchanged form, or whether they are in fact chemically altered. If chem
ical modification occurs, is the conversion peripheral or within the target 
cell? Ultimately, we need to know the identity of the compounds actu
ally present in cytoplasmic and nuclear binding sites. 

2.4. Anliestrogensand Cytoplasmic Estrogen Receptor Binding 

The interaction of antiestrogens with ERs has been studied by in 
vitro and in vivo methods, the assumption being that in vitro analyses 
could be extrapolated to in vivo situations. As is discussed below, such 
conclusions are likely to be erroneous. 

The ability of many antiestrogens to inhibit binding of rHJestradiol 
to its receptor by in vitro competition studies at equilibrium has been 
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repeatedly demonstrated/7()- 77> providing many data on comparative 
binding affinities and hypothetical structure-activity relationships. For 
the most part, the conclusions have not been sustained<8 ' 72' 78> because in 
vivo estrogenic potency, i.e., the true biological effectiveness of a com
pound, depends in part on its metabolic fate. For instance, compounds 
with widely varying in vitro affinities may have equal biological poten
cies because less active compounds can, in vivo, be metabolized to more 
active derivatives, or because compounds that are active in vitro are 
much more rapidly inactivated in vivo. 

Antiestrogens were originally thought to be antagonistic to estro
gens because they competed for ERbinding sites.<70' 71 > For example, in 
both rat and human mammary tumors, competition for specific recep
tors and depression of 8 S binding peaks have been demonstrated.< 79•80> 
From competitive inhibition studies, it was concluded that antiestrogens 
bind to the same site as estradiol.<34> Others, however, have proposed 
that antiestrogens are noncompetitive inhibitors. Hahnelet al./11> after 
subjecting competitive binding data to varied kinetic analyses, con
cludes that while the weak estrogen estriol competes for a primary 
estrogen-binding site, the inhibition by antiestrogens is caused by allo
steric changes, indicating that there may be separate binding sites for 
estradiol and the antiestrogens. 

Some of these questions are currently being reexamined because of 
the recent availability of radioactively labeled antiestrogens. According 
to Rachefort and Capony,<su the affinity of antiestrogens for ER is much 
higher when determined directly than when evaluated by competitive 
experiments with estradiol. They concluded that estradiol changes the 
ER into a form with less affinity for antiestrogen and that this phenome
non is in fact an "in vitro" demonstration of ER transformation. 

It is still not clear whether all antiestrogens bind to the 8 S form of 
ER. The antiestrogen [3H]dimethylstilbestrol has an 8 S Sedimentation 
constant when complexed to ER/82> but studies with [3H]tamoxifen fail 
to show such a peak, giving rise to the theory that the receptor
antiestrogen complex is an impaired form.05> Like the binding of tamoxi
fen, that of ['lH]cortexolone (an antiglucocorticoid) is only to a 4 S form 
of the glucocorticoid receptor, while binding of [3H]triamcinolone 
acetonide is to 8 S receptor.<Ba> 

Using crude cytosol preparations, the complete answers to the rela
tionships of estrogens and antiestrogens with the binding protein, and 
the characterization of the functional units of receptor, will not be attain
able. Attempts are now under way to purify and characterize receptors. 
With these receptors, it should be possible to demonstrate whether dis
tinct binding subunits exist, and whether their function with respect to 
the behavior of estrogens and their antagonists can be contrasted. 
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2.5. Transformation and Translocation 

After association of hormones with the receptor protein, the com
plex undergoes transformation characterized by an increase in Sedimen
tation rate from 4 S to 5 Sand acquisition of nuclear binding capacity.<84> 
There is currently little, if any, evidence that antiestrogens can modify 
ER action at this stage. In early studies with antiestrogens, it was en
visioned that the cytoplasmic receptor exists in equilibrium between an 
active and inactive form. The latter was stabilized by estrogen and was 
able to translocate, while the former, a nontranslocatable form, was 
stabilized by antiestrogens.<ss> This model is derived from an allosteric 
receptor system proposed for glucocorticoid regulation of the tyrosine 
aminotransferase enzyme,<ss> in which the postulated conformational 
change provoked by an inducer enhances receptor affinity for the nu
clear acceptor sites, while an inhibitor such as progesterone stabilizes an 
untransformed form.<87> Similarly, Jordanus> postulated that the 
tamoxifen-ER complex may undergo an imperfect transformation. 

According to Ruh and Ruh,<88> the antiestrogen effect on ER translo
cation is dose-dependent. While translocation of antiestrogen-receptor 
complex occurs at low doses, an inhibiting effect appears at high doses, 
so that both antiestrogen and estradiol-receptor complex translocation 
fails. They also suggest that only the ER complex and not antiestrogen
receptor complex is translocated to the nucleus when antiestrogens are 
in direct competition with estradiol. Though similar effects have also 
been observed by others,<76> that estradiol itself demonstrates a biphasic 
dose-response curve suggests that this effect may be due to an artifact 
engendered by endogenous unlabeled hormone at high doses depress
ing the binding of Iabel in the receptor assay. 

There are several possible fates for antiestrogen-bound cytoplasmic 
receptor (Re). First is the possibility that antiestrogens arenot bound at 
all; this is untenable in light of considerable in vivo andin vitro evidence 
to the contrary. Second is the possibility that receptors are bound and 
not translocated. This can be discounted on the basis of demonstrations 
of nuclear ERs after antiestrogen treatment. Third, it is possible that 
though all Re may be bound at sufficiently high doses, only part of the 
bound receptor is translocated. Katzenellenbogen and Katzenellenbo
gen<21l have data showing that severalfold higher concentrations of an
tiestrogens than would be expected from in vitro studies are needed to 
inhibit nuclear binding of subsequent rH]estradiol. One explanation for 
this is that antiestrogen-filled sites are less readily translocated, leaving 
untranslocated receptor to which rH]estradiol binds. Our data and 
those of others,<8•16•56> however, show that most cytoplasmic ER is poten
tially translocatable, if the antiestrogen dose is sufficiently high or ad-
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ministered continuously, and adequate time is allowed for the effect. 
The same may be true for weak estrogens such as estriol.<56·89> The re
quirement of high dose and extended time may be explained by either 
slowed antiestrogen entry into cells, lowered affinity of antiestrogens for 
Re so that higher doses are required to saturate the receptor, or slower 
transfer of antiestrogen-receptor complex into the nucleus. It would 
seem, however, that given adequate exposure of receptor to the com
pound and enough time, complete translocation can be achieved, so that 
an explanation for estrogen antagonism cannot be found at this level. 

2.6. Binding to Nuclear Receptors and Nuclear Residence Time 

In vivo time-course studies using nuclear and cytosol exchange 
techniques to measure the movements of ER by antiestrogen clearly 
show that cytoplasmic depletion of Re is paralleled by appearance of 
approximately equal amounts of nuclear receptor bound to the anties
trogen.06·22·90·91> In dealing with nuclear residence of receptor, we must 
distinguish between two questions: the length of time the receptor re
mains in the nucleus and the length of time hormones remain bound to 
the receptor. The nuclear exchange assays, all based on the method of 
Anderson et a[.,<92> employ elevated temperatures to effect exchange, 
and do not distinguish between hormone-filled and unfilled sites. Our 
data show that after exposure to tamoxifen or nafoxidine, most of the 
nuclear receptor is initially bound to antiestrogen. In this respect, anties
trogens probably behave like estradiol.<93> Until [3H]antiestrogens are 
used for more direct studies, however, it will be difficult to demonstrate 
absolutely whether, and for how long, the nuclear receptor remains 
occupied by antiestrogens. The reason is that estradiol, used in ex
change assays, can partially displace certain lower-affinity antiestrogens 
from the receptor even at 0-4 oc. 

Though in the rat uterus high levels of nuclear ER are achieved 
within 1 hr of estradiol injection, this maximum is followed by a phase 
(1-6 hr after estradiol) of rapid disappearance of ER from the nuclear 
fraction.<55·94> Antiestrogens have a markedly different effect on nuclear 
receptor occupancy. A single injection of nafoxidine may cause retention 
of the ER by uterine nuclei for as long as 19 days.06> This atypical, 
long-term nuclear retention of ER after antiestrogen treatment has been 
repeatedly confirmed for nafoxidine<8·9·23·91 > and for a variety of other 
antiestrogens, including other triphenylethylene derivatives<8·9·23·90·91·95> 
and clomiphenes/91> as well as for long-acting derivatives of estriol. <9·19> 

According to Capony and Rochefort}23> in immature rat uteri, the 
majority of nafoxidine-translocated nuclear sites are hormone-bound 
between 4 and 48 hr, but by the 5th day, they are unoccupied. It is not 
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known whether the presence of bound vs. free receptors is associated 
with a corresponding difference in their biological effects. What is clear 
is that in the first 24-48 hr after a single injection, presumably a time 
when they are still receptor-bound, antiestrogens have both early and 
late responses similar to those of estradiol. Responses to estradiol are 
usually classified as early or late (short-term or long-term) on the basis of 
events occurring after a single injection of the hormone. Early responses, 
seen within 1-4 hr, are water imbibition<96•97>; hyperemia 07•98>; amino 
acid and nucleotide uptake<13•14>; activation of RNA polymerases I 
and nus>; RNA, Iipid, and protein synthesis<56•78•99) (including Stimu
lation of a specific "induced protein"uoo>); and increased glucose 
metabolism.<27•56•94> Late responses measured 24 hr after hormone admin
istration include true uterine growth (cellular hypertrophy and 
hyperplasia), 08•74> 2-deoxyglucose phosphorylation, 09> increased mitotic 
activity and DNA synthesis,u9•10u and sustained RNA polymerase I and 
II activity.08> 

Compounds that are capable of inducing late responses also induce 
early ones. The reverse, however, is not true,u8•19•89> giving rise to the 
classification of some estrogens as short-acting (also called partial 
agonists or weak estrogens). When injected together with estradiol, 
such weak estrogens, probably by virtue of their ability to compete with 
estradiol for Re, act as partial estrogen antagonists.<89> This type of an
tagonism is distinctly different, however, from that brought about by 
antiestrogens. Clark and co-workers showed that estriol (Ea, a weak 
estrogen), in contrast to nafoxidine, fails to cause significant retention of 
nuclear receptor (Rn) and suggests that the short nuclear residence time 
of the RnEa complex accounts for its estrogen antagonism. Estriol also 
differs from both estradiol and nafoxidine by its failure to stimulate 
sustained RNA polymerase I and II activity, 24-hr RNA and protein 
synthesis, and increased uterine weight.08> If, however, E3 is adminis
tered so as to maintain continuously high blood levels,09•89> nuclear re
ceptor complexes remain elevated, and long-term estrogen effects are 
obtained. 

These studies give strong support to the concept that true uterine 
growth requires the direct and prolonged influence of the nuclear ER 
complex (see also refs. 27, 56, and 102). It is therefore surprising that 
antiestrogens when given in multiple doses that provoke long-term re
tention of Rn fail to support sustained uterine growth in a manner simi
lar to estradiol and, furthermore, antagonize the effects of estradiol 
when they are injected tagether (see Section 1.2). 

To explain this paradox, it has been suggested that different nuclear 
binding sites exist for ER and antiestrogen-receptor complexes, orthat 
binding of the antiestrogen-receptor complex to chromatin is somehow 
atypical. Several investigators<93•10:a-106> have observed that extraction of 
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nuclei with 0.3-0.4 M KCl does not remove all estradiol-bound nuclear 
sites (RnE): most sites (80-90%) are low-affinity and extractable, while a 
few (10-20%) are nonextractable, high-affinity sites. It is believed that 
the long-term nuclear retention of the RnE complex is due to binding to 
the high-affinity, possibly "acceptor" sites. The existence in the nucleus 
of limited numbers of high-affinity binding sites has also been deduced 
from kinehe studies of estradiol dissociation rates007> and exchange 
rates.0°8> 

In contrast, antiestrogens bound in the nucleus form only the 
weaker salt-extractable species of ER at all times studied (1-24 hr).<91 •95> 
Furthermore, studies showing opposing effects of intercalating agents 
on ER and antiestrogen-receptor complex binding suggest that the two 
classes of compounds have different DNA site specificities.005> Such a 
difference in binding sites may explain the impaired biological response 
or "nuclear paralysis" seen with estradiol-bound nuclear complexes fol
lowing antiestrogen treatment.<22> Other studies similarly show that a 
complete estrogen response cannot be achieved if antiestrogen treat
ment precedes the estrogen injection.<8•9•15•20•24> This is in cantrast to the 
direct effects of a single dose of antiestrogens. Recall that most anties
trogens can behave as complete estrogens after a single dose, exhibiting 
a full 24-hr response.<s--Io> This ability does not correlate with the obser
vation that antiestrogens form only a salt-extractable nuclear receptor 
complex and means that different nuclear binding sites, if they exist, will 
have to be demonstrated by more sophisticated techniques than salt 
extraction. Notall antiestrogens arepotent estrogens after a single injec
tion; MER-25 has negligible effects on uterine weight, at doses that bind 
and translocate Rc.<23> It is possible that the nuclear MER-25-receptor 
complex not only binds to inappropriate nuclear sites but also, unlike 
more potent antagonists, is somehow unable to regulate gene expres
sion from these sites. 

Taken together, the data Iead to the conclusion that the biological 
ineffectiveness of some antiestrogen-receptor complexes is due in part to 
binding to abnormal or less responsive nuclear loci. However, until the 
existence of such loci is experimentally confirmed, and binding and 
genome activation is demonstrated under cell-free conditions, these 
conclusions remain only inferential. Certainly any mechanism proffered 
must explain why antiestrogens are first estrogenic, then subsequently 
become antagonists. One attempt at this explanation comes from studies 
on replenishment of cytoplasmic receptors. 

2.7. Cytoplasmic Estrogen Receptor Replenishment 

In addition to impaired nuclear binding, the antagonistic properties 
of antiestrogens may be caused by their effects on replenishment of Re. 
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It was first thought that after antiestrogen treatment, Rc's were not 
restored, and that this prevented the second estrogenic effect 24 hr after 
the first.<8•10•76> More recent studies<8•9•23•90> show that one reason com
pounds may be effective estrogen antagonists is that they keep Re levels 
depressed. Eventually, however, Reis replenished, and this replenished 
receptor can be retranslocated. Thus, the antiestrogenic potency of a 
compound depends in part on the time required for Re replenishment. 
This time varies with the injection regimed9•89> and dosage05•106> em
ployed. Antiestrogenic potency may additionally depend on the amount 
of Re replenished. Varying studies show replenishment to be greater 
than,<23•90> equal to,006> or less than<ss> controls. When injected tagether 
with estradiol, antagonists inhibit normal replenishmentY06> Although 
usually no detectable levels of Re' s are seen during the first 24 hr of 
antiestrogen treatment, and very little second estradiol response can be 
elicited/8•9•22 •27> administration of radioactive estradiol at this time does 
result in appearance of radioactivity in the nucleus.<22> This may mean 
either that there is replenished receptor in the cytoplasm, which is not 
measured in cytosol assays but which is translocatable, or altematively 
that the nuclear bound antiestrogen can be directly displaced by es
tradiol. In the former case, total receptor in the nucleus after estradiol 
should exceed the sum of cytoplasmic and nuclear receptor measured at 
zero time, while if the radioactivity in the nucleus is due to exchange, 
total receptor in controls and after estrogen injection should remain the 
same. This question is not yet resolved. In any case, it appears that the 
new nuclear estradiol-receptor complex is biologically inactive, support
ing the theory that the ER was placed at ineffective nuclear loci by the 
antiestrogen to begin with. Katzenellenbogen and Fergusod22> con
cluded that since the Re resynthesized after antiestrogen is biologically 
ineffective after secondary translocation by estradiol, there must exist 
nuclear responses that are inhibited much Ionger than Re resynthesis. 

2.8. Other Mechanisms 

Estrogenic compounds may play a role in regulating cyclic AMP 
(cAMP) levels in cells. Mammary tumor regression can be induced by 
dibutyryl cAMP ,U09> and antiestrogens may inhibit the actions of estro
gens through an effect on cAMP levels. <no> 

It is also possible that steroids at high concentrations may have 
nonspecific, toxic effects on cells<m> that need not involve a receptor 
mechanism. High doses of estrogens, in cantrast to low doses, inhibit 
macromolecular synthesis in human breast cancer celllines containing 
negligible ER levels<78> and induce solid tumor regressionY 12> A similar 
mechanism may operate in preneoplastic mammary nodules, which are 
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inhibited by nafoxidine but not by ovariectomy. These nodules appar
ently have no cytoplasmic or nuclear ER.<113> 

Furthermore, if we define antiestrogens as compounds that an
tagonize the actions of estrogens, the natural steroids (progesterone, 
androgens, estriol) would be included. Progesterene and to a lesser 
extent testosterone prevent the full Re restoration above controllevels 
normally seen after estrogen treatment<29•30> and result in lowered 
uterine weight. This inhibition may be directed to only certain types of 
cells in a target tissue.07·28·29·68> Estriol, a weak estrogen, has a short 
nuclear residence time. When given together with estradiol, estriol pre
vents long-term retention of nuclear ER. 

Finally, the possibility that nuclear ER interacts with genes to pro
voke increase of all RNA species required for full development of the 
estradiol response does not exclude the further possibility that, initially, 
there is synthesis of only a small number of induced proteins acting as 
second messengers of estrogens. Such compounds might be potential 
sites of antiestrogen action. 

lt is not clear that a single unifying concept to explain antiestrogen 
action will be possible or even correct. The problern is compounded 
since most studies have been done in immature or castrated animals the 
tissues of which are atrophic, and with single or pulsed doses of estro
gens or antiestrogens. Little is known of the effects of continuous expo
sure to these hormones in intact tissues, which represent the true 
physiological situation. lt is clear that the inherent estrogenicity of a 
compound must be distinguished from its antagonistic properties: a 
compound that is an effective estrogen after one dose may fail to sustain 
or enhance estrogen effects in subsequent doses. Similarly, relative es
trogenicity based on in vitro competition studies cannot be extrapolated 
to in vivo situations, in which clearance rates, tissue uptake, binding, 
and translocation rates of various compounds are undoubtedly quite 
different. 

Control of receptor depletion and replenishment appears to be a 
more accurate indication of biological effectiveness. However, Clark's 
hypothesis that suppression of receptor replenishment is characteristic 
of all antiestrogens does not alone suffice to explain antiestrogen action; 
nuclear insensitivity appears to persist despite receptor replenish
ment.<22> Cidlowski and Muldoon<72> point out, for instance, that di
methylstilbestrol (DMS) is antiestrogenic even though it effectively 
elicits depletion and replenishment. lt could be argued, however, that 
DMS exhibits all the properties of a weak estrogen and, like &, may not 
be a true antagonist.<82> 

This quite naturally brings us to the question of the definition of an 
estrogen antagonist. In the broadest sense, we might classify com-
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pounds as antiestrogens if, by themselves, they fail to sustain long-term 
estrogenic effects and if, when given tagether with an estrogen, they 
inhibit the estrogen' s ability to sustain these effects. In that case, weak 
estrogens such as estriol, other steroids such as progesterone, and the 
nonsteroidal antiestrogens may all be considered antagonists. 

To narrow this definition, we might cantrast the effects of weak 
estrogens such as estriol or nonestrogenic steroids such as progesterone 
or testosterone with the effects of the nonsteroidal antiestrogens. The 
former seem to act ultimately by reducing the amount of Re later avail
able to estrogen for translocation. The nonsteroidal antiestrogens also do 
this, but in addition appear to place the translocated receptor at atypical, 
biologically ineffective nuclear loci. 

3. Anliestrogens and Experimental Breast Cancer 

Since chronic treatment with antiestrogens suppresses the actions 
of estrogens and antagonizes estrogen-dependent responses, these 
agents may prove to be noninvasive tools for arresting or inhibiting 
estrogen-dependent tumor growth. Though this has been the tacit as
sumption behind use of antiestrogen therapy in humans, the experi
mental groundwork is fragmentary, at best. We describe below some 
experimental work with antiestrogens and animal breast tumor models. 

3.1. Normal Mammary Gland 

Little is known of the effects of antiestrogens on normal mammary 
tissue. Clomiphene may inhibit gland development produced by 
estradiol-progesterone combinations.<114> Chlormadinone acetate, a 
progestin with antiestrogenic properties, either inhibits or stimulates 
[3 H]estradiol uptake into normal glands in culture, depending on admin
istration schedule.<ns> In considering these results, it should be recalled 
that normal nonlactating mammary tissue contains little or no ER. 

3.2. Anliestrogens and Mammary Tumor Induction 

Estrogens have a dual, dose-dependent effect on mammary tumor 
induction and growth. Large doses inhibit tumor developmentm6> and 
suppress growth of established tumors.0 17•118> However, they can also 
induce mammary tumors to develop de novo. Injections of lower, 
physiologic doses of estrogens stimulate tumor growth in ovariec
tomized animals.m9•120> 
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Antiestrogens have similarly been implicated in tumor induction 
and suppression. Perhaps the most dramatic demonstration of the car
cinogenic potential of antiestrogens was recently reported by Clark and 
McCormack,021 > who showed that a single injection of clomiphene or 
nafoxidine in neonatal rats causes multiple abnormalities of the repro
ductive tract in the adult female. Similarly, in humans, exposure as 
fetuses to diethylstilbestrol may result in genital tract abnormalities in 
young warnen 20 years later.<122> 

In the mammary gland, most studies show that antiestrogens inhi
bit tumor formation.<31•113•123- 127> Even compounds such as estriol that 
are not usually considered antiestrogens but that nevertheless inhibit 
estrogen action also suppress tumor formation.027> Nafoxidine and a 
structurally related antiestrogen, 023,469, inhibit both formation of pre
neoplastic nodules and their transformation into tumors.<31•126> Since the 
7, 12-dimethylbenz(a)anthracene (DMBA)-induced mammary tumor is 
considered to be estrogen- and prolactin-dependent,<31•120•128> the an
titumor effects of nafoxidine have been ascribed to inhibition of prolactin 
secretion.<30 Interestingly, nafoxidine inhibits tumorigenesis in mam
mary preneoplastic nodules that arenot suppressed by ovariectomy}113> 

suggesting perhaps the existence in these nodules of free, biologically 
active es trogen receptors that can be antagonized by antiestrogens. Such 
a mechanism was proposed by Zava et al. <44> to explain growth suppres
sion by antiestrogens of breast tumor cells in culture, in the absence of 
estradiol. Altematively, this may simply be a toxic effect of the com
pound at high dose. 

Inhibition of prolactin secretion cannot be the sole mechanism of 
antiestrogen-induced suppressive effects. Tamoxifen, after only 2 days 
of administration, produces prolonged tumor suppression despite the 
presence of normal estrus cycles and only weak suppression of 
estrogen-induced prolactin secretion.05•123> Another antiestrogen, 
RU16117 (lla-methoxyethinyl estradiol), completely prevents appear
ance of DMBA tumors at doses that normally stimulate plasma prolac
tin. U24,t2s> 

3.3. Anliestrogens and Mammary Tumor Growth 

Just as they inhibit tumor induction, antiestrogens suppress growth 
of established mammary tumors. Understanding this effect of antiestro
gens is complicated by the fact that the role of estrogens themselves is 
far from clear. For example, though most DMBA tumors are hormone
dependent, it is unknown whether the essential hom1one(s) required for 
growth is prolactin, estradiol, or both. 
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Prolactin has been implicated as the major growth-promoting 
hormone,<12s-tao> since for short duration it supports mammary tumor 
growth in the absence of a pituitary, ovaries, and adrenals.U28•130> On the 
other hand, estradiol may in turn regulate mammary responsiveness to 
prolactin, 02m so that estrogens appear to be essential, but not sufficient 
for tumor growth (for a review, see McGuire et al. uau). In endocrine
ablated rats, some tumors, nonresponsive to prolactin alone, resume 
growth when given prolactin-estrogen combinations.020> Of interest is 
the fact that antiestrogens can similarly rescue such tumors. Nafoxidine
prolactin combinations can restore growth of prolactin-insensitive 
tumors,u2o> suggesting an estrogenlike effect for nafoxidine in this case. 
Manniet al. u32> showed that tamoxifen fails to block prolactin-induced 
growth and argued that this demonstrates the predominant role of pro
lactin on growth. Their data are equally consistent, however, with an 
estrogenic effect of tamoxifen that, like nafoxidine, is potentiating the 
effects of prolactin. 

In general, chronic administration of antiestrogen causes regression 
of many but not all DMBA tumors. Responses may vary depending on 
treatment schedules, doses, and compounds used. Nafoxidine signifi
cantly inhibits tumor growth when given chronically to intact rats.<at.taa> 
On the other hand, not all tumors regress.U20> Furthermore, nafoxidine 
may have growth-stimulating properlies in ovariectomized rats,u34> 
which may be an expression of its estrogenic activity. When 023,469 is 
used at very high doses (250 JLg/day), it elicits regression in almost all 
tumors. The time course of regression is similar to that obtained with 
ovariectomy.U26> Tamoxifen<15' 123' 135' 136> and CI 628u37' 138> also have vari
able effects on tumors in intact rats: some grow, some remain static, and 
others regress, depending in part on the dose of hormone used, though 
even with large doses, variable responses persist.U37•138> Such doses 
either have no effect onuas> or enhanceu35> prolactin Ievels. High doses of 
RU16117 suppress tumor growth in the face of markedly elevated serum 
prolactin. On the other hand, low doses, which have little effect on 
prolactin, enhance tumor growth.u24•139> Thus, it would seem that the 
growth-suppressive effects of this antiestrogen, as weil as others, may 
not require parallel suppression of prolactin. 

De Sombre and Arbogastn37> studied the effects of CI 628 on tumor 
regression and made several important observations regarding anties
trogen treatment. First, antiestrogens may be most effective in those 
tumors treated soon after their appearance; such tumors are more likely 
to be hormone-dependent, and are faster growing.U40•14u Second, the 
tendency of tumors to become autonomous is not prevented by chronic 
antiestrogen administration: the majority of tumors have incomplete 
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remissions followed by regrowth. Other tumors seem to disappear com
pletely, only to reappear despite continued antiestrogen treatment. The 
relationship ot these observations to the problems of treatment regimen 
and recurrence of human tumors need not be belabored. 

3.4. Estrogen Receptors 

The mechanism by which antiestrogens inhibit mammary tumors is 
unknown. Since estrogens (at low doses) stimulate tumor growth, prob
ably through ER, antiestrogens may act directly at the tumor to an
tagonize ER effects. The presence of ER in DMBA tumors is well 
documented/119 · 120· 126· 140· 14~ 145> though ER relationship to hormone de
pendence is not as clear.019·143-145> In human tumors, the presence of ER 
correlates with both hormone dependence and tumor regression follow
ing endocrine therapy.046> 

At about the same time that the correlation of ER and response to 
hormone therapy was being described, it was first shown that a 
radioactive antiestrogen ([I4C]clomiphene) accumulates in mammary 
tumors,042> and that the specific binding of fH]estradiol could be inhib
ited by nafoxidine and clomiphene.033> The 8 S estrogen binding in 
tumor cytosols is suppressed in vitro by unlabeled tamoxifen,05·127·147> 

even when the antiestrogen is present at relatively low doses (5 nM).U48> 
In vivo binding of fH]estradiol is also suppressed by tamoxifen pre
treatment. 

Anliestrogens translocate ER to tumor cell nuclei. Re levels virtually 
disappear after chronic antiestrogen treatment.033•141 > Doses of RU16117 
that stimulate tumor growth have no effect on Re levels, while high 
doses that induce tumor regression lower Rc.U36·139> 023,469 also de
pletes cytoplasmic receptors and induces tumor regression despite the 
presence of very high (94% of total) levels of nuclear receptors. Of inter
est in this case is that regression of the tumor is accompanied by es
trogenic stimulation of the uterus with maintainance of progesterone 
receptors. 026> 

The time courses of receptor redistribution in DMBA-tumor cells 
after estradiol (5 ~J-g) or tamoxifen (100 ~J-g) injection are quite dif
ferent.049·150> At 30 min after estradiol treatment, Re is depleted; re
plenishment is virtually complete within 4 hr. Note that this cycle is 
accelerated in tumor cells compared with normal target tissues such as 
the uterus, in which 18-24 hr is required for complete replenishment. In 
contrast, tamoxifen has little early effect on Re. In fact, in the first 4 hr, a 
slight (10-20%) depletion is quickly followed by an increase in Re above 
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controls. Persistent depletion is not seen until24 hr, and 48 hr is needed 
for 95% of Re to disappear. Nuclear retention of ER is, unlike the case in 
rat uterus, prolonged for both estradiol and tamoxifen, but both return 
to control in 48 hr. Thus, if one Iooks at total cell receptor Ievels 48 hr 
after treatment with estradiol, receptors in the cytoplasm have returned 
to control Ievels. After tamoxifen treatment, total cellular ERs are ex
tremely low. Receptors are absent from both cytoplasmic and nuclear 
compartments,050> an effect that is distinctly different from that seen 
with U23,469.026> These data, from a single laboratory, require confirma
tion and extension. They suggest that the dynamics of receptor move
ment in the tumor cell differ markedly from those in a normal cell and 
would have important implications. Furthermore, they may mean that 
after antiestrogen treatment, tumors are unresponsive to estrogen, not 
because of an intrinsic property of the antiestrogen-receptor complex, 
i.e., localization of Rn at nonfunctional sites, but because of total cellular 
depletion of receptor. 

In sum, though it seems reasonable to suppose that antiestrogens 
suppress tumor growth through an effect on ER, the complete 
mechanism is unknown, as is the site of action. In intact animals, at least 
three sites (the tumor, the ovary, and the hypothalamic-pituitary axis) 
may be directly affected by antiestrogens and thereby Iead to tumor 
regression. Apparently, tumor-inhibiting doses are those capable of 
suppressing Re Ievels. Currently, the data are inconsistent regarding the 
Ievels of nuclear receptors at these doses. Other aspects of antiestrogen 
effects on tumors have been largely ignored. What is the behavior of ER 
during spontaneaus or estrogen-induced escape from antiestrogen sup
pression described by De Sombre and Arbogast037>? Although an auton
omaus cellline could arise during antiestrogen suppression, accounting 
for spontaneaus escape, it is more difficult to envision a mechanism of 
estrogen-induced escape if cell receptors are completely depressed as in 
the studies of Nieholsan et al.049•150> 

Total cell receptors, as weil as receptor distribution, are different 
after ovariectomy-induced regression compared with antiestrogen
induced regression. 026> In ovariectomy-induced regression, total tumor 
ER Ievels are high, consistent with estrogen absence (see Section 5.3). 
After regression due to U23,469,026> however, total receptor Ievels de
crease markedly. We find such low, or processed, Ievels during periods 
of estrogenic stimulation (see also below). This may mean that the 
mechanism of regression in these two cases is quite different. In fact, it 
may weil be that antiestrogen-induced regression is analogaus to that 
induced by high-dose estrogens, though no studies contrasting these 
two methods of achieving tumor regression have been clone. 
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4. Anliestrogens and Human Breast Cancer 

Hormonal treatments, whether ablative or additive, prove success
ful in approximately one third of patients with breast cancer, and suc
cessful response to treatment is correlated with presence of ER in meta
static tumors.0 46> Since circulating estrogens may be important factors in 
stimulating tumor growth, one rationale for use of estrogen antagonists 
has been to block estrogen binding to hormone receptors at the target 
tissue, thereby accomplishing, by noninvasive means, the same 
therapeutic ends as ablative procedures. As seen in experimental animal 
tumor models, however, there is no a priori reason to suppose that these 
compounds are merely antagonistic to estrogens in the sense of mimick
ing the effects of ovariectomy, i.e., estrogen withdrawal. Rather, in the 
intact animal (and human), their effects may be either estrogenic, estro
gen antagonistic, or antigonadotropic. 

4.1. General Endocrine Effects 

Estrogens control the development and functions ofthefemale re
productive tract and mammary gland directly through effects on the 
target cells and indirectly by regulation of the pituitary. Thus, multiple 
interaction sites will have to be considered for estrogen antagonists. 

4.1.1. Role of Reproductive Cycles: Age and Menopausal Status 

The uterine estrogenic effects of antagonists, though not manifested 
in adult intact animals and humans, are usually unmasked following 
ovariectomy. The extent of biological estrogenic and antiestrogenic activ
ity on the pituitary may also differ in intact and oophorectomized 
women, and furthermore may be critically dose-dependent. With regard 
to the latter, estradiol can increase plasma luteinizing hormone (LH) 
Ievels at low doses, and has the opposite effect at high doses.051> Simi
larly, antiestrogens have contradictory effects on gonadotropin secre
tion, depending on dosages. Clomiphene may stimulate gonadotropin 
secretion at low doses and inhibit it at high doses<152>; nafoxidine inhibits 
at low doses, and has no effect at high doses.053> Thus, in sexually 
mature females, the role of antagonists may shift from antiestrogenic to 
estrogenic or antigonadotropic, depending on dose.<33> That sexual mat
uration may be an important determinant of the effectiveness of anties
trogens is shown by their differential effect in humans of different 
menopausal status. In postmenopausal women, prolactin and estrogen 
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Ievels are not changed by tamoxifen/60> while follicle-stimulating hor
mone (FSH) and LH are decreased.<60·63> In premenopausal women, 
tamoxifen has no effect on LH and only slight effect on FSH; however, 
estradiol Ievels are markedly elevated while prolactin Ievels are de
pressed.<154> Increased LH and FSH secretion is thought to explain the 
usefulness of tamoxifen in the treatment of oligospermia.055> 

Morgan et al. 056'164> found that tumor regressions in response to 
antiestrogen treatment are more likely to occur in women from the old
est age groups, while premenopausal women have the poorest re
sponses. Among postmenopausal women of different ages, however, 
Lerner et al. <6s> found little differences in response rate. Since more 
postmenopausal than premenopausal women have positive tumor 
ER, 046> this may also explain the former' s improved response to anties
trogens, and might imply that the antiestrogens are acting directly at the 
tumor, through the ER system. 

4.1.2. Estrogenic Effects* 

Nafoxidine therapy is successful in more than 35% of cases055> in 
which it appears to be estrogenic; vaginal cytology in postmenopausal 
women is transformed from atrophic to estrogenic during treat
ment.057'158> Doses of tamoxifen that cause tumor regression or prevent 
progression fail to interrupt the menstrual cycle of premenopausal 
women, so that complete block of estrogen action may not be required 
to suppress tumor growth. <61> Since tumors can be reduced further 
by oophorectomy, however, maximal suppression of estrogen action 
may be an important therapeutic goal. Initial estrogenic effects of tam
oxifen may explain the flare-up of disease seen just after start of treat
ment. <az> 

4.1.3. Effects on Estradiol 

While Golden et al. <6o> reported that plasma estradiollevels are un
changed by tamoxifen, Willis et a[.<63> found that during tamoxifen 
therapy, estradiollevels rise, but only in treatment-failure groups. This 
may be due to escape from antiestrogen suppression, and may indicate 
differential sensitivity of target cells (pituitary?, tumor?) in the two re
sponse categories. According to Manniet al., <60 estradiollevels increase 
slightly in all groups. 

*See also Section 2.2. 
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4.1.4. Effects on Pituitary* 

Similarly, while Golden et al. <60> found prolactin Ievels unchanged, 
Willis et al. <63> found that tamoxifen distinguishes between two popula
tions of patients. Prolactin Ievels in patients with normal basal prolactin 
arenot affected by tamoxifen, while tamoxifen reduces prolactin in pa
tients with initial hyperprolactinemia whose tumors regress, but fails to 
do this in treatment-failure groups. Since elevated prolactin is associated 
with failure, these authors suggest that prolactin suppression together 
with antiestrogen treatment would enhance response. It should be 
recalled, however, that regression is achieved in experimental 
animal tumors (Section 3.3), despite normal or elevated prolactin 
Ievels. 

4.1.5. Effect of Dose 

Though Ward 060> found relatively little difference in response be
tween two doses of tamoxifen, studies from two other groups33•65> show 
that tamoxifen may be more effective at low doses than at high doses. 
For unexplained reasons, estrogen antagonists are often more estrogenic 
at low that at high doses/4' 11 ' 22 •24-26> and they may be differentially an
tigonadotropic as weil (see also Section 2.2). It is also possible that at 
high doses, there are interactions with other receptors (such as andro
gen receptors) or increased metabolite formation. lf the latter, then at 
high doses, the circulating compound may consist largely of hydroxy
lated metabolites, the properlies of which may differ considerably from 
those of the parent compound.061> Cytoplasmic ER replenishment may 
also differ considerably at different doses.0°6> It is clear that when con
sidering antiestrogen therapy, the dosage used must be rationally 
selected and then perhaps modified, depending on initial changes in 
circulating hormones. 

4.2. Estrogen Receptors 

As is the case for all other endocrine therapies, effectiveness of 
antiestrogen therapy is correlated with presence of ERs in the tumors 
(Table I). 

Tereniusuaa> showed in 1971 that some human breast cancer biopsy 
specimens bound estradiol specifically, and that nafoxidine and 
clomiphene inhibit this binding. He suggested that antiestrogen therapy 

*See also Section 4.1.1. 
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might be useful for patients whose tumors had high Ievels of ER. In 
human tumor eytosols derived from biopsy specimens<so> or eells in tis
sue eulture,<78> the 8 S binding of estradiol is suppressed by tamoxifen. 
Garola et al. 062> showed that in a tumor that eontains appreciable Re 
before treatment, ehronic clomiphene-indueed remission is aeeom
panied by eomplete loss of eytoplasmie ER. Thus, as in experimental 
animal tumors, in humans, there is some evidenee that the ER system 
mediates anliestrogenie effects. As a eorollary, this would imply that the 
suppressive effects are directed against the tumor itself. As we have 
alluded to before, however, there is at present no reason for eliminating 
antiestrogen aetion at sites other than the tumor. 

4.3. Tumor Response to Anliestrogen Therapy 

Despite these potentially modifying influenees, antiestrogens have 
been almost uniformly found tobe effieacious in the treatment of breast 
eaneer. The eumulative response rates from a number of studies are 
summarized in Table I. Their effectiveness equals that of other additive 
or ablative endoerine proeedures.046> It must be kept in mind, however, 
that with few exeeptions, all the patients on antiestrogen treatment have 
been postmenopausal. The response rate in the small series of pre
menopausal patients has been low (Table 1 and refs. 156 and 159), and 
emphasizes again that the patient's endoerine status may eritieally de
termine whieh biologieal aetivity an antagonist may display. 

Although antiestrogens are undoubtedly useful in treatment of 
breast eaneer, it is difficult, if not impossible, to derive clues to the 
meehanisms involved from a review of the endoerine effeets. The follow
ing seetion is a brief review of our studies on estrogen and antiestrogen 
action in eultured human breast eaneer eells with the eventual goal of 
understanding some of these meehanisms. 

5. Anliestrogens and Human Breast Cancer in Long-Term 
Tissue Culture 

5.1. Introduction 

Though antiestrogens are widely used for treatment of a variety of 
malignancies068> and endoerine disorders,056•169> their meehanism re
mains unclear. The major reason for this failure has been the laek of a 
suitable model. In the first plaee, the responses of the sexually immature 
or ovarieetomized adult animal may not resemble those of the intact 
eycling adult. Seeond, most studies have been done using single or 
pulsed doses of hormones. This proeedure fails to reproduee eonditions 
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as they actually occur in the normal animal. If our long-term goal is to 
explain the actions of steroids and their antagonists in humans with a 
view to their rational deployment in disease, then such conditions will 
have to be approached. Third, antiestrogen research has been hampered 
by inadequate knowledge of the role of peripheral and intracellular 
metabolism of antiestrogens. This is one explanation for the failure of in 
vivo studies to uphold findings and predictions made from in vitro (cell
free) work and for dose-dependent differences in responses often ob
served. Fourth, for the most part, studies on the mechanism of estrogen 
antagonists have used the uterus as a model system. There is now con
siderable evidence that within a specific organ, important tissue dif
ferences exist.m·28•53·72> There is therefore little reason to expect breast 
cells to respond in ways analogous to uterine cells, so that for the pur
poses of breast-cancer-related problems, studies should be carried out 
using breast cells. Fifth, nuclear receptor assays have been critically 
deficient. Under the conditions used (exchange at high temperatures in 
intact nuclei}, the receptors may undergo further processing or inactiva
tion (see below), so that their precise quantitation is difficult. Thus, 
receptor content in the nuclei at the time of homogenization and after 
receptor assay at elevated temperatures may be different. 

In our attempts to circumvent some or all of these problems, we 
have employed both a different model system and a new nuclear ex
change assay. The human breast cancer cellline, MCF-7,u7o> has been 
maintained in long-term tissue culture, contains receptors for all four 
major steroids known to influence breast cells,u71 •172> and is estrogen
responsive.<l7a> These cells are ideally suited to study the influences of 
estrogen and its antagonists under conditions in which metabolite for
mation, hormone concentration, and treatment time are carefully con
trolled, and in which the direct actions of these compounds at the target 
cell can be studied independently of their indirect effect on trophic hor
mones. The new nuclear exchange assay employs the principle that 
protamine precipitates estrogen receptor.U74> The free precipitated Re 
binds flH]estradiol directly075>; salt-extracted free and bound Rn' s are 
measured directly (free, 4°C binding) or by exchange (bound, 30°C bind
ing).<44·45·93> With this method, receptors can first be removed from nu
clear inactivation or further processing sites, and then assayed under 
cell-free conditions. 

5.2. Subcellular Distribution of Estrogen Receptors in MCF-7 

Wehave found that estrogen receptors in MCF-7 cells have an un
usual subcellular distribution.<44·45> These cells contain unfilled (free) nu
clear estrogen receptors (Rn's) (Fig. 3), in addition to the usual cytoplas-
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Fig. 3. Scatchard plots of specific 
[3H]estradiol binding to unfilled cyto
plasmic and salt extracted nuclear 
es trogen receptors from MCF-7 cells. 
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mic sites (Re's). The presenee of Rn's in MCF-7 eells was first indirectly 
suggested by the experiments of Brooks et az.,un> who found that after 
eells were ineubated at Ü°C with [3H]estradiol for 1 hr, the radiolabelwas 
loeated in the nucleus. While they believed that estradiol had translo
cated Re at 0°C, aceording to our data, an alternative explanation is that 
[3H]estradiol binds direetly to unfilled sites present in the nuclei of un
treated eells. Unfilled nuclear ER sites ean also be demonstrated in solid 
human breast tumors<47•48> and in other tissue eulture eelllines.<46> How
ever, reeeptors for other steroid hormones, though present in the eyto
plasm, arenot found free in nuclei of MCF-7 eells. 

5.3. Effects of Estrogen Treatment 

5. 3 .1. Recep tor Redistribution 

Re ean bind estradiol and transloeate it into the nucleus simultane
ous with direet binding of estradiol to Rn. Thus, within 1 hr after expo
sure to estradiol (Table II), Re disappears from the eytoplasm and reap
pears in the nucleus as part of RnE. Rn binds E direetly to become RnE, 
so that virtually no unfilled sites (Re or Rn) remain within a short time, 
and total eellular reeeptors are in the nucleus in bound form. 
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Table II 
Translocation of Cytoplasmic Receptor and Direct 

Binding of Estradiol to Nuclear Receptora 

pmol/mgDNA 

Untreated Estradiol-treated 

RcWC) 0.391 0.021 
RcE (30-4°C) 0 0.028 
RnWC) 1.322 0.057 
RnE (37-4°C) 0 1.492 

TOTALS 1.713 1.598 

"Cytosol and nuclear salt extraets were prepared from untreated intaet 
eonfluent MCF-7 eells and after 1 h of exposure to radioinert estradiol 
(estradiol-treated). Reeeptor eontent was determined by direet bind
ing and exehange of fH]estradiol using the single-dose protamine 
assay. Unoccupied cytoplasmie (Re) and nuclear (Rn) sites were de
termined by direet uptake of fH]estradiol into reeeptor-protamine 
precipitates at4°C. Estradiol-occupied cytoplasmie (ReE) and nuclear 
(RnE) sites were assessed by the differenee in total sites (30 or 3IT) 
and unoccupied (Re or Rn) sites. From Zava and McGuire.'""' 

5.3.2. Processing of Nuclear Bound Estrogen Receptors 

If the cells are exposed to estradiol for Ionger periods of time (from 5 
hr to several days), further changes are manifested by decreases in total 
nuclear receptor Ievels. Table III shows the effect of different, continu
ous concentrations of estradiol on the compartmentalization and total 
Ievels of ER. In this study, the numbers of unfilled cytoplasmic and 
nuclear receptors in untreated cells are approximately equal. With in-

Table III 
Effect of Estradiol Dose on Estrogen Receptor Distribution and 

Progesterone Receptor Synthesisa 

Re Rn RnE Total Processed PgR 

Control 1.79 1.80 0.22 3.81 0.25 
1o-12M E.z 1.61 1.57 0.09 3.27 0.54 0.56 
1o-11 M E.z 0.99 1.44 0.18 2.61 1.20 0.69 
1o-roM E.z 0.28 0.49 0.69 1.46 2.35 1.17 
1o-"M E.z 0.02 0.21 0.97 1.20 2.61 1.25 
1o-8M E.z 0 0.17 0.98 1.15 2.66 1.10 
1o-7ME.z 0 0 1.13 1.13 2.68 1.09 

"Cytosol and nuclear extraets were prepared from MCF-7 eells treated with varying doses of 
estradiol for 4 days. ER receptor eontent was determined by direet binding and exehange of 
fH)estradiol using the single-saturating-dose protamine assay. Unoecupied eytoplasmie (Re) 
and nuclear reeeptor (Rn); oecupied nuclear reeeptors (RnE). Progesterune receptor (PgR) 
measured by dextran-eoated chareoal assay. 
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ereasing doses of estradiol, there is progressive depletion of Re and Rn. 
At lo-10 M, only 15% of eytoplasmie sites remain unfilled, and virtually 
eomplete depletion oeeurs at higher doses. Re does not remain in the 
eytoplasm in bound form (ReE, 30°C ineubation; not shown) or in eyto
plasmic organelies (0.6 M KCI extraet of high-speed pellets). We eonclude 
that Re transloeates to the nucleus while simultaneously Rn sites fill, so 
that all reeeptor is in the nucleus in bound form (RnE). 

The reeeptor is then proeessed in a dose-dependent fashion . At the 
lower doses, though Re and Rn deerease, there is little aeeumulation of 
oeeupied nuclear reeeptors (RnE). Instead, total eellular reeeptors (Re + 
Rn + RnE) are progressively lower. At the higher estradiol doses, free 
eytoplasmic and nuclear reeeptors are entirely depleted, but total reeep
tor Ievels (as RnE) are only 30% of total eell reeeptor present in eontrols. 

One interpretation of these effeets is that at low doses, all RnE 
formed from both Re and Rn is rapidly utilized or proeessed in a sub
sequent step to a steady-state Ievel that is dependent on dose. The 
number of RnE sites that ean be proeessed may be limited, however, so 
that RnE formed at higher doses remain unproeessed. 

5.3.3. Kinetics of Estrogen Receptor Processing 

The proeessed reeeptor Ievels seen in Fig. 4 were measured 4 days 
after start of treatment. If proeessing is an essential step in genome 
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Fig. 4. Estrogen-receptor Ievels in MCF-7 cells treated 10 min or 1-24 hr with unlabeled 
estradiol. Receptors measured by single-dose protamine sulfate exchange assay. (Re) unfil
led cytoplasmic receptor; (R.,) unfilled nuclear receptor; (R.,E) filled nuclear receptor; (To
tal) Re + R., + R.,E. 
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Fig. 5. Estrogen-receptor distribution in MCF-7 cells after continuous 12-day estrogen 
treatment ( + E) or withdrawal of estrogen from days 4 to 12 (-E). Receptors measured by 
protamine sulfate exchange assay. (Re) unfilled cytoplasmic receptor; (R") unfilled nuclear 
receptor; (R,;E) filled nuclear receptor; (Total) Re + R,; + R,;E. 

activation one would expect it to be an early event in estrogen action. 
Figures 4A and B show the effect of brief (10-min) or more prolonged (1-
to 24-hr) 10 nM estrogen treatment. 

The untreated cells shown in Fig. 4A have 70% of free receptor in 
the nucleus and 30% in the cytoplasm. After 10 min on estradiol, Re and 
Rn are no Ionger measurable and all cellular receptors appear in the 
nucleus bound to estradiol. Despite the short incubation time (cells were 
treated, harvested, and cooled to 4°C within 30 min), receptor processing 
has started as shown by the decrease in total receptors in the estradiol
treated group. Figure 4B shows again that processing is well under way 
by 1 hr, so that maximal RnE buildup is not seen. Processing is essen
tially complete by 5 hr; thereafter, RnE is stabilized at the new steady
state level (Fig. 4B, 24 hr, and Fig. 5). 

5.3.4. What Is Nuclear Processing? 

The nature of processing is unclear. It may be an active state in 
which a new equilibrium between receptor degradation and synthesis is 
achieved/57> or a redistribution of receptor within nuclear binding sites 
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of differing affinitiesnos> or specificities}54> or sequestration of receptor to 
sites inaccessible to salt extraction.<9L 102> 

The ER processing seen in breast cancer cells may or may not be the 
same phenomenon observed in the rat uterus, where bound nuclear 
receptors are maximal after 1 hr of estradiol treatment, with loss of 
70-80% of sites by 6 hr and complete loss by 24 hr as cytoplasmic sites 
replenish.0°2> This may mean that without continuous stimulation, once 
activation occurs RnE function ceases so that it is degraded<ss> and Re 
resynthesized. It has also been proposed, however, that continued bind
ing and action of estrogens is required to elicit a sustained hormone 
response.<27•56> Similarly, the ability to stimulate uterine weight by an
tiestrogens or weak estrogens correlates with the time of nuclear
receptor occupancy.<9•56> This would suggest that RnE processing is not 
simply a mechanism to terminate RnE action. Our studies show that 
during continuous estrogen treatment, processing suffices only to 
stabilize RnE at a new steady-state Ievel and that continued stimulation 
may be required to activate the genome and maintain synthetic function. 

Both Re and Rn appear to be involved in estrogen action, since the 
amount of receptor lost in processing is often greater than can be ac
counted for by total loss of receptor from one of these compartments 
alone. Similarly, the restoration of receptors in both compartments on 
es trogen withdrawal (see below) suggests that both receptors participate 
in estrogen action. 

Most studies designed to show the effects of estrogens on subcellu
lar ER distribution involve a single or pulsed dose of hormone,<9•55•57•102> 
and show shifting receptor distributions during recovery from estrogen 
treatment. In vivo cells are almost never absolutely deprived of estrogen; 
instead, they are under continuous, albeit fluctuating, stimulation. 
Under such steady-state conditions, cytoplasmic and nuclear receptor 
Ievels represent the sum of receptor synthesis, translocation, and pro
cessing. This may be much lower than receptor Ievels that are potentially 
present in the unstimulated cell or that the cell is capable of synthesiz
ing. It is such processed Ievels of receptor that are being measured in 
biopsied human tissues. 

5.3.5. Estrogen Receptor Distribution during Replenishment 

Processed receptor Ievels seen during estradiol treatment retum to 
control values when the hormone is withdrawn, showing that the cells 
are capable of new receptor synthesis. 

The compartmentalization of ER following 4-day estrogen treatment 
followed by estrogen withdrawal is shown in Fig. 5. After estrogen 
treatment ( + E), Re and Rn disappear, and total receptor Ievels fall ap
proximately 70% and are found in the nucleus as RnE. Receptor Ievels 
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Table IV 
Cytosol and Nuclear Receptor Distribution in Untreated, 

Processed, and Receptor-Replenished Cellsa 

Receptor (pmol!mg DNA) 

Untreated Processed Replenished 

Re 1.37 (35%) 0 0.55 (15%) 
Rn 2.43 (62%) 0.07 ( 6%) 2.25 (61%) 
RnE 0.12 ( 3%) 1.10 (94%) 0.88 (24%) 

TOTALS 3.92 1.17 3.68 

a Cytosol and nuclear extracts were prepared from MCF-7 cells untreated with 
estradiol. treated 12 days with continuous 10 nM estradiol (processed), or 
treated 4 days with 10 nM estradiol, then 8 days without it (replenished). 
Receptor content was deterrnined by direct binding and exchange of [3H]
estradiol using the single-saturating-dose protamine assay. Unoccupied 
cytoplasmic (Re) and nuclear receptors (Rn) measured by 4°C binding. Oc
cupied nuclear receptors (RnE) measured by the difference in total sites 
(30°C) and unoccupied (Rn, 4°C) sites. 

then remain unehanged during the entire 12-day eourse of estrogen 
treatment. In eells from which estradiol has been removed (-E), several 
effects are seen. The binding of estradiol to Rn (RnE) is remarkably 
prolonged. Though there is loss of RnE on days 4-12, at least some 
estrogen always remains bound to nuclear receptor. Thus, restoration of 
eell ER eannot be explained by loss of E from the nuclear reeeptor fol
lowed by redistribution of the newly emptied sites. Instead, both eyto
plasmic reeeptors (Re) and nuclear reeeptors (Rn) are clearly being syn
thesized de novo, and this synthesis is refleeted in the restoration of total 
eellular ER. Sinee hormone withdrawal serves as a trigger of Rn reap
pearanee, it seems unlikely that its nuclear loealization is a result of 
transloeation from the eytoplasm after ligand binding. The possibility 
remains that after synthesis of new reeeptor in the eytoplasm, some of 
the moleeules, by an unknown meehanism, move to the nucleus. 

Table IV summarizes reeeptor distribution in untreated, proeessed, 
and replenished eells. In the last, final Re levels are below eontrol 
while Rn levels have returned to eontrol. Totals are also the same as 
eontrols, and the differenee is in the high levels of RnE remaining in eells 
despite 8 days without estradiol. 

5.4. Progesterone Receptor Synthesis: A Biological Response to 
Estrogen Action 

One way to demonstrate that these shifts in ER distribution and ER 
levels have biologieal signifieanee is by demonstrating parallel, 
estrogen-indueed responses. Progesterone reeeptors (PgRs) are speeific 
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products synthesized in the uterus under the control of estrogen.0 761 We 
have measured PgRs in breast cancer to serve as an indicator of sus
tained estrogenic stimulation and of the integrity of the ER system.<tm 
Table III shows that like the uterus, MCF-7 cells are capable of respond
ing to estradiol treatment with increased PgR synthesis. The data also 
suggest that estrogen stimulation of PgR involves ER because, first, the 
extent of PgR induction parallels closely both the binding and transloca
tion of Re and the binding of Rn, and, second, PgR induction is corre
lated with ER processing during estradiol Stimulation. When processing 
ceases (not shown) PgR levels fall and ER levels are restored. 

5.5. Effects of Anliestrogen Treatment 

After studying the effects of estradiol on ER redistribution, process
ing, and PgR synthesis, we contrasted these effects with the effects of 
antiestrogens. The following section describes results obtained using 
tamoxifen and nafoxidine to study MCF-7 cell growth, PgR synthesis, 
and ER distribution and processing. 

We measured MCF-7 cell growth rate and PgR synthesis to distin
guish estrogenic from antiestrogenic properties of estrogen antagonists. 
Leavitt et al. 0781 showed that a variety of antiestrogens promote synthe
sis of uterine PgR as well as uterine weight gain, and suggested that of 
the two, the PgR response is a more sensitive endpoint of estrogen 
action. 

5.5.1. Tamoxifen and Growth 

We found that the effect of tamoxifen on growth is dose-dependent. 
Figure 6 compares the growth rate of cells given two doses of tamoxifen. 
Though these cells are estrogen-responsive, they are not estrogen
dependent for growth; in this study, growth of preconfluent cells is 
unaffected by 10 nM estradiol (not shown) or the antiestrogen tamoxifen 
at 0.1 JLM. At 1 J.LM, however, tamoxifen isapotent growth inhibitor. To 
show whether the antiestrogen is acting through the ER system, cells 
were coincubated with tamoxifen and estradiol. We found that the 
growth suppression by 1 J.LM tamoxifen can be prevented by simultane
aus incubation of cells with estradiol (Fig. 7); estrogen doses 10- to 
100-fold lower than tamoxifen completely reverse the inhibition. The 
anliestrogenie suppression of growth is therefore mediated through the 
ER system, and is not just a nonspecific, toxic effect of the compound. 
Furthermore, since growth can be either suppressed or stimulated by 
manipulation with estrogens, the ER system is, at least in part, involved 
in growth regulation. 
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5.5.2. Tamoxifen and PgR 

We showed that physiologic doses of estradiol induce PgR in these 
cells (see Table III). Though tamoxifen at high doses (1 ~-tM) prevents 
PgR induction by 0.1 nM estradiol, higher doses of estradiol can over
come this inhibition (Fig. 7). This would be expected if estradiol acts by 
displacing tamoxifen from ER binding site and suggests that the anties
trogen effect on PgR is also mediated by the estrogen receptor. 

In view of the dose-dependent growth response of these cells to 
tamoxifen and estradiol, we assayed PgR and ER after varying doses of 
tamoxifen. We 'expected to completely suppress PgR so that sub
sequently an enhanced estradiol effect could be demonstrated. Con
sequently, we studied the effects of tamoxifen on PgR and ER in cells 
that were incubated 4 days with doses ranging from 0.1 nM to 1~-tM of 
the antiestrogen (Fig. 8). As might be expected, with increasing doses, 
Rc's are progressively lost from the cytoplasm and translocated into the 
nucleus. The effects on PgR were, however, surprising. The low doses 
had little effect on PgR, but at 10 nM tamoxifen, PgR induction equaled 
that obtained with the same dose of estradiol used as a control. A re-
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markable superinduction occurred at a higher dose (0.1p.M), and only 
when doses were raised further (1 p.M) did true anliestrogenie prop
erties emerge, with suppressed basal PgR Ievels. Tamoxifen thus shows 
remarkable dual properties; it is estrogenic at low doses, antiestrogenic 
at high doses. 

To confirm that the PgR induced by tamoxifen is potentially 
functional, we studied its Sedimentation behavior, binding affinity, and 
abilitytobe translocated to the nucleus. We found that the PgR induced 
by tamoxifen and by estrogen Cornigrate on sucrose density gradients at 
7-8 S. Cytoplasmic PgR in tamoxifen treated cells has a Kt of 1.7 nM 
(4°C) and 0.87 nM (15°C). The receptor can be translocated to the nucleus 
by progesterone; 50-60% of the original cytoplasmic sites can be recov
ered in the nucleus in bound form. 

5.5.3. Nafoxidine 

The dual estrogenic/antiestrogenic properties seen with tamoxifen 
arenot a general property of antiestrogens or an anomalaus response of 
these cells to antiestrogens. Nafoxidine, another widely used antiestro
gen, has very little effect on PgRs when tested over a large concentration 
range (Table V), even though in the rat uterus, increased PgRs have 
been demonstrated078> with this compound. At lower doses (0.1-10 nM), 
nafoxidine has little effect on cell growth, while the higher doses are 

Table V 
Effect of 6-Day Treatment with Nafoxidine on Growth and Progesterone 

Receptor in MCF-7: Comparison with Estradiol and Tamoxifena 

Hormone 

None 
Nafoxidine 

Estradiol 
Tamoxifen 

Hormone 
concentration (M) 

Control 
10-,o 

w-• 
5 X 10-9 

w-s 
5 x lo-s 
w-7 
w-s 
lo-s 
w-7 

pmole/ 
mgDNA 

0.42 
0.55 
0.55 
0.52 
0.92 
0.98 
0.90 
0.79 
2.62 
4.21 

PgR Growth 

Fold mgDNA/ Percentage 
stimulation flask of control 

0.41 
1.2 0.44 107 
1.3 0.44 100 
1.2 0.42 102 
2.2 0.37 90 
2.3 0.35 85 
2.1 0.27 66 
1.9 0.22 54 
6.2 0.40 98 

10.0 0.42 102 

• Cytosols were prepared from MCF-7 cells in each treatment group and assayed for PgR by dextran
coated charcoal assay using [3H]-R5020 with and without excess unlabeled hormone. Growth was 
determined from the DNA content.'"9' 
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progressively more inhibitory. However, effects on PgRs at all doses are 
minimal. This is in contrast to the effects of estradiol, which stimulates 
PgRs 6-fold, and of tamoxifen, with which PgR induction is 10-fold. 

In sum, these studies show that certain estrogenic and anties
trogenie properties can be distinguished by use of growth and PgRs as 
indicators. When the cells are exposed to continual high levels of anties
trogens, both nafoxidine and tamoxifen inhibit cell growth, while PgRs 
are maintained at or below basal levels. At lower doses, however, 
tamoxifen but not nafoxidine can be a potentestrogen when induction of 
PgRs is considered as an end point. We recently showed that in the rat 
uterus, tamoxifen can also induce PgRs,<9o> and it is likely that the effect 
is similar in mammary tumors. For instance, in DMBA tumors, PgRs are 
under estrogen control}119> and fall precipitously in tumors regressing 
after ovariectomy. When regression is in response to antiestrogen treat
ment, however, PgR loss fails to occur, u26·13 D suggesting that the anties
trogen is capable of maintaining induced PgR levels. The other es
trogenic and antiestrogenic effects of these compounds have already 
been amply documented. 

Our data show that antiestrogens can have dose-related biphasic 
actions, and that there seems to be a critical dose range below which a 
compound may be es trogenie and above which inhibitory effects become 
apparent. We do not know the mechanisms involved. Incomplete an
tiestrogenic effects are often seen in studies in which metabolism or 
injection regimen may affect hormone levels at the target organ, and in 
fact, dose-dependent Stimulation, followed by inhibitory effects of an
tiestrogens, have been described for uterotrophic activity, for autoinduc
tion of ER sites in the rooster liver, and for translocation of estrogen 
receptors. <4,11,22,24-26> 

We have now described an estrogen-responsive system in which 
estrogenic and antiestrogenic effects can be compared, and in which ER 
binding, translocation, and nuclear processing mediate estrogen
induced protein synthesis. Below we contrast the actions of estrogen 
antagonists in this system. 

5.5.4. Antiestrogen Binding to Estrogen Receptors 

Using competition studies, we first determined whether antiestro
gens bind to the free cytoplasmic and nuclear estrogen receptors (data 
not shown). Free receptors were incubated with 2 X 10-9 M (Re) or 7 X 

10-9 M (Rn) (3H]estradiol. At these concentrations, (approximately 10-
fold KJ ), receptor sites are maximally bound while nonspecific binding is 
minimal. At equimolar concentrations of unlabeled estradiol, binding is 
reduced by 50%. When increasing does of tamoxifen or nafoxidine are 
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added to Re, a 50% decrease of fH]estradiol binding is achieved at 1-2 X 
10--8 M nafoxidine and 5-6 X 1!)8 M tamoxifen. Thus, the in vitro affinity 
of nafoxidine is 10--fold lower, and of tamoxifen is 20--fold lower, than E 
for Re. By analogy, nafoxidine has 3--fold and tamoxifen 8-- to 10-fold 
lower affinity than E for Rn. 

The in vitro data show that the antiestrogens bind both cytoplasmic 
and nuclear forms of ER. In vivo, we seeprogressive depletion of Re with 
increasing antiestrogen doses, as would be expected from a direct effect 
of hormone on receptor. To show whether Rn is bound in vivo, we 
precharged cells for 1 hr with antiestrogens, then extracted the receptor 
and measured the bindingrate of fH]estradiol at 4°C. We reasoned that 
if the antiestrogens were bound to nuclear receptor, the binding of 
fH]estradiol would require exchange and be reduced compared with 
binding of free receptor. Total receptor was measured by incubation 
with fH]estradiol at 30°C to permit complete exchange. Table VI 
showed the time course of binding. Free Rn binds rapidly and is two 
thirds complete at 6 hr. RnE does not exchange at 4°C over an 18-hr 
period. Binding of fH]estradiol by RnNaf and RnTam is intermediate; 
the hormones exchange at rates con:esponding to their affinity, suggest
ing that they bind Rn in vivo. Nafoxidine, which has a higher affinity 
based on competition studies, has a slower exchangerate at 4°C. Total 

Table VI 
Exchange Rate of Estrogens and Antiestrogen-Bound 

Nuclear Receptors (pmolfmg DNA)« 

Time Rn RnE RnNaf Rn Tarn 

15 min WC) 0.41 0.07 0.08 0.08 
30 min 0.57 0.02 0.11 0.13 
60 min 0.95 0.01 0.19 0.19 
90 min 1.12 0.00 0.16 0.28 
2 hr 1.48 0.06 0.15 0.35 
3 hr 1.84 0.06 0.19 0.47 
6 hr 2.25 0.04 0.33 0.78 
18 hr 3.11 0.09 0.77 2.06 
Total 
5 hr (30°C) 3.80 3.27 4.63 4.12 

a MCF-7 cells were incubaled wilh estradiol (lo-• M), lamoxifen (1o-• M), 
or nafoxidine (lo-• M) for 1 hr al 37°C. Cells were harvesled, washed, 
homogenized, and crude nuclei prepared by centrifugation at 800g. After 
being washed, nuclei were extracted with 0.4 M KCI, and prolamine 
precipitales of lhe extracts were incubaled wilh [3H]estradiol (10 nM) 
alone or Iogether wilh 1 JLM dielhylstilbestrol for lhe Iimes and al lhe 
lemperatures indicaled. (Rn) Free nuclear receplor; (RnE) estradiol
bound nuclear receplor; (RnNaf) nafoxidine-bound nuclear receplor; 
(RnTam) lamoxifen-bound nuclear receplor. 
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nuclear reeeptor in the antiestrogen-treated eells is greater than in un
treated beeause Re is transloeated and added to Rn. However, sub
sequent proeessing of nuclear reeeptor results in eonsiderable deerease 
of total RnE after 1 hr. 

5.5.5. Processing of Nuclear Estrogen Receptors with Antiestrogens 

Though both estradiol and antiestrogens bind to Re and Rn, the 
response of the ER is quite distinctive. All the eompounds deplete Re. 
This depletion is mueh faster with estradiol than with the antiestrogens. 
Similarly, appearanee of bound reeeptor in the nucleus is aeeelerated 
with estradiol. The nuclear reeeptor then undergoes rapid proeessing; 
however, the steady-state Ievel aehieved for eaeh hormone is quite dif
ferent. Estradiol-bound nuclear reeeptor deereases to 30% of its maximal 
value by 5 hr (Fig. 9). Tamoxifen-bound reeeptor is partially proeessed, 
deereasing to 70% of its maximal value. Interestingly, nafoxidine-bound 
nuclear reeeptor (not shown) is not proeessed at all. Proeessed reeeptor 
Ievels remain as long as estrogen or tamoxifen are present. When these 
are removed, total reeeptor Ievels retum to eontrol. 

Tamoxifen-indueed PgR synthesis (Fig. 10) and deeay eoincide with 
ER proeessing. As long as ER Ievels are low, PgR synthesis eontinues 
even during the interval (48 hr) following tamoxifen withdrawal and 
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preceding ER restoration. On restoration of ER, PgR induction ceases. 
W e believe that processing of ER is involved in es trogenie stimulation, 
whether by estradiol or tamoxifen. The failure of processing seen with 
nafoxidine may be related to its inability to stimulate PgR synthesis. That 
processing is not a nonspecific destruction of nuclear receptor is shown 
by the fact that in some circumstances (with some ligands), it fails to 
occur; furthermore, unfilled Rn's also fail tobe processed. Thus, trigger
ing of this reaction appears to be hormone-related. Preliminary data 
suggest that the effect is not due to release of an endogenaus protease, 
since addition of a protease inhibitor does not prevent the effect. 

6. Summary 

Though antiestrogens will undoubtedly prove to be useful for the 
treatment of breast cancer, at present their rational use is somewhat 
limited by scanty knowledge of their mechanisms of actions. In this 
chapter, we have reviewed the state of this knowledge. Our aim has 
partially been to point out those areas in which relatively large gaps 
persist-gaps that will have to be closed if the promise of these com
pounds is tobe completely fulfilled. We feel that, in particular, areasthat 
require extensive further studies are, first, development of model sys
tems that resemble the intact, adult human; second, studies of prohor-
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monal forms and metabolic fates of estrogen antagonists, both extra
and intracellularly; third, distinguishing between effects of antiestro
gens at target tissues (i.e., the uterus or breast tumor) and indirect 
effects on other endocrine glands; fourth, the role of the ER system and 
particularly the nuclear sites of action of the antiestrogen-receptor com
plex, including the means by which genomic stimulation occurs, and the 
mechanisms that truly distinguish antiestrogen from estrogen actions at 
these sites. 
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Biological Markers in Breast Cancer 

RONALD B. HERBERMAN 

1. Introduction 

Many important problems related to the biology, diagnosis, and man
agement of breast cancer require the accurate assessment of the presence 
of tumors and of their size and extent of growth. Biological markers are 
substances made by tumors, or substances or biological phenomena 
closely associated with the presence of tumors. These markers may be 
specific for breast cancer, or they may be quantitatively altered in 
tumor-bearing subjects, and thereby can aid in the identification of 
tumors and in the assessment of tumor burden. Although some useful 
markers can be measured chemically, most have been detected by im
munological assays. In recent years, there has been growing interest in 
the clinical application of immunological assays for the evaluation of 
patients with cancer. This increasing interest has been due in part to 
recent advances in radioimmunoassays (RIAs) and other highly sensi
tive immunological techniques that allow measurement of picogram or 
nanogram quantities of antigens. In addition, immunological assays can 
be exquisitely specific, and in some instances can discriminate between 
molecules with differences in a single amino acid or sugar. Such proce
dures have provided the basis of discrimination of products of various 
types of neoplastic cells from normal cellular materials. 

In this chapter, I will review the various clinical applications of 
biological markers in breast cancer, and will discuss the various issues 
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and problems related to each of the possible applications. Following this 
discussion, I will review and attempt to assess the current status of the 
wide variety of markers that have been reported to be associated with 
human breast cancer. 

2. Potential Clinical Applications 

A high Ievel of effort has been expended and continues to be ex
pended on research related to biological markers in breast cancer. It is 
important to note, however, that only a few markers have been defi
nitely shown to have a place in clinical oncology. This is largely a reflec
tion of the difficulties involved in satisfactory transfer of technology 
from the research laboratory to the bedside. Many of the problems are 
not unique to immunodiagnosis, but arealso presented by other types of 
diagnostic tests, including some that have been available for many years 
and some that have been incorporated into widespread use without real 
validation or objective assessment of utility. It is important for laboratory 
investigators and for clinicians using tests for tumor markerstobe aware 
of these difficulties and limitations, and to recognize the general criteria 
for useful markers: 

(1) A first, obvious point is that the test must be able to detect some 
consistent difference between cancer and noncancer. It is desirable, but 
not necessary, that the difference be qualitative. The presence of a marker 
in cancer patients that is absent in nonneoplastic states, or the loss of a 
normal component in cancer patients, would provide strong bases for 
development of a useful diagnostic test. However, quantitative dif
ferences between cancer patients and controls could also be sufficient. 
Either increased Ievels of normal substances above the normal range, or 
decreases below the normal range, could provide useful information. 

(2) A good diagnostic test should have a high degree of specificity; 
there should be very few false positives, i.e., subjects without cancer 
who have tests indicating cancer. In this sense, the percentage speci
ficity of a test may be defined as 

~ (
Number of positive tests among)~ 

. . sub·ects without cancer 
1 - Incidence offalsepositive tests T t \ b. t X 100 o a noncancer su 1ec s 

tested 

(3) Also, the test should be very sensitive and have few false nega
tive results, i.e., be able to detect cancer in a large proportion of cancer 
patients. The percentage sensitivity of a test may be defined as 
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t ( Number of negative tests among)~ 
. . cancer atients 1 - Inodence of false negative tests T 1 P . x 100 

ota cancer patients 
tested 

A particularly useful test for a tumor marker would be one that is posi
tive even in cancer patients with localized tumors or small, metastatic 
deposits that are asymptomatic and undetectable by conventional diag
nostic tests. 

(4) Some tests for tumor markers give only qualitative results, i.e., 
are either positive or negative. A test is much more valuable, however, if 
it provides quantitative information on the Ievels o{ the marker. Tests 
that have a large quantitative range between clinically detectable tumors 
and absence of tumors are particularly useful, since they offer the possi
bility of closely monitaring changes with tumor burden and are most 
likely to provide indications of small amounts of tumor. Many tumor 
markers are produced by the tumor cells themselves, and their Ievels 
would therefore be expected tobe dependent on the mass of tumor. The 
Ievels of tumor products may be influenced, however, by a variety of 
factors: (a) Number of tumor cells present. (b) Proportion of tumor cells 
synthesizing the marker and the synthetic rate per cell. Only certain cells 
within a tumor may make a marker, and production may vary with the 
phase in the cell cycle and with the stage of differentiation of the cell. (c) 
Location of marker within tumor cell and mechanism for release from 
cells and entry into circulation. Some tumor markers are cell-membrane 
constituents or secretory products and may be shed or released from 
viable cells. Other markers may be intracellular constituents that would 
be released only when the tumor cells lose viability. Some tumor mark
ers released from solid tumors might enter the circulation in appreci
able quantities only after invasion of blood vessels. With such markers, 
Ievels in the region of the tumor or in directly contiguous body fluids or 
excretions might be much higher than in the circulation, and testing of 
these Ievels might be more useful than tests on serum. (d) The half-life 
of the marker in the circulation can also vary considerably, depending 
on the size and nature of the substance. If the circulating marker is 
immunogenic to the host and antigen-antibody complexes are formed, it 
is likely to be cleared much more rapidly than a nonimmunogenic 
marker. With markersthat arenot produced directly by the tumor, but 
are produced in response to tumor growth, the relationship between 
marker Ievels and the mass and extent of spread of the tumor might be 
quite different, and it is not possible to set down any general principles 
for such reactive markers. 
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(5) It would be very helpful if a test to be used for initial detection or 
diagnosis could provide information about the tumor type and location. 
One of the main concems that has been raised about detection of occult, 
clinically undetectable cancer is the difficulty in determining what type 
of cancer it is and where it is located. Clearly, at present, more informa
tion than a diagnosis of "cancer, type and site unknown" would be 
needed for rational therapy. Specificity of the immunological test for a 
particular organ site or histological type of cancer is therefore an impor
tant factor initially, but is not as essential for monitaring of previously 
diagnosed patients. 

A further issue relates not so much to the marker itself as to the 
design of the studies to evaluate the usefulness of the marker. It is 
essential that the measurements and the data analyses be performed 
objectively without knowledge of the clinical diagnosis or status of the 
patient. To achieve this objectivity it is important that the laboratory 
receive coded specimens, without any identifiers as to source or type of 
donor. Further, it is necessary to design appropriate studies for the 
particular clinical application for which the tumor marker will be used. 
Adequate studies of this type have been performed with very few of the 
available markers, and even then for only some of the possible clinical 
applications. The oncologist can and should play a central role in design
ing good studies, to provide solid information on the clinical value of a 
tumor marker. Each of the types of clinical applications for tumor mar
kers will be discussed in detail below. It should be noted that most tests 
for markers may be considered for their utility for several distinct clinical 
applications: (1) Same tumor markers might be useful in the detection of 
cancer cases by screening of general populations or of groups at high 
risk of developing cancer. (2) With patients who have come to a physi
cian with signs or symptoms consistent with, or suggestive of, cancer, 
marker assays may aid in distinguishing between patients with cancer 
and those with benign diseases. In patients with known cancer, tumor 
markers may help in (3) the localization of tumor and (4) determining the 
stage of disease and prognosis. (5) Furthermore, after primary therapy, 
serial testing of patients may aid in the early detection of recurrences or 
metastases. 

Another point to emphasize in regard to the usefulness of various 
assays for one or more of the applications discussed above is that a 
single test may not have sufficient specificity or sensitivity, but the 
simultaneaus use of several tests may provide highly discriminatory 
data. It is possible that assays for two or more tumor markers would 
have additive or synergistic effects for improving the sensitivity or speci
ficity of detection of tumor cells. The studies exploring the use of a 
combination of markers in breast cancerwill be reviewed in Section 3.12. 
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2.1. Screening 

In the past few years, much attention and effort have been directed 
toward screening women for breast cancer. Women have been encour
aged to go to their physicians or to hospitals for physical and radiological 
examinations, and many centers have set up large-scale mammography 
screening programs. These efforts have been based mainly on evidence 
that early detection of localized breast tumors may result in a substantial 
improvement in the efficacy of therapy and consequently in prolonged 
survival.0 - 3> Recently, however, there has been recognition of some of 
the problems or limitations of these screening programs: (1) The on
cogenic risk of mammography, especially in women under age 55.<2> (2) 
The sensitivity and specificity of physical and mammographic screening 
procedures are substantially less than 100%. For example, it should be 
noted that the false positive rate from mammography may be 80%w or 
higher. This high rate results in a significant morbidity from the biopsies 
that need to be performed after a positive mammogram. 

It is therefore very desirable and important to develop alternative, 
noninvasive screening procedures that will reduce the risks in screening 
and improve the accuracy of early detection of breast cancer. Unfortu
nately, the use of marker tests for screening for cancer is probably the 
most difficult of the various potential applications tobring to fruition. If 
a test has been shown objectively to discriminate between cancer and 
control groups, it then has to be evaluated for its use in Screening by a 
study with an appropriate design. Despite the large number of breast
cancer-related markers, none has thus far been directly evaluated for its 
use in screening. Many factors can affect the feasibility of a particular 
test for screening purposes. Most of these factors need to be extensively 
considered before a study on the possible usefulness of screening can be 
initiated. 

(1) It is particularly important that the assay be relatively simple 
and practical for applications to testing of very large numbers of speci
mens or subjects. The procedures must be sufficiently weil developed 
and standardized that reproducible results can be obtained over time 
and in many laboratories. Further, a screening test, which will be given 
to a high proportion of normal subjects, should present little or no risk to 
the recipients. 

(2) A suitable population must be available for study. For rapid 
identification of a useful test, it is very helpful to identify populations or 
families at high risk of developing breast cancer (see, for example, An
derson<4>). It is very important to have sufficient access to the popula
tion, to permit retesting as appropriate, and to perform extensive clinical 
evaluations, particularly of the test-positive subjects. Furthermore, most 
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of the subjects in the population must be available for clinical follow-up, 
over a period of several years, to determine which initially disease-free 
subjects, among both the test-positive and the test-negative subjects, 
subsequently develop cancer. 

(3) Of fundamental concern is the specificity of the tumor marker 
assay. It is difficult to make general statements about the acceptable 
levels of specificity for screening tests. However, since physical exam
inations and mammography have already been shown to be effective 
screening procedures, it would be important for a new screening test to 
be shown to have better specificity than these techniques, or to lead to 
improved specificity when used in conjunction with these procedures. 

(4) A further important issue is that the test should be very sensi
tive. To be useful as a screening procedure, the test should be able to 
detect asymptomatic subjects bearing small, localized tumors, at a time 
when the disease is treatable and has not yet metastasized. The Ionger 
the leadtime (i.e., the interval between test positivity and clinical detec
tion of disease) a test provides, the more likely it is that the test will 
contribute to better response to therapy and to survival. lt should be 
noted that to accurately determine the lead time for a particular assay, 
tests must be performed repeatedly, to establish the point when the test 
first becomes positive. The amount of lead time a test might provide, 
and the likely clinical benefits tobe accrued by early detection of disease, 
are likely to be determined in considerable part by the rate of tumor 
growth. Screening tests are more likely to be useful for slowly growing 
tumors with long latent periods than for explosively growing tumors 
that metastasize early. The previous experience with breast cancer 
screening programs has provided some information on these issues, 
particularly in regard to the leadtime provided by physical and mam
mographic screening procedures. In the HIP Breast Cancer Screening 
Project, the lead time was estimated to be about one year.(5) This earlier 
detection of cases has been associated with an overall increased survival 
in the screened population and a decreased case fatality rate among the 
women with breast cancer diagnosed by mammography alone. The 
screening, however, was not sufficiently sensitive to detect many cases 
of breast cancer, which were detected by other means within 12 months 
of screening. These cases have been ascribed to false negatives from 
screening and to rapidly advancing breast cancer.m The mammography 
screening also detected a higher proportion of breast cancer cases with 
no extension of disease to the axillary lymph nodes<l); even so, one of 
four patients had nodal involvement at the time of screening. To aug
ment our current screening capabilities, it would be desirable to develop 
other screening tests with biological markersthat could provide a Ionger 
leadtime and detect cases prior to any metastases, regional or systemic. 
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2.2. Adjunct to Diagnosis of Patients with Signs or Symptoms 

Some of the issues discussed above for screening also apply to the 
application of tumor markers as adjuncts to the diagnosis of cancer in 
patients with signs or symptoms, or both, suggestive of breast cancer. 
The concerns regarding the sensitivity and specificity of the assay, how
ever, are somewhat different. In regard to specificity in this setting, one 
is not concerned with identifying the small proportion of subjects with 
cancer in a very large population of normal subjects. Rather, it is neces
sary to discriminate among a group of subjects with breast disease, to 
determine which have malignant vs. benign diseases. This presents par
ticular problems, since most forms of cancer arise out of the background 
of an older population with a variety of underlying benign chronic dis
eases, often affecting the same organ system as the cancer. This is espe
cially true in breast cancer, since there is an increased risk of cancer in 
subjects with chronic fibrocystic disease.<6> Therefore, for a test to be 
expected to be useful as an adjunct to the initial diagnosis of breast 
cancer, it should be able to discriminate between patients with cancer 
and patients with chronic fibrocystic disease or fibroadenomas. How
ever, if a major cause for false positive results for a tumor marker is 
benign conditions involving argans other than the breast, e.g., the liver, 
it may be possible to perform the relevant test to rule out those other 
conditions. 

In regard to sensitivity, the test would not have tobe able to detect 
very small, asymptomatic lesions. To be useful as a diagnostic adjunct, 
however, it should still be capable of detecting most resectable or oth
erwise treatable localized tumors. 

2.3. Aid to Histopathological Evaluation of Tumors 

Recently, the value of evaluation of tumor specimens for the pres
ence of various markers has begun to be increasingly appreciated. This 
analysis may provide assistance in the histopathological classification of 
the tumor. The presence or the amount of a marker may provide useful 
prognostic information, since this may reflect the state of differentiation, 
immunogenicity, or metastatic potential of the tumor. 

Another very important aspect of marker evaluation in tumors is to 
provide needed information for the subsequent monitaring of the pa
tient. Identification of one or more markers within the tumor would 
provide a solid basis for use of the assays for those markers for following 
the course of disease. Although similar information might be obtained 
by testing for the markers in a pretherapy serum sample, direct examina
tion of the tumor is likely to be more sensitive and specific. In patients 
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with small, localized tumors, the serum levels before therapy are often 
in the normal range despite active production of the markers by the 
tumor. Therefore, the failure of the patient to have an initial elevated 
marker level should not rule out the possible later use ofthat marker. In 
fact, with some of the markers discussed below, such a disparity be
tween tumor and circulatory levels has been noted. In contrast, failure to 
detect a marker within the tumor would make it much less likely tobe 
subsequently detectable. However, although there is little evidence for 
this, it remains possible that some primary tumors would be negative for 
a marker but the metastases might become positive. This could be en
visioned if production of the marker were more likely in a less dif
ferentiated or more aggressively growing tumor cell. This possibility 
needs to be directly explored. 

Very recently, improved methods have been developed for exam
ination of markers within tumors. In addition to the usual studies of 
intact cells or tissue sections by immunofluorescence, it is now possible to 
look for the distribution of markers in fixed and stained tissue sections, 
using conventionallight microscopy. This has been made possible by 
the development of immunoperoxidase staining techniques. U sing this 
procedure, one can now accurately determine both the presence of the 
marker and its location within various cell types in the tumor. 

2.4. Aid in Staging 

The measurement of tumor markers in newly diagnosed breast 
cancer patients, on serum obtained before any therapy or after primary 
surgical removal of tumor, can be very useful as an aid in the assessment 
of stage of disease. There are two distinct aspects to the use of tumor 
markers in staging, which will be discussed separately below. 

Since the circulating levels of some tumor markers have been found 
to be dependent on the overall tumor burden and on the extent of 
spread of the tumor, determination of marker levels on preoperative 
specimens can provide useful prognostic information. Elevated pre
therapy Ievels, particularly when quite high, may suggest the presence 
of metastases and poor prognosis. They might also reflect the state of 
differentiation of the tumor and its inherent aggressiveness. Most 
studies on this aspect of marker utilization have been performed on 
groups of patients, to determine the overall relationship between marker 
level and extent of tumor, as determined at surgery and by subsequent 
clinical course. To supplement information obtainable by other means, 
the marker data should be able to make prognostic discriminations 
among patients with the same clinical or histopathological stage of dis-
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ease. If this is possible, then the use of markers in conjunction with 
clinical and other laboratory information could provide the basis for 
improved staging of patients and for the administration of therapy ap
propriate to the assessed extent of disease. This type of application 
might be particularly useful in breast cancer, since adjuvant 
chemotherapy after mastectomy appears useful in treating residual mi
crometastases. It should be noted that the type of data provided in this 
area provides information on the probable prognosis of patients within a 
group, rather than on the clinical status of the individual patient. As 
with other staging criteria, the presence or absence of elevated levels of a 
marker could not be taken as definitive evidence for occult metastases 
vs. localized tumor. 

One of the major challenges to the field of immunodiagnosis is to 
make the transition from population studies to a study in which state
ments can be made regarding the individual patient, on which therapy 
or other important clinical decisions may be based with some degree of 
certainty. One promising approach in this regard is the testing for levels 
of a circulating tumor cell product after primary therapy, especially 
surgery, to determine whether all the tumorwas removed or eradicated. 
Persistence of elevated levels might provide strong evidence for residual 
tumor at the primary site or for regional or distant metastases. After 
mastectomy, this persistence could indicate the need for axillary lymph 
node dissection and removal, or for radiotherapy or chemotherapy. On 
the other hand, fall of elevated levels of a tumor-produced marker into 
the normal range might provide some assurance of curative surgery, and 
obviate the need for further therapeutic maneuvers. As will be discussed 
below, some of these markersarealready being examined for this appli
cation. Tobase important clinical decisions on marker data, a number of 
factors need tobe considered: The assays for markers should be quan
titative, and it would be desirable for them tobe very sensitive, provid
ing the ability to observe changes in levels over a wide range--a range 
of, it is to be hoped, 10-fold or more differences in concentration
between the initial elevated values and the normal levels. It must be 
emphasized that markers should not be expected to disappear im
mediately after tumor removaL The level at a particular time after 
therapy would reflect the originallevel and the length of time that the 
markers would remain in circulation. Thus, when elevated markers are 
detected after surgery, their significance can be evaluated only be obtain
ing additional specimens over a period of time. Furthermore, if the 
marker was not produced by the tumor, but was a reactive typ~ of 
marker, the disappearance after curative resection might not be ex
pected. In fact, with some markers of this type, levels might increase 
after tumor removaL 
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2.5. Detection of Metastases 

Markers produced by tumors could be very helpful in detecting the 
location of primary tumors and metastases, by at least two different 
approaches. The first, the determination of changes in levels of markers 
in the blood in various regions of the body, is currently practical for 
some markers. The other approach, by in vivo localization of marker by 
antibodies labeled with a radioisotope or heavy metal, is theoretically 
very appealing and potentially a powerful tool, but has not yet been 
sufficiently developed for practical application. 

To detect the occult source of elevated tumor-produced marker 
levels, one can measure the differences in concentration in arterial and 
venous blood (AN difference) in different regions in which the metas
tasis is likely to be found. The utility of this approach is dependent on 
several factors. The ease of detecting AN differences in the region of 
tumor is: (1) Inversely proportional to the T4 of the marker (or directly 
proportional to the fractional catabolic rate of the marker). If the marker 
has a long survival time in the circulation, the arterial level will be 
relatively high and the increment in the venous drainage may be quite 
small. (2) Inversely proportional to the fraction of blood volume drained 
by the venous return being sampled. For example, it would be easier to 
detect significant AN differences with brain metastases than it would be 
to measure AN differences of blood flow to the liver. (3) Inversely pro
portional to experimental uncertainty of the values; i.e., the lower the 
coefficient of variation (5.0./mean), the more reliable the assay and the 
greater the ease in detecting significant small AN differences. Therefore, 
the more accurate the assay, the greater the ability to catheterize discrete 
areas of blood flow, and the morerapid the turnover of the marker, the 
more likely it is that this approach would be of value in localization of 
tumor deposits. 

A related approach to localization would involve the measurement 
of marker levels in extravascular fluids in the region of the tumor. For 
example, this might be particularly of use to detect recurrent breast 
tumors by testing of pleural fluid, or cerebral metastases by testing of 
cerebrospinal fluid. 

The possibility of localization of tumors by labeled antibodies to 
antigens on the tumors is a very attractive one. The rationale behind this 
approach is quite straightforward. If antibodies are specifically directed 
against antigens on a tumor, and these antigens are absent on normal 
tissues or are inaccessible to systemically inoculated antibodies, one 
would expect to have localization of the antibodies at the site of tumor 
growth. Radiolabeling of the antibodies, or labeling with heavy metals, 
would allow the accumulation of antibodies to be detected by isotopic or 
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radiological scanning equipment. Despite these simple principles, little 
progress has been made in this area, and application at the clinicallevel 
is just now being attempted. Some of the practical problems to be faced 
include: (1) Location of marker in tumor cell. One would anticipate that 
this procedure would be more easily applied to markers that are on the 
tumor cell surface than those that are present only inside viable tumor 
cells. (2) Adequacy of blood flow to the tumor. (3) Levels of circulating 
marker. One would expect that inoculation of labeled antibodies into the 
circulation of a patient with high serum Ievels of marker would result in 
rapid formation of antigen-antibody complexes and nonspecific clear
ance of the Iabel. (4) Proximity of the tumor to the major sites of 
nonspecific uptake of the labeled material. For example, it might be 
much more difficult to detect tumor within, or in the region of, the liver 
than it would to localize tumor elsewhere in the abdomen. (5) Propor
tion of specific antibody to nonspecific immunoglobulins in the labeled 
reagent. The more purified the antibody to the marker, and the less 
denatured or likely the preparation is to bind nonspecifically, the more 
likely it will be to detect small foci of tumors. 

2.6. Serial Monitoring to Detennine Efficacy of Therapy and to Detect 
Recurrence or Metastases 

Some of the most important applications of tumor markers to clini
cal oncology are for following the response of patients to chemotherapy 
or other forms of therapy, and for monitaring patients without evidence 
of disease for early detection of recurrence or metastases. For these 
purposes, the requirements or desirable features for a tumor-produced 
marker* include the following: (1) The assay should be sensitive and 
quantitative, and Ievels should be proportional to tumor mass. As 
pointed out earlier, markersthat vary over a very wide range of concen
trations are more likely to be useful. (2) For monitaring of patients after 
primary surgical resection of tumor, Ievels of the marker should return 
to normal after tumor removaL This could then provide a good, low 
baseline for detection of rising Ievels. For this application, the repeated 
Ievels of the patient herself provide the best baseline, and progressive 
increases in Ievels, even when still within the range of normal, could 
provide a meaningful indication of tumor recurrence. (3) The amount of 
test-to-test fluctuation in the assay must be considered. A variety of 
non-tumor-related factors, including technical variation, therapy itself, 
and benign inflammatory or other transient diseases, could cause tran
sient fluctuations or eievatians in the assay. For almost all markers, there-

*Some but not all of these features also apply to markersnot produced by the tumor. 
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fore, it would be important to obtain repeated specimens over a period 
of time and to observe persistent or progressive elevation in marker 
Ievels before the data should be taken as indicative of recurrence. (4) For 
accurate monitoring, it is important that the marker be produced by all 
or most of the tumor cells so that recurrence of nonproducing tumors 
would be infrequent. If this is likely to be a problem, the use of two or 
more markers to detect each of the major elements would be important. 
(5) The assay should be suitable for frequent, repeated testing. Assays 
requiring only small volumes of blood would obviously be advanta
geous. (6) For following the efficacy of therapy for metastatic or unresecta
ble tumors, most of the principles enumerated above apply. The issues 
are somewhat different, however, in that one would be starting with 
elevated Ievels and usually looking for a decrease: (a) Here, it would be 
important to establish a baseline of elevated Ievels by repeat sampling 
prior to therapy. (b) Shortly after chemotherapy or radiotherapy, the 
Ievels might transiently rise rather than fall, due to destruction of tumor 
cells and consequent release of their markers into the circulation. Al
though this phase must be avoided during the usual monitoring, the 
detection of increase in Ievels immediately after therapy might actually 
be useful as an indication of some responsiveness of the tumor to the 
therapy. Failure to see a rise might rapidly predict the failure of the 
particular therapy being used. This approach appears useful for 
polyamines, but has not yet been sufficiently well investigated for im
munological markers. (c) Significant and progressive decreases in 
marker Ievels following therapy could provide a reliable indication of 
response to therapy and could even provide quantitative information on 
the degree of decrease in tumorburden and the extent of residual tumor. 

In making a decision as to whether to base therapy on elevated 
Ievels of markers in the absence of any other indications of tumor recur
rence, one must consider the predictive accuracy of the marker and the 
possible benefits to be gained from the therapy vs. the risks to the 
patient from the additional therapy. 

3. Biological Markers of Potential Value in Breast Cancer 

In the past few years, a wide variety of substances and approaches 
have been evaluated for their possible use as markers for human breast 
cancer (Table I). Some are normally present in the tissues of the fetus 
and then either disappear or are much reduced in amount by the end of 
gestation or shortly after birth. These have been termed oncofetal anti
gens or embryonie antigens. Other tumor markers may be normally 
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TableI 
Types of Markers of Potential V alue in Breast Cancer 

I. Oncofetal antigens 
Carcinoembryonic antigen (CEA) 
Gamma fetal proteins 

D. Placental markers 
Human chorionic gonadotropin (HCG) 
Human placentallactogen (HPL) 
Pregnancy a 2-glycoprotein 

111. Breast- or milk-associated antigens 
Casein 
Gross cystic disease fluid protein (GCDFP) 
Nonhistone nuclear antigen 

IV. Other ectopic hormones 
Calcitonin 

V. Enzymes 
Lactic dehydrogenase (LOH) isoenzymes 
Sialyl transferase 

VI. Normal body constituents 
Ferritin 
Blood group substances 
Tissue polypeptide antigen (TPA) 
Hydroxyproline 
Dimethylguanosine 
Acid glycoprotein 

VII. Histopathological markers 
Type of lymphoid cell infiltrates 
Immunoglobulins 
Placental markers 

VDI. Alterations in immune function 
Depressed Ievels of T cells and other lymphocytes 
Depressed delayed hypersensitivity reactions 
Depressed lymphoproliferative responses 

IX. Immune responses to breast-cancer-associated antigens 
Antibodies 
Cell-mediated immunity 

X. Antigen-antibody complexes 

21.7 

produced by the placenta. Sametumormarkers may be characteristic of 
cancers of a particular tissue or organ, and some of these may be present 
in some normal adult tissues, but may be functionally or quantitatively 
altered in tumors or may be released in higher concentrations into the 
circulation of cancer patients. In breast cancer, particular attention has 
been directed toward the expression of milk proteins. Antigens of 
viruses associated with mammary tumors in experimental animals, or at 
least antigens cross-reactive with viral proteins, may also be detectable 
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Table II. Elevated Circulating Levels of 

Number of elevated values/total 

Diagnosis and LoGerfo Reynoso Chu and Laurence Steward Wang 
clinical status et al. ma et al. <B>a Nemoto'9>• et al. "o>b et al. (lOb et al. " 2>• 

Breast cancer 30/45 (67) 37/79 (47) 

Pretherapy 
Operable 9/24 (38) 1/10 (10) - (33) 

Localized (N0) 12/39 (31) 2/10 (20) 

Axillary lymph 
node metastasis 9/20 (45) 4/12 (33) 

(N+) 
Metastatic 21/21 (100) 15/25 (60) 57/83 (68) 16/20 (80) 28/31 (90) - (69) 

Bone 14/22 (64) 
Li ver 14/15 (93) 
Lung 20/24 (83) 

Soft tissues 9/22 (41) 

After surgery 
Remained tumor-free 8/15 (53) 16/54 (30) 

Recurrence 4/6 (67) 18/27 (67) 

Benign breast disease 0/13 (0) 6/74 (8) 1117 (6) 

Normal 0/49 (0) 1/138 (1) 0/60 (0) (35) 

"_"Elevation defined as: "> 2.5 ng/ml; '> 12.5 ng/ml; •·> 5 ng/ml; <~> 10 ng/ml; ··> 20 ng/ml; r> 2.7 for nonsmokers, 
> 5 ng/ml for smokers; ";. 4 ng/ml. 

in some human tumors. Most tumor markers are characterized only by 
their immunological or physiocochemical properties, but some have 
functional activities or are variants of normal functional products. These 
include hormones, enzymes, and metal-binding and secretory proteins. 
In addition to detection of circulating tumor markers, useful information 
can also be gained by examination of tumor tissues and regionallymph 
nodes for their content of tumor-associated substances and also for the 
types of infiltrating host lymphoid cells. A further large area that poten
tially can provide useful diagnostic and monitaring information is that 
concerned with the immunological functions of the patient with breast 
cancer. Although tests for alterations in immunological competence and 
for immunological reactivity against tumor-associated antigens are not 
usually thought of as biological markers, they should be included in this 
context. As will be discussed in detail later, some of these tests can 
detect tumor-associated reactions or alterations in immune function 
quite early in the course of disease. 
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Carcinoembryonic Antigen in Breast Cancer 

(% elevated) 

Henderson 
et al. oa>c 

74/172 (43) 
9/36 (25) 

24/28 (86) 
41/80 (51) 

Franchimont 
et az.o<>d 

20/39 (51) 

14/25 (56) 

0/55 (0) 
0/935 (0) 

Coombes Tormey 
et a/. os>e et a/. os>r 

2/25 (8) 2/14 (14) 
017 (0) 

2/7 (28) 

13/16 (81) 83/117 (71) 
52/66 (79) 
22/27 (82) 

(61) 
24/46 (52) 

3/39 (8) 

3.1. Oncofetal and Placental Markers 

3 .1.1. Carcinoembryonic Antigen 

Myers 
et a/. 07>• 

206/342 (60) 

105/482 (22) 
88/447 (20) 
17/35 (49) 

4/81 (5) 

219 

Haagensen 
et a/. osld 

65 /200 (33) 
(50) 

(15) 

24C/222 (11) 
(SOjC 

Carcinoembryonic antigen (CEA) was originally described as an 
antigen present only in gastrointestinal cancers and fetal endodermal 
tissues. However, with development of very sensitive RIAs for CEA and 
with extensive research by many investigators on this marker, it became 
apparent that CEA was not specific for gastrointestinal cancers and ele
vated circulating levels of CEA were described for some patients with 
cancer of a variety of histological types and for some patients with non
neoplastic diseases, particularly those of an inflammatory type (e.g., 
ulcerative colitis, hepatitis, cirrhosis). In the past few years, many 
laboratories have demonstrated elevated CEA Ievels in the plasma of 
some patients with breast cancer.<7- 18> A summary of the findings of 
these studies is given in Table II. 
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Although most attention has been focused on the possible use of 
CEA for monitaring breast cancer patients for the detection and treat
ment of recurrent or metastatic disease, considerable information has 
also been provided on the CEA levels in untreated patients with breast 
disease. Most of the studies have shown that some patients with pri
mary operable breast cancer have elevated CEA plasma levels, and that 
the incidence of elevations in patients with benign breast disease is very 
low and significantly different from that in primary breast cancer. An 
exception to these findings was the finding of Wang et alY2l that CEA 
levels were elevated in about one third of both operable breast cancer 
and benign breast disease patients. The reason for this disparate finding 
is not clear. The study was performed with Hoffmann-LaRoche rea
gents, as used by the majority of the other groups. The authors raised 
the possibility that their finding might be due to the high incidence of 
heavy smokers in the population.02l In a later study with other rea
gents,u4l however, the same laboratory found a major difference be
tween the incidence of elevations in breast cancer and benign disease 
patients, with more of the latter group elevated. Such variations among 
studies in incidence of elevated CEA levels have been prevalent, with 
from 8 to 51% of operable cancer patients having elevated levels. It is 
unclear how much of this variation can be attributed to technical vari
ations among the laboratories or to differences in patient selection. 

There has been general agreement that elevated CEA levels in un
treated breast cancer patients are found mainly in patients with metasta
tic disease. As with operable cases, however, the incidence of elevations 
has varied substantially among studies, from 33 to 100%. A high inci
dence of elevations has been found in patients with liver metastases, 
and, with the exception of one study,u3J also with bone metastases. 
Patients with metastases only to the skin and other soft tissues have 
usually had the lowest incidence of elevations. In patients with operable 
disease, there has not been a clear difference between N0 and N + cases, 
but rather only a trend in that direction. Because of the usuallow inci
dence of elevations in operable patients, even those with lymph node 
involvement, it has been suggested that elevated CEA levels reflect oc
cult systemic metastases, especially in the liver.03l The low levels in most 
primary breast cancer patients do raise the question whether CEA is 
actually made by breast cancer cells, as opposed to its being a reactive 
marker, i.e., released from the liver or other sites on metastatic involve
ment. Some direct evidence for the presence of CEA in breast cancer 
cells has been provided, however, by immunofluorescent 09l and im
munoperoxidase<2o) studies of biopsy specimens and by measurement of 
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CEA levels in tumor extracts.<21 ' 22J Some laboratories have failed to detect 
CEA in most breast cancers examined}23•24> but this failure may be re
lated to differences in the specificity of the antisera used and the sen
sitivity of the methods. Even in the positive studies, only low amounts 
of CEA were detected; it was estimated that breast cancer cells contain 
50- to 75-fold lower concentrations of CEA than do colorectal cancer 
cells.<21 > 

Despite this evidence for the presence of CEA in breast cancer, the 
relationship between CEA levels and tumorburden or extent of disease 
in untreated breast cancer patients remains unclear. It might be expected 
that elevated CEA levels before surgery would reflect a poor prognosis, 
but no appreciable information on this point has yet been presented. 

In cantrast to the paucity of information on the prognostic signifi
cance of pretherapy CEA levels, several studies have concentrated on 
the usefulness of CEA levels in specimens obtained after surgery. In the 
first study on this aspect, Chu and Nemoto<9> found that CEA frequently 
rose transiently after mastectomy. In addition, 8 of 15 patients without 
detectable metastases had intermittent elevations in CEA. Sustained 
elevations were noted in only 2 of 6 patients developing recurrent dis
ease. In contrast, Wang et al.02> measured CEA levels at 10 days after 
surgery and found that patients with elevated values had a significantly 
poorer prognosis, with recurrence in 65% of the patients as compared 
with recurrence in only 20% of the patients with normal CEA levels at 
that point. In two recent larger studies,07•18> the association of elevated 
postoperative CEA levels with poor prognosis was confirmed. In the 
study of Myers et al., <17l CEA data provided stronger prognostic dis
crimination than pathological staging. Despite the significant differences 
between the groups of patients, however, the sensitivity and specificity 
of the discrimination have been somewhat limited. Many patients who 
remained tumor-free for long periods of follow-up had elevated post
operative CEA levels, and one third to one half of patients developing 
recurrences had normal values. Part of this may be accounted for by 
variations in the time at which the samples were collected after surgery, 
and the tendency to base the analyses on one CEA determination. One 
might anticipate that stronger discrimination might be found if repeated 
CEA determinations were performed during a standard period after 
surgery. It is hoped that more information in this area might provide a 
basis for better selection of high-risk patients for further therapy. There 
is also a need for more data on the value of serially monitaring patients 
after mastectomy, to determine whether progressively rising levels 
would provide further early evidence for occult metastases. 
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Repeated CEA measurements have been utilized mainly to monitor 
the response to therapy of patients with metastatic breast cancer. The 
overall conclusions have been that decreasing CEA Ievels correlate with 
response to therapy,<9•11•16•18> and that patients with elevated Ievels re
sponded less weil to therapy.U6> CEA determinations appeared to pro
vide clinically useful data in some of these studies; Chu and Nemoto<9> 
concluded, however, that CEA was a poor marker for monitoring be
cause clinical improvement tended to occur prior to a fall in CEA Ievels. 

3.1.2. Human Chorionic Gonadotropin 

Human chorionic gonadotropin (HCG) has been found tobe as
sociated with a variety of nontrophoblastic malignancies.<2s> In the initial 
report, using a radioimmunoassay for the ß subunit of HCG, Braunstein 
et a[.<2s> found elevated circulating HCG Ievels in 3 of 33 (9%} breast 
cancer patients. Shortly thereafter, Sheth et al. <26> found elevated ßHCG 
Ievels in 9 of 65 (14%) breast cancer patients, and all the patients with 
elevated values had metastatic disease. In contrast, none of 22 patients 
with benign breast disease had elevated Ievels of HCG. Tormey et al. <27> 
found elevated ßHCG Ievels in 9 of 20 (45%) postoperativeN+ patients, 
as weil as in 37 of 74 (50%} patients with metastatic disease. In further 
studies, Tormey et al. <28> found elevated Ievels in 5 of 14 (36%} patients 
before surgery, 9 of 33 (27%) N+ patients at 1-6 months postopera
tively, andin 65 of 134 (49%} patients with metastatic disease. Elevated 
Ievels were particularly associated with liver metastases. No correlation 
was found between elevations in HCG, either before or after surgery, 
and subsequent recurrence of disease, and in only 4 of 10 patients with 
recurrence did the HCG elevations precede clinical detection. The main 
clinical usefulness of HCG in this study was in monitoring response to 
chemotherapy in patients with metastatic disease. Changes in HCG 
Ievels correlated with response to therapy, and patients with normal 
HCG Ievels before therapy had a higher response rate. Franchimont et 
al. 04> performed assays for both native HCG and the ß subunit. They 
found elevated Ievels of HCG in 6 of 39 breast cancer patients before 
surgery (15%} and of ßHCG in only 1 (2%}. Surprisingly, none of 25 
patients with metastatic disease had elevations in either assay. 

Overall, only a low incidence of elevated HCG Ievels has been 
found in primary breast cancer, and even when the values were ele
vated, there was usually only a small increment above the normal range. 
These results and the failure of the elevations to correlate with prog
nosis<2s> again raise the question whether the marker is produced by the 
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tumor cells. Horne et al., <291 however, in a study of tissue sections by the 
immunoperoxidase technique, found that 60% of breast cancers and 
none of 12 benign breast tissues contained HCG. It would appear, there
fore, that although ectopic production of HCG is frequent in breast 
cancer, release from primary tumors is infrequent and quite variable, 
and not necessarily related to tumor burden. Thus, measurement of 
HCG levels in primary breast cancer patients will probably not be of 
substantial clinical value. There would appear tobe more regular release 
of HCG from metastatic breast cancer l~sions, and HCG assays may be 
useful for monitoring therapy in these patients. 

3.1.3. Human Placental Lactogen 

Sheth et al. <301 measured the levels of another placental hormone, 
human placentallactogen (HPL), in the sera of an appreciable number of 
patients with breast cancer. Of 72 patients with breast cancer, 10 (14%) 
had detectable levels, in contrast to none of 24 patients with benign 
breast diseases. The patients with elevated HPL levels were distributed 
among most clinical stages, except that none of 9 patients with stage I 
disease were positive. The findings are reminiscent of those with HCG. 
Although 82% of breast cancer were found to contain HPL,I291 few of 
these release detectable amounts of hormone into the circulation, and 
then only in quite low concentrations. 

3.1.4. Pregnancy-Assodated arGlycoprotein 

Pregnancy-associated a 2 -glycoprotein has been found to be in
creased in the serum of some patients with breast cancer.<311 Cancer 
patients, however, have a wide range of values that overlap with those 
in persons without cancer, and Stimson et al. <311 therefore concluded that 
this marker could not be used as a diagnostic tool. Even so, they found 
that serial measurements on breast cancer patients, looking for de
viations from the patients' own baseline levels, provided correlation 
with clinical course in 79% of 168 patients. All patients developing re
current disease after mastectomy had elevated values before clinical 
detection of metastases, whereas patients who remained tumor-free did 
not show sustained increases. This marker, however, does not appear to 
be produced by the tumor, and levels have been found to rise pro
gressively with age.<321 Considerably moreinformationwill therefore be 
needed before the clinical value of this marker can be properly assessed. 
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3.1.5. Placental Alkaline Phosphatase 

Placental alkaline phosphatase, also known as the Regan isoen
zyme, has been found tobe elevated in the sera of 12% of patients with 
breast cancer.<33> lt has been pointed out, however, that most elevations 
are only slight, in a range in which correlations with clinical status 
would be expected tobe least accurate.<33> 

3.1.6. Gamma Fetal Proteins 

Edynak et al. <34·35> described two proteins with gamma mobility tobe 
present in cancerous and fetal tissues. The sera of a very low proportion 
of patients with breast cancer or other types of cancer wen~ found to 
have precipitating antibodies for gamma fetal protein, which was de
tected in extracts of 73 of 97 breast cancer and 11 of 13 fibroadenomas. In 
contrast, the antigen was not found in 30 breast tissues with fibrocystic 
disease.<34> A second antigen, termed gamma fetal protein-2, was also 
detected by precipitating antibodies in the sera of a few cancer pa
tients.<35> Gamma fetal protein-2 was found in 17 of 42 breast cancers and 
in about half the specimens of grossly normal breast tissue obtained 
from breast cancer patients. Antigen was detected as far as 12 cm away 
from the tumor margin, yet was undetectable in normal tissues or in 35 
breast tissues of patients with benign diseases. Although some of these 
findings with the gamma fetal proteins appear of interest for possible 
diagnostic applications, there have been no reports on the development 
of more sensitive procedures that might detect circulating levels of the 
markers. 

3.2. Breast- or Milk-Associated Markers 

3.2.1. Casein 

Hendrick and Franchimont<36> set up an RIA for human casein and 
surveyed the levels in the sera of patients with breast cancer and other 
diseases. Of 11 untreated breast cancer patients, 8 (70%) had elevated 
levels, and of 41 treated stage I patients, 41% had elevated values. In 
contrast, elevations were found in 1 of 7 sera from benign breast diseases 
andin only 3% of normal women. Elevated casein levels were not spe
cific for breast cancer, since a large proportion of specimens from pa
tients with lung and gastrointestinal cancers were also positive. Based 
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on these findings, Franchimont et al. 04> performed a more extensive 
study on the association of elevated casein Ievels with breast cancer. 
Only 6 of 39 patients (15%) with untreated primary breast cancer were 
found to have elevated values, whereas 10 of 25 (44%) patients with 
metastatic disease had elevations. Only 1 of 55 patients with benign 
breast diseases had elevated casein Ievels. Elevations in patients after 
mastectomy appeared tobe related tostage of disease, with 7 of 39 stage 
II patients positive vs. 1 of 30 stage I patients. Monaco et al. <37> also 
developed an RIA for casein, but they failed to detect any elevated Ievels 
in the sera of breast cancer patients. Furthermore, only 8 of 47 (17%) 
tumors themselves and none of seven cultured cell lines from breast 
cancer had detectable amounts of casein. Similarly, Hurlimann et al.<38> 
detected casein synthesis in breast cancers, but the amounts were less 
than those found with dysplastic breast tissues. The reason for these 
major discrepancies between these studies and those of Franchi
montu4·36> remains tobe elucidated. It seems possible that the assay of the 
latter group detects antigenic specificities not recognized by the antisera 
of the other investigators. Franchimont et al. <39> attributed their reactivity 
to the kappa type of casein. 

3.2.2. Cross Cystic Disease Fluid Protein 

Haagensen et al. <40·41> recently developed a radioimmunoassay for a 
glycoprotein isolated from breast gross cystic disease fluid. This gross 
cystic disease fluid protein (GCDFP) is believed to be an epithelial cell 
secretory product, is present in milk and saliva, and is expressed in very 
high concentrations in the fluid of breast cysts. One third to one half of 
patients with either primary breast cancer or benign breast diseases have 
low elevations of GCDFP in their sera, and therefore the marker does 
not appear useful for initial diagnosis. However, high elevations (> 150 
nglml) have been found only in patients with metastatic brea$t cancer or 
recurrent disease. About 25-33% of such patients have had values above 
150 ng/ml, and monitoring for such elevations appears to be useful for 
early detection of recurrent disease and for monitoring response of 
metastatic patients to therapy. In the serial monitoring of metastatic 
patients, 28 of 87 had high Ievels of GCDFP, and changes in levels 
correlated with response to therapy. Frequently, the changes occurred 
earlier and were more reliable indications of change in disease status 
than were clinical examination, other laboratory studies, or X rays. Re
currence in 18 patients after surgery was first detected in 6 by high 
elevations in GCDFP. 
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3.2.3. Lactalbumin 

a-Lactalbumin is another milk protein that has been shown to be 
produced by some breast cancers in vivo andin vitro. However, mea
surements of serum levels by RIA revealed no eievatians of this protein 
in the sera of breast cancer patients as compared with the levels in 
normal sera.U5•42> 

3.2.4. Lactoferrin 

Lactoferrin is yet another milk protein that has been examined for 
its usefulness as a breast cancer marker. Although it is produced by 
tumor cells, the levels were lower in cancer cells than in dysplastic breast 
tissues. <38> Rümke et al. <43> developed an RIA for measurement of lactofer
rin in plasma. Although this protein was present in the circulation of 
some breast cancer patients, there were many false positives, which 
were attributed to the release of lactoferrin from normal granulocytes. 

3.2.5. Nonhistone Nuclear Antigen 

Chiu et al. <44> presented evidence for tissue-specific antigens on 
nonhistone nuclear antigensinhuman breast and lung cancer. Antisera 
produced in rabbits against dehistonized chromatin of breast cancer 
reacted well in complement fixation with breast cancers, but not with 
chromatin from normal or benign breast disease tissue or with normal 
lung or placenta. These results appear promising, and efforts are being 
made to develop a more sensitive assay to look for circulating levels of 
the breast cancer chromatin antigen. 

3.3. Other Ectopic Hormones 

In addition to HCG and HPL, calcitonin has also been associated 
with breast cancer.<45•46> The presence of calcitonin in the sera of breast 
cancer patients has been found tobe stage-related, with a high incidence 
in patients with metastatic disease. However, some patients without 
metastasis but with poor prognosis related to lymph-node histology or 
tumor grade had elevated calcitonin levels. Calcitonin was present in 
extracts of 7 of 8 breast cancers and not detectable in benign breast 
disease tissues.<47> Furthermore, its production by breast cancerwas con
firmed by demonstrating its synthesis by in vitro celllines and by a breast 
cancer cellline passaged in nude mice.<45•46> As with HCG and HPL, it 
would appear that some tumors producing calcitonin do not regularly 
release it into the circulation. In only 2 of 5 cases with calcitonin in the 
tumor extract was it also detectable in the serum.<47> In a recent study,ns> 
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only 2 of 17 patients with metastatic breast cancer had elevated Ievels. In 
studies of calcitonin in medullary carcinoma of the thyroid, it has been 
found that administration of various agents can stimulate release into 
the circulation. Similarly, calcium infusion led to rise in calcitonin in 2 
patients, and oral ethanol ingestion led to elevated Ievels in 5 of 9 other 
patients with metastatic disease.<46> It would be of interest to further 
explore the value of calcitonin as a marker, particularly after stimulation 
by morepotent agents, like pentagastrin. 

Prolactin has also been examined as a hormone that might be ecto
pically produced or elevated in breast cancer. In most studies, however, 
the circulating Ievels of prolactin were not elevated in breast cancer (see, 
for example, Sheth et al.<48>). 

3.4. Other Enzymes and Isoenzymes 

3.4.1. Lactic Dehydrogenase 

Hawrylewicz et al. <49 •50> noted a markedly altered lactic dehydro
genase (LOH) isoenzyme pattern in some breast cancer tissues, with 
increases in the cationic isoenzymes, LOH-5 and LOH-4. Examinabon of 
sera from breast cancer patients has given similar results. Sera from 
preoperative patients undergoing mammography or breast biopsy had 
elevated LOH-5 or -4 in 63% from breast cancer patients, 26% from 
patients with benign breast diseases, and 4% from normal women. Of 
sera from patients with metastatic breast cancer, 83% had this isoen
zyme pattern. In longitudinal studies after mastectomy/50> recurrence 
was predicted by the LOH isoenzyme pattern in 69%, and a normal 
patternwas observed in 82% of women who remained without evidence 
of disease. 

3.4.2. Sialyl Transferase and Other Enzymes 

Bosmann and Hall<5n studied the activity of various enzymes in 
neoplastic and normal breast tissues and found that sialyl transferase 
was present in 7-fold higher concentrations in cancer tissues. They also 
noted a 5-fold increase in neuraminidase, a 3-fold increase in 
ß-galactosidase, and also increases in some other glycosidases. Inter
mediate Ievels of some of these enzymes were found in fibrocystic dis
ease tissues. Henderson and Kessel <52> measured serum Ievels of sialyl 
transferase and in 55 of 69 tests on sera of 31 patients, values above the 
normal range were found. It was associated mainly with metastatic dis
ease. In 11 patients studied serially, a fairly good correlation was found 
between sialyl transferase Ievels and extent of disease and response to 
therapy. The mean enzyme level in cancer patients, however, was less 
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than 2 timesthat of normal donors, and this narrow range reduces its 
potential as a marker. Another Iimitation is that elevated sialyl trans
ferase Ievels may occur in some benign diseases, e.g., rheumatoid ar
thritis. Coombes et al. 05> found elevated Ievels in 9 of 16 (56%) patients 
with metastatic breast cancer, but in only 1 of 25 patients with localized 
disease. 

3.5. Normal Body Constituents or Their Variants 

3.5.1. Ferritin 

Marcus and Zinberg<53> found that ferritin was present in high con
centrations in extracts of some breast cancers. The ferritin isolated from 
the tumors was found to be an acidic type, which has been termed 
carcinofetal ferritin or a2H globulin. These investigators set up an RIA for 
ferritin and examined the Ievels in sera of breast cancer patients and 
controls.<54> Elevated Ievels were detected in 41% of sera from cancer 
patients prior to surgery andin 67% of patients with recurrent or meta
static disease. Elevated ferritin Ievels were also found in patients with 
hepatic inflammation, in 43% of patients with hepatitis or cirrhosis, and 
in 13% of patients with ulcerative colitis or peptic ulcers. No information 
was provided in this report regarding levels in patients with benign 
breast disease. Coombes et al. 05> detected elevated ferritin Ievels in 88% 
of patients with metastatic breast cancer, but none of 25 patients with 
localized disease had elevated values. No data have yet been provided 
on the possible clinical applications of this marker for the management 
of breast cancer patients, but a study of this type is in progress. 

3.5.2. Blood Group Substances 

Expression of blood group antigens on cancer tissues has frequently 
been found to be altered. Following the many studies in this area by 
Davidsohn, <55> Gupta and Schuster<56> studied 83 breast tissues for ex
pression of A, B, and H blood group antigens, by a mixed cell agglutina
tion technique. All25 benign breast tissues contained these antigens in 
the epithelial cells. In striking contrast, no reactions were obtained with 
45 primary and 15 metastatic cancer tissues. This major difference in 
antigen expression has yet to be exploited as a useful clinical marker. 

Springer et al. <57> reported that T antigen, a precursor of MN blood 
group substances, was detectable in all of 15 breast cancers studied, 
including in situ lesions, but not in 5 benign breast tissues. As will be 
discussed later, this finding provided the basis for a study of the titers of 
anti-T antibodies in the sera of breast cancer patients.<58> 
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3.5.3. Tissue Polypeptide Antigen 

Björklund<59> and Björklund et al. <6o> studied the Ievels of tissue poly
peptide antigen (TPA), a substance that may be related to tissue regene
ration, in the sera and urine of cancer patients, using a hemagglutination 
inhibition assay. The clinical findings related to TPA were recently sum
marized by Holyoke and Chu.<60 Elevated Ievels were found in 67 of 94 
(71 %) breast cancer patients, as compared with 40 of 112 (36%) patients 
with a variety of benign diseases.<62> A majorproblern with this marker is 
that it is increased in conditions with increased metabolic activity, e.g., 
infections or injury. A possible solution to this problern has been to 
perform repeated measurements. Whereas stable or increasing Ievels 
have usually been seen in untreated cancer patients, the Ievels have 
tended to decline in the patients with benign diseases. In a study of the 
response of advanced breast cancer patients to chemotherapy or to hor
mones, more than 80% of the patients had elevated Ievels of TP A.<63> 

Decreases tended to occur in patients responding to therapy or in those 
with stable disease, whereas progressive increases were seen in patients 
with poor prognosis or recurrence. In another longitudinal study of 
patients with cancer, patients with repeatedly negative TP A tests sur
vived significantly Ionger than those with positive tests.<61> 

3.5.4. Hydroxyproline 

Measurement of the hydroxyproline/creatinine ratio in urine was 
shown to be a useful index of bone breakdown, and provided early 
indications of bone metastases in breast cancer.<64•65> Guzzo et al. <64> 

found that increased urinary ratios often preceded clinical evidence of 
bone metastases by 1-7 months, and that persistently normal ratios were 
associated with an absence of bone metastases during a period of clinical 
follow-up of 6-19 months. The hydroxyproline/creatinine ratio appeared 
to be more useful than measurement of serum alkaline phosphatase. 
Powles et al. <6s> evaluated the use of urinary hydroxyproline mea
surements for predicting response to therapy in breast cancer. Among 
10 patients responding to therapy, all had decreases in their ratios. In 
contrast, al120 nonresponders had increases in their ratios after therapy. 
Coombes et al.05> found elevated ratios in 11 of 15 (73%) patients with 
metastatic breast cancer, but in only 1 of 25 patients with apparently 
localized disease. 

3.5.5. Dimethylguanosine 

Tormey et al.<27> measured 24-hr urinary .N2-dimethylguanosine and 
other nucleoside Ievels in breast cancer patients. Elevated Ievels of di-
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methylguanosine were detected in 57% of the breast cancer patients 
studied. In addition, 8 of 18 (44%) N+ patients after mastectomy had 
elevated values. These data appear promising but are difficult to 
evaluate, since no information on the specificity of the elevations was 
provided. 

3.5.6. Polyamines 

Although measurement of urinary polyamines appears to be useful 
in monitoring some forms of cancer, it does not seem very promising in 
breast cancer. Tormey et al. <27> found elevated levels in fewer than 15% of 
patients with metastatic disease and in none of 16 postoperative N + 
patients. Similarly, Coombes et al. os> detected elevated levels in only a 
small number of patients with metastatic disease. 

3.6. Acute Phase Reactants 

3.6.1. Erythrocyte Sedimentation Rate 

A question often asked about a new potentially useful biological 
marker is whether it is better than the erythrocyte Sedimentation rate 
(ESR). This is not an idle question, since the ESR may often be elevated 
in cancer patients, as well as in a variety of nonneoplastic conditions. 
Riley<66> recently reported on an extensive study of the ESR in patients 
with breast diseases. The results with blood from 385 patients with 
breast cancer and 544 patients with benign breast diseases were com
pared with those from over 3500 normal women. The normal controls 
and benign disease patients had virtually identical frequency distri
butions, whereas with breast cancer, there was a shift toward higher 
levels, which was highly significant. About 40% of cancer patients had 
elevated values, compared to about 20% of the controls. 

3.6.2. Acid Glycoprotein 

Serum a-1-acid glycoprotein is produced by the liver and is elevated 
in response to a variety of disease states.<67> Elevated levels have been 
noted in the sera of some breast cancer patients, including some with 
localized, small tumors. High values have been particularly associated, 
however, with large tumors, recurrent disease, and metastases. Eleva
tions were found in 18 of 26 patients with positive bone scans and in 18 
of 29 patients with other evidence of metastases. It has been suggested 
that normal acid glycoprotein levels may be a good prognostic sign.<67> 

Coombes. et az.os> found elevated levels in 12 of 16 (75%) patients with 
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metastatic breast cancer, and in only 1 of 25 patients with localized 
disease. 

3.7. Antigens of Oncogenic Viruses 

A few recent studies have pointed to possible cross-reactions be
tween human breast cancer and antigens of oncogenic viruses. Al
though the etiological implications of such findings are entirely unclear, 
such cross-reactive antigens could serve as useful markers. 

3.7.1. Mouse Mammary Tumor Virus 

Mueller and Grossmad68> described the reaction of 10 of 36 sera 
from breast cancer patients with an antiserum containing antibodies to 
mouse mammary tumor virus (MTV) and concluded that the sera con
tained MTV -associated antigens. Although it appeared in these studies 
that virus antigens were being detected, the specificity of the reactions 
was not extensively defined. 

3.7.2. Other Viruses 

Kryukova et al. (69> detected precipitin reactions between human 
breast tumor and milk samples and an antiserum to HEp-2 virus, which 
appears tobe very similar or identical to the Mason-Pfizer monkey virus 
(MPMV). Yeh et al. (70> also reported the detection of an antigen related to 
p27 (protein with molecular weight of 27,000 daltons) of MPMV in breast 
cancer tissues, by inhibition in RIA. However, very large amounts of 
tissues were needed to partially inhibit. 

3.8. Histopathological Markers 

3.8.1. Lymphoid Cells 

A number of pathologists have noted considerable differences in the 
morphology among primary breast cancers and axillary lymph nodes. 
Several have pointed to features, involving infiltrations with lymphoid 
cells, that appeared to have prognostic implications. Black et al. (70 em
phasized the lymphoreticuloendothelial responses to breast cancer. 
Prognostically favorable cases of breast cancer had diffuse and periven
ous lymphoid cell infiltrates in the primary tumors and sinus his
tiocytosis in the axillary lymph nodes. Perivenous infiltrates and sinus 
histiocytosis appeared to be particularly good prognostic features. In a 
confirmatory study, Hunter et al. (72 > found that 16 of 17 patients with 



232 Ronald B. Herberman 

dominant sinus histiocytosis in the regionallymph nodes remained free 
of recurrent disease for more than 5 years. In contrast, 5 of 6 patients 
with germinal center hyperplasia in the regional lymph nodes died 
within 5 years. Patients with both histiological features had an inter
mediate survival rate; 17 of 25 remained tumor-free. Patients with no 
lymphoid proliferative response in the lymph nodes did poorly, with 5 
of 6 dying early. Friedell et al. <73> noted sinus histiocytosis in more than 
one half of the specimens from Japanese warnen with breast cancer, and 
rarely found this feature in English cases. They raised the question of the 
relationship of this finding to the more benign course of breast cancer in 
Japan. Tsakraklides et al. <74> also studied axillary lymph nodes and found 
that lymphocytic predominance was associated with the highest survival 
rate, lymphocytic depletion and unstimulated lymph nodes had the 
paarest survival, and patients with germinal center predominance had 
intermediate survival rates. Deodhar et al. <75> studied the interaction of 
tumor cells with axillary lymph node cells in vitro, by observing clump
ing of lymphocytes araund tumor cells, cytotoxicity, and blast transfor
mation. Such reactions were mainly seen in N0 patients, and in reactive 
patients the lymph node cells were more active than their peripheral 
blood lymphocytes. In cantrast to the studies cited above, Floreset al. <16> 

found no significant correlation between prognosis and lymphoid infil
trates in the tumor or sinus histiocytosis in the lymph nodes. 

Recently, some attempts have been made to analyze the types of 
lymphoid cells involved in the axillary lymph node infiltrates. Tsakrak
lides et al. <77> found that axillary lymph nodes of breast cancer patients 
contained an average of 64% T cells, as measured by rosette formation 
with sheep erythrocytes (SRBC), with a range of 32-80%; an average of 
36% B cells, as measured by the presence of surface immunoglobulins 
(Sig's), with a range of 14-46%; and an average of 28% of cells with 
receptors for Ig's, with a range of 10-45%. In lymph nodes with lym
phocytic predominance, there was an increased proportion of T cells, 
high proliferative responses to phytohemagglutinin (PHA), and a low 
proportion of B cells. In nodes with germinal center predominance, the 
opposite patternwas seen, with low numbers ofT cells and high num
bers of B cells. The low lymphoproliferative responses to PHA of such 
cells contrasted with the high responsiveness noted by Fisher et al. <78> 
with cells from nodes with prominent germinal centers. A large propor
tion of the cells in malignant pleural effusions in breast cancer patients 
has also been shown to be T cells. Djeu et al. <79> found that most of the T 
cells in the effusions had high-affinity receptors for SRBC, in cantrast to 
a considerably lower proportion of such cells in the peripheral blood. No 
prognostic value for such findings was determined. Richters and Kas
persky!80> concentrated on the presence of Sig-positive B cells in primary 
tumors and regional nodes. In N + patients, both tumor-free and in-
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volved nodes had a signifieantly higher pereentage of B eells than that 
seen in N0 patients. Within the primary tumors of 10 patients, half had 
no deteetable B eells and the others had 10-20%. Although more studies 
of this aspect are needed, it appears that infiltration of lymph nodes with 
T eells is a prognostieally favorable sign, and a predominanee of eells 
with Slg is a poor prognostic sign. Sinee it has reeently become clear that 
other eell types, in addition to B eells, ean bear IgG on their surfaee via 
reeeptors for the Fe portion of IgG and sinee Fe-positive eells ean ae
eumulate in tumors, it will be important in further experiments to dis
tinguish more definitively between B eells and Fe-positive eells. 

3.8.2. Immunoglobulins 

In addition to studies on lymphoeyte Sig's, some investigators have 
studied the deposition or produetion of Ig' s in the tissues. lrie et al. <81 > 

deseribed the presenee of Ig and eomplement on a metastasis to the 
kidney and their absenee on normal kidney eells. Riehmad82 > found IgA 
and IgM on both benign and malignant breast epithelial eells, but IgG 
was detected only on the cancer cells. Roberts et al. <83> found more IgM to 
be produeed in tumor tissues than in benign breast tissues, and the 
Ievels of both IgM and IgG eorrelated with the degree of round-cell 
infiltration. As yet, no prognostic relevance for these findings has been 
reported. 

Waldman et al. <84> reported preliminary indications of elevations of 
the secretory eomponent (SC) of IgA in the sera of some patients with 
epithelial malignancies. Harris et al. <85 > followed up on these findings in a 
study on breast cancer, and found that SC was weil represented on 
primary tumors and on metastases. It was suggested that the detection 
of SC in lymph nodes or other sites could aid in the identification of 
small metastatic foci. 

3.8.3. Antigensand Other Markers 

Horne et al. <29> performed a retrospective study of breast caneer pa
tients, examining biopsies by the immunoperoxidase teehnique for the 
presence of HCG, HPL, and pregnancy-specifie ß1 -glycoprotein. None 
of 12 benign tissues had any of these markers, but at least one was 
present in over 80%, and 60% of the cancers contained all three. Patients 
with tumor negative for these markers had significantly Ionger survival. 
The pregnancy ß1-glyeoprotein appeared tobethebest prognostic indi
eator. 

Savlov et al. <86> studied breast eaneer tissues for a variety of enzymes 
and the relationship between their Ievels and response to ehemotherapy. 
They found that tissues from patients responding to therapy had higher 
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Ievels of pyruvate kinase, glucose phosphate isomerase, LOH, and iso
citrate dehydrogenase, and using a statistical model, could predict the 
clinical responses in 25 of 32 patients. 

3.9. Alterations in Immune Fundion in Breast Cancer 

Aspart of the immune surveillance theory, one might expect to find 
decreased immunological functions prior to development of clinical 
cancer or in the presence of early, localized disease (discussed in Her
berman<87)). On the other hand, if the presence of tumor produced de
creased immune reactivity, this might be useful for prognosis and 
monitoring. There have been many studies of alterations of immune 
function in breast cancer patients, and these studies will be summarized 
below, with particular emphasis on the possible diagnostic or prognostic 
value of the findings. 

3.9.1. Serum Immunoglobulin Levels 

Meyer et al. <88) measured serum IgA Ievels in 42 N + patients. Some 
patients had elevated Ievels and others had low values. Those with low 
IgA Ievels before mastectomy continued to have low values thereafter. 
Among patients receiving postoperative radiotherapy, recurrence corre
lated significantly with IgA Ievels below 200 mg/100 ml and lymphocyte 
counts below 1500/mm3 • In contrast, patients receiving irradiation and 
having high IgA Ievels remained tumor-free. Since patients not receiv
ing radiotherapy did not display a correlation between their IgA Ievels 
and recurrence, it was suggested that irradiation may be detrimental to 
patients with a low IgA Ievel and may be helpful to patients with high IgA. 

3.9.2. Peripheral Blood Lymphocytes 

Several investigators have described depressed lymphocyte counts 
in some patients with breast cancer, either because of the disease itself or 
because of therapy. Papatestas et al. <89) found 40-50% of their patients, 
prior to therapy, to have lymphocyte counts below 2000/mm3 • For stage 
II and III patients, this finding was associated with a poor prognosis; 
such patients had a significantly lower 5-year survival than did those 
with pretherapy counts above 2000. In contrast, Glas et al. (90) reported 
that initiallymphocyte counts were not predictive of subsequent metas
tases, and they also noted no effect of surgery on the counts. Meeredie 
et al. <90 also found no correlation between preoperative lymphocyte 
counts and recurrence, but found that lymphocyte counts rose after 
mastectomy, with a significant mean increase of 87% by 21 days. In 
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attempts to characterize the subpopulations of lymphocytes responsible 
for the alteration in lymphocyte counts, a number of laboratories have 
measured the proportians of T cells forming rosettes with SRBC. Al
though Stjernswärd et al. <92> failed to detect any depression in rosette
forming cells (RFC), some subsequent studies have found depressed 
levels in some patients. Using a 29°C assay<93> that measures a Subpopu
lationofT cells with a high affinity for SRBC, our laboratory has found de
pressed levels in a considerable proportion of breast cancer patients.<94·95> 
Whitehead et al. <96> also found a significantly decreased proportion of 
RFC in patients with stages I, II and IV, as compared with normal 
donors or with patients with benign breast diseases. They noted, how
ever, that stage III patients, despite their poor prognosis, did not have 
significant alterations from normal. In studies on the possible 
mechanism for the depressed levels of RFC, this group found a reversal 
by pretreatment of the lymphocytes with papain.<96> More recently, they 
described the inhibition of rosette formation by sera of breast cancer 
patients, with 56% of sera from stage III patients and higher proportians 
from other stages having this effect.<97> Surprisingly, they found no dif
ferences in this inhibitory activity between sera obtained preoperatively 
or at periods with no evident disease or recurrence. Despite the lack of 
clinical correlation, characterization of the responsible inhibitory factor 
might lead to a useful diagnostic test. Petrini et al. <98> studied the propor
tians of Sig-bearing cells in untreated breast cancer patients and found a 
significant increase above normal. These differences did not seem to be 
related to the presence or absence of metastases. As mentioned earlier, it 
is not certain whether these data reflect the proportians of B cells or 
possibly cells with Fe receptors. 

Since postsurgical radiotherapy is a commonly used form of adjunc
tive therapy, several investigators have studied the effects on lympho
cyte counts and on subpopulations of lymphocytes. After radiotherapy, 
lymphocyte counts have remained depressed for Ionger than 12 
months.<92·99> This decrease has been reported to be more profound in 
patients with metastases.<9o> There has been disagreement about the rela
tive sensitivity of T cells and non-T cells to the effects of radiotherapy. 
One group reported a relative decrease in RFC/92> whereas others<98·100> 
found more depression in non-T lymphocytes. These differences have 
been attributed to the failure of Stjernswärd et al. <92> to remove mono
cytes before testing, and this population increased after radiother
apy.<98·100> At 3 years after radiotherapy, T cells were still depressed, 
but non-T lymphocytes had returned to normallevels.<98> 

Weese et al. <95> found that adjuvant chemotherapy, particularly com
bined therapy with cyclophosphamide, methotrexate, and 5-fluorouracil, 
caused a substantial decrease in the proportion of lymphocytes forming 
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rosettes with SRBC in the 29°C assay for the subpopulation with high
affinity receptors. These depressive effects were at least partially reversed 
in patients also receiving Corynebacterium parvum subcutaneously. 

3.9.3. Delayed Cutaneous Hypersensitivity 

Skin tests for delayed hypersensitivity reactions have been used 
widely for evaluation of immune reactivity of cancer patients. Roberts 
and Jones-Williams001> found that about one fourth of patients undergo
ing mastectomy had negative reactions to a low concentration of 
streptokinase-streptodornase, and the size of skin reactions decreased 
significantly with advanced disease. There was no correlation, however, 
between skin reactivity to this antigen and subsequent recurrence or 
with round-cell infiltration of the tumor or sinus histiocytosis. Cunning
ham et al. 002> studied patients with untreated recurrent breast cancer, 
to determine their abilitytobe sensitized to a new antigen, dinitrochloro
benzene. Patients with strong skin reactions survived significantly Ionger 
and responded better to therapy. There was also a higher incidence of 
positive reactions in patients with well-differentiated tumors containing a 
dense infiltrate of lymphocytes. 

3.9.4. Lymphocyte Proliferation and Other Cellular Reactions in Vitro 

In vitro assays of cell-mediated immune reactivity have also been 
used to look for decreased reactivity in cancer patients. Decreased pro
liferation of lymphocytes in response to mitogens has been extensively 
studied, but clear depression has been largely restricted to patients with 
advanced or inoperable cancer (see, for example, Whittaker and 
Clark103>). It should be noted, however, that significant depression has 
been seen even with patients with stage I or II disease,003> and using the 
relative proliferation index to better quantitate the responses relative to 
normal donors, Dean et al. 004> found depression in about one third of the 
breast cancer patients. Glas et al. <9 o> studied proliferative responses to 
PHA and to purified protein derivative (PPD) at various times before 
and after therapy. They found that depressed responses to either 
stimulant before therapy were not predictive of recurrence. At the time 
of recurrence, responses to PPD were lower than those seen initially or 
those of patients who were still tumor-free. In contrast, responses to 
PHA did not change from pretherapy values. In this study, radiotherapy 
led to a decreased response to PHA and PPD, but there wasareturn to 
normal by 12 months. McCredie et al.,<99> however, described an in
creased response to PHA after irradiation. In our laboratory, we have 
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observed persistent depressed proliferative responses in patients who 
received radiotherapy. 

Matthews and Whitehead005> recently described inhibition of 
antibody-dependent cell-mediated cytotoxicity by sera from more than a 
third of breast cancer patients. This inhibition apparently was not due to 
immune complexes, but the inhibitory factor was not characterized. No 
information was provided on the clinical status of the patients, nor were 
controls with benign sera performed. Preliminary data on decreased 
monocyte ehernotadie responses in untreated breast cancer patients 
were also reported,006> and this was reversed within a week after 
surgery. 

3.10. Immune Responses to Breast-Tumor-Associated and Other 
Antigens 

Many tumor-associated antigens or other antigens can elicit an im
mune response in the tumor-bearing patient. Antigens can often be 
recognized by the host when present in very small amounts, and recog
nition and response could occur priortorelease of the antigens into the 
circulation. It might therefore be expected that immunological reactions 
would be detected while tumors were still small and localized, and that 
assays for such reactions might be more sensitive markers for breast 
cancer than the circulating tumor markers. Detection of immune reac
tions in breast cancer patients may also serve as means for identifying 
and isolating new breast-cancer-associated antigens, which could then 
be used for raising heterologous antibodies and setting up RIAs. 

3.10.1. Humoral Antibody Responses 

Detection of antibodies to tumor-associated antigens is potentially a 
very sensitive and logistically simple procedure for diagnosis and 
monitaring of breast cancer. Unfortunately, despite an appreciable 
amount of work in this area, there have been relatively few advances, 
particularly in regard to utilization of these antibodies for diagnosis or 
monitoring. Some interesting information has accumulated, however, 
and will be summarized below. 

Breast-Tumor-Associated Antigens. Loisillier et al. oon tested the sera 
of breast cancer patients against tanned erythrocytes coated with breast 
tumor extracts. Of the patients, 80% were found to have antibody titers 
in excess of 1 : 160. In contrast, only 11% of patients with benign breast 
diseases or no patients with other types of cancer had high titers. The 
antigen detected did not appear to be breast-cancer-specific, since 
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lyophilized milk or extracts of noncancer tissue could absorb the an
tibodies; however, 8- to 10-fold more of these materials were required as 
compared with breast cancer extracts. 

Taylor and Odili<tosl described an autoantibody in the serum of 1 of 
11 breast cancer patients tested by complement fixation with a nuclear 
fraction of autologaus and allogeneic breast cancer, but not with normal 
breast extracts or with extracts of other types of cancer. Two antigens 
seemed to be involved, one of which was DNAse-sensitive and ap
peared to be breast-tumor specific. Gentile and Flickinger 009l also de
scribed autoantibodies, detecting high-titered reactions of all of 15 breast 
cancer patients tested in a tanned erythrocyte agglutination test against 
extracts of autologaus tumor. Only rarely did sera from patients with 
benign breast diseases react, and then only in low titers. Here too the 
detected antigen was thought to be antigen-specific. 

Some studies have involved the testing by immunofluorescence of 
sera against breast tumor cells or tissue cultured cells derived from 
breast cancer. Priori et al. mol detected reactions in abou t two thirds of the 
breast cancer sera tested against cultured cells derived from breast 
cancer and also from fibrocystic disease patients. All the normal sera 
were negative, and both of two sera from patients with fibrocystic dis
ease were negative against the cancer-derived cells. The antigen de
tected in this study appeared to be common to both the tumor and 
benign cells. Edynak et al.U 11 l found reactivity against a cytoplasmic 
antigen in two primary cell cultures with 91% of sera from breast cancer 
patients, when obtained 7-10 days after mastectomy. In comparison, 
20% of normal donor sera, matched for age and parity, reacted; how
ever, no studies with sera from patients with benign breast diseases 
were reported. 

Two groups of investigators have reported precipitating antibodies 
in the sera of breast cancer patients. Roberts et al. <sal found reactivity in 
the sera of 4 of 16 breast cancer patients against tumor material, but not 
against extracts of 13 benign or normal tissues. Humphrey et aZY 12•113l 
performed more extensive studies and found reactions by either im
munodiffusion or complement fixation with 46% of breast cancer pa
tients. Only 1.5% of normal sera reacted, but 34% of sera from patients 
with fibrocystic disease and 25% from patients with fibroadenomas 
reacted. Furthermore, the antigen or antigens detected were not 
tumor-associated, being detected also in extracts of normal breast. De
spite these negative features, these workers emphasized the possible 
prognostic usefulness of these tests. Of 13 N + patients without detect
a ble antibodies, 11 were dead within 12 months, whereas 15 of 18 N + 
patients with antibodies remained free of disease for up to 24 months. 
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Despite the promise in the data of several of the studies cited above, 
no subsequent information on the clinical usefulness of these antibodies 
has been provided. 

Springer et a[.<5 s> found that anti-T antibodies (see Section 3.5.2), 
present in virtually all adult human sera, was depressed in 21% of sera 
from 189 breast cancer patients, compared with 5% of patients with 
benign breast diseases and 3.6% of persons without cancer. After 
surgery, two thirds of the cancer patients had an increase in antibody 
titer, whereas only 1 of 32 patients with benign diseases showed an 
increase. Although this study involves the quantitative decrease in anti
body, rather than the presence of a breast-cancer-associated antibody, 
this could still be a useful marker for diagnosis or prognosis or both. 

The Makari skin test, which has been described as a diagnostic test 
for a variety of cancers (see the review in Weese<114>), is based on im
mediate erythematous reactions to intradermal inoculation of autolog
aus serum mixed with tumor extracts. Its use has included the evalua
tion of patients with breast disease. A high proportion of breast cancer 
patients reacted, but 45% of patients with benign breast diseases also 
gave positive results.015•116> On the basis of some promising reports, an 
improved version of this test has recently been made available for large
scale testing in the United Kingdom. However, the value of the im
proved test in breast cancer is not yet clear. 

3.10.2. Antibodies to Virus-Associated Antigens 

Several investigators have described antibodies in the sera of breast 
cancer patients that reacted with mouse mammary tumors and with 
mouse mammary tumor virus (MTV). Charney and Moore<117> per
formed in vivo tests for neutralization of MTV by human sera, and found 
that 2 of 5 sera from breast cancer patients had weak neutralizing activ
ity. Many sera from breast cancer patients have been found to give 
positive immunofluorescence with MTV + mouse mammary tumor 
cells.018•119> Most of the reactions could be attributed to heterophile an
tibodies, but a small number of reactions were thought to be directed 
against MTV. Newgard et alY20> showed that most human sera could 
precipitate MTV in a radioimmune precipitation assay, but these reac
tions could be inhibited by dog milk and lactating mouse mammary 
glands. They therefore concluded that the observed reactions were due 
to nonvirus materials. The interpretation to be given the inhibition data 
is not clear, however, since very large amounts of dog milk were needed 
to inhibit and this might have been nonspecific.021 > 
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3.10.3. Cell-Mediated Immune Reactions 

a. Skin Window Technique. Black and Leis022> used a skin window 
technique to study cellular responses of breast cancer patients. Cryostat 
sections of autologaus breast tissues were placed on an abraded area of 
skin, and the basophils and other cells in the exudate after 28-30 hr were 
examined microscopically. Positive responses were found in 40% of 
tests with cancer tissues andin less than 10% with benign breast tissues. 
The frequency of reactivity to autologaus cancer sections was correlated 
with stage of disease, with the highest incidence of reactivity in patients 
with in situ carcinoma or precancerous mastopathy and the least in N + 
patients. Higher reactivity was also associated with the presence of sinus 
histiocytosis in the axillary lymph nodes. This procedure was suggested 
to be useful as an aid in prognosis, but no information has been pro
vided as to whether reactivity would provide information that would 
add significantly to the prognostic classification of patients by the usual 
staging procedures. 

b. Delayed Cutaneous Hypersensitivity Reactions. Hughes and Lyt
tod123> first showed in 1964 that 3 of 22 patients with breast cancer had 
delayed hypersensitivity reactions to crude extracts of autologaus 
tumors and not to extracts of grossly normal breast tissues. Stewart and 
Orizaga024> performed similar studies with autologaus extracts and 
found reactions in 12 of 56 breast cancer patients. The reactive patients 
tended to have anaplastic tumors, positive axillary lymph nodes, and a 
shorter survival. Reactivity in their tests was therefore a sign of poor 
prognosis, despite the association of reactivity with infiltration of the 
tu mors with mononuclear cells. Alford et al. 025> confirmed the findings 
of autologaus reactivity to autologaus crude membrane extracts and 
showed that allogeneic cancer extracts also elicited skin reactions. Sol
uble skin reactive antigens were then prepared from the crude extracts 
by sonication and then separated by Sephadex G-200 chromatography. 
Sephadex fractions of extracts of normal breast tissue from cancer pa
tients and normal breast tissue from patients with fibrocystic disease, as 
well as those from breast cancer, gave reactivity in some patients with 
carcinoma of the breast. These data suggested that some patients had 
immune reactivity against organ-associated antigens. On further separa
tion by gradient polyacrylamide gel electrophoresis,026> two adjacent gel 
regions gave positive reactions. In preliminary tests for skin reactivity, 
one fraction (region 2b) appeared to contain a breast-cancer-associated 
antigen and the other (region 2a) a breast-tissue-associated antigen. In 
these initial studies, region 2a gave positive reactions in patients with 
localized breast cancer and not in patients with disseminated cancer, 
whereas the other region gave positive results in most breast cancer 
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patients. In more recent tests with !arger numbers of patients and with 
further splitting of gel regions, region 2a from both a !arge primary 
tumor and from MCF-7, a cell line derived from breast cancer, again 
gave a high incidence of positive reactions with good specificity in pa
tients with localized breast cancer.n27) The region 2bl-3 from MCF-7 also 
showed good specificity and reacted only in patients with localized dis
ease. The ability to separate breast-tumor-associated skin reactive anti
gens from an established cellline is very encouraging, since this should 
be a source for !arge, standardized batches of antigen for extensive clini
cal testing. Efforts are also under way to prepare specific antihoclies 
against the isolated skin reactive antigens, which may be used to set up 
RIAs for these antigens. 

c. Leukocyte Migration Inhibition. The leukocyte migration inhibition 
assay, which is considered a close in vitro correlate of delayed cutaneous 
hypersensitivity, has been widely used to study cell-mediated immunity 
of breast cancer patients. Anderson et al. n2s) first showed that the migra
tion of leukocytes of some patients with breast cancer was inhibited on 
exposure to autologaus tumor extracts and not to normal tissues. De
creased reactivity was seen in patients who were free of evident disease 
after mastectomy, butthiswas difficult to evaluate because the patients 
also received radiotherapy. Segall et al. n29) confirmed the reactivity of the 
majority of breast cancer patients to autologous tumor extracts. They 
looked for cross-reactivity to other breast cancers and obtained only one 
positive result. Most subsequent studies, however, have found good 
reactivity of breast cancer patients to allogeneic tumor extracts.0 3o- 132) 

McCoy et al. u33) also found reactivity of the majority of breast cancer 
patients against extracts of MCF-7, a cellline derived from breast cancer. 
The occurrence of reactivity of breast cancer patients against common 
antigens in allogeneic as weil as autologous extracts derived from 
tumors suggests the potential usefulness of this procedure for initial 
diagnosis. However, although only a small proportion of normal women 
have shown reactivity in these studies, patients with benign breast dis
eases have displayed a higher frequency of reactivity.0 3o- 134) Patients 
whose breast biopsies showed some form ofbreast disease had reactivity 
similar tothat of breast cancer patients, whereas women whose biopsies 
showed no evidence of disease failed to react.0 34 ) These results, and the 
reactivity of some cancer patients against extracts of benign breast le
sions, indicate that patients with neoplastic and benign breast diseases 
may become sensitized to breast tissue antigens. Similar to the findings 
described above for delayed cutaneous hypersensitivity reactions, 
Kadish et al. <132) reported preliminary evidence for the separation of 
breast-cancer-associated antigens from breast tissue antigens. A high
molecular-weight fraction elicited reactions ir. 50% of breast cancer pa-
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tients and in only 5% of controls. In contrast, a low-molecular-weight 
fraction elicited reactivity in patients with benign and malignant breast 
diseases. This finding suggests that two different antigens could be used 
for clinical testing, one that might be useful to screen for patients with 
breast diseases and the other that might help to discriminate breast 
cancer patients from patients with benign breast diseases. It was of 
interest that the reactivity of women with benign diseases was strongly 
influenced by surgery, with a drop in reactivity within 1 month after 
surgery; in contrast, the reactivity of breast cancer patients remained 
high during this period.034> Another potential application of this assay 
might be to assess the prognosis of breast cancer patients. Black et al. 035> 

have examined this issue most extensively, using cryostat sections of 
tumor tissues as source of antigen. The frequency of reactivity in their 
study was related to stage, with 90% of patients with in situ cancer 
reacting and only about one third of stage II patients reacting against 
autologaus tumor sections. The relationship between reactivity and dis
ease status at the time of testing has not been well defined in most 
studies, but recent analysis of data in our laboratory (McCoy and Can
non, unpublished observations) indicates that a higher proportion of 
patients with recurrent or metastatic disease maintain reactivity than do 
patients who remain free of detectable disease. 

Black et al. 036> made the intriguing observation that many patients 
with breast cancer reacted in leukocyte migration inhibition assays with 
mouse milk from a high MTV + strain and usually not with milk from a 
low MTV strain. A higher incidence of reactivity was noted in patients 
with other favorable prognostic indicators}137> and reactivity to the 
virus-containing milk correlated rather well with reactivity of patients to 
autologaus or allogeneic breast cancer materials.038> Zachrau et al. n39> 

eluted a protein from the breast tissues that appeared to have a 
molecular weight similar tothat of the gp52 of MTV. This protein itself, 
however, was not shown to elicit migration inhibition or tobe antigeni
cally related to gp52. McCoy et al. <140> confirmed that many breast cancer 
patients can react in leukocyte migration inhibition with MTV + mouse 
milk, and also with purified MTV and gp52. In contrast, very few normal 
donors or patients with other types of cancer have reacted to these 
materials. The significance of these reactions remains to be determined, 
since some breast cancer patients have also reacted in migration inhibi
tion to gp69/71 of murine leukemia virus, which does not cross-react 
seriologically with gp52. The cell-mediated immune response might be 
recognizing a common determinant on these two viral glycoproteins, or 
these results might simply reflect a hyperreactivity of breast cancer pa
tients to glycoproteins of various types. Regardless of the nature of the 
antigenic specificities recognized, however, measurement of reactivity 



Biological Markers in Breast Cancer 243 

to these viral reagents may be quite useful for monitaring of breast 
cancer patients. 

d. Lymphocyte Proliferative Responses. A number of investigators 
have studied the proliferative response of lymphocytes from breast 
cancer patients to tumor cells or to tumor extracts.041- 145> It is difficult to 
estimate the clinical utility of most of the data, since the numbers of 
patients in most studies were small, no clinical correlations were made, 
and allogeneic extracts were usually employed. The use of allogeneic 
materials has been found to present the potential for response to normal 
alloantigens,046> and it is difficult to distinguish this from reactivity to 
tumor-associated antigens. Such problems in interpretation can be 
eliminated by the use of autologaus tumor cells or extracts. However, 
this would obviously restriet the usefulness of this test to the study of 
known cancer patients, after surgical removal of tumor. Dean et al. 045> 

studied 34 patients with breast cancer and observed significant pro
liferative responses in 12 patients to either intact autologaus tumor 
cells or crude extracts of autologaus tumors. The reactivity appeared 
to be directed against tumor-associated antigens, since normal breast 
tissue of reactive patients did not stimulate. In a preliminary analysis 
of the clinical status of reactive patients, no correlation was found with 
stage of disease or therapy. Patients are now being tested serially, to 
examine more carefully the usefulness of this test for prognosis or 
monitoring. 

Cunningham-Rundles et alY47> tested lymphocytes from women 
with breast cancer and from controls for proliferative responses to an 
extract of MTV + mouse milk. Many women had positive reactions, with 
patients with malignant or benign breast diseases having quantitatively 
higher responses than normal women. Although these data appear tobe 
somewhat similar to those obtained in migration inhibition, one needs to 
be particularly concerned in this assay that reactions might have been to 
mouse xenoantigens, which are better represented in MTV + milk than 
in MTV - milk, rather than to viral antigens. McCoy et al. <140> observed 
that normal women and men reacted as weil as breast cancer patients 
against MTV. 

e. Cytotoxicity. Cell-mediated cytotoxicity assays also have poten
tial applications for diagnosis and monitaring of breast cancer. Several 
groups reported that the lymphocytes of patients with breast cancer 
were cytotoxic against tissue culture cells derived from breast 
cancer.<14s- 150> If only patients developing breast tumors had cell
mediated reactivity against breast cancer-associated antigens, a sensitive 
detection method might be available. In several recent studies,n51- 154> 

however, major problems have been noted (discussed in Herberman 
and Oldham<155>). A considerable number of normal subjects, patients 



244 Ronald B. Herberman 

with other types of cancer, and patients with benign breast diseases056> 

have been found to react significantly against cultured cells derived from 
breast tumors, and reactivity of breast cancer patients has been seen 
against cells derived from dissimilar types of cancer. One possible solu
tion to these problems is to test simultaneously against cultures derived 
from breast cancer and against celllines susceptible to the cytotoxicity of 
normal subjects, and Iook for relative increases in Ievels of reactivity 
against the breast cancer lines. Cannon et al. <157> recently reported that 
breast cancer patients did have relatively higher Ievels of cytotoxicity 
against the MCF-7 cellline. Another approach is to physically separate 
the types of effector cells responsible for each type of cytotoxic activity, 
and much effort is being expended in this direction. Until some practical 
solution is found, however, cytotoxicity assays would not appear to be 
suitable for practical clinical applications. Humoral blocking factors, 
which can inhibit cell-mediated cytotoxicity, have also been de
scribed, 058> and their presence has been associated with progressively 
growing tumors. The correlations have not been complete (see, for 
example, Jeejeebhoy 053>), however, and practical applications of the tests 
for humoral factors will probably have to await further standardization 
of the basic cell-mediated assays. 

f. Leukocyte Adherence Inhibition (LAI). Recently, the LAI technique 
has attracted considerable attention as a rapid and simple test to detect 
specific reactivity of breast cancer patients against tumor-associated 
antigens. Powell et al. 059> reported that 95% of 110 breast cancer patients 
reacted specifically to extracts of breast cancer, as compared with only 1 
of 15 patients with benign breast diseases. Although normal blood 
donors were generally unreactive, 11 of 29 normal subjects who had 
been extensively exposed to tumor patients or tumor extracts gave posi
tive results. Grosser and Thomson°60> observed reactions in 40 of 47 
breast cancer patients, with decreased reactivity or Iack of reactivity 
associated with disseminated disease. In contrast, fewer than 10% of 
normal donors and none of 7 patients with benign breast diseases 
reacted. More recently, this same group061> reported on moreextensive 
evaluation of the correlation of reactivity with clinical status. Reactivity 
was related tostage of disease, with 88% of patients with stages I and II 
reacting as compared with 31% of stage IV patients. After mastectomy, 
half the patients were unreactive during the first 6 months, and sub
sequent reactivity was related to recurrent disease. Fujisawa et al.0 62> 

confirmed the specificity of the procedure, but did not evaluate patients 
with benign breast diseases. In cantrast to the results of Floreset al., 060 

they found no differences in reactivity among patients with varying 
clinical stages or in relation to time after mastectomy. Overall, the LAI 
test appears quite promising as a diagnostic test. However, the proce-



Biological Markers in Breast Cancer 245 

dure may be subject to unconscious bias, and most of the reported 
studies have not been performed with a strict double-blind design, with 
coded specimens. 

g. Tests of Macraphage Electrophoretic Mobility (MEM) and Structured
ness of Cytoplasmic Matrix (SCM). Caspary and Field<163> originally de
scribed the MEM test, in which most patients with a variety of cancers, 
including breast cancer, reacted against basic proteins derived either 
from brain or from cancer tissues. Since then, several groups have con
firmed these results,064·165> and because of the very high proportion of 
cancer patients reacting, the procedure was suggested as a useful 
means, in conjunction with clinical tests, to exclude the diagnosis of 
cancer.066> A very high degree of sensitivity for detection of early cancer 
was claimed,066> with reactivity up to 16 years before clinical evidence of 
disease. However, in a recent trial with coded specimens provided by 
investigators at a neighboring institution, the MEM test failed to dis
criminate weil between breast cancer patients, patients with benign 
breast diseases, and normal donors (Pritchard, personal communica
tion). 

Cercek et al. <167> developed the SCM test, a rapid procedure involv
ing changes in fluorescence polarization after contact of sensitized lym
phocytes with antigen. Using the same antigens as used in the MEM 
test, good differentiation between cancer patients and controls was 
seen. By using breast cancer antigens, tissue specificity was conferred, 
with only patients with breast diseases reacting.068> However, the diag
nostic potential of the testwas diminished by the finding that the major
ity of patients with benign breast diseases also reacted.069> Although 
other groups have confirmed the original observations (see Bag
shawe065>), it remains tobe determined whether this test can withstand 
the same type of objective evaluation described above for the MEM test. 

3.11. Antigen-Antibody Complexes 

Most of the tests described above have depended on the specific 
detection of circulating antigens or immune reactants. If antibodies are 
being produced against circulating antigens, then antigen-antibody 
complexes may be formed. Recently, sensitive tests have been de
veloped to detect such circulating immune complexes, and these proce
dures have been used to examine sera from cancer patients. 
Theofilopoulos et al. 070> detected elevated Ievels of complexes in the sera 
of 8 of 20 (40%) patients with breast cancer. Rossen et al. 071> had positive 
results with about 80% of sera from breast cancer patients. The results 
were not appreciably affected, however, by major differences in clinical 
status. Although results with this approach are still rather preliminary, 
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detection of immune complexes may be useful clinically and, by analysis 
of the antigens in the complexes, may also help to identify new im
munogenic breast-cancer-associated antigens. 

3.12. Use of Multiple Markers 

Because of many of the problems described above, no single biolog
ical marker may have sufficient sensitivity and specificity for a particular 
clinical application. One might, however, envision the use of several 
tests in combination to provide highly discriminatory data. This ap
proach has already been taken by a few groups interested in diagnosis of 
breast cancer. Tormey et al. <27) tested sera and urine of breast cancer 
patients for CEA, HCG, polyamines, and nucleosides. By using CEA, 
HCG, and dimethylguanosine, 97% of patients with metastatic disease 
and two-thirds of those with N + disease gave positive results. How
ever, this study did not examine the usefulness of the multiple markers 
to discriminate between the neoplastic and benign breast diseases. 
Coombes et al. 05J evaluated the combined use of a wide variety of mark
ers. Seven markers were elevated in over 50% of patients with metasta
tic disease, and all these sera could be identified by the use of two 
markers, e.g., CEA and C-reactive protein, CEA and acid glycoprotein, 
ferritin and acid glycoprotein, or CEA and ferritin. In patients with 
localized disease, however, the combined use of seven markers still did 
not provide sufficient sensitivity. Only 22% of N0 patients and 45% of 
N + patients had elevations of any of these markers. Although patients 
with benign breast diseases were tested in this study, no information 
was provided about the use of multiple markers to discriminate between 
cancer and benign diseases. Franchimont et al. 04l employed another 
group of five markers: CEA, a-fetoprotein, HCG, ßHCG, and casein. 
a-Fetoprotein was never positive and the HCG assays contributed little, 
but the use of the other markers, CEA and casein, increased the sensitiv
ity of detection. At least one marker was elevated in 69% of patients 
with localized disease, andin 88% of patients with metastatic disease. In 
contrast, only 5.5% of patients with benign diseases had any ab
normality. 

All of the studies cited above used multiple assays for circulating 
antigens or biochemical markers. Stein et al. <172J used multiple assays of 
immune competence to assess patients with breast cancer. They mea
sured delayed cutaneous hypersensitivity to PPD and dinitrochloroben
zene, lymphoproliferative responses to PHA, lymphocyte counts, and 
levels of cells forming rosettes with SRBC. Over two thirds of patients 
with operable breast cancer had some depression in one or more of 
these tests, as compared with 30% of control subjects. In this study, 
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these assays did not appear to have prognostic value, and some ab
normalities persisted for long periods in patients without evident 
disease. All these patients, however, received postoperative radiother
apy, which may account for much if not all of the persistent immune 
depression. 

Horne et al. <29> examined tumor specimens for the presence of sev
eral pregnancy-associated markers, HCG, HPL, and pregnancy-specific 
ß1 -glycoprotein. The presence or absence of HCG did not provide useful 
prognostic information, but the absence of the other two markers was 
associated with significantly Ionger survival. 

3.13. Conclusions 

Among the many markers that have been examined, there are sev
eral promising leads for the application of immunological or biochemical 
tests to the diagnosis and management of breast cancer. From the data 
collected thus far, it is possible to select a number of markers for more 
detailed and extensive clinical studies. The very promising circulating 
markers might include CEA, ferritin, calcitonin, GCDFP, and urinary 
hydroxyproline. To these might be added some measures of immune 
function and reactivity, particularly lymphocyte counts and subpopula
tions of RFC, lymphocyte proliferative responses, and leukocyte migra
tion inhibition. It seems quite likely that some combination of these 
markers could provide high levels of specificity and sensitivity. Simi
larly, some combination of procedures for examination of tumor speci
mens may provide very helpful prognostic information. 

One essential issue for initial diagnosis will be to demonstrate 
clearly that a test or combination of testswill be able to discriminate weil 
between women with cancer and those with benign breast diseases, and 
that such procedures add to the current armamentarium of diagnostic 
tests. Women with fibrocystic disease are currently giving positive reac
tions in many of the procedures described above. Regardless of the 
cause, this problern will have to be circumvented for the immunological 
assays tobe useful in screening or as adjuncts to early diagnosis of breast 
cancer. 

Many of the techniques that are currently being used need to be 
refined considerably. Most studies reported to date have concentrated 
on demonstrating differences between populations of women with 
breast cancer and control populations. More of the markers need to be 
thoroughly evaluated for their practical use in staging and monitaring of 
patients. Procedures still need to be developed for application to the 
problems of individual patients. One pressing need in this regard is the 
establishment of standardized reagents, so that the same antigens, an-
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tibodies, or other reagents can be used in the study of many patients and 
in the serial monitaring of individual patients. The identification of an
tigenic breast-cancer-derived tissue culture lines appears to be very 
promising in this regard. 

It would also be very helpful if simpler tests could be developed for 
detection and monitaring of breast cancer. The RIAs are probably the 
most practical tests for large-scale application, and many of the other 
procedures, like delayed hypersensitivity skin tests or leukocyte migra
tion inhibition, present considerable logistical and technical problems. 
One approach would be to use tumor-associated antigens, which have 
been identified by the current techniques, for the production of 
heterologous antisera and the eventual development of an RIA, which 
would require for testing only a small volume of serum. 

The data accumulated thus far are sufficiently encouraging to lead 
to a search for new breast-cancer-associated markers and to more exten
sive evaluation of currently available markers. 
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The Cell Kinetics of Mammary Cancers 

LEWIS M. SCHIFFER 

1. Introduction 

The cell kinetics of mammary cancers are not dissimilar from those of 
other cancers, except perhaps as they are influenced by the hormonal 
milieu. This chapter will review the available Iiterature of unperturbed 
breast cancer cell kinetics in both transplantable and spontaneous 
animal models, as well as the available material on human breast 
cancers. The data reported here originated from in vivo and short-term in 
vitro studies performed directly with the tumor tissue. The reason for 
this restriction is that tissue cultured breast tumor cells, while they 
perhaps retain some of the biochemical characteristics of the original 
specimen, do not necessarily have the same cell kinehe patterns as the 
primary or metastatic tumors from which they were derived. 

The following section on terminology and definitions should be 
sufficient to orient all but the most inquisitive reader. The latter will find 
references to each of the experimental studies, and will rapidly become 
aware of the heterogeneity of techniques and methods of analyses. 

1.1. Terminology and Definitions 

The cell cycle can be thought of as an orderly progression of a cell 
from a specific point in the reproductive process through various phases 
until one of the daughter cells once again reaches that same specific 
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point. The median time required to traverse that path is called the cell 
cycle time (Tc). If the specific point at which one starts is the point in 
mitosis where telophase ends and two daughter cells are formed, then 
these daughter cells enter a phase in the cell cycle called G1 • The median 
time required for a cell to complete G1 is Tc,. This phase is characterized 
by increasing production of protein, RNA, and other constituents that 
are necessary for induction and completion of the next phase of the cell 
cycle: DNA synthesis, or the S phase. The median time necessary for a 
cell to double its DNA content is referred to as the DNA synthesis time 
(T8 ). lt is during the S phase that cells can incorporate exogenaus 
nucleosides into the newly synthesized DNA. If the specific nucleoside 
precursor of DNA synthesis (thymidine) is radioactively labeled with 
tritium (lH), its incorporation into DNA can be studied by autoradiog
raphy or liquid scintillation counting. The former technique proves tobe 
more useful in cell kinehe analyses. 

The fraction of cells labeled with tritiated thymidine (fH]-TdR) is a 
measure of the fraction of cells in the S phase at the time of the pulse 
label, and is defined as the labeling index (lH]-TdR LI). Naturally, if 
these cells go on to divide, die, or change in any way, the fH]-TdR LI, 
or thymidine index, will change also. Following completion of DNA 
synthesis, the cells enter a premitotic G2 phase. This phase is usually 
short, but during this time (Tc2 ), proteins, microtubules and other 
components necessary for initiation and completion of the division 
process are synthesized. 

When the cell enters prophase, it becomes recognizable as a mitotic 
figure and remains so during mitosis. The cell rapidly progresses 
through the remaining mitotic stages to telophase, with the median time 
referred to as TM. When telophase ends and the new daughter cells are 
formed, the cycle, as defined earlier, comes to an end. Each new 
daughter cell may then traverse the cycle in the same fashion. 

Cells such as granulocytes, muscle cells, and villus cells differ
entiate and go out of the active cell cycle. This usually occurs in the 
G1 phase. Loss due to cell death may occur during active cell prolifera
tion or during phases of inactivity. One phase of mitotic inactivity is 
frequently called the G0 phase. G0 originally referred to bone marrow 
stem cells, considered out-of-cycle, but capable of reentering the cycle 
when given the proper stimulus. A similar concept, proposed by 
Mendelsohn,(l) isthat of the tumor growth fraction (GF). The GF isthat 
fraction of the total tumor cell population that is actively progressing 
through the cell cycle (G1 , S, G2 , or M), and is thus one minus the 
fraction of G0 cells. 

It is possible to measure the GF of animal tumors by means of pulse 
fH]-TdR administration and percent labeled mitoses (PLM) analyses, or 
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by other techniques utilizing continuous or intermittent ['lH]-TdR 
administration. These techniques, which require in vivo [3 ]-TdR and 
multiple samplings, are not generally applicable in a clinical setting, and 
very little human GF data have been obtained. 

An in vitro method has recently been described for estimation of the 
GF of experimental animal tumors, termed the primer-available DNA 
polymerase (PDP) assay.<2> It is also thought, although not yet proved, to 
estimate GF in human tumors.<3> 

The cell cycle time {Tc) can be calculated from the PLM analysis or 
from the in vitro measurements of [3H]-TdR LI, T8, and PDP or GF. The 
potential doubling time {T p) can also be calculated, and is defined as the 
time required for the cell population to double in size, in the absence of 
cellloss. 

For all these calculations, one must also consider that the tumor cell 
populations are not in a steady state. Thus, the mathematics of these 
calculations involve certain exponential factors to account for growth. 

The rate of tumor growth, while frequently difficult to estimate in 
human tumors, can be measured by calipers in animal tumors and 
usually follows Gompertzian growth. This type of growth is character
ized by an exponential increase interacting with an exponential slowing 
such that there is a rapid, early increase in the size followed by a slower 
increase or even a semiplateau phase. The tumor volume doubling time 
{T0 ) for a tumor of any size can be calculated from these equations or 
measured by tangents at points on this curve. The major cell kinetic 
parameters that govern the T0 are the cell cycle time, the GF and cellloss 
{cf>). The latter can be calculated from the Tp and T0 values, and repre
sent the proportion of cells that are lost as a ratio of those pro
duced. 

2. Cell Kinetics of Mouse Mammary Tumors 

2.1. Transplantahle Tumors 

2.1.1. Tumors of the C3H Strain 

These tumors are derived from a mouse strain known to carry the 
mouse mammary tumor virus (MTV). The particular lines from which 
the cell kinetics are reported may or may not have been derived by virus 
induction, but probably should be so considered. 

It is quite clear from the works of Wexler et al. <4> and McCredie et 
al. <s> that the rates of growth of early-transplant-generation tumors differ 
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from those of late-transplant generations and spontaneous tumors. This 
is also reflected in the cell kinetic measurements that will be reported. In 
addition, and perhaps more important, the individual variations of the 
cell kinetics of the original donor tumor, while unknown in all these 
instances, could have very considerable effects on the subsequent cell 
kinetics of the new transplantable tumor lines. 

Denekamp<6> reported cell kinetic results from first-generation 
transplants derived from a spontaneous tumor. In tumors with a T0 of 
108 hr and fH]-TdR LI of 0.16, she found a TG, of 15.0 ± 25 hr; T8 , 6.0 ± 
1.5 hr; TG2, 2.0 ± 1.0 hr; Tc, 15.2 ± 8.9 hr; GF, 0.37; and cp, 0.70. The GF 
from these data, reported by Steel,m was recalculated to 0.46. Other 
first-generation studies by Fowler et al. <s> disclosed Ionger T0 's 8-9 days 
and higher cp factors of 0.74-0.79. Simpson-Herren and Lloyd<9> de
scribed a T0 of 5.5 days and a relatively low fH]-TdR LI, averaging 0.02. 

Tannock00> studied the cell kinetics of fourth-generation transplants 
of C3H/He tumors into C3BF1 (C3H x C57BL) mice. He found a mean 
fH]-TdR LI of 0.351 ± 3.9 in thesehybrid mice. Near areas of necrosis, 
the fH]-TdR LI was 0.103 ± 0.034, and regions near blood vessels had a 
fH]-TdR LI of 0.500 ± 0.025. Intermediate areas had a fH]-TdR LI of 
0.296 ± 0.048. The PLM curves were not dissimilar, and the cell kinetic 
parameters were TG" 3.0 ± 2.0; T8 , 7.2 ± 1.5 hr; TG., 3.0 ± 1.0 hr; and Tc, 
12.8 hr. The GF was 0.5. 

There are a nurober of tumor lines of Ionger transplant generations 
that have been studied in great detail. Mendelsohn and Dethlefsen<w 
reported on three lines derived from the C3H mouse. The S102F had a 
TG, of 6.5 ± 4.6 hr; T8 , 7.7 ± 3.4 hr; TG., 2.5 ± 1.4 hr; TM, 0.6 ± 0.3 hr; and 
Tc, 17.2 ± 5.9 hr. The GF was 0.55. The fast line had a TG, of 6.7 ± 3.0 hr; 
T8 , 11.0 ± 5.5 hr; TG2 , 1.3 ± 0.8 hr; TM, 1.1 ± 0.6 hr; with a Tc of 20.1 ± 
6.3 hr and a GF of 0.30. The slow line had a Ionger TG, of 17.3 ± 12.3 hr; 
T8 , 12.5 ± 7.2 hr; TG2 , 2.1 ± 1.5 hr; and TM, 1.6 ± 1.1 hr. The Tc was 33.5 
± 14.3 hr, and the GF was 0.23. 

Studies by Szczepanski and Trotf12> on a C3H line, called 284, of 
extended transplant generation showed a fH]-TdR LI of 0.125; mitotic 
index (MI) of 0.0037; TG" 4.7 hr; T8 , 6.8 hr; TG., 1.9 hr; Tc, 13.6 hr; GF, 
0.25; and cp of 0.5 in tumors 0.8-1.0 cm in size. 

The C3HBA tumor derived from a spontaneous mammary adeno
carcinoma in a C3H/An mouse has been carried for over 30 years by the 
Jackson Laboratories in C3H/He mice. Nelson et al. 03> reported that in 
small tumors of 56 mg size and To's of 61.4 hr, the fH]-TdR LI was 0.274 
± 0.044 and TG, was 10.4 ± 13.6 hr; T8 , 8.7 ± 2.9 hr; TG., 3.2 ± 2.3 hr; and 
Tc, 20.3 hr. The GF was 0.70 and cp was 0.59. 

Still another C3H-derived tumor is the H2712. This tumor was 
derived from a spontaneous tumor of the C3H/HeHu mouse in 1948 and 
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has been in continued transplantation in the C3H/HeJ mouse ever since 
that time. Unpublished results<14> on 70-mm3 tumors with a T0 of 34.7 hr 
showed a [3H]-TdR LI of 0.33; TGu 0.9 hr; T8 , 5.8 hr; TG21 2.1 hr; and Tc, 
9.0 hr. The GF was between 0.51 and 0.67, and ~ was 0.57. 

The HB mammary tumor in the C3H/Tif/BOM mouse was de
scribed05> as having a [3H]-TdR LI of 0.33 at 21 days post-transplant. The 
TG, was 5.9 hr; T8 , 7 ± 0.08 hr; TG2 , 1.4 hr; and Tc, 15.5 hr. The GF was 
0.47, and ~was 0.84. Oophorectomy produced a lengthening of the TG1 

to 9.3 hr and reduction of the [3H]-TdR LI to 0.21, but sham surgery had 
no effect on the cell kinetics. 

2.1.2. Tumors of the DBA Strain 

The DBAH tumor line was derived from a DBA/212 mammary 
adenocarcinoma by Goldfeder.<16> This epithelial tumor in the 38th 
passagewas found to have a TG, of 7.5 hr; T8 , 6 hr; TG21 2.5 hr; and a Tc of 
16 hr. Another tumor derived from the same line was also studied by the 
PLM method in the 458th passage and found to have a TG, of 3 hr, a T8 of 
12 hr, a TG2 of 1 hr, and a Tc of 16 hr. This latter tumor, called the DBAG, 
was a spindle-eeil tumor histologically, and may not be an adenocar
cinoma. Also, it had considerable numbers of tetraploid, octaploid, and 
aneuploid cells. 

The T1699 tumor originally found in, and still passaged in, the 
DBA/2J mousewas studied by PLM analysis at 14 days post-transplanta
tion when the tumorwas 1 cm3 in size.<2> The [3H]-TdR LI was 0.135, and 
the T0 was 54.2 hr. The TG, was 3.1 hr; T8 , 5.8 hr; TG2 , 3.7 hr; and Tc, 13.1 
hr. The GF was 0.30. Computeranalysis of the data differed only in the 
TGu which was increased to 5.4 hr, and the GF increased to 0.40. 

Other DBA/2 tumors are known, <m having been derived from the 
DBA/2Ha-DD line, but only growth curves have been described. 

2.1.3. Tumors of the BALB/c Strain 

The KHJJ tumor was derived from a hyperplastic alveolar nodule 
arising spontaneously in a BALB/cCrgl mouse and passaged in BALB/c 
mice. Tumors were studied at 100 mm3 when the T0 was approximately 
38 hr.<ls> Using Steel's method of analysis, RockweH and co-workers 
found that at the tumor periphery, the [3H]-TdR LI was 0.358 ± 0.014; 
the mean TG, was 2.3 ± 4.5 hr; Ts, 8.4 ± 0.5 hr; TG21 2.0 ± 1.5 hr; and Tc, 
13.7 ± 4.3 hr. The GF was 0.52, and ~was 0.31. Mendelsohn's method 
of analysis, however, showed a TG, of 3.7 ± 1.7 hr; T8 , 9.5 ± 2.8 hr; TG21 

1.4 ± 0.5 hr; and Tc, 15.2 ± 3.2 hr. At the center of the tumor, by the 
Steel analysis, the TG, was 4.6 ± 3.0 hr; T8 , 9.4 ± 2.3 hr; TG., 2.2 ± 1.2 hr; 



264 Lewis M. Schiffer 

and Tc, 16.1 ± 4.2 hr, with a [!H]-TdR LI of 0.223 ± 0.011 and a GF of 
0.38. Mendelsohn's method of analysis of these data showed the Tc, to 
be 4.7 hr; T5 , 10.1 hr; Tc2 , 1.5 hr; and Tc, 17.1 hr. 

At the 25th passage of the KHJJ tumor, it was placed into tissue 
culture, and after 33 passages in vitro, a colony was reimplanted into 
BALB/c mice and was renamed the EMT6 tumor. This tumor was also 
studied by PLM methods at 100 mm3 in volume. In regions with no 
necrotic features, Steel's analysis showed the Tc, tobe 7.3 ± 10.9 hr; T5 , 

11.9 ± 3.6 hr; Tc21 1.9 ± 0.7 hr; and Tc, 20.7 ± 7.1 hr. Mendelsohn's 
analysis showed the Tc, tobe 8.0 ± 8.0 hr; T5 , 11.9 ± 4.5 hr; Tc2 , 1.7 ± 
0.8 hr; and Tc, 22.3 ± 9.1 hr. The [3H]-TdR LI was 0.293 ± 0.012; GF, 
0.48; and </>, 0.61. In areas on the edge of necrosis, by the Steel analysis, 
the Tc, was 9.4 ± 10.3 hr; T5 , 11.6 ± 6.4 hr; Tc21 2.6 ± 1.8 hr; and Tc, 22.6 
± 9.0 hr. By Mendelsohn's analysis, the Tc, was 9.8 hr; T5 , 11.1 hr; Tc21 

2.2 hr; and Tc, 23.9 hr. Forthis region, the [3H]-TdR LI was 0.239 ± 
0.011, and the GF was 0.51. 

Watson°9> studied a variant of this tumor, designated EMT6/M/AC, 
which he considered to be histologically more of an adenocarcinoma 
than was Rockwell' s at the time of her PLM studies. He also studied the 
tumor at different tumor volumes. At the time when the [!H]-TdR was 
administered, the smallest tumor was 1.5 mm3 and had a T0 of 31.5 hr. 
The largest tumor at the time of the PLM analysiswas 175 mm3 , and the 
T0 was 120 hr. Although the [!H]-TdR LI decreased with increasing size, 
from 0.320 to 0.241, the compartment time parameters did not change in 
any great detail. Tc, varied from 5.6 to 7.5 hr; Ts, from 7.3 to 9.9 hr; Tc2 , 

from 1.5 to 1.8 hr; and Tc, from 14.1 to 18.5 hr. GF decreased from 0.682 
to 0.516, and </> increased from 0.403 to 0.743. 

2.1.4. Tumors of the C57BL Strain 

The Ca775 tumor originated in a primary adenocarcinoma of the 
C57BL strain. It has been passaged for many years in either that line or 
the BDF1 (C57BL <;! x DBA/2 o) hybrid. The studies ofLasteretal.<2m and 
Simpson-Herren and Lloyd<9> were performed on the latter animals. At 4 
days posttransplantation, when the tumor weight averaged 46 mg, the 
[!H]-TdR LI was 0.27 and the T0 was about 19 hr; the Tc, was 3.5 hr; Ts, 
7.0 hr; Tc2 , 0.5 hr; and Tc, 12.0 hr. The GF was 0.51. At 8 days post
transplantation, the mean'" tumor weight was 0.38 g, the [!H]-TdR LI 
0.18, and the T0 was 38 hr. At that time, Tc, was 4.5 hr; Ts, 6.0 hr; Tc21 2.5 
hr; and Tc, 14.0 hr. The GF was 0.45. Steel's recalculations of these 
data<7> increased the Tc, to 7.0 hr and Tc to 15 hr. The 14-day tumors 
weighed 2.7 g, on average, and had a [!H]-TdR LI of 0.09 and a T0 of 
over 9.7 days. The Tc, was 7.5 hr; Ts, 6.0 hr; TG2 , 1.5 hr; and Tc, 16 hr. 
The GF was 0.28. 
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2.1.5. Tumors of Other Strains 

Janik et al. <21 > reported on hormone-dependent tumors induced in 
GR/FIB mice by progesterone-estrone treatments. The cell kinetics were 
performed on first-generation transplants from the same primary 
tumor. 

On day 23 after transplantation, while under hormonal influence, 
the T0 was 67 hr and the [3H]-TdR LI 0.27. At that time, the Tc, was 1.8 
hr, and Tc, 15.5 hr. The GF was 0.60. When hormones were eliminated, 
and the tumorwas regressing with a Tl of 36 hr, the [3H]-TdR LI was 
0.075. The Tc, was 9.9 hr; Ts, 9.1 hr; Tc2 , 2.6 hr; and Tc, 21.6 hr. The GF 
had dropped to 0.17. 

Tannock<22> studied the cell kinetics of the BICR/SA1 tumor derived 
from a spontaneaus tumor and passaged in the A/St mouse. This tumor 
had been passaged approximately 100 times when PLM curves were 
performed. The [3H]-TdR LI in regions near blood vessels was 0.62 ± 
0.07; near necrosis, 0.30 ± 0.07; andin intermediate regions, 0.42 ± 0.06. 
The TGJ was 4 hr; T8 , 10.7 hr; and Tc2, 1.3 hr, with a Tc of 17 hr. The PLM 
curves did not differ significantly in the three regions, although the GF 
did because of the differing [3H]-TdR LI. The T0 was 74 hr. 

Furtheranalysis by the method of Steel and Hanes<23> revealed a Tc, 
of 6.6 ± 6.5 hr; T8 , 9.3 ± 1.9 hr; Tc21 2.9 ± 1.5 hr; and Tc, 18.8 ± 6.9 hr.<24> 

2.2. Spontaneous Tumors 

2.2.1. Tumors of the C3H Strain 

This mouse strain, originally a cross of a Bagg albino <i? X DBA o, 
has, since its use by Heston, always been found to carry the mouse 
MTV. Mammary tumors develop in paraus animals in a greater 
incidence than nulliparous, and may in fact reach up to a 90-100% 
incidence in some series. A recent study!25> indicates that the incidence 
and latent period of tumors vary according to the amount of stress to 
which the animals are subjected. Stress, as defined by cage crowding 
and frequent handling, increased the incidence to 90% in 400-day-old 
paraus mice as opposed to virtually none in mice in a protected 
environment. In this mouse system, the tumors do not appear to be 
hormone-dependent. 

Numerous investigators have reported data on the growth charac
teristics of the C3H/He tumor, and some of these data will be 
documented here. McCredie et al. <s> reported the differences in growth 
rates of these primary tumors, first-generation transplants and long
term syngeneic transplants of the C3HBA in the C3H/He mouse. They 
found that there was a considerable increase in growth rates as one 
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increased the number of transplant generations. From their data, it 
appears that a 1-cm3 tumor, approximately 35 days after appearance, 
has a T0 of about 10-12 days. Magdon and Winterfeld<26> classified their 
tumors according to their latent period and established seven growth 
types. Their results are in general accordance with others reported here. 
Mendelsohn<27) found that the mean T0 for 115 tumors was 8.5 days, 
with a wide variation of 2-50. Also, Mendelsohn and Dethlefsen<28> 

found that selection of fast-growing primary tumors for transplantation 
did tend to give first-generation tumors with faster growth rates than 
those from more slowly growing primaries. 

In a study by Braunschweiger et al. <29> on C3H/He tumors, there was 
noted a wide variation in individual T0 's, ranging from 3.6 to 73.2 days. 
The mean was 17.0 days and the median 12.4 days for tumors of mean 
size 1.58 cm3 • The frequency distributionwas found tobe log normal in 
character. 

Although a C3H/Bts strain of spontaneaus mammary tumors was 
used, Shewell<3o> found a mean T0 of 14.7 days and a median of 13.8 
days. All these studies emphasize the wide variation inherent in the 
growth of spontaneaus mouse tumors. 

Normal mammary epithelium in the C3H mouse has been studied 
from a cell kinetic viewpoint. Bresciani<30 found an average [3H]-T dR LI 
of 0.049 with a range of 0.027-0.076. This was confirmed by Banerjee,<32> 

who found an average [3H]-TdR LI of 0.048, which decreased to 0.0013 
at 5 days after oophorectomy. Banerjee and Walker<33> also found that 
the T8 was an average 20.7 hr, but this value decreased to 8.2 hr in the 
hormone-stimulated pregnant animal. Bresciani<34> also reported the 
value for T8 tobe 20.1 hr, with a range of 14.8-27.6 hr, which also de
creased to 10.4 hr (9.5-11. 9 hr range) on hormone stimulation. In another 
study, Bresciani<3n found the Ts tobe an average 21.7 hr, with a range of 
13.0-31.2 hr; a Ta, of approximately 45.7 hr; a Ta. of approximately 3 hr; 
and a TC of approximately 71 hr. 

Hyperplastic alveolar nodules (HANs) were found to have a [3H]
TdR LI of 0.071 by Banerjee<32> and of 0.097, with a range of 0.058-0.182, 
by Bresciani.<31) In Banerjee's study, there was no change with oophor
ectomy. He also found a Ts of 13.7 hr, with a range of 10.4-20.0 in these 
nodules.<33> Bresciani<3n found the HAN T8 tobe 15.9 hr, with a range of 
12.8-20.1; the Ta, was approximately 26.8 hr; the Ta. was approximately 
2 hr; and the Tc was approximately 46 hr. 

C3H/He tumor cell kinetic studies really began with Mendelsohn's 
dassie reports 0 •35•36> in the early 1960s. Those results, followed by 
additional animal studies in 1965/24•27> showed that at a T0 of 204 hr and 
a [3H]-TdR LI of 0.14, the Ta, was 19.4 ± 8.7 hr; the T8 , 11.7 ± 5.2 hr; the 
Ta", 1.9 ± 0.9 hr; the Tc, 34.6 ± 10.2 hr; and the GF, 0.40. Analysis by 
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Steel<7l of Mendelsohn's 1965 data showed a shorter TG, of 14 hr, a GF of 
0.45, and a cp of 0.75. 

Braunschweiger et al. <29) recently published the data from a large 
group of individual spontaneaus C3H/He tumors. The reason for this 
study was to validate the usefulness of certain in vitro cell kinetic 
techniques, and therefore only a limited number of cell kinetic param
eters were measured. However, these could be performed in a large 
number of individual animals along with certain clinical correlations. 
There was no difference in the cell kinetics of type A or type B (Ounn 
classification) tumors, the [3H]-TdR LI and Ts values being identical. 
Results were obtained for in vitro studies of [3H]-TdR LI and T8 similar to 
those for the in vivo studies of type A tumors. 

The GF, calculated by the technique of Mendelsohn, <n was 0.18 ± 
0.013, with a range of 0.117-0.282. This was compared to the in vitro 
analysis by the POP method of Schiffer et al. <2l of 0.167 ± 0.004, with a 
range of 0.093-0.326. Assuming a value of 2 hr for Tc;", the cell cycle 
kinetic parameters measured in vitro (in vivo values in parentheses) are 
TG11 15.2 ± 0.8 S.E.M. (10.6); T8 , 10.9 ± 0.2 S.E.M. hr (10.7); Tc, 28.6 ± 
1.6 S.E.M. (32.1); cp, 0.572 (0.593); [3H]-TdR LI, 0.074 ± 0.005 S.E.M. 
(0.069). 

The [3H]-TdR LI was shown tobe inversely related to the Tn, with 
the highest [3H]-TdR LI's having the shortest Tn's. There appeared tobe 
little or no relationship of Tn to the POP index. There was a broad direct 
relationship of the [3H]-TdR LI to the POP index, although at the largest 
values of each, there was wide variation. The Tn was directly related to 
the potential doubling time (Tp), but again, with wide variations. The TP 
was indirectly related to the POPindex suchthat at high POP values, the 
Tp was quite short. The cellloss factor (cp) increased with increasing Tn's 
until it reached a plateau at a Tn of about 15-20 days. Finally, there 
appeared tobe a broad, but definite, direct relationship of Tc to Tn. 

2.2.2. Tumors of the CD8Fl Strain 
This tumor system was developed by Martin and his colleagues by 

cross-mating BALB/cfC3H c;j! with OBA/8 o . <37) The females develop 
breast cancer at a peak age of 9 months. The mice are all mouse-MTV
positive, and have been used for a variety of surgical, immunological, 
and chemotherapeutic experiments. Their growth curves are highly 
variable like the C3H/He, and these mice develop lung metastases 
spontaneously. 

Braunschweigerand Schiffer looked at the cell kinetics of this tumor 
in collaboration with Martin.<38l For tumors between 0.5 and 1.0 cm3, the 
[3H]-TdR LI is 0.093 ± 0.038, the T8 is 10.1 ± 0.5 hr, the POPindex is 
0.359 ± 0.162, and the Tc is 36.0 ± 9.6 hr. 
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3. Cell Kinetics of Rat Mammary Tumors 

3.1. Transplantabte Tumors 

There are a number of transplantable rat mammary tumors, from 
different strains, that have undergone cytokinetic analysis. 

The BICR/A4 mammary adenocarcinoma, which was induced by 
radiation in an August rat, was studied in the fourth transplant 
generation when the Tn was 120 hr.<39> Steel<7> found the [3H]-TdR LI to 
be 0.12, with an intermitotic time of 18 hr; Gv 6 hr; S, 11 hr; G2, 2 hr; GF, 
0.26; and cp, 0.52. 

The BICR/A9 fibroadenoma reported by Steel et al. <4o> originally had a 
Tn of 32 days with a [3H]-TdR LI of 0.014. The second transplant 
generation had a Tn of 30 days, a [3H]-TdR LI of 0.014, a TG, of 26 hr, a Ts 
of 19hr, a TG2of2.6 hr, a Tc ofapproximately41 hr, a GF of0.13, anda cp 
of 0.68.m At the fourth transplant generation, the Tn was 4.5 days; the 
[3H]-TdR LI was 0.158, with a shortened TG, of 15 hr, a Tc of 30 hr, a GF 
of 0.38, and a cp of 0.38. The tenth-generation transplant had a Tn of 1.7 
days, a [3H]-TdR LI of 0.31, a TG, of 9.3 hr, a Ts of 9.2 hr, a T02 of 2.7 hr, a 
Tc of 16 hr, a GF of 0.69, and a cp of 0.49. There were ploidy changes 
associated with the variation in cell kinetics. Recalculation by Mendel
sohn<24> did not alter these values significantly. 

The BICR/A7 mammary adenocarcinoma was induced by intra
venous 7,12-dimethylbenz(a)anthracene (DMBA), and the PLM experi
mentwas performed on the third transplant.<39> The Tn was 432 hr; [3H]
TdR LI, 0.053; TG., 25 hr; T8, 18 hr; T02 , 3 hr; intermitotic time, 74 hr; and 
GF, 0.25.m 

The BICR/A12 mammary adenocarcinoma, which was also induced 
by an intravenous DMBA injection in the August rat, was studied by 
Janik and Steel<41> in the 5th and 6th transplant generations. On day 13 
posttransplantation, when the Tn was 90 hr, the [3H]-TdR LI was 0.28; 
TG1, 9.4 hr; T8, 8.9 hr; TG2, 2.4 hr; Tc, 21 hr; GF, 0.87; and cp, 0.72. 

The BICR/M1, which originated spontaneously in the Marshall 
strain of rat, was shown by Steel et al. <42> to grow more rapidly with 
increasing transplant generations. In approximately the 150th genera
tion and after 10 years of transplantation, the [3H]-TdR LI was 0.34 ± 
0.4; TG., 8.0 ± 4.2 hr; T8 , 8.0 ± 1.5 hr; Tc;,, 3.0 ± 1.6 hr; and Tc, 19.0 ± 4.7 
hr. There was no cellloss in these small tumors, and the Tn was 22.7 ± 
2.5 hr. (7,24) 

Simpson-Herren and Griswold reported the cell kinetic parameters 
of the transplantable mammary adenocarcinoma 1/C, which was origi
nally induced by DMBA in a Fischer rat. <43> The PLM curve was done on 
14-day tumors of average weight 0.37 g. These small tumors had a Tn of 
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1.8 days at this time. The Tc was 17.3 hr; TG,, 6.3 ± 1.4 hr; T8 , 8.6 ± 4.2 
hr; To.,, 2.4 ± 2.1 hr.<24> The [3H]-TdR LI was 0.15 ± 0.3, with a range of 
0.06-0.22. Using the calculation of LIJLI1, the GF value for this tumor 
would be approximately 0.30. However, the results of labeling tumor 
animals with multiple doses of [3H]-TdR would lead one to suspect a 
higher GF in the range of 0.70-0.80. 

The 13762 mammary adenocarcinoma was induced with DMBA in 
Fischer 344 rats by Segaloff and has been carried in these rats for over 10 
years. The tumors for a recent study, on 14-day-postimplant animals, 
were supplied by Dr. Arthur Bogden of the Mason Research Institute 
and have been subsequently carried at Allegheny General Hospital. The 
14-day-postimplant tumors have a [3H]-TdR LI of 0.33; TG" 5.2 hr; T8 , 

5.6 hr; To.,, 1.5 hr; and Tc, 12.7 hr.<3s> The 25-day and 35-day tumor 
PLM's are almost identical. These tumors were extremely necrotic, 
however, and only a shell of viable tissue was usually found at these 
later times. The PLM studies were performed on this viable shell. The 
GF of the 14-day tumorswas calculated at about 0.75, and this confirms 
the PDP value of 0.70. Thesetumors had a T0 of approximately 5 days 
and were over 2 cm in diameterat the time of study. 

3.2. lnduced Tumors 

Although several chemieals have been shown to produce primary 
mammary tumors in rats, the only one for which significant cell kinetic 
data are available is 7,12-dimethylbenz(a)anthracene (DMBA). The 
technique of Huggins,<44> utilizing the oral administration of DMBA 
dissolved in sesame oil, has been used to induce these tumors in the 
Sprague-Dawley rat. 

Griswold et al. <45> studied the growth rate of these tumors and found 
that in those animals that had tumors at 2 months post DMBA ingestion, 
there was a mean of 1.4 tumors per animal with a total mass of about 1 
g. This increased to a total average tumor mass of 10.0 g at 4-5 months 
post DMBA ingestion, with a mean of 3.2 tumors per rat. The tumor 
incidence at 4 months post DMBA was between 63 and 100%. 

Subsequent studies by Simpson-Herren and Griswold,<46> using the 
same technique of tumor induction, showed that tumors of 1.0-g size 
had an average T0 of 11 days, which was about 15 days after tumor 
appearance, and the T0 had increased to about 75 days at 10-g size or 
about 80 days after appearance. The kinetic analysis of their PLM data 
revealed, for an average tumor size of 2. 7 g, a [3H]-T dR LI of 0.10; T G" 
11.5 hr; T8 , 8.5 hr; To.,, 1.0 hr; Tc, 22.0 hr; T0 , 432 hr; Tp, 62 hr; and GF, 
0.31. Subsequent analysis of these data by Steel<7> revealed minor 
changes of TG" 14 hr; T8 , 9 hr; and GF, 0.35. 
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Simpson-Herren and Griswold<43> repeated these studies using 
tumors of different sizes. They found little difference in the [3H]-TdR LI 
between small (< 1 g) and large (> 3 g) tumors, with the mean values 
being 0.060 and 0.069, respectively. There was a large range of [3H]-TdR 
LI's, however-between 0.001 and 0.15 in each group. There was also 
little change in the time parameters for various compartments, as 
calculated by two different computer models. For the Barrett-Steel 
analysis, the median-sized tumors of 1-3 g and T0 of 240-384 hr; the 
mean Tc was 18.3 hr; TG" 6.6 hr; T8 , 9.3 hr; and Tc;", 2.4 hr. The GF, 
using the LI0/LI1 model, ranged from 0.1 to 0.2. 

Not all tumors were progressively growing, and static tumors 
showed much lower [3HJ-TdR LI's, with a reduction, in one study, from 
0.10 to 0.016. Regressing tumors following oophorectomy showed a 
progressive decline in [3H]-TdR LI to 0.002 in 2 weeks. This could be 
reversed, in these hormone-sensitive tumors, by administration of 
estradiol and progesterone. Although Combs et al. <47> did not find any 
difference in the PLM curves of DMBA-induced tumors in various 
phases of the estrus cycle, because of the change in the [3H)-TdR LI, the 
GF was found to reach a maximum in early diestrus. 

Hoffman and Post<48> also reported cell kinetic studies on DMBA
induced tumors. Their tumors, however, were late-appearing ones and 
may have been adenomata. Nevertheless, in tumors over 2 cm in size, 
they found a Tc of 45 hr; T8 , 10 hr; and [3H]-TdR LI, 0.072. 

3.3. Spontaneous Tumors 

Braunschweiger and Schiffet38> studied the cell kinetics of truly 
spontaneaus tumors arising in old Sprague-Dawley/ZM rats. These 
tumors have been large, generally over 3 cm in diameter, and without 
any record of T 0 • Those mammary tumors that were classified as 
fibroadenomas and adenomas had a [3H)-TdR LI of 0.044 ± 0.025, a T8 of 
10.9 ± 1.4 hr, a PDP index of 0.172 ± 0.068, and a Tc of 42.0 hr. Those 
tumors classified as mammary adenocarcinomas, most of which were 
well differentiated, had a [3H]-TdR LI of 0.051 ± 0.013, a T8 of 11.0 ± 0.6 
hr, and a PDP index of 0.220 ± 0.033. The calculated Tc was 44.6 hr. 

4. Miscellaneous Cell Kinetic Studies 

4.1. Canine Mammary Tumors 

Owen and Steel,<49> in 1969, reported the results of some cell kinetic 
studies in three dogs with mammary adenocarcinoma. In one animal, 
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they were able to perform a PLM analysis, and this revealed a TGt of 61 ± 
48 hr, a T8 of 5.3 ± 1.7 hr, and a Ta. of 5.4 ± 1.5 hr, with a median Tc of 
50 hr. Another animal had four metastatic lesions with fH]-TdR LI's 
ranging between 0.014 and 0.036 with T0 's in the range of 16 days. A 
third animal had a [3H]-TdR LI of 0.01 with an approximate T0 of 40 
days. 

4.2. Metastases in Animals 

This is very little published data on metastatic mammary tumor 
models. The group at our laboratory has recently begun to study a 
tumor model of pulmonary metastases induced by the intravenous 
injection of minced primary tumors into syngeneic C3H/He mice, or into 
the host from which the tumor was removed. The results indicate a 
marked difference in the kinetic parameters of the lung nodules from the 
cell kinetics of the C3H/He spontaneaus tumor. <38> It must be kept in 
mind, however, that these artificial pulmonary metastases are really 
first-generation transplants, that they are much smaller than the average 
primary tumors-measuring from 0.5 to several millimeters in diameter, 
and that the total tumorburden of the metastatic animal is difficult to 
calculate. However, several generalizations can be made thus far. The 
lung tumors show typical Gompertzian growth. The gross results of the 
first several hundred metastatic nodules showed a [3H]-TdR LI of 0.138 
± 0.046 (compared with 0.07 for the primary tumors), a T8 of 9.0 ± 1.7 hr 
(compared with 10.7 for the primary tumors), and a PDP index of 0.614 
± 0.196 (compared with 0.169 for primary tumors). Calculation for the 
Tc was 32.4 hr (compared with 28.4 for the primary tumor). Thus, it 
appears that in this situation, at least, the GF is markedly increased 
along with the number of cells in the S phase, but the cell cycle time is 
approximately the same. The [3H]-TdR LI and PDP index decrease with 
increasing tumor size between 2 and 6 mm in diameter; however, a more 
complex relationship is observed at smaller nodule size. There was, 
however, considerable variation in the cell kinetics for multiple nodules 
in a single host. Comparison of thse data with those for first-generation 
tumors implanted subcutaneously<6> reveals that in general, the GF is 
higher and Tc Ionger in the pulmonary metastases than values reported 
for subcutaneous transplants. 

Lung metastases were found in two Sprague-Dawley rats with 
spontaneaus mammary tumors. <38> The cell kinetics of the first tumor 
were [3H]-TdR LI 0.107 (0.06 in the primary); T8 , 8.1 hr (9.7 hr in the 
primary); PDP, 0.258 (0.259 in the primary); and Tc, 18.8 hr (38.7 hr in 
the primary). The second tumor had a [3H]-TdR LI of 0.101 (0.022 in the 
primary); T8, 11.4 hr (not donein the primary); PDP, 0.292 (0.152 in the 
primary); and Tc, 30.0 hr (approximately 70 hr in the primary). 
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As will be described later, there are also cell kinetic differences 
between primary and metastatic human tumors. 

5. Cell Kinetics of Human Mammary Tumors 

5.1. Growth Characteristics 

5 .1.1. Primary Tumors 

A nurober of generalizations have been made that reiate the rate of 
growth of primary breast tumors to clinicai prognosis.<501 Adenocar
cinomas generaliy have an intermediate growth rate between rapidiy 
growing sarcomas and more siowiy growing squamous-cell carcinomas. 
In general, the T0 is proportional to age, such that oider women have 
T0 's that are Ionger than younger women. The more rapidiy growing 
tumors appear in women with the shortest survivai times. 

Gershon-Cohen et al. <50 reported, in 18 cases of primary breast 
tumors, T0 's in the range of 23-209 days. There was no correiation with 
histoiogy, but in patients without axillary metastases, the average dou
bling time was 128 days, while in those patients with axillary metastases, 
the mean T0 was 85 days. 

Kusama et al. <521 found that the median doubling time of primary 
breast Iesions was between 2.1 and 4.0 months, with a rather wide 
spread of vaiues. 

Charlson and Feinstein/531 while not giving any significant new 
data, feit that anaiysis of tumor growth rate from the patient's detailed 
history offered an excellent opportunity for staging the disease more 
accurateiy. They feit that this information shouid be incorporated into 
clinicai treatment trials. 

Tubiana and Maiaise<541 reviewed their data from Charbit et al. <551 

and found a T0 of 166.3 days (34 patients) in primary breast cancers. 
In a recent article, Spratt et al. <561 specuiated on the definition of 

acute and chronic breast cancer using the primary tumor data of 
Gershon-Cohen, but no significant new data were accumuiated. 

In conclusion, it appears that the reported T0 's for primary breast 
tumors, in the range of clinicai quantitation and without known metas
tases, averaged between 90 and 166 days. 

5.1.2. Recurrent Tumors 

Philippe and LeGal,<571 noting the difficuities involved in studying 
the growth rate of primary breast tumors, reported on cutaneous 
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nodules appearing in the mastectomy scar. They found a mean Tn of 40 
days, a median of 30 days, and a range of 3-211 days. They also felt that 
there wasabimodal distribution, one with an average Tn of 25 days and 
the other with a Tn of 93 days. 

Lee and Spratf58> and Lee<59> reported on growth rates of soft tissue 
metastases, including nodal, of breast cancer. They found a log normal 
frequency distribution. In 66 untreated tumors, a mean Tn of 17.1 days 
was found, with a two-S. D. range of 3.4-86.1 days. There was consider
able variation in the growth rates of two or more lesions in the same 
patient. 

A recent study by Pearlmad60> was also conducted on mastectomy 
scar recurrences and is based on tumors in 82 patients. His data give a 
median Tn of about 22 days, with extreme ranges of approximately 3-200 
days. Furthermore, he divides the growth rate into rapid with a Tn of < 
25 days, about 50% of patients; intermediate, 26-75 days, about 35%; 
and slow, > 76 days, about 15%. 

In conclusion, therefore, the mean Tn in mastectomy scar recur
rences and skin lesions is araund 20-40 days, considerably shorter than 
the primary tumor. 

5.1.3. Pulmonary Metastases 

A third site at which breast cancer can effectively be measured is the 
lung, by X-ray techniques. Spratt and Spratt<6n measured 29 pulmonary 
metastases and found an average Tn of 82 days with a two-S.D. range of 
16-426 days. Breur62 > studied 6 patients and found a range of 23-745 
days, and Brenner et al. <63> found a range of 30-330 days in 4 metastases. 
Joseph et al./64> in 9 patients, found a Tn of 11-100 days. Tubiana and 
Malaise<54> found an average Tn of 82.7 days in the pulmonary metastases 
of 134 patients. In summary, the minimum doubling time was 11 days 
and maximum of 745 days, with an average of about 80 days. This value 
appears to lie between those for the primary tumors and recurrent skin 
lesions. 

5.2. Benign Tumors 

Meyer and Bauer<65> recently reported their results on the cell kinet
ics of 38 benign lesions of the breast. In tumors taken from patients in 
the first half of the menstrual cycle, the median [3H]-TdR LI for non
neoplastic ducts was 0.0038, with a range of 0.0025-0.016. For fibro
adenomas, the median was 0.0042, with a range of 0.0014-0.0085. For 
the remainder of the menstrual cycle in nonneoplastic ducts, the median 
[3H]-TdR LI was 0.0150, with a range of 0.0025-0.056, and for the fibro
adenomas, 0.0171, with a range of 0.0035-0.047. 
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Braunschweiger and Schiffer<3s> studied 10 patients with fibro
adenomas and found a mean [3H]-TdR LI of 0.019, a POP index of 
0.094, a mean Ts of 18 hr, and a calculated Tc of 87.2 hr. Three patients 
with ductal papillomas had a [3H]-TdR LI of 0.031, POPindex of 0.113, 
Ts of 18.3 hr, and a calculated Tc of 64.7 hr. Thirty-four patients with 
fibrocystic disease were also studied. There was a mean [3H]-TdR LI of 
0.033, the POP indexwas 0.158, and four of these patients had an aver
age Ts of 20.3 hr. The calculated Tc was 92.5 hr. 

5.3. Primary Tumors 

Johnson and Bond/66> in 1960, studied one patient with primary 
breast cancer by the incubated tissue slice method and found a [3H]-TdR 
LI of 0.0065. Nordenskjöld et al. <67> referred to 18 patients, an unknown 
number of whom had primary cancers of the breast, and found that the 
[ 3H]-TdR LI varied from 0 to 0.148, with a median of 0.035. Silvestrini et 
al. <68> reported on 66 primary tumors and found a wide variation of less 
than 1% to greater than 14%. They demonstrated a relationship to age, 
the younger patients having higher LI's, but showed no positive rela
tionship to histology. They also found, in their data, that the median Ts 
value was 7 hr, with a range of 5.5-8.5 hr. The TP value was about 15.3 
days, with premenopausal patients having a median TP of 9.1 ± 2.1 days 
and postmenopausal patients 20.5 ± 4.6 days. 

Meyer and Bauer<69> reported on the cell kinetics of 39 patients with 
breast cancer. They found variations in the [3H]-TdR LI from 0.005 to 
0.15, with a mean of 0.038. They also found that the smallest tumors had 
the lowest LI's, and that a high LI was associated with morefrequent 
nodal metastases. In a more recent paper, the same authors increased 
their number of study patients to 92.<65 > The [3H]-TdR LI range was 
0.0004-0.186, with a log normal distribution. The mean was 0.037 and 
the median 0.021. There was no correlation with size of the tumor, but 
patients with large numbers of positive lymph nodes had higher [3H]
TdR LI's. Patients younger than 50 years of age had higher [3H]-TdR LI's 
in agreement with Silvestrini' s results. Sklarew et al. <7o> reported on 56 
patients with primary tumors. They found a mean [3H]-TdR LI of 0.024 
± 0.021 S.O., with means Ts values of 21.9 ± 4.3 hr. The range for the 
[3H]-TdR LI was 0.0013-0.0972, and for the T8 , from 11.5 to 33.0 hr. 
Straus and Moran<m described one patient with primary breast cancer 
with [3H]-TdR LI's of 0.107-0.128 from the same lesion. 

Tubiana et al. <72 > reviewed 98 primary breast tu mors studied at their 
institution. The overall [3H]-TdR LI was 0.0099, with tumors 4.5 cm3 or 
less having a [3H]-TdR LI of 0.0065 and larger ones an LI of 0.0142. 
Patients younger than 40 years of age had higher [3H]-TdR LI's, but this 
difference was not statistically significant. 
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Ninety-three primary breast cancers were studied in vitro by Schif
fer and Braunschweiger.<38•73> The mean [3H]-TdR LI was 0.056, with a 
median of 0.047 and a range of 0.005-0.343. The distribution appeared to 
belog normal. The mean Ts value was 18.4 hr, with a range of 13.5-23.6 
hr and a median of 18.3 hr, with anormal distribution. The POPindex or 
GF averaged 0.239 with a log normal distribution. The calculated average 
T P was 326 hr, and the Tc was 120.6 hr. The corresponding medians were 
245 hr and 93 hr. If one compares these results with those found in meta
static lesions, in the same series, the significant difference lies in the lower 
[ 3H]-TdR LI with correspondingly shortened Tp and Tc values. The 
metastatic patients had smaller lesions as measured by- the pathologist, 
but they were estimated at the same size by the clinicians. Also, the tumor 
burden was considerably less in the primary disease category. The POP or 
GF was not different. 

Patients less than 49.9 years of age had higher [3H]-TdR LI's and 
lower POP indices, resulting in short Tp and Tc values. Those with one to 
three positive axillary lymph nodes and younger than 49.9 years of age, 
the same group that appears to respond best to adjuvant chemotherapy, 
had a high [3H]-TdR LI (0.086) as compared with those with one to three 
positive nodes and older than 50 (0.044) years of age. Thus, age appears 
to be a factor in the proliferative potential of these tumors. Those pa
tients with the best clinical prognostic features had lower [3H]-TdR LI's 
than average. There appeared tobe subsets of patients with anomalous 
results, but the number of patients in each category was too small to 
enable definitive statements to be made. Those patients with very low 
[3H]-TdR LI's had large tumors with many positive nodes, but average 
POP indices. Conversely, there were a few patients with very small 
tumors and no positive nodes who had very low [3H]-TdR LI's. 

5.4. Metastatic Tumors 

Wolberg and Browd74> reported that the mean [3H]-TdR LI in 13 
breast specimens was 0.021, and Coons et al., <7s> in one patient, that the 
[ 3H]-TdR LI was 0.0074. Titus and Shorter<76> referred to two cases with 
[3H]-TdR LI's of 0.01 and 0.016, Clarkson et az.<m reported one case of 
malignant pleural effusion with a [3H]-TdR LI of 0.17, and Fabrikant and 
Wisseman<78> a case with a [3H]-TdR LI of 0.006. Utilizing a technique of 
local [3H]-TdR injection, Young and OeVita<79> found [3H]-TdR LI's of 
0.21-0.25 in three patients and, additionally, determined that the Ts was 
19-24 hr in these cases by the PLM method. Wolberg and Ansfield<so> 
studied 170 patients, by the tissue slice incubation method, and found a 
median [3H]-TdR LI of 0.019. Terz et az.<sü studied two breast cancer 
patients by PLM methods. The first had a [3H]-TdR LI of 0.126 ± 0.017 
S.E.M.; TGt, 19 ± 2.3 hr; T8 , 13.2 ± 3.4 hr; TGo, 6 ± 3.7 hr; and Tc, 31 hr. 
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The GF was 0.25. The second patient had a T8 of 9.5 hr with a Ta. of 4.8 
hr and a fH]-TdR LI of 0.16 ± 2.2 S.E.M. Malaise et a[.<82> reported on 
121 cases of adenocarcinoma in the literature, including some from their 
own institute, 75 of which were breast, and found a geometric mean 
[3H]-TdR LI of 0.021. Sky-Peci«83> studied 25 patients with breast cancer 
and found the mean fH]-TdR LI tobe 0.019, with a range of 0.002-0.114. 

Murphy et al., <84> using the technique of Livingston et al., <85> studied 
19 patients with metastatic breast disease. The median [3H]-TdR LI was 
0.13, with a range of 0.0075-0.26. Thirlwell et al./86> using the same 
technique, reported that the mean [3H]-TdR LI in 9 patients was 0.105, 
with a range of 0.040-0.155. Livingston et al. <87> reported on 56 patients, 
some of which may have been included with the comments above. The 
median fH]-TdR LI was 0.083, with a range of 0-0.26. Post et al. <88> 

recently reported on 8 patients with breast cancer and found fH]-TdR 
LI's of 0.02-0.11, a composite G2 + M/2 of 4 hr, and T8 of 24 hr. 

Schifferand Braunschweiger<73> studied 18 patients with metastatic 
breast cancer, most of which were skin or subcutaneous lesions. The 
mean fH]-TdR LI, performed by a modified Livingston technique,<85> 

was 0.086, with a range of 0.037-0.142. The mean T8 value in 7 patients 
was 19.4 hr, with a range of 15.8-23.7 hr. The POPindex mean was 
0.262, with a range of 0.075-0.616, and the calculated TP was 183 hr, with 
a range of 107-337 hr. The mean Tc value was 64.5 hr, with a range of 
26.3-95.5 hr. 

Straus and Morad71> reported a PLM curve on a breast cancer pa
tient sampling from ehest walllesions. They found a T8 of 18 hr, a Ta.+ 
M of 10 hr, and fH]-TdR LI's varying from 0.156 to 0.285. 

One patient of unusual interest, with malignant cytosarcoma phyl
loides, was studied by means of cell kinetic techniques.<38> Several 
months following a simple mastectomy, the patient began to have ex
tremely rapid growth of recurrent ehest wall disease. The tumor was 
growing with a T0 of 4 days at the timethat the 15 X 10 X 8 cm mass was 
biopsied. The fH]-TdR LI was 0.117; the Ts was 14 hr; the POPindex 
was 0.457. The TP was calculated at 90.9 hr, and the Tc at49.4 hr. The cell 
loss factor was virtually zero. 

6. Conclusions 

Certain generalizations about cell kinetics can be made from the 
preceding data, although they are not necessarily limited to mam
mary cancers. Transplantahle tumors are more highly proliferative (have 
higher fH]-TdR LI's and GF's) than their spontaneaus counterparts, 
and this difference is exaggerated with increasing transplant genera
tions. Metastases also appear to be more highly proliferative than their 



The Cell Kinetics of Mammary Cancers 277 

primary tumors. In general, small tumors are more highly proliferative 
than large ones, and tumors near blood vessels appear to be more pro
liferative than those farther away. Nonmalignant mammary tissues re
spond to hormone stimulation, either natural or exogenous, by becom
ing more highly proliferative, and some hormone-responsive tumors 
behave in the same fashion. 

It should be quite clear, however, that there is no single "breast 
tumor kinetics." Each system, at each tumor size, and at each transplant 
generation, has its own characteristic cell kinetic pattems. Even then, 
however, the variability may be extremely wide. Table I represents 
examples of cell kinehe variation, within specific tumor systems, that 
have been studied in our laboratory. The techniques have been virtually 
the same for all these studies. Additionally, the intratumor variations, 
when the size of the tumor permitted duplicate studies, have been rela
tively minor. This is reflected in the results of the transplantable tumors, 
in which the variation is much less than in the metastatic or primary 
systems. Not only the cell kinetics but also the volume To's are variable, 
and this is especially so for the primary tumors. 

Although there has been very little comment about the perturbed 
state (changes in cell kinetics with treatment) in this chapter, the reader 
can readily imagine the variation in response to an S-phase chemothera-

TableI 
Examples of Variability of Cell Kinetic Measurements in Mammary Tumors 

DNA synthesis. time 
[ 3H]-TdR LI (hr) POPindex 

Mammary 
tumor system Mean Range Mean Range Mean Range 

Transplantab Je 
Rat 13762 0.33 0.25-{).35 5.6 5.3- 5.9 0.70 0.63-{).73 
Mouse C3H/67-A• 0.08 0.05-{).12 11.5 10.7-12.6 0.27 0.20-{).31 

Metastatic 
Mouse C3H/He 0.14 0.04-{).33 9.0 5.9-19.9 0.61 0.26-{).94 
Human 0.09 0.04-{).14 19.4 15.8-23.7 0.26 0.08-{).62 

Primary 
Mouse C3H/He 0.06 0.04-D.10 10.2 9.3-11.7 0.16 0.10-{).19 
Mouse CD8F1 0.09 0.03-{).20 10.1 9.7-11.4 0.36 0.16-{).68 
Rat Sprague-Dawley/ZM 0.05 0.02-{).14 11.0 8.8-13.2 0.22 0.11-{).44 
Human 

Fibroadenoma 0.02 0.01-D.05 18.0 16.5-19.8 0.09 0.06-{).14 
Adenocarcinoma 0.06 0.01-{).34 18.4 13.5-23.6 0.24 0.03-{).98 

• Dethlefsen's slow line. 
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peutic agent if the [3H]-TdR LI of one tumor varies by a factor of 10 
from another. Likewise, the translation of cell kinetic data from an animal 
model to man is very risky, considering the variations inherent in both. 
The dassie techniques of cell kinetic analyses may have lulled clinicians 
into thinking that a Standard therapy, based on average cell kinetic data, 
may be possible. In view of the data obtained from individual tumors 
in vitro, as represented in Table I, this possibility of one overall treatment 
scheme seems to have little chance of success. Rapid in vitro techniques, 
designed so that the results are known in a time frame suitable for 
clinical utilization, are becoming available, and promise to contribute to 
the future of individualization of tumor therapy. 
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Therapy in Experimental Breast Cancer 
Models 

ARTHUR E. BOGDEN 

1. Introduction 

The growing acceptance that cancer encompasses a disparate group of 
diseases in which malignant cells tend to retain certain unique charac
teristics of the tissue or organ of their origin has been paralleled by an 
increasing interest in experimental animal model systems that not only 
are representative of human malignancies histologically, but also origi
nate in the organ or tissues, and have the growth and metastasizing 
characteristics of the particular neoplastic disease for which they serve as 
a model. 

Stressing the need for more animal models for immunotherapeutic 
trials in syngeneic systems, Carter<t> states, "Such systems would aid in 
determining the important multiple variables in experimental hosts be
fore applying them to man. At the present time we have a mass of trials 
with a wide range of materials used by schedules, dosage levels, dura
tions, and sequences chosen purely on the empirical instinct of the in
vestigator. The danger in this approach lies in amassing a collection of 
uninterpretable, noncomparable, and negative data which will impair 
future developments in the field." The number and types of questions 
that can be answered by clinical trials, controlled or otherwise, are lim
ited by the resultant logistical and ethical problems. These limitations, 
however, are the very area in which animal experimentation offers sig
nificant advantages. 
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Bartlett et al. <2> point out that 

animal studies permit new approaches to be tested individually as primary 
treatments and tobe compared with the results of withholding all therapy [in 
contrast to clinical testing of new treatments initially in patients with ad
vanced disease, and then only in combination with "best available" conven
tional therapy]. In animals, it is possible to study !arge numbers of subjects, 
and thereby attain greater sensitivity in the detection of therapeutic benefits, 
better control of experimental variables, and greater capacity to evaluate 
numerous variables. Assessment time in animal models is short, thus there is 
less "turn-around" time for confirmation and refinement of the study. Over
all, these features establish animal models as an appropriate first Ievel for 
evaluating new therapies. They can provide direction in the selection of 
agents and procedures for clinical testing and can help to refine the questions 
that must ultimately be answered by human experimentation. 

Clearly, in a field that is as vital and complex as cancer therapy, 
animal experimentalists must have the help of clinicians in developing 
animal model tumor systems that will predict the clinical success of 
combinations of new as well as of existing chemotherapeutic agents and 
treatment modalities. Current limitations in our knowledge of the 
mechanisms fundamental to the nature of malignancy as well as to the 
interaction of drugs with the malignant cell further cautions that the 
increasing clinical emphasis on the use of combinations of chemothera
peutic agents and therapeutic modalities must have a basis for such selec
tions other than empiricism. 

Webster's<3 > definition of a modelas "a description or analogy used to 
help visualize something that cannot be directly observed," or as "an 
example for imitation or emulation," points up the critical consideration 
in selection of model systems for cancer research: that there is no one 
animal model for the disparate group of diseases identified as cancer. 
The age-old argument concerning which animal tumor model is the best 
model for "human cancer" is a fruitless argument because no single 
human cancerisaproper model for allhuman cancer. We are in agree
ment with Bartlett et al. <2> that basically, animal models incorporate fea
tures of convenience for the experimentalist, a luxury not available to 
the clinician. Though the most artificial model has the potential to pro
duce new information about the biology of cancer, if preclinical investi
gations are to generate guidelines for the realistic design of appropriate 
clinical studies, it is imperative that the experimentalist not be blinded to 
the limitations of his or her model systems. By the same token, the 
clinical oncologist must have a sufficient apprecia~ion of the model to 
know whether extrapolations can be made. 

If, as in Huxley' s view of the biology of neoplasia<4> from the 
standpoint of biological systematics, each tumor cell population has suf
ficient marks of individuality and heritability of character to be properly 
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considered as a unique species within a new phylum of obligate parasitic 
eukaryotes derivable from metazoan cells, then selection of the proper 
animal model for addressing specific clinical problems is especially rele
vant in breast cancer. This chapter is devoted, therefore, to a discussion 
of in vivo animal tumor models with the objective of indicating the type 
of experimentally derived and clinically relevant information that can be 
obtained from each, as weil as their inherent limitations as bioassay 
systems. To minimize redundancy, much information relevant to the 
use of experimental animal mammary tumor models in breast cancer 
research will be mentioned only superficially because investigators 
closely associated with or having done the pioneering work in those 
areas are authoring chapters on pertinent topics in this volume. There
fore, this presentation is by no means tobe considered a critical review 
of the pertinent literature. Rather, it is the author's humble evaluation of 
the animal models used in various aspects of breast cancer research. 
Many of the conclusions are based on personal experience, but some 
are, admittedly, gleaned from the scientific Iiterature to complete the 
picture. 

The relevance of in vitro model systems for the study of hormone
dependent human breast cancer and the type of exquisite fundamental 
information that can be garnered from these isolated systems was re
cently summarized by Lippman et al. <s> and is further discussed by C. 
Kent Osborne and Mare E. Lippman in Chapter 4. 

In analyzing experimental animal data from the viewpoint of the 
experimentalist or of the clinician, one should not lose sight of the fact 
that animal tumor models are, in essence, in vivo assay systems used to 
detect and define biological phenomena. As such, they must have 
well-defined and reproducible growth patterns and reactivities so that 
modifications in such parameters, resulting from experimental manipu
lations, can be correctly interpreted, and, when necessary, duplicated. 
Tobe practical as a model, the model itself must be predictable. Ideally, 
also, its use should be logistically feasible, and the time frame for its use 
as a test system must be reasonable. The intrinsic value of the data 
obtainable from such experimental animal systems is critically depen
dent on how weil the experimental variables have been identified and 
controlled. 

2. The Mathematical Model 

The seemingly more abstract mathematical approach to predicting 
tumor response to chemotherapeutic agents is illustrated in the recent 
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reports by Norton and Sirnon and co-workers(6•7l demonstrating that the 
entire growth pattern of an individual tumor was predictable on the 
basis of measurements early in its growth history. Of particular impor
tance are the results obtained with their mathematical model,m which 
bring into question a fundamental concept regarding the relationship 
between tumor size and sensitivity to therapy, i.e., that small tumors, 
due to their large fraction of actively dividing cells, are more "sensitive" 
to cytotoxic therapy than tumors of equivalent histology but of larger 
size.(8•9) Norton and Simod7l pointout that while L1210 and other ex
perimental tumors may approximate expotential growth, most experi
mental and clinical tumors do not,00 l but exhibit an exponentially di
minished growth with increasing size, so that a limiting asymptotic size, 
i.e., a plateau size, is approached, a pattem of growth termed "Gom
pertzian."00 For Gompertzian growth, the growth rate is stowest for 
both very small and very large tumors, and is maximum at the "inflec
tion point," i.e., when the tumor is about 37% of its maximum size. 

The concept expressed by the equation proposed by Norton and 
Sirnon describes a relationship between tumor size and sensitivity to 
therapy that appears to be more consistent with clinical and laboratory 
data than the conventional concept. The implications of their equations 
are that for tumors sufficiently small tobe below their inflection point, 
growth fraction decreases in magnitude with decreasing tumor size. 
Hence, the sensitivity to therapy in terms of rate of regression for a given 
level of therapy would decrease with decreasing tumor size, even 
though the growth fraction is increasing. Though the concept does not 
necessarily mean that the smaller tumor is less "curable" than a larger 
one, it does imply that a dose schedule capable of causing a dramatic 
rate of regression of a tumor of intermediate size may not be sufficient to 
eure a small tumor when applied over a duration of therapy limited in 
time by considerations of hast tolerance. Thus, making maximum use of 
their equation, the most efficient therapy for advanced tumors would be 
to apply moderately intense therapy initially, when the tumor may be 
above its inflection point, but to intensify therapy after the attainment of 
complete remission, when the tumor is probably below its inflection 
point. This conclusion by Norton and Sirnon is similar to the "late inten
sification" approach recently proposed for the therapy of acute 
myelogenous leukemia by Bodey et al. 02) Thus, th~ mathematical model 
suggests that following complete remission, tumor recurrence may be 
due not to biochemical resistance (though this possibility is not denied) 
but to the suboptimal use of the original agents. These intriguing 
suggestions, indicated as experimentalleads by a mathematical model, 
can be investigated and confirmed with animal tumor models. 



Therapy in Experimental Breast Cancer Models 

3. The Hyperplastic Alveolar Nodule, Model of the 
Preneoplastic Lesion 

287 

Studies on the histogenesis and pathogenesis of mammary tumors 
have suggested that virus-, hormone-, and carcinogen-induced mam
mary hyperplasia and dysplasia in mice and rats are preneoplastic with 
the potential for progressing to form mammary tumors. These lobuloal
veolar nodules are more frequent in the mammary glands of strains of 
mice that have a high frequency of mammary adenocarcinoma than in 
strains with a low incidence. They increase in frequency with age, and 
they have been shown by direct experimental means to be precancerous 
to the common mammary adenocarcinomas of mice.03•14> That virus
induced hyperplastic alveolar nodules (HANs) in mice develop neo
plastic outgrowth on transplantation into the mammary gland free fat 
pad in the isologaus host was first demonstrated by DeOme et al. 05> 

Similar results were later reported by Beuving,06> who transplanted 
carcinogen-induced HANs in the rat into the gland free mammary fat 
pad. Induction by a carcinogen and the tendency to become neoplastic 
after transplantation support the suggestion that HANsare preneoplas
tic. The recent work of Sinha and Dao07> indicates, however, that when 
mammary cells are exposed to a carcinogen, they are transformed di
rectly to neoplastic cells and require no intermediate steps. A compari
son of certain biochemical characteristics of HANs and mammary 
tumors induced in Sprague-Dawley female rats as weil as mammary 
glands of pregnant rats revealed that HAN cell populations differ from 
both the normal mammary gland and the mammary tumor cells by their 
nonresponsiveness to hormonal stimulation for growth and the loss of 
the capacity to bind estradiol, characteristics of estrogen target tissues. 
They retained, however, the functional capacity to synthesize casein, a 
biochemical property that the mammary tumors did not possess.08> 

How closely HANs can serve as an animal model for preneoplastic 
lesions in the human breast is exemplified by the report by Jensen et 
al. 09> A subgross sampling technique with histological confirmation was 
used to study the pathology of 119 whole human breasts either contain
ing cancer or contralateral to cancer, or taken from random routine au
topsies. Atypical nodules were observed much more frequently in the 
cancer-associated group than in the group of routine autopsy breasts. 
The nodules showed varying degrees of anaplasia that formed a con
tinuum between normal epithelium and carcinoma in situ, usually of the 
common ductal type. These investigators suggest that as apparent mark
ers for increased cancer risk, atypical lobules in the human breast may 
be homologaus to the HANs that are abundant in high-mammary-
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cancer strains of mice. Though their evidence is indirect, it supports the 
hypothesis that such atypicallesions are common preneoplastic lesions 
in the human mammary gland. 

4. The Canine Model 

Mammary tumors are among the most common of canine neo
plasms. That mammary tumors occurring spontaneously in the general 
dog population represent an appropriate clinical model of human breast 
neoplasia is indicated by the follwoing data: 

• The peak reported incidence in man is in the 50- to 58-year age 
group, andin dogs the highest incidence is observed in animals 8 
to 11 years old, a comparable age group. 

• Sexdistribution is very similar in both man and dogs, being al
most entirely a disease of females. 

• A significant role of the sex hormones in mammary neoplasia is 
also evidenced in both man and dog. Animals oophorectomized 
before puberty have a cancer risk only 0.5% that of intact females, 
with later castration being less effective in preventing the disease. 
In humans, early oophorectomy also decreases the risk of breast 
cancer. 

• Nulliparous warnen have a significantly higher incidence of 
breast cancer than do their multiparaus counterparts. In dogs, a 
higher mammary tumor incidence has been reported in nullipar
ous animals as weil as in animals having had a few litters com
pared to those having had a large number of litters. 

• Histopathological study of canine mammary lesions has in many 
respects followed that of human breast disease. Histologically 
benign lesions that have been found in dog mammary tissue are 
morphologically very similar to those recognized commonly in 
the human breast. 

• Most malignant human breast lesions are infiltrating carcinomas 
of the duct system. The dog also has infiltrating malignant epithe
lial neoplasms of ductal origin that are histologically very similar 
to those of man. Of all canine mammary tumors, 40% are 
adenocarcinomas, an incidence equivalent to that in the human. 
Lobular carcinoma and lobular carcinoma in situ occur as 10% of 
all canine carcinomas, a figure that corresponds to the human 
incidence. Although other types of neoplastic mammary lesions 
also occur in dogs, as in man, sarcomas of the breast are uncom-
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mon. Thus, malignant epithelial breast neoplasms in the dog rep
resent a close model of human breast cancer in morphology, clini
cal behavior, and incidence. 

lnherently, therefore, the canine model includes all the variables en
countered clinically, which require the same definition and control, with 
the same staging of tumors and careful randomization of subjects, as are 
applied in human clinical trials. The time frame for carrying out con
trolled studies for evaluating chemotherapeutic agents and treatment 
modalities is inordinately lang. Bostock<2o> found the median survival 
time of animals with histologically diagnosed carcinomas to be 70 weeks, 
with only 43% of dogs with carcinoma eventually dying as a result of the 
tumor. A more accurate prognosis was made possible, however, by 
subdividing these tumors into their different morphological types. The 
associated costs for maintaining statistically significant numbers of ex
perimental subjects in clinical-trial-oriented studies is also unacceptably 
high. Though the validity of the canine model for human breast cancer is 
unquestioned, its use in breast cancer research is thus primarily cost
limited. The information quoted above was extracted from publications 
by Mulligan}21l Mason/22> Misdorp et al. / 23> Strandberg and Good
man/24> Anderson/25> and Taylor et al. <26> 

5. The Hormone-Dependent Autochthonaus or Primary Tumor 
Model 

This model of human breast cancer has been most intensively stud
ied in rodents and has been divided into two general categories based on 
etiology, whether spontaneaus (?) or induced. That certain aromatic 
hydrocarbons induce mammary tumors in some species of rodents<27> 
has been known for many years. Although tumors develop preferen
tially in the mammary gland of certain strains of mice and rats, the local 
application of such carcinogens to the region of the mammary gland is 
unnecessary for the production of breast tumorsys-ao> 

With the demonstration that multiple mammary adenocarcinomas 
can be easily induced in outbred, female Sprague-Dawley rats by a 
single administration of the polycyclic hydrocarbon 7, 12-dimethyl
benz(a)anthracene (DMBA)/30 this tumor system has been most inten
sively studied and used in investigation on hormone dependency of 
mammary neoplasia. Hormone dependency is demonstrated by the ten
dency of these mammary tumors to regress after ovariectomy<31> or hypo-
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physectomy,<32> or after the administration of various steroids or anti
hormones. <33- 36) 

The hormone-dependent nature of this experimental tumor system 
therefore provides a useful model for the evaluation of the endocrine 
factors that are concerned in the growth and maintenance of the mam
mary tumor and also for the assessment of various drugs considered to 
have some potential in the clinical management of human breast cancer. 
Hormonal manipulation continues to play an important role in the pa
tient with breast cancer, and current ability to quantitate estrogen<37> and 
progesterone<38•39> receptors in these malignant tissues has permitted a 
morerational approach to the choice of therapy and has made the out
come of such therapy more predictable. 

The experimental design and results obtainable when testing anties
trogens in the DMBA-induced mammary tumor system are illustrated 
by the study of Nicholson and Golder,<4o> in which the effects of tamoxi
fen and its nitrogen mustard derivative were compared. The availability 
of nonsteroidal antiestrogens such as nafoxidine and tamoxifen, which 
exert their action through a competitive binding at the receptor level,<41 > 

offers a useful tool for studying the role of prolactin in stimulating tumor 
growth when the action of circulating estrogens is blocked. That prolac
tin is an influential hormone in murine mammary tumorigenesis and is 
also an important factor in both the development and growth of murine 
mammary tumors in unequivocal. Welsch and Nagasawa<42> recently re
viewed the role of prolactin in murine (rat and mouse) mammary 
tumorigenesis. 

In view of the evidence that prolactin was indispensable for estro
gen action in stimulating tumor growth in this experimental model,<43> 

Manni et al. <44> studied DMBA-induced rat mammary tumor growth in 
an experimental design in which the antiestrogen tamoxifen was used to 
study the effects of prolactin, and the ergot derivative, lergotrile mesy
late, was used to suppress prolactin in order to investigate the effect of 
estrogens. 

Quadri et al. <45> demonstrated that the inhibitory effects of phar
macologic doses of androgen on DMBA-induced mammary tumor 
growth was reversed by the administration of exogenous prolactin. 
Since the androgen does not reduce serum prolactin levels, it had been 
proposed that androgens may block the peripheral effects of prolactin at 
the level of the tumor cell. Todetermine whether the androgen effect was 
due to an alteration in the ability of the tumor cell to bind prolactin at the 
receptor level, Costlow et al. <46> used an experimental design that took 
advantage of the heterogeneity in hormone dependence and responsive
ness of DMBA-induced mammary tumors. By observing individual tumor 
response following treatment with testosterone propionate, tumors could 
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be classified as responders (regression) or nomesponders ( continued 
growth). lt was found, for example, that testosterone propionate caused 
a substantial reduction in the prolactin receptor content in responsive 
but not in nomesponsive tumors. 

The innate variability between DMBA-induced tumors (in the same 
animalas well as among animals) can be both a boon in terms of permit
ting a refinement in experimental design and a bane in terms of difficulty 
in identifying and controlling variables. As one example, DMBA has the 
capacity to induce two different types of mammary neoplasms, 
adenocarcinomas and fibroadenomas.< 47' 48> These may need to be dif
ferentiated histologically. Second is the hormone sensitivity, one of the 
most intriguing features of the DMBA-induced mammary tumor in the 
rat. This sensitivity, which is dernonstrahle by alteration of tumor 
growth and by interference with the tumor-induction process following 
appropriate steroid therapy and endocrine-organ ablation, with and 
without specific hormone replacement, is complicated by the apparent 
subtotal, transient, and sometimes biphasic responsein terms of tumor 
growth or regression following certain therapies or alternative proce
dures. <48- 53> Third, Huggins et al. <27> detected hormone-independent cell 
groups among tumors generally thought to be hormone-dependent. 
Young et al. <53> also recognized this characteristic, as did Daniel and 
Prichard, <54•55> who suggested that the failure of a tumor to respond to 
hormonal changes may result either from insufficient hormonal influence 
or as a response to the presence of neoplastic tissue that is independent 
of hormonal control. Teller et al. <51> subsequently demonstrated that 
tumor regression could be achieved by massive estrogen treatment in a 
significant number of rats with tumors that had previously failed to re
gress following ovariectomy. Finally, differences exist in responsiveness 
of earlier tumors as compared with tumors arising later. Nieholsan and 
Golder<4o> found an 80% response to ovariectomy of tumors occurring 23 
weeks after DMBA administration as compared with a 50% responsein a 
second population of tumors existing in older animals. These results are 
consistent with the data of Griswold and Green,<56> who reported a 
gradual increase in autonomy in DMBA-induced tumors with increasing 
time between tumor induction and treatment. There is little question, 
therefore, that the vagaries of the DMBA-induced mammary tumor sys
tem must be thoroughly understood for its effective use as an experi
mental model. 

Similar to the hormone dependency observed by Noble et al. <57•58> in 
Nb rats following prolonged estrogenization, Sluyser and VanNie<59> in
duced mammary tumors with estrone and progesterone in ovariec
tomized GR/A mice. Exhibiting the variability and instability observed in 
the rat, not all the induced tumors were hormone-dependent, and after 
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several transplantations, hormone-dependent tumors became first 
hormone-responsive and, finally, hormone-independent. Hormone in
dependence was associated with low estrogen-receptor content. Their 
data were consistent with the assumption that hormone-responsive 
mammary tumors in GR/A mice are mixed populations of hormone
dependent and hormone-independent cells. 

Although the developmental stages of mouse mammary tumori
genesis appear to be markedly influenced by secretory levels of pro
lactin, <42•60- 62> the advanced spontaneaus mammary tumors in most 
strains of mice appear tobe prolactin-independent. Treatment of C3H/ 
HeJ female mice bearing advanced spontaneaus mammary tumors with 
a prolactin suppressor did not significantly influence the growth of these 
tumors}63> and neither were they significantly influenced by the chronic 
administration of prolactid64> or pituitary isografts.<6s> It appears, there
fore, that spontaneaus C3H mouse mammary neoplasms gradually but 
fairly consistently evolve in situ, i.e., without the selective effects of 
transplantation, from a stage of prolactin responsiveness to a stage of 
prolactin independence, an event that is much more common in this 
species than in the rat.<42> 

6. Hormone-Dependent/Responsive Mammary Tumors 
Established in Serial Transplantation 

Apropos of the hormone responsiveness of carcinogen-induced 
mammary tumors is the rare mammary neoplasm that retains its hor
mone responsiveness after prolonged serial transplantation in syngeneic 
hosts, and even more rarely, its hormone dependence. There is a dif
ference between hormone dependence and hormone responsiveness that is 
sometimes ignored in reference to hormonal effects on tumor growth. 
Cessation of tumor growth or regression in the absence of a hormone, or 
following an ablative procedure, exemplifies dependence. In contrast, a 
modification in growth pattem such as reported by Bogden et al. <66> on 
the responses of the 13762 (growth Stimulation) and R-35 (growth retar
dation) mammary adenocarcinomas to increased endogenaus prolactin 
levels exemplifies hormone responsiveness. The direct effect of prolactin 
on the R3230AC mammary tumor in producing biochemical changes 
similar to those resulting from administration of estrogens, reflected by a 
stimulation of certain metabolic pathways suggestive of lactation induc
tion and a retardation of growth of the tumor, is another example of 
responsiveness as reported by Hilf et al. <67> 

A long-transplanted, responsive, mammary carcinoma syngeneic 
with Fischer 344 strain females is the 13762E subline of the 13762 mam-
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mary adenocarcinoma that had been induced with DMBA by Segaloff. <68> 
The 13762E subline has been maintained in serial transplantation in fe
males treated with estradiol or implanted with a 20-mg pellet of diethyl
stilbesterol. Hormone responsiveness in this tumor system is defined as 
tumor growth stimulated by exogenaus estrogens. This tumor grows well 
in the untreated, ovary-intact female, but growth is retarded following 
ovariectomy. 

The best known, and perhaps most thoroughly studied, hormone
dependent mammary tumor that has been successfully carried in serial 
transplantation without lass of hormone dependency is the MT-W9 of 
Kim and Furth, <69> which was induced in Wistar-Furth rat strain females 
by a combined treatment of a subthreshold dose of 3-methylcholanthrene 
and mammotropic hormones. The mammotropin (prolactin) depen
dency70> has been maintained over successive transplant generations by 
sustained Stimulation of exogenaus mammotropic hormone such as is 
provided by coimplantation with the MtTWlO, a mammosomatropic 
pituitary tumor<71·72> that secretes both growth hormone and prolactin. 

Progression from hormone dependence to autonomy is a natural 
sequence of events for mammary tumors established in serial transplan
tation. Hormone sensitivity can vanish very quickly after one or two suc
cessive transplantations; i.e., they will grow well in any syngeneic ani
mal regardless of the functional state of hast endocrine organs.<73> The 
progression from hormone dependence to autonomy in mammary 
tumors as an in vivo manifestation of sequential clonal selection was 
demonstrated by Kim and DepowskF2> with the MT-W9 tumor. This 
original, fully mammotropin-dependent tumor gave rise to an estrogen
dependent variant, MT-W9A, that grows only in normal adult female 
hosts and regresses promptly upon oophorectomy. Subsequently, this 
tumor produced a subline, the fully autonomaus MT-W9B, that grows well 
in any syngeneic rats regardless of their hormonal status. A third sub
line derived from the autonomaus tumor was designated MT-W9C, the 
androgen-responsive line, because it grows better in male than in female 
rats. Thus, this tumor system has served as a model for studies on 
the natural history of b'reast cancer with respect to its progression from 
hormone dependence, to hormone responsiveness, to autonomy. <72> 

The ability to maintain the hormonal dependency of the MT -W9 
tumor during successive passages in syngeneic rats conditioned with 
pharmacologic Ievels of prolactin/70> as well as the derived sublines, has 
provided a reproducible test system for studies on prolactin and estro
gen binding in hormone-dependent and autonomaus rat mammary car
cinomas}7L74> and has permitted an elucidation of the regression process 
of hormone-dependent tumors following hormone deprivation.<7&- 78> 
There is little question that the value of these tumor models to breast 
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cancer research is proportional to the effort that must be devoted to 
maintaining the stability and reproducibility of the biological characteris
tics unique to each tumor line. 

7. The Autochthonaus or Primary Tumor Model (Hormonally 
Independent) 

The designation as "spontaneous" of tumors arising in untreated 
experimental animals is essentailly a term of convenience commonly 
used to indicate either neoplasms of unknown etiology, neoplasms in 
host animals that have been intentionally not manipulated, or those 
tumors arising in mouse mammary tumor virus (MMTV)-infected, 
high-tumor-incidence, strains of mice. The term is unsatisfactory, 
primarily because there is a tendency to project a direct relationship with 
"spontaneous" tumors of man and conclude that the autochthonaus 
tumor in the rodent, simply because of its apparent spontaneity, is a 
completely relevant tumor model for cancer in man. Since the term 
"autochthonous" is defined as "found in the place of formation; not 
removed to a new site,"<79> it will be used in lieu of spontaneous. 

Whether the etiological factors in mammary tumorigenesis, opera
tive in genetically defined rodent populations maintained within isolated 
and carefully controlled animal facilities, reflect the factors operative in 
the human female randomly exposed to the stresses and environmental 
carcinogens of daily living is somewhat of a moot question. At the 
molecular Ievel, the fundamental mechanisms involved in viral or chem
ical carcinogenesis may be the same in man as in the rodent. However, 
the multiplicity of the phenotypic manifestations, resulting from car
cinogenic as weil as cocarcinogenic effects, that are possible in freely 
roving, random-bred human populations can hardly be completely du
plicated by a single, genetically homogeneaus and isolated rodent popu
lation. Superimposed on this heterogeneity in the etiology of mammary 
tumorigenesis, Brennan,<80> in a scholarly dissertation on Huxley's re
view of the biology of neoplasia, <4> points out that each individual neo
plasm is postulated to be a new species, and therefore the individual 
neoplastic cells constituting a particular neoplasm would also be ex
pected to have functionally significant epigenetic differences from other 
neoplasms, even those derived from the same organ and species. Thus, 
in the same animal, no two tumors of one organ would be identical, 
although they would share, as would also the tumors of isogeneic hosts, 
a wider range of properlies and antigens than would those of unrelated 
hosts.<st-sa> Within this framework, Brennan!80> rightfully concludes that 
"biological experiments in mammary cancer induction and observations 
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of the natural course of the disease in both the virus-related murine and 
hydrocarbon-induced rat experimental tumor systems reveal many cor
respondences within these systems with features observed in clinical 
breast cancer." 

There is also little question that the autochthonous mammary tumor 
system, whether viral-, hormonal-, or chemical-carcinogen-induced, or 
resulting from the wrath of God, has many factors in correspondence 
with human cancer, factors that are adequately reproducible and pre
dictable to be experimentally useful. Despite these favorable aspects, 
there are nevertheless limitations to the use of autochthonous tumors as 
a bioassay system that predude its characterization as the ideal model 
for human breast cancer. 

First, it is etiologically incorrect to label mammary tumors arising in 
genetically defined, MMTV -infected, high-tumor-incidence murine 
populations as spontaneous. In view of the multiple factors operative in 
mammary tumorigenesis, factors controlled by both genetic and hor
monal mechanisms,<84> one wonders whether a viral-induced tumor can 
be representative of all of human breast cancer. Viral etiology is dis
cussed in detail by J. Schlom et al. in Chapter 2. 

Martin et al. <ss> present a very complete discussion of the characteris
tics desired of the ideal animal tumor model for breast cancer, projecting 
their extensive experience with the spontaneous (?) mammary tumor in 
the CD8F1 hybrid mouse strain<8s-89> as an example of a murine system 
that meets their criteria as summarized in Table I. 

The CD8F1 model tumor system is a good example of the hormone
independent}85> autochthonous murine tumor. The animals employed 
in this model are the first-generation hybrid, resulting from the cross
mating of inbred DBNB males with inbred BALB/c females. The hybrid 
females, infected maternally with the MMTV, have a high mammary 
tumor incidence (about 80%) arising in animals that are 9-10 months of 

TableI 
Characteristics of Spontaneous (Autochthonous) Murine Mammary Carcinomas 

Indicative of the Ideal Breast Cancer Modela 

1. Have a viral etiology. 
2. Grow relatively slowly as solid tumors. 
3. Metastasize. 
4. Are relatively refractive to chemotherapeutic agents. 
5. Are immunogenic in their autochthonous hosts. 
6. Can be used to evaluate combined-modality therapy in autochthonous hosts. 
7. Can be employed for expedient testing as first-generation transplants. 

•Summarized from Martin et al.'""' 
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age. Typical of the autochthonaus systems, there is not a clear-cut 100% 
tumor incidence, nor is the percentage "takes" of first-generation trans
plants (90-95%) completely predictable.<8s> There is also a question of the 
immunogenetic relationship between the C08F1 tumor and C08F1 re
cipients that requires a minimum inoculum of 105 viable tumor cells to 
initiate a tumor, (89> although this type of immunogenicity may be a re
flection of virus-associated antigen. 

The autochthonaus animal tumor model does not permit the degree 
of identification, definition, and control of variables that is obtainable 
with well-defined, carefully monitared and established, transplantable 
syngeneic tumor systems. Autochthonaus tumor systems are fraught 
with all the variables and undefinables encountered in clinical breast 
cancer. Admittedly, the animal model has one distinct advantage over 
clinical experimentation-there are no ethical problems in randomizing 
tumor-bearing subjects into appropriate untreated control groups. 

Mirnieking clinical observations, there is heterogeneity in the 
growth rates of different autochthonaus tumors arising in the same ani
mal as well as in different animals of the same inbred strain. In plotting 
the growth pattems of 23 individual C08F1, mammary tumors, Ander
son et al. (89> found a range in growth rate among individual C08F1 
tumors that required from 3 weeks to as long as 10 weeks to reach a size 
approximating 4 g. With regard to metastases, it was found that only 
62% (13 of 21) of the mice had pulmonary metastases detectable by 
bioassay by the time their tumors had reached a calculated weight of 4 g. 

The use of autochthonaus tumors in the first transplant generation 
as a test system, though admittedly not far removed biologically from 
the parent autochthonaus tumor, is in essence a syngeneic test system 
without the homogeneity and reproducibility of syngeneic systems. 
Hosokawa et al.!90> established 19 transplantable tumor lines from indi
vidual autochthonaus mammary tumors of the OBN2 Ha-00 mouse. Of 
these lines, 5 were classified as fast-growing, 8 as medium-growing, and 
6 as slow-growing. The rate of growth among 5 of these lines remained 
stable during 11-19 transplant generations. First-transplant-generation 
test systems are therefore restricted in the scope of testing to the number 
of animals that can be implanted with tissue obtainable from one tumor 
donor. Combining more than one autochthonaus tumor for first
transplant-generation grafting in syngeneic hosts is a compounding of 
variables, i.e., preparing a gemisch of tissues with inherent differences 
in growth rate, immunogenicity, histology, and requirements for vas
cularization. 

Obviously, the autochthonaus mammary tumor in the rodent, such 
as the C08F1 model, more closely mirrors the innate heterogeneity ob
served with breast cancer clinically. Its use as an assay system therefore 
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requires the same stringent staging of tumors, with definition, monitor
ing, and randomization of the individual tumor-bearing animal as the 
oncologist applies to each patient in clinical trials. 

8. Transplantahle Syngeneic Mammary Tumor Models 

Most commonly, intact animal systems serve as models of human 
diseases at what might be appropriately termed the clinical level, as 
contrasted to the cellular or molecular Ievels. Nonetheless, one should 
not lose sight of the fact that animal tumor models are assay systems 
and, as such, must have well-defined and reproducible growth patterns 
and reactivities so that modifications in such parameters resulting from 
experimental manipulations can be correctly interpreted. lt is an axiom 
that when attempting to define an unknown, experimental variables 
must be identified and controlled. In experimental breast cancer, the 
need for tumors with well-defined growth and metastatic patterns as 
well as responsiveness to chemotherapy, to ionizing radiation, and to 
immunotherapy is best met by the syngeneic mammary tumor system 
that has been established and stabilized in serial transplantation. The 
heterogeneity that one encounters with autochthonaus tumors, animal 
and human, is also reflected in syngeneic tumor systems, except that the 
differences are found among established tumor lines rather than among 
tumors within a line. With careful monitoring, one finds that the charac
teristics peculiar to a particular tumor line are reproducible in each of the 
tumors of that line, transplant generation after transplant generation, 
whether ten animals or a thousand animals are implanted at any particu
lar passage. 

Maintaining the stability of the histologically more complex mam
mary adenocarcinomas while in serial transplantation requires intensive 
monitaring of a number of factors as well as a "bit of art." The foremost 
prerequisite is that the tumor will have originated in a member of a 
highly inbred strain of animals. The purpose of inbred strains, the mem
bers of which serve as recipients for syngeneic tumor grafts, is to have 
available for experimentation a large population of genetically identical 
animals in which the relationship of each animal to a neoplasm arising in 
one of its members mirnies the autochthonaus tumor-host relationship. 
Thus, malignant tumors should be 100% transplantable in syngeneic 
hosts, producing progressive and eventually lethal growths. 

In large-scale commercial breeding programs, where numerous 
production breeder lines are maintained, it is essential that such lines be 
checked periodically for immunogenetic drift from designated parental 
or reference strains. Such monitaring is carried out under the auspices of 
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the Mammalian Genetics and Anima! Production Section of the Division 
of Cancer Treatment, National Cancer Institute. All rat and mause 
strains being bred and maintained under contract with the National 
Cancer Instituteare monitared as a routine quality-control procedure. It 
behooves the investigator working with syngeneic transplantable sys
tems to know the source and quality of his experimental animals. 

Unlike the homogeneaus cell populations making up leukemias or 
fibrosarcomas, mammary adenocarcinomas are generally differentiated, 
having definite histological structures such as acini, which may or may 
not be arranged as papillary extensions of tumor growth, and maintain 
fairly constant epithelial!stromal ratios. Such characteristics must be 
monitared histologically. The "art" in tumor transplantation is man
ifested in the ability to maintain these histological characteristics over 
many transplant generations by "knowing" from gross appearance 
which tissue is representative of the tumor and should be selected for 
transplantation. Histology, though necessary, is somewhat of a post facto 
confirmation of the selection made. The most careful technician can 
unwittingly convert a well-differentiated adenocarcinoma to an undif
ferentiated carcinoma, or even sarcoma, in a few passages. Where a 
transplantable tumor is being used for chemotherapy studies, it is also 
advisable to monitor its responsiveness to a known active compound. 
That the more complex mammary adenocarcinomas may contain cell 
populations of different drug sensitivities was demonstrated by Bogden 
et al. <90 with two ascites tumor lines converted from the solid 13762 
mammary adenocarcinoma. When the 13762MAT-B and 13762MAT-C 
sublines were tested against a number of chemotherapeutic agents, 
there were differences in responsiveness between the two ascites sub
lines as weil as between the ascites sublines and the parent tumor. 
Cryopreserving a quantity of tissue in the early transplant generations of 
a syngeneic tumor provides a source for not only replacing lost tumor 
lines but also renewing long-transplanted lines. The Breast Cancer Task 
Force of the Division of Cancer Biology and Diagnosis, National Cancer 
Institute, has established such a tumor bank of animal and human tis
sues. 

It is evident, therefore, that syngeneic tumor systems such as the 
mammary adenocarcinomas are subject to change during serial trans
plantations, and characteristics such as histology, growth rates, 
chemotherapy responsiveness, and metastases need to be continuously 
monitored. 

Transplantahle syngeneic mammary tumors (TSMTs) represent a 
spectrum of growth fractions. Table II compares the growth and metas
tasizing characteristics of six TSMT systems used for testing in our labo
ratory. The DMBA 14 adenocarcinoma, for example, has a maximum 
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growth rate less than half that of the 3M2N squamous-cell carcinoma. 
The mean survival time of DMBA 14 is comparable tothat of the CD8F1 

first-transplant-generation tumor, which when used in advaneed tumor 
experiments has a duration of about 2.5 months, at which time all eon
trols have died from tumors.<ss> The metastatie characteristies of these 
TSMT systems also run the gamut from nonmetastasizing to an inci
denee of 95%. In addition, it is possible to select the type of metastases 
desired. Metastases from subeutaneous grafts of the 13762 mammary 
adenoearcinoma oeeur via both the blood vaseular and lymphatie sys
tems to the lungs and/or other viscera in almost 100% of the animals by 
day 20 postimplantation. Exeision of subeutaneous tumors on days 
18-20 prolongs survival, but the surgieally treated animals eventually 
die from metastatic tumor growths, whereas excision prior to day 15 
results in a high percentage of eures. On the other hand, the SMT-2A 
appears to metastasize exclusively by way of the lymphatics involving 
peripheral, mediastinal, and retroperitoneallymph nodes and, only oe
easionally, to the lungs. Surgieal excision as early as 3 days after implan
tation into the right inguinal fat pad does not prevent its metastasis. <92> 

Sinee metastases in these two tumor systems are highly predictable 
(an incidenee > 90%), they lend themselves to realistie studies on eom
binations of therapeutic modalities directed to the eradication of metas
tases, the primary problern in the treatment of breast eaneer. Bogden et 
al., <93> using the 13762 mammary tumor system, were able to show that a 
short, nonimmunosuppressive eourse of ehemotherapy, whether pre
ceding or following surgery, was most effective against metastases when 
used in eombination with a nonspecifie immunological adjuvant. 
Neither prolonged chemotherapy nor immunotherapy alone following 
surgery was as effeetive. Kreider et al., <94> in determining the optimal 
eonditions for condueting experiments with the solid and ascites sub
lines of the 13762 mammary adenoearcinoma, also found that the fre
queney of axillary lymph node metastases from the subeutaneous site 
inereased as a function of the duration of the time interval between 
tumor implantation and surgieal exeision, and that both the solid and 
ascites tumors were weakly immunogenic. Assessing response of the 
13762 tumor to baeillus Calmette-Guerin (BCG) treatment, they found 
that admixture of tumor eells with BCG suppressed tumor growth, but 
when given at a remote site, BCG was ineffeetive. This finding was in 
aeeord with the results obtained in the same tumor system by Sparks et 
al., <95 •96> who demonstrated that intralesional injection of BCG before 
reseetion of the tumor not only increased median survival, but also 
resulted in a significant number of long-term eures. 
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That TSMTs are also amenable for use in studies evaluating combi
nations of therapeutic modalities involving X-irradiation is exemplified 
by the following study. The X-irradiation sensitivity of three mammary 
tumor systems that have shown diverse responsiveness to certain 
chemotherapeutic agents was examined with the purpose of comparing 
their responses to a single large irradiation dose, as weil as to three 
fractional doses, in an effort to determine whether these particular 
mammary tumors exhibit significant and measurable differences in 
X-irradiation sensitivity, thereby mimicking a problern encountered clin
ically. 

Experimental Design for Comparing X-Irradiation Sensitivity. Animals 
bearing one of the three TSMT models were randomized into one of 
three groups: an unirradiated control, a group receiving a single 3000-
rad (R) dose, and a group receiving three fractional doses of 1000 Rat 2-
or 3-day intervals. The experimental design is summarized in Table III. 

The following tumor systems were compared in this study: 
R3230AC, a well-differentiated mammary adenocarcinoma of spontane
aus origin; SMT-2A, a poorly differentiated mammary carcinoma; and 
13762, a differentiated mammary adenocarcinoma. 

Taking into consideration the influence that the condition and state 
of the tumor bed, and the prevailing oxygen tension, have on the 
radiosensitivity of neoplasms, all tumor systems were irradiated when 
about the same size, approximately 11.5 mm average diameter. Tumor 
sizes were determined by vemier caliper and recorded as the average of 
the Iongest and shortest diameters in millimeters. Differences among the 
three tumors in the number of days between tumor implantation and 
X-irradiation reflect differences in the growth rates of the three tumor 
systems (Table III). 

X-irradiation was provided at a dose rate of 55 R/min by a 
constant-potential deep-therapy X-ray unit (General Electric Maximar 
250-III) with filtration provided by 0.25 mm Cu plus 1.0 mm Al. Tumor
hearing animals, under light chioral hydrate anaesthesia, were placed on 
a Iead sheet with bodies completely lead-shielded so that only the 
tumors were exposed to irradiation. Tumors were X-irradiated in pairs 
with exposure monitared in air by a Victoreen model 570 condenser 
radiometer. Forthis study, complete remission indicates tumor size below 
measurable Iimits, i.e., barely palpable; for partial remission, tumor-size 
reduction is reported as a percentage of the size prior to X-irradiation; 
and duration of remission indicates the time (days) required for a tumor to 
regrow from maximum remission to the size attained prior to 
X-irradiation. 
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Table III 
Experimental Design for Comparing X-Irradiation Sensitivity of 

Three Mammary Tumor Models 

Group Rat Number of Tumor X-irradiation Days 
No. strain animals system dose postimplant 

Fischer 344 6 R3230AC Unirradiated Control 
II 6 3000 R (1x) 14 

III 6 1000 R (3x) 15, 18, 20 
IV Wistar-Furth 8 SMT-2A Unirradiated Control 
V 8 3000 R (1x) 21 

VI 8 1000 R (3X) 22, 25, 27 
VII Fischer 344 6 13762 Unirradiated Control 

VIII 6 3000 R (1X) 12 
IX 6 1000 R (3x) 11, 13, 15 

Results. In Figs. 1-6, the tumor sizes for unirradiated controls have 
been indicated as means (open circles) plus or minus one standard de
viation (solid lines). X-irradiated tumors, on the other hand, have been 
plotted individually (solid circles) from the day of irradiation. 

Figure 1 illustrates the response of R3230AC mammary tumors to a 
single 3000-R dose of X-irradiation. Alltumors but one (85%) responded 
to irradiation by an average reduction in size of 18.5%. The average 
duration of remission was 6 days. The one tumor showing no remission 
showed growth inhibition that persisted for 7 days. It is evident from 
Fig. 1 that the growth rate of 50% of the tumors fell within the standard 
deviation of the unirradiated controls. However, a retarded growth rate 
appeared to persist with the remaining tumors. 

When a total dose of 3000 R was administered to R3230AC mam
mary tumors in three fractional doses of 1000 R, only 1 of 6 tumors (17%) 
responded with a reduction in tumor size (Fig. 2). All other tumors went 
into a stationary growth phase that persisted an average of 6.8 days. 
Although growth of irradiated R3230AC tumors was progressive there
after, the rates of growth appeared tobe slower than the unirradiated 
controls. It is evident that a single dose of X-irradiation was more effec
tive in this tumor system than three fractional doses. 

Figure 3 illustrates the response of the SMT -2A mammary car
cinoma to a single 3000-R dose of X-irradiation. The response of this 
tumorsystemwas dramatic. Alltumors (100%) werein complete remis
sion by day 34, i.e., by day 13 postirradiation. Three tumors eventually 
regrew, having an average remission duration of 15.3 days. Five animals 
died from massive lung metastases while their irradiated subcutaneous 
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Fig. 1. Response of the R3230AC mammary adenocarcinoma to a single 3000-R dose of 
X-irradiation. 

tumors were in complete remission. This is a highly metastatic tumor 
system, and it is evident that metastases had occurred prior to what 
appears to have been curative X-irradiation therapy of the primary sub
cutaneous tumor. 

Figure 4 illustrates the response of the SMT -2A mammary car
cinoma to three fractional doses of 1000 R X-irradiation. Though still 
highly responsive, the three fractional doses were not as effective as a 
single 3000-R dose. Only 4 tumors (50%) went into complete remission, 
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Fig. 2. Response of the R3230AC mammary adenocarcinoma to three fractional doses of 
1000 R X-irradiation. 
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Fig. 3. Response of the SMT-2A mammary carcinoma to a single 3000-R dose of 

X-irradiation. 

with an average remission duration of approximately 13.5 days; 3 
tumors had a reduction in size of 50% or greater, with a remission 
duration of 12.7 days, and 1 tumor had only a slight reduction in size. 
All animals died with evidence of massive lung metastases, including 
one animal that had a subcutaneous tumor that was still in complete 
remission. 
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Figure 5 illustrates the response of 13762 mammary tumors to a 
single 3000-R dose of X-irradiation. Of 6 tumors, 2 (33%) showed little or 
no measurable response to the single dose of X-irradiation; 1 animal had 
a 57% reduction in tumor size; two animals, 37% reduction; and 1 ani
mal's tumorwas reduced in size by only 12%. The 4 tumors that showed 
some indication of remission, though they grew progressively after the 
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initial remission period (an average of approximately 4.8 days), grew at a 
slower rate as compared with the unirradiated controls. 

Figure 6 illustrates the response of 13762 mammary tumors to three 
fractional doses of 1000 R X-irradiation each. Of 6 tumors, 2 (33%) 
showed only a retardation in growth rate; 1 animal' s tumor was reduced 
in size by 50%, 1 by 42%, and 2 by only 12%. The average duration of 
these remissions was only 4.2 days. As with the single dose of 
X-irradiation, the 4 tumors that evidenced some reduction in tumor size 
after X-irradiation, though they grew progressively following the initial 
remission period, grew at a somewhat slower rate as compared with the 
unirradiated controls. In comparing the responses illustrated in Figs. 5 
and 6, it is apparent that a single 3000-R dose of X-irradiation was more 
effective than three fractional doses of 1000 R. 

If one compares the growth rates of the three mammary tumor 
systems used in this study (Fig. 7), it becomes evident that X-irradiation 
responsiveness of these mammary tumor models is not directly related 
to growth rate. 
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Fig. 7. Comparison of the growth rates (Gompertzian growth curves) of the R3230AC, 
SMT -2A, and 13762 mammary tumors. 



Therapy in Experimental Breast Cancer Models 307 

Conclusion. Although all three tumor systems showed some de
gree of X-irradiation sensitivity, there were measurable differences in 
responsiveness among the tumor systems, e.g., SMT-2A > 13762 > 
R3230AC. Differences in irradiation sensitivity did not appear to be 
growth-rate-related, and a single X-irradiation dose of 3000 R was more 
effective in producing tumor remissions than three fractional doses of 
1000 R each. 

The SMT -2A mammary adenocarcinoma responded to X-irradiation 
with complete remissions. As a metastasizing tumor system, animals 
died from metastases despite "curative" X-irradiation therapy of the 
subcutaneous tumor. 

Characteristic differences in the growth and metastasizing charac
teristics as weil as the X-irradiation responsiveness of these mammary 
tumor models permit sophisticated studies on combinations of 
therapeutic modalities to include X-irradiation. 

9. Use of Transplantahle Syngeneic Mammary Tumor Systems 
for Addressing Specific Clinical Problems 

Reproducibility of syngeneic tumor systems permits a degree of 
flexibility in experimental design and control not possible with au
tochthonous tumors. Though each syngeneic tumor system can serve as 
a model and be predictive for only a certain dass of tumors found within 
the disease of breast cancer, by careful selection of the tumor system 
appropriate to the particular clinical problern under study, experiments 
can be designed to answer specific clinical questions. In the following 
studies, carried out in our laboratory, the 13762 mammary adenocar
cinoma was the tumor model used. It was selected because it best 
mirnies the chemotherapy responsiveness and acquired drug resistance 
of those human breast cancers that are sensitive to the alkylating 
agents.<97> It has also shown a degree of selectivity for agents most active 
in breast cancer, and has been used effectively in integrating im
munotherapy with other therapeutic modalities.<9H 6> In each of the fol
lowing three studies, the clinical problern or question will be stated and 
the experimental design will be described, followed by the results of the 
experiment and a summary answer provided by the study. 

Materials and Methods. In all studies, Fischer 344 strain females, 
approximately 45-50 days of age, were implanted subcutaneously with a 
routine 2- to 3-mm3 piece of the syngeneic 13762 mammary tumor on 
day 0. Grafts were placed on the right side, midway between the ingui
nal and axillary areas. On day 10-12, exceptionally large or small tumors 
were eliminated to have a more homogeneous-sized tumor population, 
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and the remaining animals were then randomized into experimental 
groups. Tumor-size measurements were determined by caliper 3 times 
weekly and were plotted as the average of the Iongest and shortest 
diameters in millimeters. All compounds were administered per os in a 
Klucel vehicle. 

The following definitions of tumor response are pertinent to all 
studies: complete remission indicates tumor size below measurable limits, 
i.e., barely palpable; partial remission, tumor size reduced by 50% or 
more of largest size prior to induction of remission; and duration of remis
sion indicates the time (days) required for a tumor to regrow from 
maximum remission to size attained prior to onset of remission; "eure" 
indicates tumor in complete remission, i.e., animal without evidence of 
tumor regrowth or free of macroscopically discernible metastases when 
sacrificed and autopsied on day 218. 

Problem 1. Mammary tumors initially responsive to cytoxan (CTX) 
(NSC 26271) therapy become unresponsive or resistant during chronic 
or prolonged drug treatment. When is the optimal time, during cytoxan 
therapy, for a crossover to another alkylating agent such as phenyla
lanine mustard (P AM) (NSC 8806) to obtain maximum remission induc
tion and duration of remissions? 

Experimental Design. The experimental mammary tumor system 
selected for this study was one that is responsive to both CTX and P AM. 
It also becomes resistant to both compounds during prolonged or 
chronic therapy. Tumor grafts were implanted on day 0, and treatment 
of all experimental groups with CTX was initiated on day 11 when 
tumors were well established in early log phase of measurable growth. 
Obtaining tumor-size measurements 3 times weekly permitted establish
ing tumor growth and regression curves for monitaring the effects of 
therapy. PAM was substituted for CTX in four experimental groups: (1) 
on day 18, when tumors were still regressing from CTX therapy; (2) on 
day 25, when tumorswerein maximum remission as a result of CTX 
therapy; (3) on day 32, early in the regrowth of CTX-resistant tumors; 
and (4) on day 36, later during the regrowth of CTX-resistant tumors. 
The designation of experimental groups and the treatments are sum
marized in Table IV. 

Results. The results are most easily visualized from Figs. 8-11. In 
all figures, solid squares depict the growth curve for the vehicle-treated 
controls, and open circles with paralleling lines depict the means plus or 
minus one standard deviation of the group treated only with CTX from 
day 11 to survival. The solid circles represent individual tumors from the 
time when PAM treatmentwas initiated, i.e., when the crossover from 
CTX to PAM was made. Thus, Fig. 8 represents individual tumor re-
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Group 
No. 

I 
n 

III 
IV 

V 

VI 

VII 

Table IV 
Experimental Groups and Treabnents for Detennining 

Optimal Time for Drug Crossover 

Number of 
animals Treatment 

10 Vehide-treated control, 0.5 ml, 3 Rx/week, day 11-ST 
10 PAM, 2 mg/kg, 3 Rx/week, day 11-ST 
22 CTX, 5 mg/kg, 3 Rx/week, day 11-ST 
10 CTX, 5 mg/kg, 3 Rx/week, days 11-17 

PAM, 2 mg/kg, 3 Rx/week, day 18-ST 
10 CTX, 5 mg/kg, 3 Rx/week, days 11-24 

PAM, 2 mg/kg, 3 Rx/week, day 25-ST 
10 CTX, 5 mg/kg, 3 Rx/week, days 11-31 

P AM, 2 mg/kg, 3 Rx/week, day 32-ST 
10 CTX, 5 mglkg, 3 Rx/week, days 11-35 

P AM, 2 mg/kg, 3 Rx/week, day 36-ST 

sponses resulting from a crossover made during the initial stages of 
remission induction by CTX. 

Figure 9 illustrates individual tumor responses resulting from a 
CTX-to-PAM crossover made at a time when tumors were in maximum 
remission as a result of CTX therapy. Figures 10 and 11, on the other 
hand, show individual tumor responses when the crossover to P AM 
was made early (Fig. 10) and later (Fig. 11) during the regrowth of 
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Fig. 8. Individualtumorresponses to a crossover from CTX (NSC 26271) to PAM (NSC 
8806) initiated during the initial stages of remission induction by CTX. 
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CTX-resistant tumors. A comparison of the individual tumor responses 

in the four figures shows that P AM was most effectively substituted for 

CTX when tumors were in maximum remission resulting from CTX 

therapy. When the crossover to PAM was delayed until tumors became 

CTX-resistant, the effectiveness of P AM was lost. 

A comparison of remission induction activity and effect on life span 

is summarized in Table V. Treatment with PAM alone from day 11 to 
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Fig. 9. Individualtumorresponses resulting from a CTX (NSC 26271)-to-PAM (NSC 8806) 

crossover made at a time when tumors were in maximum remission as a result of CTX 

therapy. 
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Fig. 10. Individual tumor responses following a crossover from CTX (NSC 26271) to P AM 

(NSC 8806} early during the regrowth of CTX-resistant tumors. 
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Table V 
Comparison of Remission-Induction Activities and Effects on Lüe Span: 

Determining the Optimal Time for Crossover 

Remissions (%) 
Average duration 

Group Partial of remissions Survival 
No. Treatment Complete (50% or more) (days)• time (days)• 

I V ehicle control 0 0 0 35.9 ± 6.8 
II PAM, day 11-ST 70 100 17.5 ± 8.5 75.7 ± 12.3 

111 CTX, day 11-ST 5 41 9.1 ± 4.8 71.8 ± 9.6 
IV CTX, days 11-17 

P AM, day 18-ST 0 100 12.1 ± 3.1 75.3 ± 13.5 
V CTX, days 11-24 

PAM, day 25-ST 10 100 14.7 ± 3.4 77.9 ± 8.5 
VI CTX, days 11-31 

PAM, day 32-ST 0 20 8.0 ± 1.4 69.4 ± 10.8 
VII CTX, days 11-35 

PAM, day 36-ST 0 40 10.5 ± 1.3 71.6 ± 13.8 

•Duraöon-of-remissions calculaöon indudes both complete and partial remissions, as means ± S.D.'s. 
•Survival time calculated as means ± S.D.'s. 

survival was most effective, inducing 70% complete remissions. The 
remaining 30% of animals had tumor remissions of 50% or greater. By 
contrast, treatment with CTX alone induced only 5% complete and 41% 
partial remissions. A comparison of these activities is illustrated in Fig. 
12. Individualtumorresponses for the PAM-treated group are shown 
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Fig. 12. Relative effectiveness of CTX (NSC 26271) and P AM (NSC 8806) administered as 
single agents in the 13762 mammary tumor model. 

from day 25. Note, however, that mean tumor sizes for the PAM-treated 
group were already smaller from day 15. 

Substituting PAM for CTX when tumors were in maximum remis
sion as a result of CTX therapy induced 10% complete remissions, and 
prolonged the average duration or remissions as well as the life span 
over that of the other experimental groups (Table V). In essence, the 
data summarized in Table V support the conclusion, which can also be 
drawn from the figures, that there is an optimal time in a chronic treat
ment regimen to initiate a CTX-to-PAM crossover. 

A word of caution is appropriate, however. As demonstrated in this 
study, the 13762 mammary adenocarcinoma was more responsive to 
PAM than to CTX; i.e., PAM was more effective when used as a single 
chemotherapeutic agent in this particular tumor system. Of particular 
relevance to this consideration, therefore, is the observation that pre
treating a PAM-responsive mammary tumor with CTX markedly re
duced the efficacy of P AM treatment. The results of this study would 
indicate that there may be a PAM-susceptible population of tumor cells 
that, though not responsive to CTX, nevertheless may be conditioned 
during CTX therapy to become less responsive or resistant to P AM. 

Summary Answer. Remissions were maximized and duration of 
remissions prolonged when PAM was substituted for CTX at a time 
when tumors were in maximum remission as a result of CTX therapy. If 
substitution of PAM for CTX was delayed until CTX-resistant tumors 
began to regrow, there was evidence of cross-resistance that became 
more pronounced the Ionger substitution of PAM for CTX was delayed. 
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Substitution of PAM early during CTX therapy, i.e., while tumors 
were still undergoing remission induction, though it enhanced remis
sion induction and duration, was not as effective as delaying the sub
stitution of P AM until maximum CTX effects were obtained. 

Problem 2. Many mammary tumors are responsive to both cytoxan 
(CTX) (NSC 26271} and phenylalanine mustard (PAM) (NSC 8806). Dur
ing prolonged or chronic therapy with either drug alone, tumors become 
drug-resistant. If the administration of CTX and P AM were altemated in 
a chronic therapy regimen, would remission induction and remission 
duration be enhanced over either drug alone, and would the induction 
of drug resistance be prevented or delayed? 

Experimental Design. The experimental mammary tumor selected 
for this study was one that is responsive to both CTX and P AM. lt also 
becomes resistant to both compounds during prolonged or chronic 
therapy. Tumor grafts were implanted on day 0, and treatment of all 
experimental groups was initiated on day 11 when tumors were well 
established in early log phase of measurable growth. Obtaining tumor
size measurements 3 times weekly permitted establishing tumor growth 
and regression curves for monitoring the effects of therapy. There were 
three experimental groups in addition to the vehicle-treated controls: (1) 
a group treated only with CTX; (2) a group treated only with PAM; and 
(3} a group in which the administration of CTX and P AM was altemated 
every 2 or 3 days in a chronic treatment regimen requiring drug adminis
tration 3 times weekly. The designation of experimental groups and 
treatments are summarized in Table VI. 

Results. The results are illustrated in Figs. 13 and 14, which reflect 
the tumor growth and regression curves as weil as individual tumor 
sizes in the various experimental groups. In both figures, the solid 
squares depict the growth curve for the vehicle-treated controls, and the 
open circles with paralleling lines depict the means plus or minus one 
standard deviation of the group treated only with CTX. 

Group 
No. 

I 
n 

III 
IV 

Table VI 
Experimental Groups for Studying the Effects of Altemating 

Cytoxan and Phenylalanine Mustard Treatments 

Number of 
animals 

10 
10 
10 
10 

Treatment 

Vehicle-treated control, 0.5 ml, 3 Rx/week, day 11-ST 
CTX, 3 mglkg, 3 Rx/week, day 11-ST 
PAM, 1.6 mglkg, 3 Rx/week, day 11-ST 
CTX, 3 mglkg; PAM, 1.6 mglkg; alternated every 2 or 3 

days. Treatment initiated with CTX on day 11 and PAM 
on day 13, alternating to ST. 
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Fig. 13. Relative therapeutic effects of CTX and PAM administered as single agents, i.e., 
without crossover. 
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Figure 13 compares the therapeutic effects of CTX and PAM ad
ministered alone, i.e., without crossover. The solid cirdes represent the 
individual tumor sizes in the PAM-treated group. The dustering of the 
open (CTX-treated) and solid (PAM-treated) circles on the zero baseline 
indicates the number of tumors in each treated group that are in com
plete remission at any point in time. 

Figure 14 illustrates and compares the effect of CTX, administered 
without crossover (open cirdes), with that resulting from a treatment 
regimen in which CTX and PAM were altemated, i.e., crossover every 2 
or 3 days (solid cirdes). The dustering of open and solid cirdes on the 
zero baseline represents the numbers of tumors in each experimental 
group in complete remission. 

In comparing Figs. 13 and 14, it is evident that PAM was a more 
effective chemotherapeutic agent than CTX when each drug was ad
ministered without crossover, confirming the results obtained in the first 
stu,dy. A treatment regimen in which CTX and PAM were altemated, 
i.e., crossed over every 2 or 3 days, was no more effective than CTX 
alone in terms of remission induction, duration of remissions, or 
inhibition of the emergence of drug-resistant tumors. A comparison of 
remission-induction activity and effect on life span, summarized in 
Table VII, further supports the condusions drawn from the figures. 
When administered alone, i.e., without crossover, PAM was most effec
tive, inducing 60% complete remissions, with the average duration of 
remission being 31 days and an average survival time of 70.9 days. 
When CTX and P AM were altemated every 2 days, only 40% complete 
remissions were induced, with an average duration of remission of only 
13.6 days and a survival time of only 62.5 days. 

Of particular interest is the indication that the indusion of CTX in an 
altemating treatment regimen with PAM reduced the therapeutic effec
tiveness of P AM. This observation supports the results obtained in the 
studies on Problem 1; i.e., pretreatment with CTX reduced the efficacy 
of PAM. It would appear, therefore, that in the chemotherapy of PAM
responsive tumors, PAM used as a single agent is more effective than 
when used as the second agent in a crossover with CTX. 

Summary Answer. P AM was more effective as a chemotherapeutic 
agent than CTX when administered alone, i.e., without crossover. 
When CTX and PAM were altemated every 2 days, the chemotherapeu
tic effectiveness of such a continuing crossover was no greater than that 
of CTX when administered alone, in terms of remission induction, re
mission duration, life span, or the emergence of drug-resistant tumors. 

Problem 3. Cytoxan (CTX) (NSC 26271) is an effective chemothera
peutic agent in breast cancer. Prolonged or chronic treatment with CTX 
results not only in the induction of remissions but also in the eventual 
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Table VII 
Comparison of Remission-Induction Activities and Effects on Life Span: 

Group 
No. 

II 
III 
IV 

Altemating Cytoxan and Phenylalanine Mustard Treatments in a 
Chronic Therapy Regimen 

Remissions (%) 
Average duration 

Partial of remissions Survival 
Treatment Complete (50% or more) (days)" time (days)b 

Vehide control 0 0 0 41.0 ± 4.9 
CTX, day 11-ST 40 100 7.4 ± 1.6 66.1 ± 4.2 
PAM, day 11-ST 60 100 31.0 ± 24.4 70.9 ± 12.5 
CTX and PAM 40 100 13.6 ± 13.0 62.5 ± 8.4 

alternated Q2D 
fromdayll toST 

"Duration-of-remissions calculation indudes both complete and partial remissions as means ± S.D.'s. 
•survival time calculated as means ± S.D.'s. 

regrowth of drug-resistant tumors. The phenomenon of remission induc
tion followed by the emergence of drug-resistant tumors also holds true 
for phenylalanine mustard (PAM) (NSC 8806), for dibromoduldtol (DBD) 
(NSC 104800), and for hexamethylmelamine (HMM) (NSC 13875). Which 
of the three alkylating agents would be most effective in a crossover 
with CTX as the initial chemotherapeutic agent? 

Experimental Design. The experimental mammary tumor system 
selected for this study was one that is responsive to all four drugs, CTX, 
P AM, DBD, and HMM, responsive being defined as measurable tumor 
regression. The tumor also becomes resistant to all four compounds 
during prolonged or chronic therapy. 

Tumor grafts were implanted on day 0, and treatment of all experi
mental groups with CTX was initiated on day 12 when tumors were weil 
established in log phase of measurable growth. Obtaining tumor-size 
measurements 3 times weekly permitted establishing tumor growth and 
regression curves for monitaring the effects of therapy. CTX therapy 
was continued until tumors were in maximum remission (day 27), at 
which time the crossover was made to one of the three alternative drugs, 
PAM, DBD, or HMM, on day 29. The designation of experimental 
groups and the treatments are summarized in Table VIII. 

Results. The effectiveness of the crossover from CTX is illustrated 
in Fig. 15 for PAM, in Fig. 16 for DBD, andin Fig. 17 for HMM. In all 
three figures, solid squares depict the tumor growth curve for the 
vehicle-treated controls, and open circles with paralleling lines depict 
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Group 
No. 
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Table VIII 
Experimental Groups and Treatments for Crossover Studies 

with Alkylating Agents 

Nurober of 
animals 

9 
9 
9 

9 

9 

Treatment 

Vehicle-treated control, 0.5 ml, 3 Rx/week day 12-ST 
CTX, 3 mg/kg, 3 Rx/week, day 12-ST 
CTX, 3 mgikg, 3 Rx/week, days 12-27 
P AM, 2 mgikg, 3 Rx/week, day 29-ST 
CTX, 3 mgikg, 3 Rx/week, days 12-27 
DBD, 60 mg/kg, 3 Rx/week, day 29-ST 
CTX, 3 mg/kg, 3 Rx/week, days 12-27 
HMM, 40 mg/kg, 3 Rx/week, day 29-ST 

• Gp I KLUCEL CONTROL (day 12 - ST) 
0 GpVI NSC 26271 CYTOXAN (day 12 -ST) 
e GpVIII NSC#26271 CYTOXAN(dayl2-day27-8R<) 

NSC • 8806 PAM (day 29-ST) 

CTX 

PAM 

' ~r· . . 
• • • I .. 
!!' .. . 

.. . . 
I • • I I I . 

I • • 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 

DAYS POST TUMOR IMPLANTATION 

Fig. 15. Comparison of the effectiveness of a crossover from CTX to PAM. 

the means plus or minus one standard deviation of the group treated 
only with CTX from day 12 to survival. 

The solid circles in Fig. 15 depict the individual tumor sizes of those 
tu mors in which the erossover from CTX on day 29 was made to P AM. 
The prolongation of remission duration is evident, as is the induetion of 
one eomplete remission that persisted to day 215 as a "eure." In Fig. 16, 
the solid eircles depict those tumors in which the erossover from CTX 
was made to DBD on day 29. The signifieantly Ionger duration of remis
sians as well as the nurober of eomplete remissions indueed are evident. 
One eomplete remission persisted to day 215 as a "eure." The least 
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Fig. 16. Comparison of the effectiveness of a crossover from CTX to dibromodulcitol 
(DBD). 
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Fig. 17. Comparison of the effectiveness of a crossover from CTX to hexamethylmelamine 
(HMM). 

effective crossover from CTX on day 29 was to HMM (Fig. 17). There was 
a slight prolongation of remissions, and no complete remissions were 
induced. 

The greater effectiveness of DBD as the drug for crossover from CTX 
is also shown in Table IX. All tumors were put into 50% or greater 
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Table IX 
Comparison of Remission-Induction Activities and Effects on Life Span 

in Crossover Studies with Alkylating Agents 

Remissions (%)" 
Average duration 

Group Partial of remissions Survival 

No. Treatment Complete (50% or more) (days)• time (days)< 

I Vehicle control 0 0 0 33.7 ± 6.6 

II CD(, day 12-ST 0 55 10.8 ± 2.2 50.8 ± 6.4 
III CTX, days 12-27 

P AM, day 29-ST 11 44 13.3 ± 9.0 59.1 ± 9.1 

IV CTX, days 12-27 
DBD, day 29-ST 33 100 17.1 ± 8.3 71.6 ± 15.0 

V CTX, days 12-27 
HMM, day 29-ST 0 66 15.6 ± 0.9 55.1 ± 8.0 

"Groups 111 and IV both had 11% "eures." 
•Duration-of-remissions calculation includes both complete and partial remissions, as means ± S.D.'s. 

<Survival time calculated as means ± S.D.'s. 

remission, 33% of which were put into complete remission resulting in 
11% "eures." Extension of survival was also greatest with a Test/Control 

(T/C) of 212%. The crossover to PAM was next most effective, with 11% 

complete remissions and 11% "eures." Extension of survival had a T/C 

of 175%. The least effective crossover was to HMM. Although 66% of 
the tumors were put into partial remission, there were no complete 
remissions or "eures," and extension of survival had a T/C of 163%. 

Treatment with CTX alone, i.e., without crossover, induced 55% partial 
remissions and a survival extension T/C of 151%. 

Summary Answer. The most effective of three alkylating agents for 

a crossover from CTX, when tumors were in maximum remission, was 
DBD. PAM was the next most effective agent, and HMM was the least 
effective. 

The clinical questions addressed by the preceding three studies re

flect a simple application of the TSMT model in providing specific leads 

for the cancer chemotherapist. They also reflect the input on clinical 

problems by members of the Treatment Committee of the Breast Cancer 
Task Force. If experimental mammary tumor models are to be used 

effectively in a predictive mode, a close liaison between the clinician and 

animal experimentalist is mandatory. 
In extrapolating such experimental results to the clinic, the physi

cian should be aware of the limitations of the tumor system used. The 

13762 mammary adenocarcinoma, for example, can model only for those 
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tumors that show a significant degree of responsiveness to the particular 
alkylating agents studied, as weil as for those tumors that also become 
drug-resistant following prolonged, chronic therapy. 

10. Human Mammary Tumor Xenograft/Nude Athymic Mouse 
Model 

The need for more realistic and clinically extrapolative models for 
breast cancer research, coincident with demonstration of the athymic 
condition of the nude mouse by Pantelouris}98> has focused attention on 
the human tumor xenograft as a potential candidate for the ideal predic
tive animal test system. This is a natural assumption, at this point in 
time, as what could be a better model of human cancer than a human 
tumor? 

The homozygous nude (nu/nu) mouse is characterized by a dysgene
tic thymus and therefore has a defect in the thymus-dependent im
munological functions.<99•100> As a consequence, it readily accepts both 
allo- and xenotransplants. Transplantation of human tumors into the 
nude mouse has become a generally accepted method for the short- and 
long-term observation of human tumor behavior and the effects of vari
ous treatments. 

Establishment in serial transplantation of a number of different 
human neoplasms, including those arising in the breast, has now been 
weil demonstrated.<101- 107> Reinvestigating growth pattems and chromo
some constitutions of human malignant tumors after long-term serial 
transplantation in nude mice, Povlsen et al.U08> found that after 27-56 
passages over a period of 31/2 to 51/2 years, two adenocarcinomas of the 
colon, two malignant melanomas, and one Burkitt's Iymphoma retained 
the cytological and histological appearance of the original inoculated 
human material, indicating a certain stability in the human tumor/nude 
athymic mouse model. 

However, the nude athymic mouse host is not altogether passive to 
an implantation of a human tumor xenograft. In contrast to the Observa
tions of Povlsen,008> studies in our laboratorf109> revealed an instability 
in the histology and chemotherapy responsiveness of two rat mammary 
adenocarcinomas after 20 transplant generations as xenografts in the 
nude athymic mouse. Clearly definable acinar structures were markedly 
reduced in the R3230AC tumor and disappeared in the 13762 tumor. 
Unresponsiveness to PAM, characteristic of the R3230AC tumor, re
mained stable, but attempts to reestablish progressive growth in pre
viously syngeneic hosts were unsuccessful. Responsiveness to P AM, a 
characteristic of the 13762 tumor marked by oncolysis and many com-
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plete remissions in syngeneic hosts, was significantly reduced, with no 
complete remissions after the tenth passage. This type of instability 
suggests an immunogenetic selective process that may be eliminating 
the more antigenic cellular clones and possibly the process of hybridiza
tion. 

Although the nude mouse reportedly lacks the dassie cell-mediated 
rejection mechanisms and has therefore been widely used as an im
munologically neutral host in a variety of investigations in tumor im
munity and carcinogenesis/110> this formerly clear-cut distinction has 
recently been qualified.<m> Humantumors do not always grow when 
implanted, though the xenograft may not be rejected.<m> While IgG and 
IgA responses are markedly diminished in the absence of helper T cells, 
nude athymic mice have a reasonably good IgM antibody re
sponse.mo.ua> The studies of Ramseier014> show what appear tobe T-cell 
precursors in spleens of nude mice that can be activated to recognize 
alloantigens specifically, and Loorms> demonstrated li-positive cells in 
nude mice bom from a homozygous nu/nu mother. 

lt should not be surprising, therefore, that allhuman tumors do not 
become established in serial transplantation as xenografts, nor do estab
lished human tumors produce 100% "takes" (progressive lethal 
growths) in every transplant generation. Table X illustrates the percent
age takes of three human breast tumors that have been established in 
serial transplantation as xenografts. The lack of 100% predictability of 
lethal "takes" of subcutaneously implanted xenografts requires that 
larger numbers of animals be used to ensure statistical validity of assay 
results. Large numbers of animals per assay, and long-term assays 
necessitated by the low growth fraction of most human tumor xenograft 
systems, creates a financial problern of some significance. As of this 
writing, the cost of a nude athymic mouse is approximately $12 as com
pared with $0.70 for the normal, haired, immunocompetent animal. In 

TableX 
"Takes" of Human Breast Tumor Xenografts Established 

in Serial Transplantation in Nude Athymic Mice 

Tumor Number of subcutaneous 
designation• Origin and histological type passages in nudes 

Oouser (MX-1) Breast carcinoma 14 
Van Natter Breast carcinoma 7 
Keilty (MX-2) Breast carcinoma 10 

(MDA-MB-231) 

•Data kindly provided by Dr. B. Giovanella. 
•''Takes": progressive and eventually Iethai growth following subcutaneous implantation. 

Takes 
(%)b 

90 
82 
83 
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addition, nude athymics require sophisticated isolation facilities for 
long-term holding.<99•116> Therefore, the initial as weil as the maintenance 
costs of the nude athymic animal are limiting factors in the use of the 
tumor xenograft for routine preclinical drug testing. There is little ques
tion that the evaluation of organ-specific human tumor xenografts as 
preclinical test systems for drug and therapy evaluation will require time 
and prove tobe expensive, but the potential payoff certainly warrants 
the effort. If we are to strive for the ideal predictive model for the human 
disease, then the availability of the human tumor xenograft, albeit in the 
mouse host, dictatesthat it be evaluated as a potential candidate. The 
use of the athymic (nude) mouse in cancer research was recently re
viewed at a symposium dealing with this subject.<117> 

The work in our Iabaratory utilizing the nude athymic mouse and 
human tumor xenografts has been directed to the development of a 
rapid drug screening method. Our object in developing such a method 
has been (1) to circumvent the variable of immunocompetency of the 
xenograft host; (2) to use fewer animals and less time, significantly re
ducing costs per assay; and (3) at a minimum, to provide a realistic 
screen for quickly ranking compounds in order of activity for subsequent 
in-depth testing. The ability to rank compounds in order of activity 
would, in essence, aceeierate those compounds with greatest clinical 
potential to advanced testing and phase I clinical trials. 

The assay that has been developed employs the subrenal capsule 
implantation site, which provides a rich, vascular bed for nutrient as 
weil as drug delivery, and permits easy visualization of the xenograft in 
situ. A 1-mm3 -size fragment of tumor tissue is selected as the initial graft 
size because it is smail enough to permit permeability of essential nutri
ents as weil as a relatively unrestricted distribution of test drugs 
throughout the tissue fragment, and yet is large enough to be easily 
visualized and measured in situ under a dissecting microscope. The 
ability to accurately establish an initial graft size in situ permits evalua
tion of oncolytic effects as weil as tumor-growth inhibition. 

The assay time frame of 11 days is long enough to permit measura
ble growth or drug-induced regression of mosthuman tumor xenografts 
implanted under the renal capsule. Of equal importance, the assay time 
frame is short enough to evade the complications of an immune response. 

To be of value, the parameters of an assay must have a range in 
units of measurement great enough to permit quantitation. Xenograft 
measurements in situ are made with a dissecting microscope containing 
an ocular micrometer. Therefore, a 1-mm3 graft is equivalent to 10 ocular 
micrometer units (omu), calculated by taking the average of two diame
ters. The transparency of the renal capsule and clear margination of the 
tumor through the renal capsule thus permit accurate measurements in 
terms of ocular micrometer units. 
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The subrenal capsule assay was designed as a rapid chemotherapy 
screen employing low growth fraction tumors. This is an important con
sideration for realistic prediction of clinical activity, since it is the low 
growth fraction tumors that provide the greatest challenge for 
chemotherapy. The use of such tumors in an 11-day assay was made 
possible by simply magnifying the xenograft in situ so that 1- or 2-mm 
changes in size, not measurable by the vemier calipers used for measur
ing subcutaneously growing tumors, are accurately quantifiable into 
10-20 omu. Measurement precision of the initial as well as the final graft 
size in situ permits an accurate determination of Ll tumor size, with each 
tumor-bearing animal essentially serving as its own control. Additional 
untreated, xenografted control animals indicate the Ll tumor size to be 
expected from the donor tissue, thereby serving as a tissue quality. con
trol. 

Examples of assay results obtainable with human mammary tumor 
xenografts in the "subrenal capsule assay" are summarized in Tables XI 
and XII. These tumors have been well established in serial transplanta
tion in the nude athymic animal. The nurober of animals used per com
pound is noted in each table. Our analysis of assay data that have ac
cumulated, and experience with the assay per se, indicate that 3 animals 
per treated group with 6 in the control group are sufficient for drug 
evaluation. If necessary, 2 animals per treated group and 3 in the control 
group will provide comparable data with an acceptable degree of reliabil
ity as a screening method for ranking drug activities. 

Table XI 
Responsiveness of the Clouser Human Breast Carcinoma (MX-1) in a 

Rapid Chemotherapy Screena 

Tumor size (omu)' 
Dose <l Tumor size %TIC 

NSCNo. Name (mglkgperinj.)" Initial Final (day 11 - day 0) <l tumor size 

19893 5-FU 25 10.0 27.5 17.5 103 
13875 HMM(low) 15 11.0 26.5 15.5 91 
740 MTX 2 10.0 23.0 13.0 76 
125066 BLEO 6.4 10.5 16.5 6.0 35 
123127 ADR 1 11.0 13.0 2.0 12 
104800 DBD 120 10.5 11.0 0.5 3 
13875 HMM (high) 88 11.5 11.5 0 0 
8806 L-PAM 3 7.5 0 - 7.5 0 
79037 CCNU 8 8.5 0 - 8.5 0 
95441 MeCCNU 10 9.5 0 - 9.5 0 
26271 CTX 25 13.0 0 - 13.0 0 
Saline control 10.0 25.0 15.0 } 17.0 Saline control 11.5 30.5 19.0 

• Drugs prepared fresh daily, administered intraperitoneally. 
'Every day on days 1-10; 1 mouselcompound, 2 micelcontrol group. 
'(omu) Ocular micrometer units. 
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Table XII 
Responsiveness of Human Breast Carcinoma SW613 in a 

Rapid Chemotherapy Screena 

Tumor size (omu)< 
Dose ~Tumor size 

NSC No. Name (mglkgperinj.)• Initial Final (day 12 - day 0) 

13875 HMM(Iow) 15 10.0 24.0 14.0 
740 MTX 2 11.0 23.0 12.0 
104800 DBD 120 10.5 19.0 8.5 
26271 CTX 25 10.0 18.0 8.0 
123127 ADR 1 11.0 18.0 7.0 
125066 BLEO 6.4 10.0 16.5 6.5 
13875 HMM (high) 88 10.0 16.0 6.0 
8806 L-PAM 3 9.5 15.0 5.5 
79037 CCNU 8 10.0 12.5 2.5 
95441 MeCCNU 10 11.0 12.0 1.0 
19893 5-FU 25 11.0 11.0 0 
Saline control 10.7 24.7 14.0 

a Drugs prepared fresh daily, adrninistered subcutaneously. 
•Every day on days 1-11; 1 mouse/compound, 2 rnice/control group. 
<(omu) Ocular rnicrometer units. 

o/o T/C 
~ tumor size 

100 
86 
59 
57 
50 
46 
43 
38 
18 
7 
0 

In the Clouser breast tumor (Table XI), also designated as MX-1, 
5-fluorouracil (5-FU) was completely inactive and CTX was the most 
active. The difference in antitumor activity between the low and high 
doses of HMM was also evident. In this tumor system, the low doses of 
HMM and MTX were inactive, and L-PAM, 1-{2-chloroethyl)-3-cyclo
hexyl-1-nitrosourea (CCNU), methyl-CCNU, and CTX were actively 
oncolytic. The ranking of the compounds is clear-cut and is illustrated 
in Fig. 18. In cantrast are the test results obtained with the human 
breast carcinoma SW613 summarized in Table XII. Although a spectrum 
of responses was obtained, as weil as a clearly defined ranking of com
pounds and grouping of activity (Fig. 19), it is evident that the SW613 
breast carcinoma is not as responsive to agents such as L-PAM and 
CTX, but is responsive to 5-FU, in cantrast to the Clouser breast tumor. 

The difference of chemotherapy responsiveness between these two 
tumor systems is suggestive of the variability encountered clinicaily. We 
have found significant differences in the growth rates and responsive
ness to a spectrum of chemotherapeutic agents among the human colon 
adenocarcinomas as weil as among the human breast carcinomas.018> 

Therefore, one questions the validity of selecting one tumor over 
another for predicting general clinical response rather than establishing 
a block of tumor systems reflecting a spectrum of response characteris
tics. Limiting the human tumor xenograft/nude athymic mause model to 
one or two organ-specific systemswill be just as restrictive and predict 
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no more realistically than selecting one or two transplantable syngeneic 
rodent tumor systems. 

That the subrenal capsule assay might be effective for predicting the 
drug sensitivities of individual tumors, removed as primary explants at 
surgery or biopsy, is indicated by the results summarized in Table XIII. 
The six drugs were tested against primary explants prepared directly 
from a lung metastasis removed at surgery. DBD was inactive and HMM 
and L-PAM were the two most active agents, with bleomycin (BLEO) 
and adriamycin (ADR) showing intermediate activity. Encouragingly, 
within the 14-day test period, there was measurable growth of the con
trol tissue under the renal capsule, which permitted a ranking of com
pounds by relative activity (Fig. 20). Studies directed to determining the 
feasibility of the method for predicting individual tumor response are 
continuing. 

Humantumors established in serial transplantation as xenografts in 
the athymic (nude) mause have a growth potential that is similar to that 
of the "low growth fraction" transplantable, syngeneic tumor systems. 
That fact, plus the ability to accurately quantify small changes in tumor 
size occurring over a short time span, coupled with the knowledge that 
the normal rejection reaction to foreign tissue requires a week to 10 days 
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Fig. 19. Ranking of compounds by activity in the SW613 human breast carcinoma model 
(subrenal capsule assay). ß Tumor size: tumor size on day 11 - tumor size on day 0. 

Table XIII 
Chemotherapy Responsiveness of a Primary Explant of a Human Mammary 

Tumor Lung Metastasis 

Tumor size 
(omu)b 

Dose ß Tumor size %T/C 
NSC No. Name (mg/kg per inj.)" Initial Final (day 14 - day 0) ß tumor size 

104800 DBD 120 11.0 18.5 + 7.5 125 
26271 CTX 25 9.5 11.5 + 2.0 33 
125066 BLEO 6.4 9.5 8.5 - 1.0 0 
123127 ADR 1 11.5 9.5 -2.0 0 
8806 L-PAM 3 12.5 5.0 -7.5 0 
13875 HMM 88 12.0 4.0 -8.0 0 
Saline control 11.5 17.5 + 6.0 

"Every day on days 1-10; 1 mouse/compound, 2 rnice/control group. 
• (omu) Ocular rnicrometer units. 
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to develop in normal animals, prompted us to examine the feasibility of 
using the subrenal capsule technique for implanting human tumor 
xenografts in immuno-competent (nonnude) mice. BDF1 mice were im
planted with human tumor grafts, and in situ initial tumor-size mea
surements were taken. Groups of 5 mice were sacrificed at intervals after 
implantation, and final tumor sizes were determined. The growth of 
eight human tumors that have been established and carried in serial 
transplantation in the nude athymic mause were thus studied: three 
colon tumors, CX-1, CX-2, and Squires; four mammary tumors, MX-1, 
MX-2, SW613, and Cook; and one lung tumor, LX-1. Five of these 
tumors, the growth curves of which are plotted as ä tumor size (Fig. 21, 
top), exhibited progressive, quantifiable growth for the first 6 days, with 
regression after 10 days. Two tumors (Fig. 21, bottom), showed pro
gressive growth for 9-10 days after implantation. One tumor, MX-2, 
which has a transplant interval of greater than 30 days in nu/nu mice, 
grew too slowly to be usable before the rejection developed. Preliminary 
results of testing chemotherapeutic agents against human tumor xeno-
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Fig. 20. Predicting individual tumor response. Ranking of compounds by activity in the 
subrenal capsule assay with primary explants of a mammary tumor Jung metastasis ob
tained at surgery. ll Tumor size: tumor size on day 14 - tumor size on day 0. 
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Fig. 21. Growth of seven human tumors implanted under the renal capsule of normal, 
immunocompetent (nonnude) mice. 

grafts, implanted under the renal capsule of normal BDF1 mice, indicate 
that the 6-day time frame has practicability as an assay system. 

It is evident that the human tumor xenograft in the nude athymic 
mause has great potential as an experimental model in both immunol
ogy and oncology. In cantrast to in vitro assays, human tumor xenografts 
in nude athymic mice provide an in vivo assay system that more closely 
resembles the human situation with respect to morphology, tumor 
products, kinetics, and drug activation and detoxification mechanisms. 
It remains tobe determined, however, whether organ-specific, human 
tumor xenografts, established in serial transplantation, prove to be more 
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predictive of clinical activity than similar animal tumors in syngeneic 
hosts. 

11. Condusions 

There is no one animal tumor system that can meet the require
ments of serving as the experimental model for the complex of diseases 
identified as breast cancer. Unquestionably, there are animal tumor sys
tems that ideally mirnie a particular facet of breast cancer. These facets 
include the gamut from the preneoplastic lesion to the advanced ma
lignancy, metastasizing and nonmetastasizing; from hormone depen
dency and responsiveness to the independent tumor-facets that can be 
studied in experimental designs that provide a tumor-hast relationship 
that is either autochthonaus or syngeneic. 

Autochthonaus mammary tumors, whether as multiples in the 
same animal, or singly, but in different animals of the same inbred 
strain, reflect a fundamental variability in endocrine responsiveness, 
growth characteristics, and immunogenicities similar to that encoun
tered in a clinical population. The autochthonaus system is therefore 
burdened with the same need for stringent identification and control of 
variables, the same need for statistically valid numbers of experimental 
subjects, as are required for clinical trials, a significant problern where 
repetitive duplication of experimental conditions is desired. 

Syngeneic mammary tumor systems, on the other hand, offer rela
tively stable test systems that are established in serial transplantation 
and that are predictable as to growth and metastasizing characteristics in 
large populations of experimental animals. The immunogenetic relation
ship of tumor and host mirnies the autochthonaus system in terms of 
histocompatibility. Regardless of the size of the tumor graft recipient 
population used in a study, however, the syngeneic donor tumor repre
sents, or serves as a model for, only one characteristic of a facet of breast 
cancer. For example, a syngeneic tumor is generally either hormone
dependent or -independent, metastasizes from subcutaneous implant 
sites or does not metastasize, is reproducibly responsive, only slightly 
responsive, or resistant to a number of chemotherapeutic agents. The 
point emphasized isthat each syngeneic system, in cantrast to the au
tochthonous, represents only one variable, albeit in a reproducible and 
predictive fashion. However, this seeming Iimitation of the syngeneic 
system can be overcome. By selecting a tumor panel, one can establish a 
test system in which the aggregate of individual responses, each of 
which is clearly defined and reproducible in a specific tumor line, repre
sents a realistic profile or model of the facet of breast cancer under study. 
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Stability, however, is not an inherent characteristic of serially trans
planted syngeneic tumors. Quality-control parameters for monitaring 
growth and metastasis must be established, especially parameters for 
monitaring those characteristics peculiar to a tumor as a test system. In 
this regard, tumor banks as a storage and distribution source for the 
periodic replacement of tumor lines provide a vital service to the scien
tific community. 

Thus, each model, whether autochthonaus or syngeneic, has its 
variables that must be recognized and adequately controlled to provide 
significant and predictive experimental results. It has been our modest 
objective in this chapter to attempt to point out some of the advantages 
as well as the variables inherent in the mammary tumor models available 
for breast cancer research. A complete understanding and appreciation 
of both the advantages and limitations of a desired model on the part of 
both the animal experimentalist and the clinician who will extrapolate 
the information gleaned from a model is essential. 

In view of the increasing clinical importance of adjuvant chemo
therapy and immunotherapy in breast cancer, the use of syngeneic tumor 
models in experimental designs having the objective of addressing specif
ic clinical problems and questions has been stressed and the feasibility 
demonstrated. 

The appearance of the human tumor xenograft in the athymic 
(nude) mouse on the horizon of experimental oncology, as a predictive 
model of cancer in man, has provided the experimentalist with a bioas
say system having great potential. Whether organ-specific, transplanta
ble human tumor xenografts prove tobe more predictive of clinical activ
ity than similar tumors in syngeneic hosts remains to be determined. 
That they can be used effectively as test systems for preclinical drug 
evaluation, and possibly for predicting individual tumor response in 
direct support of the clinical chemotherapist, has been indicated by 
examples. 
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Gene Expression in Normaland 
Neoplastic Breast Tissue 

JEFFREY ROSEN 

1. Introduction 

9 

Most structural gene sequences in mammalian cells represent less than 
one millionth of the information contained in the genomic DNA. Because 
of this enormaus complexity of genetic information in higher organisms, 
an understanding of the mechanisms regulating gene expression re
quires the study of specific genes. Fortunately, considerable progress 
has been made in the last decade in the development of techniques 
for the isolation of individual eukaryotic messenger RNAs (mRNAs) and 
the synthesis of their complementary DNA copies (cDNAs) (for a gen
eral review, see Rosen and Monahan<n). These molecular hybridization 
probes have been utilized successfully to study gene expression in a 
number of model systems, notably the control of globin gene expression 
during erythroid differentiation<2> and steroid hormone induction of 
ovalbumin mRNN3> and the other egg-white protein mRNAs<4> in the 
chick oviduct. These studies have recently been culminated by the de
termination of the entire nucleic acid sequence of the rabbit ß-globin 
mRNA.<s> However, the precise mechanism contraHing the expression of 
any single eukaryotic gene remains to be established. 

Most of the experiments performed in the mammary gland were 
performed initially within the disciplines of dairy science and endocrine 
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physiology, and, more recently, breast cancer. In the last few years, 
however, an increasing number of investigators have realized that the 
mammary gland also provides an excellent model for studying the regu
lation of specific genes at the molecular Ievel. lt is the intent of this 
chapter, therefore, to illustrate how the techniques of molecular biology 
have been applied recently to the study of gene expression in both the 
normal and the neoplashc mammary gland. 

The mammary gland has several characteristics that make it amena
ble to this type of investigation. lt contains two different types of hor
monally inducible gene products-one typethat is responsive to peptide 
hormones and a second type that is inducible by a steroid hormone. 
Thus, the induchon of the milk proteins, casein and a-lactalbumin, by 
the lactogenic hormones, prolachn and placental lactogen, provides a 
unique model system for studying peptide hormone regulation of gene 
expression (see Section 6.1). The response to prolactin or placentallac
togen is modulated by two steroid hormones, hydrocorhsone and pro
gesterone, and can be studied in organ culture using a chemically defined 
serum-free medium. 

Steroid hormones administered in vivo have been shown to regulate 
the accumulation of numerous mRNAs, including ovalbumin mRNN3> 
and conalbumin mRNN4> in the chick oviduct, tryptophan oxygenase 
mRNA(6> and a-2-U-globulin mRNA<7> in rat liver, and vitellogenin 
mRNA inXenopus liver.<B> In addition, glucocorhcoid induction of mouse 
mammary tumorviral RNA (MMTV RNA) has been demonstrated in vitro 
in several cloned mammary tumor celllines. <9•10> The availability of such 
an in vitro system has permitted kinehe studies in which the effect of a 
steroid hormone on the rates of mRNA transcription and degradation 
was directly measured.OLlz> These cloned celllines have the additional 
advantage of allowing genehe and cell cycle analyses not possible with 
the mixed cell populations present in other steroid-responsive model 
systems. The first half of this chapter will therefore be devoted to the 
isolahon and characterization of the individual milk protein mRNAs and 
MMTV RNA and the synthesis of their respective cDNAs. These 
molecular probes provide the necessary tools for the study of hormonal 
regulation of gene expression presented in the latter part of the chapter. 

The mammary gland also provides an attractive developmental sys
tem, both with respect to the study of the normal process of hormonally 
induced differenhahon and because of viral- and carcinogen-induced 
neoplashc transformahon. The milk proteins, casein and a-lactalbumin, 
and their mRNAs can be used as specific biochemical markers of dif
ferenhated function in the mammary gland. Thus, a careful comparison 
of the amount of casein and a-lactalbumin mRNAs with the Ievels of 
milk protein synthesis and secretion during mammary gland develop
ment should yield considerable insight into the mechanism by which 
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hormones regulate differentiated function, i.e., whether they act at the 
transcriptional, posttranscriptional, translational, or posttranslational 
level(s). Furthermore, by comparing the expression of the milk protein 
genes in hormone-dependent tumors with their transcription in normal 
mammary tissue, it may be possible to understand hormonal control of 
growth, as well as the regulation of differentiated function. Neoplastic 
transformation is thought to proceed through an intermediate stage re
ferred to as preneoplasia (see Chapter 3). Thus, a study of MMTV gene 
expression during the progression from normal tissue to hyperplastic 
nodules and finally mammary carcinomas may provide additional in
formation about the process of tumorigenesis. Studies in these areas are 
only in their infancy at the molecular Ievel, and will be briefly described 
in this chapter. 

One additional interesting aspect of the molecular biology of the 
mammary gland is the multiple interactions of both peptide and steroid 
hormones in the control of gene expression. There is present among 
several peptide and steroid hormones a complex interrelationship that 
influences the ultimate expression of differentiated function. The an
tagonistic or synergistic effects of one hormone may be mediated by the 
regulation of the synthesis of a receptor for a second hormone.U3•14> In 
addition, the increased accumulation of a specific mRNA may reflect, 
not the direct action of a given hormone at the transcriptionallevel, but 
rather an indirect effect on mRNA tumover and degradation (see Sec
tion 6.1). Thesetypes of interactions will be illustrated, therefore, with 
particular emphasis on the modulation of prolactin-induced casein syn
thesis by progesterone and hydrocortisone. 

This chapter is not intended to be a comprehensive review of the 
Iiterature or to discuss all the effects of hormones in the normal and 
neoplastic mammary gland. Instead, it is designed to highlight recent 
developments in the control of specific gene expression in the mammary 
gland. The emphasis is intended to be on studies involving the hor
monal control of casein mRNA and casein synthesis in the rat mammary 
gland, which were performed primarily in the author's laboratory. Sev
eral up-to-date and more extensive reviews of the general effects of 
hormones on the mammary gland have recently been published.Us-17> 

2. Isolation of Milk Protein Messenger RNAs 

2.1. Detection of mRNA Activity in Heterologous Cell-Free 
Translation Systems 

The initial characterization of a specific mRNA within a population 
of total cellular or polysomal RNA requires a sensitive cell-free protein-
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synthesizing system that is capable of translating exogenous mRNA 
with fidelity. In addition, a careful product analysis is required that 
rigorously confirms the identity of the newly synthesized protein. This 
is usually accomplished by specific immunoprecipitation followed by 
electrophoresis using sodium dodecyl sulfate (SOS)-containing polyac
rylamide gels to compare the size of the native andin vitro synthesized 
proteins. There are several precautions and limitations of this type of 
analysis: First, not all mRNAs are translated with the same efficiency in 
different cell-free translation assays.08•19> Second, it is critical to purify 
and characterize the milk proteins used as antigens and to determine the 
specificity of the immunoprecipitation assay. Caseins are phosphory
lated glycoproteins and have proved to be rather poor antigens.<20•21 > 

Thus, minor contaminants in a putative casein preparation may be more 
antigenic and lead to the preparation of a nonspecific antibody prepara
tion. This is a particular problern when rennin and Ca2+ precipitation or 
isoelectric precipitation of skim milk are used as the sole methods of 
preparing purified caseins. Both methods may lead to contamination by 
noncasein phosphoproteins or whey and serum proteins present in 
milk. 

In our laboratory, purification of the individual rat and mouse ca
seins was accomplished by chromatography of crude casein obtained by 
several cycles of isoelectric precipitation at pH 4.5 on OEAE-cellulose in 
the presence of urea, mercaptoethanol, and EDT A to disrupt protein 
aggregates.<21) Each casein was then rechromatographed to eliminate 
cross-contamination and characterized by SOS-polyacrylamide gel elec
trophoresis (PAGE) before and after iodination. Aminoacidanalysis and 
tryptic digests of each casein were also performed. The characterization 
of the partially purified mixture of rat caseins by SOS-PAGE is illus
trated in Fig. 1. The three rat caseins obtained by several cycles of 
isoelectric precipitation are shown in comparison to bovine a 8 -casein 
and a rat whey protein fraction containing serum proteins and 
a-lactalbumin. The analysis of the three purified, individual rat caseins 
following iodination is shown in Fig. 2. Finally, apparent molecular 
weights of the three caseins of 42,000, 30,000, and 25,000 were deter
mined by electrophoresis in the SOS-phosphate polyacrylamide gel sys
tem developed by Weber and Osbom/22> using appropriate molecular 
weight standards (Fig. 3). It should be stressed, however, that these are 
apparent molecular weights, since glycoproteins are known to migrate 
anomalously during PAGE. For example, in our laboratory, slightly dif
ferent molecular weights of the rat caseins were observed during PAGE 
using the SOS-tris-glycine buffer system of Laemmli/23> illustrating the 
sensitivity of these phosphorylated glycoproteins to changes in charge 
even in the presence of SOS. Furthermore, most of the posttranslational 
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Fig. 1. Analysis of rat casein and whey fractions by SDS-poly
acrylamide disc gel electrophoresis. Gel #1, whey fraction; gel #2, 
acid-precipitated, pH 4.5, rat casein fraction; gel #3, bovine 
a 8-casein. Electrophoresis was performed as described by Weber 
and Osborn<22> using 10% polyacrylamide gels. 

2 3 

protein modifications such as glycosylation, phosphorylation, and 
cleavage of signal peptide sequences (see Section 2.5) do not occur in 
most cell-free translation systems. Thus, it may be difficult to directly 
compare the size of the in vitro translation products to the fully modified 
mature proteins. This is the third major problern usually encountered in 
the analysis of milk protein mRNAs in heterologous cell-free translation 
systems. 

The nonspecific trapping of radioactive protein during immunopre
cipitation of cell-free translation products presents another difficulty 
in the determination of specific milk protein mRNA activity. Immuno
precipitation of newly synthesized milk proteins has been accomplished 
both by direct, primary antibody-antigen precipitation and by indirect 
or double antibody precipitation, in which the primary antibody
antigen complex is precipitated by the addition of a second antibody 
against the initial IgG fraction. Because of the low titer of most anticasein 
antisera, the latter method usually permits a more quantitative estimate 
of the level of casein synthesis; i.e., 90-95% of an [1 25 l]casein internal 
standard is recovered vs. 65-70% in the direct immunoprecipitation 
method.<24> The trapping level observed using either of these methods 
may, however, represent 1-3% of the radioactive protein synthesized. 
Thus, when very low levels of a specific mRNA activity are present, e.g., 
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Fig. 2. Analysis of purified rat caseins following iodination by SDS-polyacrylamide slab 
gel electrophoresis and radioautography. The individual rat caseins were purified as de
scribed, (20 iodinated using chloramine-Tat 4°C, and analyzed on 10% SDS-polyacrylamide 
slab gels.(221 Left panel: Coomassie blue stained gel; right panel: the corresponding 
radioautogram. The faint stained protein bands present at the top of the gelslots represent 
bovine serum albumin added as a carrier subsequent to iodination and prior to dialysis of 
the 1251-labeled caseins. 
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Fig. 3. Molecular-weight determination of rat caseins. Ten percent PAGE containing 1% 
SOS was performed as described.(221 The molecular weights of the standard proteins were 
ovalbumin, 45,000; chymotrypsin A, 25,000; avidin subunit, 17,000; cytochrome C, 12,400. 
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in assays of a-lactalbumin mRNA activity in RNA extracts of mammary 
tumors or early pregnant tissue, trapping may present a serious problern 
in quantitating mRNA activity. Control experiments are usually performed 
by employing a heterologous antibody-antigen complex, preimmune 
serum, or displacement with an excess of the appropriate, nonradioac
tive milk protein. In a sensitive and selective assay, greater than 90% 
displacement should be observed with the appropriate competitor/24> 
and the specific mRNA activity should be a linear function of the amount 
of mRNA assayed. Unfortunately, these limitations of the cell-free trans
lation assay in quantitating mRNA activity have not been recognized in 
all the studies involving milk protein mRNAs. Many of these problems 
can be avoided using the techniques of molecular hybridization dis
cussed in Section 3. Cell-free translation systems have been essential, 
however, for the initial isolation and purification of the individual milk 
protein mRNAs. 

A variety of cell-free translation systems, including those derived 
from wheat germ, <21.24'25> from Krebs II<25> or Ehrlich ascites cells<26> sup
plemented with rabbit reticulocyte initiation factors, from rabbit re
ticulocytes<27> with or without prior treatment with micrococcal nu
clease, <28> and by microinjection into Xenopus oocytes, <29·30> have been em
ployed to detect various milk protein mRNAs. Each of these translation 
assays has its own advantages and disadvantages, and may be utilized 
to answer different questions. For example, the wheat germ translation 
system is characterized by its ease of preparation and a low Ievel of 
endogenaus protein synthesis, permitting the estimation of both specific 
and total mRNA activities. However, incomplete chain completion and 
inefficient translation of some mRNAs, especially those coding for pro
teins of greater than 50,000 daltons, may complicate product analyses. 
While the nuclease-treated reticulocyte lysate is more difficult to prepare, 
it is also more useful for translation of larger mRNAs and the synthesis of 
discretely sized products, thus facilitating in vitro studies of secretory
protein processing. Finally, the microinjection of Xenopus oocytes, while 
it is the most technically difficult assay, also provides the mostsensitive 
method for the detection of nanogram amounts of mRNA. 

Casein mRNA activity, and in some cases a-lactalbumin mRNA 
activity, has now been detected in RNA extracts isolated from sheep/27> 
rabbit,<30 guinea pig/25> mouse/24·26> and raf2L 24> mammary tissue. The 
three casein mRNA activities may comprise as much as 50-60% of the 
total mRNA activity in RNA extracted from 5- to 10-day lactating rat 
mammary tissue.<24·32> This has greatly facilitated their detection in, and 
purification from, total cell RNA extracts. <24·32> In addition, milk protein 
mRNA activity has been detected in RNA isolated from postnuclear 
cytosols/25> from membrane-bound polysomes/31> and from specifically 
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immunoprecipitated polysomes.(33> In our laboratory, however, total cell 
RNA extracts have been employed for most comparative milk protein 
mRNA activity determinations, and as the initial source of casein mRNA 
used for subsequent purification. Direct homogenization of rapidly fro
zen tissue in a phenol-SDS buffer at pH 8.0 is used to minimize the 
nuclease activity inherent in most subcellular fractionation procedures. 
An additional phenol-CHC1 3 extraction, followed by treatment with pro
teinase K and several extractions of the nucleic acid pellet in 3 M sodium 
acetate, pH 6.0, are usually employed. The resulting total RNA extract is 
essentially free of any residual nuclease activity, DNA, and protein, and 
is therefore suitable for subsequent mRNA purification and assay. The 
specific activity of these total RNA extracts is less than either total 
polysomal RNA or poly(A)-containing mRNA preparations enriched by 
affinity chromatography on poly(U)-Sepharose or oligo(dT)-cellulose. 
Differentiallosses of mRNA may occur, however, during the isolation of 
either polysomes or poly(A)-containing mRNA. For example, several 
laboratories have observed that not all the casein mRNA activity present 
in RNA extracts isolated from lactating tissue is found in the poly(A)
containing mRNA fraction after affinity chromatography.(21 •34> As much 
as 30-40% of the casein mRNA activity may not be selectively retained, 
probably due to the presence of very short poly(A) tails on these mRNAs 
(see Section 2.3). Thus, for comparative purposes, when milk protein 
mRNA activity is tobe determined at different stages of mammary de
velopment, or following hormonal administration, these assays are usu
ally performed on total RNA extracts. The sensitivity of the cell-free 
translation assays is usually not adequate to accurately quantitate milk 
protein mRNA activity when only a few mRNA molecules per cell are 
present, or when only a limited number of differentiated alveolar cells is 
present, such as in virgin mammary tissue or mammary carcinomas. In 
these cases, molecular hybridization is used to detect milk protein 
mRNA sequences. However, a comparison of specific mRNA sequences 
in total cell, nuclear, and polysomal RNA may be helpful in elucidating 
the potential role of hormones at the posttranscriptionallevel on RNA 
processing and mRNA turnover. Once again, these studies usually re
quire specific cDNA hybridization probes for accurate quantitation of 
mRNA Ievels, and have only recently been performed in a few experi
ments (see Section 4.1). Thus, although cell-free translation assays have 
been of enormous utility for the initial identification and characterization 
of milk protein mRNAs, most of the studies in our Iabaratory have been 
performed using the technique of molecular hybridization. The purifica
tion of the individual casein mRNAs and their thorough characterization 
were necessary prerequisites, however, for the generation of selective 
cDNA probes. 
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2.2. Purification of Casein mRNAs 

Two different approaches, specific immunoprecipitation of poly
somes ai\d precise sizing techniques coupled with poly(A)-RNA affinity 
chromatography, have been employed successfully for the isolation of 
purified casein mRNA and the partial resolution of the individual casein 
mRNAs. Purification in both cases has been facilitated by the fact that 
the three rat casein mRNAs comprise greater than SO% of the total 
mRNA activity in RNA isolated from lactating mammary tissue.<24·32> The 
isolation of total casein mRNA from the bulk of other mRNAs and cellu
lar RNA is therefore reasonably Straightforward and could be accom
plished by methods previously used for other abundant mRNAs, such 
as globin,<3s> ovalbumin,<36> and fibroin mRNAs.<37> The resolution of the 
three individual casein mRNAs into distinct chemical entities, however, 
is extremely difficult and requires more sophisticated techniques. 

The technique of specific immunoprecipitation was utilized by Drs. 
Houdebine and Gaye and their colleagues<33> to purify rabbit casein 
mRNA from polysomes isolated from lactating mammary tissue. This 
technique had previously been employed to purify both ovalbumin and 
albumin mRNAs from hen oviduct and rat liver polysomes, respec
tively.<38·39> Isolation of large quantities of undegraded polysomes and 
the preparation of a specific, nuclease-free, high-titer antibody are re
quired in this procedure. Following recognition of the nascent peptide 
chains by the specific anticasein antibody, recovery of the casein
synthesizing polysomes is then accomplished by the addition of a sec
ond antibody prepared against the anticasein IgG fraction. Isolation of 
total polysomal RNA enriched in casein mRNA is performed by phenol 
extraction and followed by affinity chromatography to recover the 
poly(A)-containing casein mRNA, essentially free of ribosomal and 
transfer RNA. 

Although in principle this procedure should be ideal for the isola
tion of specific mRNAs, the following problems have been encountered: 
Since caseins are rather poor antigens, low-titer and -affinity antibodies 
have usually been prepared. This problern may be further complicated 
when heterologous systems are used; e.g., in the studies of Houdebine 
and Gaye,<33> purified ewe caseins and their respective antisera were 
used to isolate rabbit mammary gland casein-synthesizing polysomes. 
Thus, it was difficult to obtain quantitative precipitation of the casein
synthesizing polysomes. Second, nonspecific trapping of other poly
somes in the large precipitates formed may lead to contamination with 
other mRNAs. In addition, isolation of large amounts of undegraded 
mammary gland polysomes is difficult in several other species, such as 
the rat and mouse, and the technique is therefore difficult to use in these 
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cases. Even limited nucleolytic cleavage not evident in polysomal pro
files may lead to the isolation of inactive mRNAs. Finally, only small 
amounts of purified mRNAs, usually only a few micrograms, can be 
obtained by these procedures. This precludes many of the physical
chemical studies of mRNA purity discussed in Section 2.3. Despite these 
limitations, sufficient amounts of a mixture of three rabbit casein 
mRNAs have been prepared using this technique to generate specific 
cDNA probes<4o> (see Section 3.1), and the partial resolution of the indi
vidual casein mRNAs has been accomplished.<33> 

Our laboratory has successfully utilized the second approach em
ploying precise sizing and affinity chromatography techniques to purify 
large amounts of rat and mouse casein mRNAs.<21 ' 24> In this procedure, 
total RNA extracts of lactating mammary tissue are obtained from 8- to 
12-day lactating rats or mice. Several hundred micrograms of the 
purified casein mRNAs can usually be obtained from approximately 200 
g of tissue. Purification is accomplished by separating mRNA from the 
bulk of cellular ribosomal and transfer RNAs by affinity chromatography 
of the poly(A)-containing mRNA. Individual mRNAs can then be sepa
rated based on their unique sizes and conformations if precise sizing 
techniques, using conditions that prevent mRNA aggregation, are em
ployed. This can be accomplished by the inclusion of denaturing 
solvents such as formamide, DMSO, and urea during the Chromato
graphie or electrophoretic separation procedures. Alternatively, heating 
the solution of RNA under conditions of low ionic strength to 70°C 
followed by rapid cooling will usually prevent mRNA aggregation and 
increase the resolution of both sizing techniques and affinity chromatog
raphy. 

The purification of the individual rat casein mRNAs using this ap
proach is illustrated in Fig. 4. The mRNA fractions obtained after each 
step of purification were analyzed by electrophoresis on 3% agarose gels 
containing 6 M urea and 0.015 M sodium citrate, pH 3.5. The total RNA 
extract isolated from lactating tissue was analyzed on gel No. 1. Follow
ing a single passage over oligo(dT)-cellulose, analysis of the bound 
poly(A)-mRNA fraction (gel No. 2) revealed several prominent mRNA 
bands in the 8-18 S region of the gel. Casein mRNA activity was present 
as a 15 S mRNA doublet and a 12 S RNA band}2 L 24> while a-lactalbumin 
mRNA electrophoresed as a prominent RNA band at 10 5.<32> A consid
erable amount of contaminating 18 Sand 28 S ribosomal RNA remained 
in the poly(A)-RNA fraction after only a single passage over oligo(dT)
cellulose. Fractionation of the poly(A)-containing mRNAs andremoval 
of 28 S ribosomal RNA was next accomplished by chromatography on 
Sepharose 4B. Using this procedure, the casein mRNA fractions could 
be resolved from most other contaminating mRNAs (gel No. 3). Follow-
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Fig. 4. Purification of 15 S rat casein mRNA 
determined by agarose-urea gel electrophore
sis. RNA obtained during each step of the 
purification pracedure was analyzed by electra
phoresis on 3% agarose-urea gels followed by 
staining with 1% methylene blue in 15% acetic 
acid as described previously.'36' Gel #1, total 
RNA extract, 30 J.Lg; #2, dT-cellulose bound 
poly(A)-enriched RNA, 24 J.Lg; #3, Sepharose 
4B peak fraction of casein mRNA activity, 18 
J.Lg; #4, rechramatography of Sepharase 4B 
peak fraction on dT -cellulose, total bound casein 
mRNA, 12 J.Lg; #5, purified 15 S casein mRNA 
obtained after preparative agarase gel electra
phoresis, 5 J.Lg; #6, purified 12 S casein mRNA 
obtained after preparative agarase gel electro
phoresis, 9 J.Lg. 45-

2 
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3 4 5 6 

ing a second passage of the peak fractions of casein mRNA activity 
obtained by Sepharose 4B chromatography over oligo(dT)-cellulose, 
only a small amount of contaminating 18 S ribosomal RNA was still 
present (gel No. 4). Removal of this remaining 18 S ribosomal RNA and 
partial resolution of the individual casein mRNAs could then be accom
plished by preparative agarose-urea gel electrophoresis. Two fractions 
were obtained, a 15 S mRNA doublet (gel No. 5) and a 12 S casein 
mRNA fraction that migrated as a single sharp band (gel No. 6). Several 
hundred micrograms of each of these casein mRNA fractions could be 
isolated using this method, thereby allowing their detailed physical and 
chemical characterization. 

Although isolation of the casein mRNAs from other contaminating 
mRNAs and ribosomal RNA is therefore reasonably straightforward, the 
resolution of the individual casein mRNAs into distinct chemical entities 
requires more sophisticated techniques. For example, separation of the 
15 S mRNA doubtlet into individual mRNAs can be accomplished by 
slab gel electrophoresis followed by extraction of the separated mRNAs 
from the individual gel fractions. Similar procedures have been used to 
separate a- and ß-globin mRNAs. '4 n However, even the most precise 
sizing techniques may result in limited sequence cross-contamination 
due to copurification of similarly sized mRNA fragments. Using recom
binant DNA technology, it should be possible to completely resolve the 
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three casein mRNA structural gene sequences free of minor contami
nants. Generation of specific hybridization probes for each of the casein 
mRNAs can be accomplished by cloning a mixture of the three rat
casein-mRNA-derived double-stranded DNA copies. These cloned 
DNA fragments can then be used in gene mapping and sequencing 
studies. A similar approach was recently used to isolate the structural 
gene sequence coding for rat proinsulin mRNA from a partially purified 
mRNA preparation obtained from islets of Langerhans.<42> No doubt this 
type of approach will replace those previously mentioned for the isola
tion and purification of most mRNAs in the future. 

2.3. Characterization of Casein mRNAs 

Sufficient amounts of the purified rat casein mRNA fractions have 
been isolated to permit their characterization by biological, physical, and 
chemical methods.<24> In most other studies, the characterization of the 
isolated casein mRNAs has been limited to an analysis of their transla
tion products in heterologous cell-free translation systems.<27•33> The use, 
in many cases, of heterologous translation systems with high Ievels of 
endogenaus protein synthesis makes a direct assessment of mRNA pur
ity impossible.<27•33> In a limited number of studies, the isolated casein 
mRNAs have also been characterized by gel electrophoresis, usually 
employing formamide-containing polyacrylamide gels.<25•33> 

The purified rat casein mRNA fractions have been analyzed by 
translation in both the wheat germ cell-free translation system<21 •24> and 
the mRNA-dependent reticulocyte lysate.<28> Under optimal translation 
conditions for casein mRNA, at least 90% of the released protein synthe
sized in response to the 15 S casein mRNA was specifically immuno
precipitable, representing a 178-fold purification compared with the initial 
lactating RNA extract. Only 60% of the radioactive protein synthesized 
in response to the 12 S casein mRNA was immunoprecipitable with 
the total anticasein IgG fraction. However, this may have reflected 
both the preference of this antibody for the !arger rat caseins and its 
inability to quantitatively precipitate the smaller incomplete fragments 
that are synthesized in vitro. A close correspondence was observed be
tween the total and specifically immunoprecipitated proteins synthe
sized in the wheat germ system with either the 12 S or the 15 S mRNA 
fractions as analyzed by fluorography on 5-20% polyacrylamide grad
ient slab gels. The 15 S mRNA doublet directed the synthesis of the two 
largest rat caseins, while the 12 S casein mRNA directed the in vitro 
synthesis of the smallest of the three rat caseins. When the 15 S mRNA 
doublet, which appeared to contain equal amounts of the two largest 
casein mRNAs as analyzed by agarose-urea gel electrophoresis, was 
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translated in the wheat germ system, only a small amount of the 
42,000-molecular-weight casein was synthesized. However, when a 
similar mRNA preparation was translated in the mRNA-dependent re
ticulocyte lysate, approximately equal amounts of the two largest rat 
caseins were synthesized.<28> A similar difference in the proportians of 
the individual guinea pig caseins synthesized in the wheat germ and 
ascites cell-free translation systems from the same mRNA preparation 
was reported.<25> This once again indicates that differences occur in the 
efficiency of translation of certain mRNAs in cell-free systems. Fur
thermore, caution should be employed when using mRNA translation 
as the sole method of assessing mRNA purity. 

With these reservations in mind, the purity of several milk protein 
mRNA fractions have been determined in several heterologous cell-free 
translation assays. Isolation of either an a 8 -casein or a ß-casein mRNA 
fraction was accomplished by specific immunoprecipitation of poly
somes followed by poly(U)-Sepharose chromatography as previously 
described.<aa> These fractions were shown to be approximately 75-80% 
pure with respect to each other, but it was impossible to determine their 
absolute purities with respect to other noncasein mRNAs, since they 
were assayed in a reticulocyte lysate translation system. A poly(A)
mRNA fraction isolated from lactating guinea pigs by two cycles of affin
ity chromatography on oligo(dT)-cellulose has also been shown to con
tain between 65 and 75% casein mRNA activity and 5-15% 
a-lactalbumin mRNA activity by translation in either a Krebs ascites or 
wheat germ cell-free translation system. A similar fraction obtained by 
poly(U)-Sepharose chromatography of total RNA isolated from lactating 
ratswas reported to contain 40-50% a-lactalbumin mRNA with the re
mainder as casein mRNA.<32> 

In our laboratory, synthesis of cDNA probes and further characteri
zation of the individual casein mRNAs has been performed only with 
mRNA preparations that are at least 90% pure based on several criteria 
including cell-free translation.<24> Physical and chemical characterization 
of the purified rat casein mRNAs has included determination of their 
poly(A) contents, the length of their poly(A) tails, their molecular 
weights by both PAGE and direct length measurement by electron mi
croscopy (EM), their base composition, their secondary structure by 
analysis of derivative thermal denaturation profiles, and an analysis of 
their putative "cap" structures by inhibition of cell-free translation with 
"cap" analogues.<24•54> Some of these properties of the 15 S casein mRNA 
doublet are summarized in Table I. 

The molecular weights of the rat casein mRNAs were determined by 
both agarose-urea gel electrophoresis (Fig. 4) and formamide-containing 
PAGE}24> using several well-characterized mRNA standards of compar-



350 Jeffrey Rosen 

TableI 
Properlies of 15 S Casein mRNAs 

Property 

Molecular weight 
PAGE 

EM measurement 
Base composition 
Poly(A) tail 

5' Cap structure 
Tm 0.1 M KCI 

15 5 doublet• Total complexity 

1169 ± 78 NT 2484 ± 166 
1315 ± 88 NT 

LN =1190 ± 120 NT 2380 ± 240 
42.8% GC 
42 A's, number average 

(15-150 distribution) 
Undetermined sequence 
46.6° considerable 

secondary structure 

• Abbreviations: (NT) nudeotides; (IN) number average length; (GC) guanosine 
and cytosine; (A) adenosine. 

able physical-chemical properties. Overestimation of mRNA molecular 
weight is routinely observed when ribosomal RNAs are used as 
molecular weight markers,<43> as has been the case in most analyses of 
milk protein mRNAs.<25•32•33> The length of the purified 15 S casein 
mRNA was also directly measured by EM (Fig. 5). The rather broad 
distribution of mRNA lengths observed was a reflection of the presence 
of equal amounts of two mRNAs of very similar size in the 15 S mRNA 
preparation. Heterogenity of poly(A) length may also account for the 
partial overlap of these mRNAs and the failure to identify two discrete 
size classes. The results obtained by both PAGE and EM are in close 
agreement, however, giving a total complexity of the 15 S mRNA dou
blet of approximately 2400 nucleotides. Using these molecular weights, it 
can be estimated that the rat casein mRNAs contain between 15 and 40% 
additional noncoding information. The function and location of these 
untranslated sequences in casein mRNA remains to be determined. 
Similar noncoding sequences in rabbit ß-globin mRNA have been re
ported to contain extensive secondary structure and a short region of 
homology with 18 S mRNA that may play a role in ribosome binding.<5> 

Both the 15 S and 12 S casein mRNA contain poly(A) segments at 
their three prime terminiranging from 15 to 150 adenosines in length.<24> 

The nurober average length of the poly(A) tail is approximately 40 
adenosines, which is consistent with the steady-state length of poly(A) 
tracts observed in other mRNAs with lang half-lives.<43> The heterogene
aus distribution in poly(A) size observed for casein mRNA supports the 
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hypothesis that a random endonucleolytic attack is involved in the po
ly(A) shortening observed during the aging of mRNA.<4s> The presence 
of extremely short poly(A) tails ( < 20 adenosines) presumably accounts 
for the lack of binding of a significant amount (20-50%) of the casein 
mRNA activity in a lactating RNA extract during either (dT)-cellulose or 
poly(U)-Sepharose chromatography.<21 •34> The proportion of polysomal 
casein mRNA lacking poly(A), i.e., unable to bind to poly(U)
Sepharose, was reported to be 25% of the total casein mRNA even 
within 3 hr after an eightfold induction of casein mRNA sequences by 
prolactin and hydrocortisone.<46> However, the conclusion that the pro
cessing of casein mRNA does not include a systematic addition of 
poly(A) to all the mRNAs was not warranted in the absence of more direct 
information conceming the rates of poly(A) shortening and casein 
mRNA processing. These results can be obtained only by analyzing 
newly synthesized pulse-labeled casein mRNA sequences, rather than 
by studying the steady-state accumulation of mRNA sequences follow
ing prolactin administration. 

Both mRNA and heterogeneous RNA (HnRNA) of eukaryotic cells 
contain at their 5' termini structures of the form m7GpppxmpYp ... (cap 
I). In addition, some mRNAs, but no HnRNAs, have been reported to 
contain a more highly modified terminus, m7Gpppxmpyrnpzp ... , des
ignated cap II.<47•49> xm and yrn represent methylated bases, which appear 
tobe conserved during mRNA synthesis and processing as suggested by 
pulse-chase studies using [3H]methylmethionine.<4s> Cap II structures 
are found on the longer-lived mRNA species, suggesting that they may 
stabilize mRNA in some manner. In addition to its potential role in 
HnRNA processing, the cap structure appears to facilitate the formation 
of the mRNA-ribosome complex and increase mRNA stability.<so> The 
presence of a cap structure in most mRNAs has been shown to greatly 
increase the efficiency of initiation of protein synthesis.<49•51> Cap 
analogues, such as m7Gp, when added to mRNA-dependent cell-free 
translation systems will also inhibit the translation of exogenous 
mRNA<52> and the binding of mRNA to the 40 S ribosomal subunit.<53> 

Thus, in addition to characterizing the poly(A) tail at the 3' termini 
of the rat casein mRNAs, it was important to determine whether a cap 
structure existed at their 5' termini. In the absence of labeled casein 
mRNA of high specific activity, however, it was impossible to directly 
sequence the 5' end of the mRNA. Furthermore, direct chemical or 
enzymatic labeling of the 5' termini of capped mRNAs has proved tobe 
extremely difficult. An alternative method was therefore used to deter
mine whether a cap structure existed in the purified rat casein mRNAs. 
The ability of m70' p, but not m7G or G5 ' p, to inhibit completely the 
translation of casein mRNA in the wheat germ cell-free translation sys-
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tem is shown in Fig. 6. Further studies have demonstrated that addition 
of the "cap" analogues 10 min after the initiation of protein synthesis 
resulted in only a 30% inhibition of casein synthesis.<54> This result adds 
support to the role of the cap structure in the initiation of protein syn
thesis. Addition of 5-adenosylhomocysteine, an inhibitor of methyla
tion, to the cell-free system did not affect the initialrate of casein synthe
sis, suggesting that the putative "cap" structure was methylated prior to 
translation in the wheat germ system.<54> These data provide an indirect 
proof that a "cap" structure is present at the 5' end of the rat casein 
mRNAs. lt had previously been reported that inhibition of translation by 
"cap" analogues was a function of the type of cell-free system employed 
rather than the presence of a cap structure at the 5' end of mRNA.<ss> 
However, more recent studies have confirmed the importance of the 5' 
terminal m7G for mRNA translation regardless of the source of the cell
free extract.U9> Direct proof of the nature of the "cap" structures on the 
casein mRNAs will, however, require sequence analysis of pulse-labeled 
mRNA. 

In addition to this study of the 3' and 5' termini of the purified rat 
casein mRNAs, a preliminary analysis of their secondary structure has 
been performed by examining differential melting behavior at 260 and 
278 nm, by EM spreading, and by nuclease resistance of [1251]-mRNA. 
Considerable secondary structure was observed with a Tm of the mRNA 

Fig. 6. Inhibition of casein mRNA translation by m7CS' p. Wheat germ translation assays 
were performed for 2 hr as described previously'24l in the presence of the designated 
concentrations of m7G5' p (x), m7G (0), or G5' p (e) and 0.125 /Lg purified 15 S casein 
mRNA. ( ---) Level of endogenaus protein synthesis in the absence of added mRNA. 
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in 0.1 M KCl of 46.6° (Table 1). Some evidence of guanosine- and 
cytosine-rich regions within the mRNA was also found. Casein mRNA 
exhibited considerably more secondary structure than ovalbumin and 
globin mRNAs under comparable conditions.<44> In addition, short re
gions of base-pairing have been observed in casein mRNA by both direct 
visualization in the electron microscope and sizing of nuclease resistant 
fragments by PAGE.<54> The relationship of secondary structure to the 
function of mRNA remains tobe determined. Interestingly, considerable 
secondary structure has been observed in the 5' and 3' noncoding re
gions of rabbit globin mRNA, especially in the region of the AUG in
itiator codon.<s> Thus, mRNA secondary structure may be an important 
determinant of the efficiency of mRNA translation, as well as in the 
regulation of mRNA stability. 

The base composition of the rat casein mRNAs has also been deter
mined using microtechniques {Table I). The composition of 43% GC is in 
agreement with other DNA-like mRNAs.<43> The absence of certain 
characteristic nucleosides found in ribosomal RNA, such as 
pseudouridine, suggested that the purified rat casein mRNA was essen
tially free of rRNA contamination. The rat casein mRNAs have therefore 
been characterized by biological, physical, and chemical methods, and 
by all three criteria appeared tobe of sufficient purity to allow the gener
ation of selective complementary DNA hybridization probes. It was 
necessary to utilize several different criteria to determine accurately the 
purity of these mRNAs. Additional information concerning their purity 
could also be obtained by examining their kinetics of hybridization with 
homologaus and heterologous cDNA probes, as will be described in 
Section 3 .1. 

2.4. a-Lactalbumin mRNA 

Casein comprises between 70 and 85% of the milk protein and, 
accordingly, a relatively large proportion of the mRNA isolated from 
lactating tissue. On the other hand, a-lactalbumin mRNA would be 
expected to represent only a small percentage of the total mRNA activity 
and should therefore be more difficult to isolate and purify. Thus, 
a-lactalbumin has been reported to represent only 5% of the casein 
mRNA activity in a ewe poly(A)-containing mRNA fraction isolated 
from membrane-bound polysomes by poly(U)-Sepharose chromatog
raphy and translated in a reticulocyte cell-free system.<27> The in vitro 
product was reported to comigrate with an in vivo labeled a-lactalbumin 
standard with a reported molecular weight of slightly less than 18,000 
daltons. In the guinea pig, a-lactalbumin mRNA activity comprised be
tween 5 and 15% of the total mRNA activity obtained by translation of 
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poly(A)-containing mRNA, isolated from a 3- to 6-day lactating, post
nuclear RNA fraction by two cycles of (dT)-cellulose chromatography.<25> 

Translation in either a wheat germ or Krebs II ascites cell-free system 
resulted in an in vitro protein that was slightly larger than the in vivo 
a-lactalbumin (15,500 vs. 14,500). The identification of a-lactalbumin 
mRNA activity in the wheat germ translation system using total RNA 
extracts isolated from 15-day lactating ratswas also reported.<56> In these 
experiments, a direct analysis of the Ievels of a-lactalbumin and casein 
mRNA activity was not performed, but the in vitro product migrated 
identically with an [l25I]-a-lactalbumin standard of 15,000 apparent 
molecular weight. 

In contrast to the results cited above, a recent study has suggested 
that a-lactalbumin mRNA activity may represent 20-30% of the total 
mRNA activity as determined by translating whole cell RNA extracts 
obtained from 3- to 5-day lactating rats in the wheat germ cell-free 
translation system.<32> In these studies, two rat a-lactalbumin species of 
22,500 and 21,800 daltons were identified, and the in vitro product mi
grated with the 21,800-molecular-weight species. Following poly(U)
Sepharose chromatography, the a-lactalbumin mRNA activity increased 
to 53% of the total mRNA activity, although only 6% of the total activity 
was recovered during affinity chromatography. Two subsequent frac
tionations by sucrose gradient centrifugation of the poly(A)-containing 
mRNA resulted in a 110-fold overall purification, and 84% of the total 
mRNA activity was now a-lactalbumin mRNA activity. The purified 
a-lactalbumin mRNA separated into several bands during composite 
acrylamide-agarose gel electrophoresis with a peak of activity at 10.5 S. 
a-Lactalbumin mRNA activity also sedimented at about 8.3 S during 
sucrose gradient centrifugation. Thus, purified rat a-lactalbumin mRNA 
was similar in size to a major peak of mRNA activity previously de
scribed in our laboratory, which synthesized proteins in the 15,000- to 
17,000-molecular-weight range.<21 •24> At present, it is not clear why 
a-lactalbumin mRNA is reported to comprise more than 50% of the total 
mRNA activity of a poly(A)-containing mRNA fraction in these studies 
and synthesizes a relatively large protein of 21,800 daltons in vitro. <32> In 
several other studies, a-lactalbumin mRNA represents only 5% of the 
mRNA activity and synthesizes proteins in the 15,000- to 17,000-
molecular-weight range.0 7•27' 54•56> These differences may reflect the use 
of different RNA isolation procedures, tissue obtained at different stages 
of lactation, or different species of animals. Furthermore, in several 
studies, the Cornigration of a-lactalbumin synthesized both in vitro and 
in vivo was reported.<27•56> This result is not consistent with the synthesis 
of a precursor containing a signal peptide sequence<25> (see the next 
section). Further characterization of the purified rat a-lactalbumin 
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mRNA and the cell-free translation products it specifies are required 
before these studies can be more carefully evaluated. 

2.5. Analysis of Cell-Free Translation Products: Synthesis of 
Preproteins 

Both casein and a-lactalbumin are secretory proteins, which are 
synthesized on polysomes bound to membranes of the endoplasmic 
reticulum.<57l Recently, it was suggested that a dichotomy may exist 
between the initiation of casein synthesis and secretion during preg
nancy.<ssJ Thus, prolactin- or placentallactogen-stimulated increases in 
casein mRNA and casein synthesis may precede the capacity of the 
tissue to secrete casein. This latter process may be regulated by the 
increased synthesis of endoplasmic reticulum and the subsequent in
crease in membrane-bound polysomes. Rough endoplasmic reticulum 
synthesis may be controlled by the levels of progesterone and hydrocor
tisone during pregnancy.<59) Thus, the mammary gland has the ability to 
build up progressively a high capacity for milk protein synthesis prior to 
lactation and secretion. 

Work in a nurober of laboratories, including that of Biobel and his 
colleagues, has led to the formation of the signal hypothesis.<eoJ The 
essential feature of this hypothesis is the occurrence of a unique se
quence of codons located immediately to the right of the initiator codon, 
which is present only in those mRNAs the translation products of which 
are to be transferred across a membrane. Translation of the signal co
dons results in a unique sequence of predominantly hydrophobic amino 
acid residues on the amino terminus of the nascent chain. This signal 
sequence triggers attachment of the ribosome to the endoplasmic 
reticulum, thus allowing the vectorial transport of the protein into 
the membrane vesicles. Thus, proteins synthesized in certain cell-free 
translation systems in the absence of the signal peptidase and mem
branes should contain an additional 20-25 amino acids at their amino 
termini. 

Evidence for the synthesis of a pre-a-lactalbumin was recently ob
tained by a careful analysis of the sizes of the in vitro synthesized pro
teins specified by a guinea pig milk protein mRNA fraction as compared 
with native a-lactalbumin secreted in milk.<2sl However, no similar evi
dence of precaseins was obtained by an analysis of the sizes of the 
cell-free translation products.<24•25) Recent indirect evidence for precur
sors to the guinea pig caseins was obtained by the studies of Zehavi
Willner and Lane.<3oJ Injection of a guinea pig total milk protein mRNA 
fraction into Xenopus oocytes resulted in the protection from protease 
digestion of the newly synthesized caseins within membrane vesicles. 
No such protection was obtained when the [1 25 l]caseins were injected in 
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a control experiment. This suggested that translation of the mRNA was 
associated with a processing system, which transfered the proteins 
across membranes into vesicles. Direct evidence for the existence of 
precaseins was recently obtained in our Iabaratory in collaboration with 
Dennis Shields and Günter Blobel.<28> Thus, when EDTA-stripped dog 
pancreas membranes were added to an mRNA-dependent reticylocyte 
lysate cell-free translation system following the translation of the rat 
casein mRNAs, the newly synthesized rat caseins were shown to be 
processed and different sized products resulted. This processing was 
also accompanied by protection from protease digestion, suggesting 
once again the transfer of the caseins into membrane vesicles. Prelimi
nary amino acid sequences have been determined for each of the signal 
peptides present in the three rat caseins. Recently, the amino terminal 
sequences of the precursors of four ovine caseins have also been de
termined.048> These sequences are quite similar, but not identical. These 
studies may provide the information necessary for the elucidation of the 
mechanisms by which hormones regulate casein secretion. 

3. Synthesis and Utilization of Specific Complementary DNA 
Probes 

The synthesis of a high-specific-activity complementary DNA copy 
of a purified mRNA can be accomplished using either viral RNA
directed DNA polymerase,<61 > commonly referred to as reverse tran
scriptase, or Escherichia coli DNA polymerase J.<62> Reverse transcriptases 
usually purified from avian myeloblastosis virus<63> are capable of using a 
poly(A)-containing mRNA as a template to synthesize cDNA. This reac
tion is dependent on the presence of an oligo dT -primer, and under 
these conditions, RNAs lacking poly(A), such as ribosomal RNA, are 
poor templates.<60 The conditions necessary for the synthesis of full
length cDNA transcripts using reverse transcriptase were recently estab
lished.<64'65> In addition, the self-priming ability of a short hairpin se
quence at the 3' terminus of the single-stranded cDNA greatly facilitates 
the synthesis of double-stranded DNAs using either Esch. coli DNA 
polymerase J<66> or reverse transcriptase.<42·67> These synthetic eukaryotic 
genes can then be inserted into bacterial plasmids and amplified in Esch. 
coli using recombinant DNA technology.<5·42> In certain instances where 
the isolation of very !arge, intact mRNAs is difficult, e.g., the isolation of 
MMTV RNA, nonspecific oligodeoxynucleotide primers can be used in
stead of oligo(dT) to generate representative, albeit not full-length, 
cDNA hybridization probes of these complex RNAs.< 11•68> In these exper
iments, however, as well as those in which Esch. coli DNA polymerase I 
is utilized to synthesize single-stranded cDNA, both ribosomal and 
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mRNA will be used as templates.<62·68> Therefore, if the mRNA prepara
tion is contaminated with ribosomal RNA, these latter methods are not 
suitable for the synthesis of selective hybridization probes. 

The enormous utility of molecular hybridization probes is now well 
established. For example, complementary DNA copies of individual 
mRNAs have been used to establish the number of copies of a specific 
gene sequence in the cellular genome}69·70> to quantitate the number of 
copies of mRNA transcribed in vivo<3> or in vitro from isolated nuclei or 
chromahn templates}71 ' 72> and to estimate the sequence divergence be
tween different mRNAs.<73> In addition, they have been extremely useful 
tools for the isolation of specific genes<74> and mRNAs<42•75> and for 
mRNA sequence determination.< 76> In the following section, the recent 
application of this technology to the synthesis of specific hybridization 
probes for casein and MMTV RNA will be discussed. 

3.1. Generation of Specific cDNA Copies of Casein mRNAs 

Two methods have been employed to synthesize cDNA probes for 
the casein mRNAs: Houdebine<4o> utilized the Klenow subfragment of 
Esch. coli DNA polymerase I, from which the 5' -3' exonuclease was 
removed through proteolysis, to synthesize 200-nucleotide-long cDNA 
copies of rabbit casein mRNA. This cDNA probe was therefore represen
tative of only approximately 20% of the 3' end of the template mRNA. 
When used in hybridization experiments, about 15% of the unhy
bridized cDNA was resistant to 5 1 nuclease digestion, and the hybridiza
tions usually proceeded to approximately 80% completion. The R0t1 
(RNA concentration in moles/liter x time in seconds at which 50% hy
bridization occurred) of the hybridization of the cDNA to its purified 
casein mRNA template was approximately 2 x lQ-2 molsec liter- 1• <77> The 
pooled casein mRNA fraction used for these studies was purified by 
immunoprecipitation of polysomes followed by poly(U)-Sepharose 
chromatography (see Section 2.2). On the basis of the hybridization 
kinetics, it therefore appears to be 120-fold purified over a totallactating 
RNA extract.<77> The variations in casein mRNA content determined 
using this cDNA hybridization probe were in good agreement with val
ues previously obtained by cell-free translation, and only a small 
amount of nonspecific hybridization was observed with heterologous 
RNAs, such as rabbit reticulocyte polysomal RNA.<77> Houdebine and his 
colleagues utilized cDNA probes synthesized in this manner to quanti
tate casein mRNA levels during normal rabbit mammary gland de
velopment<78> and following the injection of hormones to pseudopreg
nant rabbits.<77•79> 
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Our laboratory has employed a slightly different approach for the 
generation of selective cDNA hybridization probes for the two purified 
rat casein mRNA fractions.<so> Using reverse transcriptase, conditions 
were developed to permit the synthesis of full-length complementary 
DNA copies of the 15 S and 12 S casein mRNA fractions, of approxi
mately 1300 and 900 nucleotides in length, respectively. Generation of 
these representative cDNA probes was accomplished by: (1) the use of 
more highly purified enzyme preparations containing minimal nuclease 
activity; (2) increasing the incubation temperature to 46 from 37'C and 
reducing the incubation time to 15-20 min; (3) increasing the deoxynu
cleotide substrate concentrations from a minimal value of 2 J.LM to at least 
100 J.LM; and (4) increasing the substrate-to-enzyme ratio. The following 
modifications of our original procedure are also employed: [3H]-dCTP 
(100 J.LM, 20 Ci/mmol) is utilized instead of [ H]-dGTP to minimize tri
tium exchange during long-term hybridizations; the remaining three de
oxynucleotide triphosphates are present at 400 J.LM; sodium pyro
phosphate is added at 4 mM final concentration to prevent synthesis of 
doublestranded DNA and increase the length of the cDNA product<st>; 
and KCl is present at 50 mM to increase the yield of cDNA. <64> 

The cDNA probes synthesized using this protocol selectively hy
bridized to RNA from lactating tissue, but not to rat liver poly(A)
containing RNA.<so> The resulting hybrids displayed a high Tm, 88S in 
0.2 M Na+, characteristic of a well base-paired duplex. In addition, the 
rate of hybridization of the casein-specific cDNA to various RNA prepa
rations was directly related to the casein mRNA activity of these same 
preparations determined by a cell-free translation assay. The rate of 
hybridization of the cDNAs with their template mRNAs was also consis
tent with the known complexity of these mRNA fractions. Greater than 
90% hybridization occurred with cDNAs derived from the 15 Sand 12 S 
mRNA fractions over an Rot range of one and one half logs with Rot1 values 
of 0.0023 and 0.0032 mol sec liter- 1, respectively. Generally, less than 
4% of the [3H]-cDNA incubated in the absence of added mammary 
gland RNA was resistant to 5 1 nuclease treatment. Compared with the 
total RNA isolated from lactating mammary tissue, the kinetics of hy
bridization indicated that the 15 S and 12 S rat casein mRNAs were 
purified 166- and 245-fold, respectively. The size of the full-length cDNA 
probes was determined both by alkaline sucrose gradient centrifugation 
and by formamide-containing PAGE. Definitive proof of the representa
tive nature of the probe was obtained, however, by nuclease protection 
experiments in which 1251-labeled 15 S casein mRNA was completely 
protected from nuclease digestion at a cDNA/mRNA of 2 (Fig. 7). Thus, 
the sensitivity, specificity, and representativeness of the rat casein 
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Fig. 7. Protection of ['25 I]casein mRNA by [3H]casein cDNA. The ability of full-length 
[3H]-cDNA to protect [' 25 I]casein mRNA from S, nuclease digestion was determined fol
lowing hybridization for 16 hr at 68°C to permit complete reaction at each cDNA/mRNA 
ratio tested. A control was employed omitting the cDNA. 

cDNAs have been established, and they could be used to quantitate 
accurately the levels of casein mRNA sequences in both cellular RNA 
populations and in genomic DNA. 

Using the self-priming ability of a full-length single-stranded cDNA 
copy of 15 S casein mRNA, a second strand was synthesized with avian 
myeloblastosis virus reverse transcriptase.<54> The double-stranded 
casein gene has been characterized by its resistance to 51 nuclease 
(>98%), its Chromatographie behavior on hydroxylapatite (85-99% 
double-stranded), and the ability of the two strands to renature after 
heat denaturation and quick cooling. The fidelity of base-pairing was 
demonstrated by its high Tm (91S in 0.21 M Na+), and its size was 
approximately 2600 nucleotides as estimated by formamide-containing 
PAGE. Preliminary restriction mapping and agarase gel electrophoresis 
indicated that a number of enzymes were capable of cleaving the 
double-strandedcasein gene. These studies are a necessary prerequisite 
for the generation of chimeric DNAs and the insertion and amplification 
of the synthetic casein genes. Using such recombinant DNA technology, 
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it should be possible to resolve the three casein structural gene se
quences for use in future gene mapping and DNA sequencing determi
nations. These techniques will be necessary because cross-hybridization 
experiments indicated the presence of a limited amount of sequence 
contamination between the 15 S and 12 S casein mRNAs.<soJ 

3.2. Synthesis of Representative Probes for MMTV RNA 

It is somewhat ironic that while endogenous reverse transcriptase 
activity was initially characterized and utilized in detergent-disrupted 
virions for the synthesis of cDNA,<82J it was not until purified eukaryotic 
mRNAs and exogenous reverse transcriptase were employed that condi
tions for the synthesis of full-length representative cDNA probes were 
elucidated.<64•65J Attempts to synthesize viral cDNA copies have been 
complicated by a poor efficiency of transcription, small DNA products, 
and unequal representation of the viral RNA sequences in the DNA 
product.<83J Only recently was the synthesis of long, representative DNA 
copies of several C-type viral RNAs accomplished.<81 ' 84J In many cases, 
these procedures may require the isolation of undegraded viral RNA.<80 

Application of these techniques to the synthesis of representative copies 
of MMTV RNA has therefore not been feasible because of the difficulty 
in isolating undegraded 35 S viral RNA from cell cultures, even using 
short harvest conditions. Furthermore, the B-type viral reverse tran
scriptase appears to be particularly labile, and the polymerase activity is 
especially sensitive to freezing and thawing.<85J The endogenous reaction 
has usually been employed for the synthesis of MMTV cDNA, resulting 
in both low yields of cDNA and a probe that was representative of only 
60% of the RNA genome even at DNA/RNA ratios as high as 30 : V 86J A 
significant amount of double-stranded cDNA was also synthesized 
under these conditions, which in some cases may complicate the in
terpretation of hybridization data.<85J 

To generate a probe representative of the whole MMTV genome, it 
was therefore necessary to develop a technique that did not require the 
presence of intact viral RNA and that permitted copying of a large, 
complex RNA (3 x 106 daltons) containing potential regions of extensive 
secondary structure.<87J This technique was based on the observations of 
Taylor et al. <68> that the efficient transcription of RNA into DNA by avian 
sarcoma virus polymerase could be accomplished by the use of random 
oligodeoxynucleotide primers. Fragments of DNase-treated calf thymus 
DNA (6-8 nucleotides in length) were utilized at a relatively high 
primer-to-template ratio to initiate the synthesis of short DNA copies 
along the entire length of the viral genome.<11 •85> The resulting cDNA 
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probe was an average of only 450 nucleotides long, but was able to 
protect 50% of the viral RNA from 51 nuclease digestion at a cDNNRNA 
ratio of 1. At a ratio of 10 : 1, complete protection of the RNA was 
observed, indicating the presence of a somewhat nonuniform, but rep
resentative, DNA copy of the 10,000-base-long viral RNA. This cDNA 
probe selectively hybridized to its viral RNA template with the expected 
kinetics of hybridization (Rot! = 1.5 molsec 1-1 ), but not to RNA isolated 
from Moloney leukemia virus.<ss> Furthermore, it was shown tobe useful 
for quantitating viral RNA sequences in both producer (dexamethasone
treated-C3H) and nonproducer (BALB/c) celllines. <ss> The Tm of the viral 
RNA-cDNA hybrid was 88S in 0.2 M Na+, indicating the presence of a 
well base-paired duplex. These results suggested that both specific and 
representative cDNA probes could be synthesized even to the large viral 
RNA using isolated viral RNA, reverse transcriptase, and random oligo
deoxynucleotide primers. Thus, another marker of hormone-induced 
gene expression in the mammary gland, in addition to the milk protein 
mRNAs, was now available. The ability to quantitate both casein and viral 
gene expression during normal mammary development and tumori
genesis may help elucidate the mechanisms Controlling differential gene 
expression (see Section 5). 

3.3. Uses of cDNA Probes: Gene Dosage and mRNA Homology 
Studies 

In addition to their use in quantitating the levels of specific RNAs in 
bothin vivo andin vitro synthesized RNA populations, cDNA probes can 
be employed to determine the gene dosage of a specific sequence in 
genomic DNA. Selective transcription and mRNA processing rather 
than gene amplification of unique sequence genes, such as those coding 
for ovalbumin and globin mRNAs,<7o,ss> results in the high levels of these 
mRNAs observed in their respective specialized cell types. However, 
gene amplification has recently been implicated in the regulation of fo
late reductase mRNA levels in a methotrexate-resistant cellline.<89> Thus, 
the casein cDNA probe was utilized to answer the following questions: 
(1) Is casein mRNA transcribed from unique or repetitive sequences in 
the rat genome? (2) Does gene amplification or deletion occur during 
normal mammary differentiation? These questions could be answered 
by DNA excess hybridization as shown in Fig. 8. 

DNA was first isolated from rat liver, lactating rat mammary tissue, 
and DMBA-induced rat mammary carcinomas. A large mass excess of 
DNA from each of these tissues was then sheared to a mean size of 350 
nucleotides and incubated with high-specific-activity casein cDNAss of 
similar size. The kinetics of reassociation of rat DNA and the rate of 
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Fig. 8. Determination of the casein gene dosage in rat DNA. DNA excess hybridizations 
were performed as described using 737 ~-tg rat !iver DNA (e,O) and 5.08 X 10-5 ~-tg 
[ 3H]-cDNA15s (.6, specific activity = 3.9 x 106 cpml~otg) in a final volume of either 0.1 or 1.0 
ml. The open and solid circles represent the results of two separate experiments. Compar
able experiments were also performed with either 476 p.g DNA isolated from lactating 
mammary tissue (+,EEl) or 662 p.g DNA isolated from DMBA-induced mammary car
cinomas (0,•) using the f'H]-cDNA. 5 s at a complementary sequence ratio similar to that 
used in the rat liver DNA experiment. The extent of hybridization was analyzed by hy
droxylapatite chromatography as described. The A2"" curve represents the renaturation of 
the respective nonradioactive DNAs; the CPM curve designates the hybridization of the 
( 3H]-cDNA,58 • Reprinted with the permission of Biochemistry. 

[3H]-cDNA hybridization were analyzed on hydroxylapatite (Fig. 8). The 
observed C0t1 of rat unique DNA of 1705 mal sec liter-1 was similar to 
previously published values.<9o> The rate of hybridization of the [3H]
cDNA indicated that the 15 S casein mRNA was transcribed from non
repetitive DNA sequences. The observed Cot1 of 1372 mal sec liter- 1 was 
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similar to that determined for the rat unique DNA. Furthermore, no 
significant differences were observed in the hybridization with DNA 
isolated from either normal rat liver, differentiated mammary tissue, or 
mammary adenocarcinomas. This suggested that major gene amplifica
tion or deletion could not account for the alterations in casein mRNA 
activity observed during normal mammary development<21> or 
tumorigenesis <9n (see Sections 4.1 and 5). This technique cannot at pres
ent distinguish between the presence of one gene copy specifying all 
three of the casein mRNAs or an individual gene complement for each of 
the mRNAs. Interestingly, genetic evidence has suggested that the indi
vidual a and ß bovine casein genes may be closely linked.<2o> In addition, 
more sensitive gene-mapping techniques are required to determine 
whether small deletions or inserts are present in the casein genes in 
different tissues (see Section 7). 

Comparative studies of mRNA sequences among different species 
may help elucidate essential structure-function relationships in these 
RNAs. Such studies have been especially useful in understanding the 
evolution and function of globin mRNA.<5•92> While conservation of glo
bin gene sequences has been observed during evolution from rabbits to 
man, considerable sequence divergence was expected for casein. Dif
ferent apparent molecular weights have been reported for the mause, 
rat, guinea pig, sheep, and bovine caseins.U7•20•2 t.24•27> Furthermore, only 
a Iimited cross-reactivity was observed between the specific rat and 
mause casein antibodies and the respective heterologous proteins.<24•54> 

No cross-reactivity was observed between an anti-rat casein IgG fraction 
and a bovine a,-casein.<21 > Unfortunately, amino acid sequence data are 
not available to permit a direct comparison of the protein interspecific 
homologies. 

To measure the extent of sequence divergence between the purified 
rat and mause 15 S casein mRNAs, both the rates and fidelity of 
homologaus and heterologous hybridization were determined.<so> The 
rate of hybridization of the rat cDNA15s with mause 15 S mRNA was 
approximately one fifth as fast as the homologaus rat cDNA-mRNA 
hybridization, and both reactions went to at least 90% completion. In 
addition, the Tm of the heterologous hybrid was approximately llS 
lower than the homologaus hybrid, indicating approximately 17% mis
matching. Thus, it appears that considerable sequence divergence has 
occurred between the casein mRNAs of two closely related species. An 
extension of these studies to other species should yield useful informa
tion concerning the evolution of the casein genes and presumably the 
conservation of specific regions of the mRNAs and proteins that are 
required for their respective functions. 
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4. Changes in Casein mRNA Levels and Casein Synthesis 
during Normal Mammary Gland Development 

4.1. Casein mRNA Activity and Sequence Concentration during 
Normal Mammary Gland Development 

365 

Development of the mammary gland during pregnancy is charac
terized by an increased synthesis of rRNA, polysomes, and tRNA}93•94l 
including changes in the ratios of specific isoaccepting species of 
tRNA.<95l This increase in RNA synthesis is accompanied by the exten
sive development of endoplasmic reticulum and the appearance of 
membrane-bound polysomes.<59•96•97l Furthermore, an increased DNA 
content<98l and the proliferation of alveolar cells occurs, <99l resulting in a 
highly sophisticated protein-synthetic machinery capable of secreting 
several grams of casein per day during lactation.<lOol 

Developmental changes in both mRNA Ievels and the components 
of the protein synthetic apparatus have been observed in other hormon
ally inducible systems, notably during estrogen-induced egg white pro
tein synthesis in the immature chick oviduct<101l and estrogen-induced 
vitellogenin synthesis in the male Xenopus liver.noz> In both of these 
systems, increases in specific mRNA levels are accompanied by changes 
in rRNA and tRNA synthesis, endoplasmic reticulum biosynthesis, levels 
of protein synthesis initiation factors, and membrane-bound polysomes, 
eventually resulting in the synthesis and secretion of large quantities 
of a specific protein. These types of coordinated changes are therefore 
characteristic of many specialized cells containing hormonally inducible 
gene products. The regulation of casein synthesis and secretion would 
therefore not be expected tobe a "all-or-none" phenomenon dependent 
solely on the induction of casein mRNA. 

Two different methods have been employed in our laboratory to 
determine the levels of casein mRNA present during normal mammary 
gland development: cell-free translation and molecular hybridization. In 
our initial studies, the variations in both casein mRNA activity and total 
mRNA activity during mammary gland differentiation were determined 
by assaying total RNA preparations obtained from pregnant, lactating, 
and regressed (7 days after weaning) mammary tissue in the wheat germ 
translation system.<zu Glands were pooled from three to five animals in 
each case. Several concentrations of each total RNA preparation were 
assayed and the specific activities determined from the initiallinear por
tians of the assay. The casein mRNA specific activity increased 20-fold, 
while total mRNA specific activity increased only 2-fold between 5 days of 
pregnancy and 2 days of lactation. Accordingly, casein mRNA activity 
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increased from approximately 7% of the total mRNA activity to 60% 
during this period. After mammary gland regression following weaning, 
there was a rapid loss in casein mRNA activity to a barely detectable 
level, while total mRNA activity was reduced to a value comparable to 
that found in a 5-day pregnant mammary gland. When the selective 
increase in casein mRNA activity was corrected for a 2- to 3-fold increase 
in RNA recovery, reflecting the increased content of RNA present dur
ing mammary gland development, a 60-fold overall increase in the total 
casein mRNA activity resulted between early pregnancy and lactation. 
During mammary gland development, however, the percentage of fat 
cells is markedly reduced, and glandular tissue may represent as much 
as 75% of the total gland during lactation.<ss> When the casein mRNA 
activity was therefore expressed relative to the percentage glandular 
tissue, the increase in total casein mRNA activity now represented only 
an 8- to 11-fold change from day 5 of pregnancy until lactation. Thus, 
the selective induction of casein mRNA activity that occurred during 
pregnancy and early lactation was accompanied by a proliferation of 
alveolar cells and resulted in a marked increase in the total concentration 
of casein mRNA in the lactating rat mammary gland. Moreover, a selec
tive loss in casein mRNA activity was observed during mammary gland 
involution. 

Because of the possibility that different mRNAs may be translated 
with different efficiencies in cell-free translation systems (see Section 
2.1), a more quantitative assay was also used to measure the levels of 
casein mRNA sequences during normal mammary development. The 
specific casein cDNA5s probe was hybridized with an excess of RNA 
isolated from mammary tissue obtained from a 6-month-old virgin ani
mal or at different stages of pregnancy, during lactation, and following 
regression of the gland after weaning.<so> The extremely sensitive and 
quantitative cDNA probe was able to detect a limited amount of casein 
mRNA even in the virgin mammary gland. 003> A series of parallel hy
bridization curves were generated that displayed progressively faster 
rates of hybridization. The slowest rate was observed with RNA ex
tracted from virgin mammary tissue, while a maximal rate was found 
using RNA obtained from 8-day lactating tissue. Using these hybridiza
tion data and the equivalent R0t1 for the highly purified 15 S casein 
mRNA, the percentage of casein mRNA in each total RNA extract was 
determined as follows: 100 X Rot1 Pure mRNA Back Hybrid ...;- Rot1 
Sampie RNA. As shown in Fig. 9, casein mRNA sequences represented 
0.52% of the total cellular RNA in the 8-day lactating tissue, a 19-fold 
increase over the amount present at 5 days of pregnancy and an overall 
300-fold increase relative to the virgin mammary gland. Since the RNA 
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Fig. 9. Casein mRNA Ievels during rat mammary development. The data areexpressedas 
either the percentage of RNA extracted (x) or the total casein mRNA pergram of tissue 
(0}, which reflects the increasing Ievels of RNA pergram during mammary development. 
The closed circles represen t the Ievels of casein mRN A observed 48 hr following ovariectomy 
of either a 5-day or a 12-day pregnant animal, expressed as the percentage of RNA. 

content of the lactating gland is considerably greater than that of the 
virgin, this resulted in almost a 4000-fold increase in the total number of 
casein mRNA molecules per gram of tissue during this developmental 
period.<103> Following regression of the gland, the level of casein mRNA 
sequences decreased markedly until they comprised only 0.014% of the 
total RNA. 
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The amount of 15 S casein mRNA sequences can also be expressed 
as the number of molecules of casein mRNA per alveolar cen.<so> A 12-
fold increase in the number of molecules per alveolar cell was observed 
between 5 days of pregnancy and 8 days of lactation, reaching a maximal 
level of 79,000 molecules of the 15 S casein mRNA per cell. Thus, in 
highly specialized tissues, which are producing large amounts of a given 
protein, it is not unusual to observe mRNA levels as high as 80,000-
100,000 specific mRNA molecules per cell. For example, the levels of 
casein mRNA observed during Iactation were comparable to the number 
of ovalbumin mRNA molecules determined per tubular gland cell in the 
fully stimulated hen oviduct.<3> 

A surprisingly high level of casein mRNA was, however, found 
during midpregnancy (10 to 14 days pregnant) by both the translation 
and hybridization assays. The midpregnant mammary gland contained 
between one fourth and one third concentration of casein mRNA and 
approximately 8-16% the total amount of casein mRNA present at 8 
days of Iactation (Fig. 9). A similar observation was recently reported 
during pregnancy in the rabbit, where casein mRNA was detected well 
before the onset of lactation.<7s> A low level of casein mRNA was also 
detected in the virgin rabbit mammary gland in these studies using a 
200-nucleotide-long rabbit casein mRNA-cDNA probe. In the rabbit, 
however, a 900-fold increase in total casein mRNA content was reported 
between midpregnancy and lactation, whereas in the rat mammary 
gland, this increase was approximately 10-fold. This 90-fold greater rela
tive difference reflects the decreased amount of casein mRNA observed 
during mid-pregnancy in the rabbit vs. the rat, rather than increased 
levels present during lactation. Thus, by comparing the changes in ca
sein mRNA during mammary development in these two species with 
the known changes in several serum hormone levels, it may be possible 
to determine which hormones are the principal regulators of casein 
mRNA accumulation in vivo (see Section 4.4). 

A coordinate increase in both casein mRNA sequences and transla
tion activity was observed during the development of the rat mammary 
gland from pregnancy to Iactation when the results of both the hybridi
zation and cell-free translation assays were compared.<so> These data 
suggested that the regulation of casein synthesis most likely did not 
involve the activation of previously inactive mRNA. However, these 
results could not rule out the possibility that casein mRNA was seques
tered in the nucleus or as inactive mRNP particles in the cytoplasm 
during pregnancy. A direct analysis of the level of casein mRNA as
sociated with polysomes capable of synthesizing casein in vitro 
was necessary to determine whether "stored mRNA" existed during 
pregnancy. The results of these studies are described in the following 
section. 
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4.2. Relationship of mRNA Levels to Casein Synthesis and Secretion 

The exact relationship between the Ievels of casein mRNA and the 
rates of casein synthesis in vivo is difficult to determine directly. Several 
problems are inherent in this analysis. First, the inability to incorporate 
sufficient radioactive amino acids into casein in vivo precludes the direct 
determination of the rate of casein synthesis by specific immunoprecipi
tation. Second, if the more quantitative double antibody precipitation 
assay is employed (see Section 2.1), high Ievels of endogenous non
radioactive caseins may successfully compete for the binding of the 
radioactive de novo synthesized casein. These problems have been cir
cumvented to some extent by using the pseudopregnant rabbit, which 
has low Ievels of endogenous casein,<31> by the use of mammary explants 
in which to perform labeling studies,<31•77-79> and by increasing the titers 
of the anticasein antibody by supplementation with a purified anticasein 
IgG fraction.<77- 79> The results of such studies<31•77- 79> demonstrate that a 
qualitative agreement usually exists between the Ievels of casein mRNA, 
determined either by hybridization or cell-free translation, and the Ievels 
of casein synthesis. Thus, increases in casein mRNA observed after 
hormone treatment or during mammary development are usually ac
companied by increased Ievels of casein synthesis and vice versa. Before 
the stoichiometry of casein mRNA and casein synthesis can be deter
mined, however, it will be necessary to measure the rates of casein 
synthesis and turnover, the transittime of casein mRNA on mammary 
polysomes, and the Ievels of functional polysomal casein mRNA. These 
experiments will require an in vitro system in which the processes 
named above can be quantitated following the addition of various pep
tide and steroid hormones. 

Since the previously mentioned problems prevented the direct 
measurement of casein synthesis in the midpregnant rat, an alternative 
approach was taken. A procedure was developed for the isolation of 
functional rat mammary polysomes, which were capable of synthesizing 
casein in vitro. uoa> Polysomes were then isolated from either midpreg
nant or lactating tissue. A comparison of polysome profiles between 
midpregnancy and Iactation indicated a shift from monosomes, di
somes, and trisomes to larger polysomes containing 7-11 ribosomes.U03> 

The concentration of casein mRNA increased only two- to threefold 
during this period. These results suggested that the polysome size dis
tribution during midpregnancy may not reflect merely the level of ca
sein mRNA, but instead the efficiency of initiation of protein synthesis. 
The efficiency of initiation of casein synthesis may be influenced by such 
variables as the specific isoaccepting tRNA population, 004> the 
availability of endoplasmic reticulum, and an increase in protein synthe
sis initiation factors.U05> For example, in the rabbit, a shift in the total 
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polysome profile from monomerk forms to polymerk forms was also 
observed during pregnancy,<78> and this shift was accompanied by a 
progressive increase in the proportion of polysomes bound to mem
branes.U06> It was suggested that the actual secretion of casein may be 
influenced by the proportion of free and bound polysomes.<ss> In addi
tion, during prolactin-stimulated lactogenesis in the pseudopregnant 
rabbit, the capacity of the tissue to synthesize casein mRNA and casein 
may actually increase more rapidly than the capacity of the tissue to 
secrete casein.<ss> A similar phenomenon is probably occurring during 
midpregnancy in the rat. However, difficulties in the isolation and quan
titation of free and membrane-bound polysomes from pregnant rat 
mammary tissue preclude the direct assessment of this hypothesis at 
this time. These studies will require improved homogenization and 
polysome isolation procedures. 

The ability of these isolated rat polysomes to synthesize protein, 
and specifkally casein, was next determined by incubation in a cell-free 
translation assay containing a salt wash of rabbit retkulocyte polysomes. 
Polysomal casein synthesis was determined from the linear portion of the 
total protein synthesis assay by specific immunoprecipitation. Casein syn
thesis was shown to comprise 21% of the total synthetic capacity of poly
somes isolated from 15-day pregnant mammary tissue, and it was greater 
than 40% of the total protein synthesis in a lactating polysome preparation. 
Casein mRNA was therefore associated with mammary gland poly
somes in the pregnant rat, and these polysomes had the capacity to 
synthesize casein in vitro. Furthermore, the Ievels of casein mRNA dis
played an excellent correlation with the changes in polysomal casein 
synthesis observed in the midpregnant and lactating rat.U03> 

Although mammary polysomes isolated from midpregnant animals 
had the capability of synthesizing casein in vitro when supplemented 
with heterologous protein synthesis factors and tRNA, this was not 
proofthat casein was being synthesized in vivo. Furthermore, if casein 
synthesis was occurring in vivo during pregnancy, the fate of the protein 
in the absence of secretion was unknown; i.e., was casein being stored 
in anticipation of subsequent Iactation or was the protein tuming over 
prior to Iactation and the initiation of secretion? To answer these ques
tions, the Ievels of casein present in the 105,00üg supematant of extracts 
of pregnant mammary tissue were measured using a radioimmunoas~ay 
procedure.0°3> The [3H]casein was generated in the wheat germ transla
tion assay using a partially purified rat casein mRNA fraction, rather 
than using the more commonly employed radioiodinated protein. The 
assay was capable of detecting casein in amounts as low as 1 ng and was 
sensitive to 100 ng. Triton-X-100 was added to the homogenization buf
fer to solubilize any stored casein in the tissue, and a proteolysis inhi
bitor was utilized to minimize casein degradation. With this method, 
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caseinwas detected in the soluble protein of a 14-day pregnant mam
mary gland homogenate. Thus, it appeared that casein synthesis was 
occurring in vivo during pregnancy in the rat, and that at least some of 
the newly synthesized caseinwas stored in the pregnant gland prior to 
lactation. 

4.3. Effects of Ovariectomy and Progesterone Administration during 
Midpregnancy 

Ovariectomy of the midpregnant rat and hormone replacement 
have been used as a model for studying the regulation of both casein 
mRNA Ievels and polysomal casein synthesis in vivo. ooa> Previous 
studies by Liu and Davis006> demonstrated that ovariectomy of rats ap
proximately midway through pregnancy induced a lactationlike re
sponse, characterized by the appearance of a milklike secretion with the 
immunological properties of casein. This response could be blocked by 
the administration of progesterone at the time of ovariectomy .U07> The 
12- to 14-day pseudopregnant rabbit has also been used as an alternative 
model in which to study the hormonal regulation of casein mRNA and 
casein synthesis.<31.77- 79> Administration of prolactin usually twice daily 
in doses of 12.5 I.U./injection was accompanied by either twice-daily 
progesterone injections of 5 mg each or hydrocortisone acetate at 2 mg or 
7.5 mg per injection. 

The overall conclusions obtained using these systems was that the 
Ievels of casein mRNA and casein synthesis observed during midpreg
nancy may reflect both the positive and negative effects of several pep
tide and steroid hormones. Thus, two peptide hormones, prolactin and 
placental lactogen, have been shown to induce casein synthesis<108·109> 
and casein mRNA<31•77•110> both in vivo and in mammary gland organ 
culture. Furthermore, high Ievels of progesterone during pregnancy 
may antagonize the lactogenic effects of these hormones.U07·111> Finally, 
while the continued presence of hydrocortisone is not required for pro
lactin induction of casein mRNA, hydrocortisone does potentiale the 
action of prolactin. Results of both in vivo and in vitro studies demon
strated that hydrocortisone alone does not stimulate casein mRNA syn
thesis.<79·110> 

The role of progesterone as the principal hormone suppressing Iac
tation during pregnancy was given additional support by the experi
ments performed in our laboratory using the ovariectomized midpreg
nant rat.003> Removal of progesterone by ovariectomy resulted in an 
increased Ievel of casein mRNA, increased polysomal casein synthesis, 
an increased concentration of intracellular casein, and finally the ap
pearance of a white, milklike secretion. Following ovariectomy, a 
twofold increase in both casein mRNA activity, determined in a wheat 
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germ translation assay, and casein mRNA sequence concentration, mea
sured using the selective cDNA hybridization probe, was observed (Fig. 
9). This effect on mRNA accumulation was first observed within 16 hr 
following ovariectomy and was maximal between 24 and 48 hr. Proges
terone, but not estradiol or hydrocortisone, administered at the time of 
ovariectomy prevented the increase in casein mRNA. Administration of 
progesterone after maximal induction of casein mRNA was obtained, 
either following ovariectomy or during lactation, was unable to signifi
cantly reduce the Ievels of casein mRNA. 

Following ovariectomy of a midpregnant rat, a similar shift in poly
some profiles from monosomes, disomes, and trisomes to the !arger 
polysomes containing 7-11 ribosomes found during Iactation was also 
observed.0°3> Accordingly, a twofold increase in polysomal casein syn
thesis was detected, reaching a Ievel comparable to that observed in a 
lactating polysome preparation of greater than 40%. Thus, following 
ovariectomy, a twofold increase in both mRNA activity and polysomal 
casein synthesis was observed. Progesterone administration at the time 
of ovariectomy blocked both these responses and increased the amount 
of small polysomes present. Ovariectomy also resulted in an increased 
Ievel of intracellular casein as detected by radioimmunoassay and the 
appearance of a white, milklike fluid.0°3> 

Studies using the pseudopregnant rabbit mammary gland also 
demonstrated that progesterone administered either prior to or simul
taneously with prolactin will inhibit the induction of casein mRNA, 
casein synthesis, and subsequent lactogenesis.<31·77> This suggests that 
the continuous presence of progesterone is necessary during pregnancy 
to exert its inhibitory effect on lactogenesis.<112> Once maximal induction 
is obtained, the marked inhibitory effect of progesterone is not ob
served. This observation may have important consequences for under
standing the mechanism of action of progesterone in inhibiting lac
togenesis. Presumably, a direct competition with lactogenic hormones at 
the transcriptional Ievel to regulate the synthesis of casein mRNA is 
unlikely. 

Progesterone appears to regulate casein synthesis and secretion in a 
pleiotropic fashion. At least three different potential mechanisms of ac
tion have been suggested: (1) Progesterone has been reported to coun
teract the self-regulated increase in prolactin receptors observed in the 
mammary gland.013> This may account for the relatively low Ievels of 
prolactin receptors detected in the rabbit mammary gland during preg
nancy,014> and may result in a reduced ability of prolactin or placental 
lactogen to induce casein mRNA. (2) Progesterone is also an effective 
competitor for glucocorticoid receptor binding sites in the mammary 
gland}115> and therefore may prevent the glucocorticoid-induced de
velopment of the rough endoplasmic reticulum necessary for lac-
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togenesis.<59) (3) Finally, a specific, unique progesterone receptor has 
been demonstrated in mammary carcinomas.016) However, until the 
characterization and function of a progesterone receptor in a normal 
mammary tissue is demonstrated, the possibility that a unique proges
terone receptor may mediate direct effects of progesterone distinct from 
those previously discussed is purely speculative. These potential multi
ple sites of progesterone action may explain the coordinated responses 
to ovariectomy observed during midpregnancy, i.e., an increase in ca
sein mRNA Ievels, an increase in large polysomes and casein synthesis, 
and finally increased Ievels of intracellular casein and the initiation of 
secretion. 

4.4. Relationship to Serum Hormonal Variations 

The observed alterations in casein mRNA Ievels (Fig. 9) may be 
correlated with the serum Ievels of prolactin and placental lactogen, 
which undergo marked changes in the rat during pregnancy, lactation, 
and after weaning.<l17,l1Bl Thus, the small amount of casein mRNA activ
ity observed in the early pregnant (0-7 days) mammary gland may result 
from the increase in serum prolactin (50 ng/ml) that occurs in the rat after 
coitus, followed by elevated Ievels (20-30 ng/ml) for the first 3 days of 
pregnancy.<llB) The additional increase in casein mRNA that occurs at 
approximately day 8 of pregnancy may then be attributable to the vast 
increase in rat placentallactogen that occurs at this time, reaching Ievels 
as high as 1200 ng/ml by day 12 of pregnancy.0 19) The 90-fold greater 
difference in the amount of casein mRNA observed in the rat vs. the 
rabbit during midpregnancy may reflect these high concentrations of 
placentallactogen in the rat, compared with very low Ievels observed in 
the rabbit; e.g., a maximal Ievel of only 25 ng/ml was found at day 30 of 
pregnancy.019) Thus, placentallactogen may be of primary importance 
in initiating rat mammary gland development during pregnancy. 

While serum placentallactogen Ievels decrease markedly at parturi
tion, prolactin Ievels are known to increase to approximately 30 ng/ml 
just prior to parturition. A further increase to Ievels as high as 300 ng/ml 
is observed within 9-10 hr postpartum.U20) This may account for the 
additional rise in casein mRNA reported during early lactation. Follow
ing weaning, prolactin Ievels fall to a basallevel of only 10 ng/ml, and 
accordingly, casein mRNA activity is barely detectable. Thus, prolactin 
and placental lactogen are performing a dual role in the mammary 
gland; they initiate alveolar differentiation and proliferation, as weil as 
selectively induce casein synthesis.0°9) 

These effects of the two peptide hormones are also modulated by 
several steroid hormones. Thus, in the rat, the plasma level of proges
terone increases as early as day 4 of pregnancy to Ievels of 80 ng/ml and 
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reaches levels of 120 nglml during midpregnancy.<ns> The inhibitory ef
fect of progesterone observed in our experiments required the adminis
tration of several daily injections of the steroid.0°3> This was necessary to 
maintain continuous high serum levels of progesterone in the presence 
of a high metaballe clearance rate for the steroid,U2u although a compar
able inhibitory effect by continuous infusion of low levels of proges
terone (12-48 ~A-g/hr) was also reported.0°7l Thus, the continuous pres
ence of high serum levels of progesterone during pregnancy may be 
necessary to inhibit the initiation of lactation. The dramatic fall in serum 
progesterone that occurs at parturition may then be the signal for the 
onset of lactation. Finally, plasma corticosteroid levels during midpreg
nancy in the rat were reported to be comparable to serum progesterone 
levels approaching levels of 200 nglml.u22> Thus, the development of 
secretory capacity may depend on the relationship between the 
stimulatory effects of corticosteroids and the inhibitory effect of proges
terone during pregnancy.<so> 

Because of the complex hormonal interrelationships that occur in 
the mammary gland, it is extremely difficult to elucidate the exact 
mechanism by which these hormones control casein gene expression in 
vivo. The preceding discussion was intended tobe quite speculative, and 
many of the relationships discussed above must still be established. 
Clearly, hormonal effects on casein synthesis may be mediated at several 
levels within the cell. Furthermore, an increase in casein mRNA ob
served following the administration of a given hormone in vivo should 
not always be construed to mean that this hormone is acting to stimulate 
gene transcription. To unravel these complex relationships, we have 
utilized a well-defined in vitro model system (see Section 6.1). 

5. Hormonal Regulation of Milk Protein mRNAs in Neoplastic 
Tissue 

The expression of differentiated function in hormone-responsive 
breast cancer was previously reported in both experimental<59•91•12a-125> 

and human breast cancer.021Hao> Histological examination revealed the 
presence of secretory activity in a small proportion of 7,12-
dimethylbenz(a)anthracene (DMBA)-induced rat mammary tumors125> 
andin a transplantable rat mammary adenocarcinoma.024> In both cases, 
estradiol treatment caused a lactationlike response in the tumors, and 
casein was identified in the secretory fluid. Both primary DMBA- and 
nitrosomethylurea (NMU)-induced rat mammary carcinomas were re
cently reported to contain a-lactalbumin at levels equal to or less than 
10% of the amount found in the 5-day lactating rat mammary gland.U23> 
Transplantation of a pituitary gland under the kidney capsule of the 
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host, which leads to elevated serum prolactin Ievels, increased the 
a-lactalbumin content in the primary DMBA-induced tumors, but unex
pectedly reduced the Ievels observed in the NMU-induced tumors. 
a-Lactalbumin was also detected in the transplantable R3230AC mam
mary carcinomas, but Ievels did not increase with pituitary hormone 
stimulation.<123> 

Studies in our laboratory demonstrated the presence of casein 
mRNA in approximately 70% of the more than 30 DMBA-induced 
tumors assayed by molecular hybridization.<91 > However, casein mRNA 
Ievels were usually only 10% or less of those observed in an 8-day 
lactating mammary gland. The highest Ievels of casein mRNA were 
found in prolactin- and estradiol-treated animals, compared with ani
mals given estradiol treatment alone or in the absence of exogenous 
hormonal administration. These studies were all performed using the 
technique of molecular hybridization, because the low Ievels of casein 
mRNA present in these tumors could not be accurately measured by cell
free translation assays. In many cases, the Ievels of activity measured by 
cell-free translation assay using total tumor RNA extracts were barely 
above the trapping Ievels obtained during specific immunoprecipi
tation. Using the wheat germ cell-free translation assay, prolactin-in
ducible casein mRNA activity was also demonstrated in the transplant
able R3230AC mammary carcinoma. <ss> The maximal Ievels observed 
were, however, only 1% of the total mRNA activity. Interestingly, 
in these studies, no effect of prolactin treatment or perpherazine ad
ministration was observed on a-lactalbumin mRNA activity, suggest
ing the possible independent regulation in this tumor line of the milk 
protein genes specifying casein and a-lactalbumin mRNAs. The signifi
cance of these data is uncertain, however, because a-lactalbumin mRNA 
activity represented less than 0.2% of the total mRNA activity in the 
R3230AC mammary tumors, and 70-75% of the "specific" a-lactalbumin 
mRNA activity was not competable with an excess of unlabeled 
a-lactalbumin. They are in agreement, however, with the previously 
cited data concerning the lack of pituitary hormone stimulation on 
tumor a-lactalbumin°23> Ievels. 

At present, it is not possible to determine whether the low Ievels of 
casein mRNA observed in experimental breast cancer are due to a lim
ited proportion of the tumor cell population actively synthesizing casein 
or a decreased response in the entire cell population. However, it is clear 
from both histological examination and autoradiographic localization of 
prolactin receptors using [1 25l]prolactin that heterogeneity of cell types 
exists within these tumors. n49> Thus, to correlate the hormonal dependency 
of tumor growth with hormonally induced differentiated function, it will 
be necessary to identify those cell types that produce casein mRNA and 
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casein. This may be accomplished by either in situ hybridization using 
casein cDNA or immunological localization of casein using fluorescent 
antibodies. 

The absence of casein mRNA in several hormone-independent 
mammary carcinomas suggested that casein mRNA as detected by 
cDNA hybridization might be a useful molecular marker for determining 
hormonal dependence.<91 > Whereas the majority of the DMBA-induced 
mammary adenocarcinomas in Sprague-Dawley rats are dependent on 
hormones for growth, those that appear in BALB/c mice are characteristi
cally hormone-independent. U sing a homologaus mouse 15 S casein 
mRNA-cDNA probe, a number of transplantable mouse mammary 
tumor lines were also screened for the presence of casein mRNA.<9u In 
none of these autonomaus mouse mammary tumor RNA samples was 
any significant hybridizafon detected. These results are illustrated in 
Table II. 

Using probes for both the MMTV and casein mRNAs, we recently 
quantitated the Ievels of both the viral and milk protein mRNAs during 
mouse mammary tumorigenesis.03u Appreciable Ievels of casein mRNA 
were observed in the midpregnant mouse mammary gland. Approxi
mately a 14-fold increase in casein mRNA occurred between midpreg
nancy and early Iactation in the mouse, a slightly greater increase than 
reported during the same period of rat mammary development. How
ever, very low Ievels of casein mRNA were detected in the D-2 
hyperplastic alveolar nodule tissue and no detectable sequences were 
found in the autonomaus 02 mouse tumors. Thus, the expression of 
the casein gene appears to be repressed during mouse mammary 
tumorigenesis. Interestingly, the converse appears tobe occurring with 
respect to MMTV RNA. Thus, very low Ievels of MMTV RNA were 

Strain 

BALB/c 
BALB/c 
BALB/c 
BALB/c 

Table II 
Quantitation of MMTV and Casein mRNA during 

Murine Mammary Tumorigenesisa 

Tissue source MMTV RNA (%)• 15 S Casein mRNA (%)• 

10-day pregnant N.O. 0.0097 
5- to 7 -day lactating N.O. 1.43 
02 nodule 0.119 0.003 
02 tumor 0.058 0.0015 

"Total nucleic acid extracts were prepared by the SOS-phenol extraction method. This was followed 
by three extractions with 3 M NaOAc, pH 6.0, which removed DNA and small 4 S and 5 S RNAs. 
MMTV RNA and casein mRNA sequences were quantitated by cDNA excess hybridization. The results 
are expressed as the percentage of each RNA preparation composed of MMTV or casein mRNA as 
determined by a comparison with the rate of hybridization of the pure MMTV and casein mRNAs 
measured under identical conditions. 

•Not detectable at Ievels of less than 0.0005% for MMTV cDNA. These minimal Ievels of detection 
were estimated by the background Ievel of hybridization of these probes with mouse liver total RNA. 
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observed in normal mammary tissue. However, rather high Ievels of 
endogenaus virus expression were found in the D2 nodules and a sig
nificant amount of MMTV RNA sequences were still present in the 
transplantable D2 tumors. Differential regulation of these two 
hormone-inducible gene products may therefore be occurring during 
mause mammary tumorigenesis. The expression of differentiated func
tion appears to be repressed, while viral gene transcription is stimu
lated. The relationship between these changes and mammary 
tumorigenesis remains to be established. These results suggest, how
ever, that casein mRNA may be a useful molecular marker for hormone 
dependence, at least in experimental breast cancer. 

Studies of differentiated function have recently been extended to 
human breast cancer.02s-130> Detection of casein and in some cases 
a-lactalbumin by immunofluorescence in areas of structural differentia
tion of human tumors or by radioimmunoassay of tumor cytosols has 
been reported. Casein may be not only a useful marker for the presence 
of hormonal dependency and differentiated function in breast cancer, 
but also a potential tool for the early detection of mammary tumors. In a 
preliminary study, radioimmunoassay of casein in theserum of normal 
and breast cancer patients indicated the presence of casein in patients 
with both primary and metastatic breast cancer, but not in theserum of 
nonpregnant women.033> These studies were recently extended by 
radioimmunoassay of K-casein and four other putative tumor-specific 
markers in the serum of breast cancer patients.032> The K-casein Ievels 
were found to be particularly high in the serum of patients with the first 
clinical stages of breast cancer or metastatic disease. In a recent report 
from a different laboratory, however, negative results were obtained 
using a similar radioimmunoassay procedure for total human casein in 
the serum of breast cancer patients.030> Thus, the usefulness of these 
determinations of casein and a-lactalbumin as a diagnostic assay in 
human breast cancer is currently unresolved. Furthermore, the secretion 
of large amounts of casein is probably not a characteristic of mosthuman 
breast cancers.030> However, studies correlating casein mRNA Ievels and 
hormone dependency in human breast cancer have yet tobe performed. 

6. Model Systems for Studying Hormonal Regulation of Gene 
Expression 

6.1. Prolactin Induction of Casein mRNA in Organ Culture 

To elucidate the mechanism by which peptide hormones regulate 
gene expression, a system is required in which the rapid induction of a 
specific mRNA can be accurately determined following the addition of 
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the hormone. An ideal model system should permit pulse-labeling 
studies of the specific mRNA, so that the rates of mRNA synthesis and 
degradation can be determined. In addition, quantitative measurements 
will require the availability of a specific cDNA hybridization probe syn
thesized from a well-characterized purified mRNA. Since mammary 
gland organ culture is conducted in a serum-free, chemically defined 
medium, this system allows a detailed examination of the mechanism by 
which a peptide hormone regulates the synthesis of a specific mRNA, 
and by which this response is modulated by the interaction with other 
hormones. Furthermore, since no cloned, prolactin-responsive mam
mary epithelial cell line is available for study at present, organ culture 
becomes the system of choice in which to study peptide hormone regu
lation of a specific mRNA. Few other such systems are currently avail
able, although recent progress in the study of growth-hormone
inducible a-2-U-globulin mRNA in rat liver034> suggests that this may be 
another useful experimental model. In this section, the initial characteri
zation of the prolactin induction of casein mRNA and the effect of two 
steroid hormones, hydrocortisone and progesterone, on this response 
are described. 

Prolactin-induced casein synthesis in virgin explants has been re
ported to require mammary differentiation prior to the appearance of 
casein synthesis.U36> Thus, midpregnant mammary gland explants were 
chosenrather than explants derived from virgin tissue to study the early 
effects of prolactin in preexisting differentiated alveolar cells. Because of 
the high levels of casein mRNA previously reported during midpreg
nancy in the rat,<2uo> explants were initially exposed for 48 hr to a 
medium containing insulin and hydrocortisone. This was necessary to 
allow the tumover of the endogenous casein mRNA prior to the addition 
of prolactin. Following this preincubation with insulin and hydrocor
tisone alone, prolactinwas added, and the levels of casein mRNA de
termined by cDNA hybridization after an additional24 or 48 hr. 

The response to prolactin was dependent on the day of pregnancy 
at which the tissue was removed and placed in organ culture. Thus, a 
3.5-, 8.5-, and 12-foldinduction ofcasein mRNA, as compared with base
line, was observed when organ explants were obtained from 7-, 10-, and 
15-day pregnant rats, respectively.035> Within 48 hr after the addition of 
prolactin, a 12- and 25-fold induction of casein mRNA was observed 
when organ explants were obtained from 10- and 15-day pregnant rats, 
respectively. These results were consistent with the differentiation of the 
mammary gland that occurs during pregnancy and the increased per
centage of alveolar cells present at day 15 of pregnancy compared with 
day 7. The observed fold induction was alsodependent on the levels of 
casein mRNA remaining in the insulin-hydrocortisone controls, which 
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had not received prolactin, presumably reflecting the tumover of 
preexisting casein mRNA during the time in culture. 

The kinetics of the prolactin effect on the synthesis of casein mRNA 
were next examined using the casein cDNA hybridization probe (Fig. 
10). A 1.3-fold induction of casein mRNA was observed within 1 hr after 
the addition of prolactin. Casein mRNA sequences continued to ac
cumulate for 48 hr, reaching a maximallevel 13.4-fold greater than the 
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Fig. 10. Analysis of prolactin-induced casein mRNA accumulation. The observed kinetics 
of accumulation <•--•) were analyzed and compared with theoretical mRNA ac
cumulation curves predicted for different casein mRNA half-lives (---). The theoretical 
accumulation curves assume a constant rate of synthesis (0.045 moleculeslsec per cell) with 
changing rates of degradation (t1 = 1-100 hr). The best-fitting theoretical curves indicate a 
long casein mRNA half-life when compared with the experimental accumulation of the 
mRNA. 
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controls. These results suggested that prolactin has a rapid effect on 
either the transcription or tumover of casein mRNA. 

Using the data cited above for the prolactin induction of casein 
mRNA, it was possible to estimate the initial rate of synthesis and the 
half-life of casein mRNA.035> The kinetics of casein mRNA induction 
were compared with theoretical mRNA accumulation curves predicted 
for different casein mRNA half-lives (Fig. 10) using the following 
equatiod3•137>: 

Ct = T/D - (TID - C0) e-m 

where the final accumulated concentration C1 is a function of both the 
rate of synthesis T and the rate of degradation (D = ln 2/tt) of the 
mRNA. The initial concentration C0 of casein mRNA was 478 molecules 
per cell. The observed accumulation of casein mRNA was best approxi
mated by a half-life of greater than 24 hr, most likely falling between 48 
and 70 hr. Additional data are required, however, for a more precise 
estimate. For example, a slight increase in the epithelial cell number at 
the later times after prolactin addition, not evident by measuring total 
DNA content, will influence the number of molecules per cell and the 
shape of the curve. At present, therefore, these results are best inter
preted conservatively, and a long half-life of casein mRNA of greater 
than 24 hr isavalid approximation. 

The present data indicated that prolactin will specifically and 
rapidly induce casein mRNA accumulation in vitro. This is the first dem
onstration of the rapid in vitro effect of a peptide hormone on the ac
cumulation of a specific mRNA. Recent studies by Terry et al. 038> also 
demonstrated the induction of casein mRNA in organ culture as de
tected in an Ehrlich ascites cell-free protein synthesis assay. In these 
studies, the entire second thoracic mause mammary gland of estrogen 
and progesterone-primed virgin mice were cultured for 6 days in a 
medium containing insulin, prolactin, growth hormone, estrogen, and 
progesterone, thus allowing differentiation to occur. The medium was 
then changed, and the cultures exposed to a lactogenic hormone combi
nation, either insulin, prolactin, and hydrocortisone, or insulin, prolac
tin, and aldosterone, for 6 additional days. Under these conditions, only 
slightly greater than a 3-fold induction in mRNA activity was observed 
after 6 days. In contrast, an induction of casein mRNA sequence concen
tration as large as 45-fold has been observed within 48 hr in our experi
ments. This difference may reflect the use of midpregnant tissue in our 
experiments, the increased sensitivity of the cDNA hybridization assay, 
or most likely the presence of prolactin in the initial culture medium 
used by Terry et al. 038> Our data also suggested that a minimal hormonai) 
requirement for casein mRNA induction in the midpregnant mammary 
gland may include only prolactin and insulin.035> Thus, if the mammary 
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gland explants were incubated for 48 hr in the presence of insulin and 
hydrocortisone, and the medium was then changed to one containing 
insulin and prolactin, induction of casein mRNA did occur. These 
studies were confirmed and extended by Houdebine and his col
leagues.U39> They demonstrated the induction of casein mRNA and ca
sein synthesis040> using a reduced 0 2 atmosphere (57 vs. 95%) with 
prolactin alone, i.e., in the absence of insulin and hydrocortisone. Thus, 
prolactin appears to be the critical hormone in the regulation of casein 
mRNA synthesis. However, hydrocortisone does appear to play at least 
a permissive role in the accumulation of casein mRNA. For example, 
insulin- and hydrocortisone-treated explants had higher Ievels of casein 
mRNA than insulin alone, and insulin-, hydrocortisone-, and prolactin
treated tissue had higher Ievels of casein mRNA than insulin- and 
prolactin-treated explants. Thus, hydrocortisone may modulate the rate 
of prolactin-induced mRNA synthesis, the degradation of casein 
mRNA, or both. As previously mentioned, glucocorticoids have also 
been shown to amplify the capacity of prolactin to increase the concen
tration of casein mRNA available for translation in vivo, but were totally 
ineffective when administered alone.<79> Thus, bothin vitro andin vivo, 
this steroid hormone has been demonstrated to potentiate the action of 
prolactin on casein gene expression. It remains to be determined 
whether the initial requirement for hydrocortisone is to promote rough 
endoplasmic reticulum biosynthesis<59> and the stabilization of casein 
mRNA on membrane-bound polysomes. 

Since progesterone has been reported to inhibit casein mRNA ac
cumulation, casein synthesis, and secretion in vivo, <77·103> the possibility 
that progesterone might directly prevent prolactin-induced casein 
mRNA synthesis in vitro was tested. Progesterone added simultaneously 
with prolactin reduced the Ievel of casein mRNA, relative to the 
prolactin-induced control, in a concentration-dependent manner, i.e., 
by 30, 50, and 100% at concentrations of 0.5, 1.0, and 5 JLg/ml, respec
tively.U35> Thus, progesterone, in a dose-related fashion, inhibited pro
lactin induction of casein mRNA in agreement with its suggested role 
during pregnancy in the rat. The inhibitory effect of progesterone, at the 
lower doses of 0.5 and 1.0 JLg/ml, does not appear to be due to a 
nonspecific toxic effect of the steroid in vitro, since insulin, hydrocor
tisone, and progesterone (1 JLg/ml) controls had amounts of casein mRNA 
identical to those of insulin and hydrocortisone controls. Alterations in 
the insulin-hydrocortisone control baseline did appear, however, when 
progesterone was added at 5 JLg/ml. 

At present, we cannot distinguish a direct effect of prolactin on 
mRNA transcription from an indirect action on mRNA tumover. Al
though the mRNA accumulation data suggest that prolactin must be at 
least partially acting to increase the rate of casein mRNA synthesis, this 
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should be determined directly by measuring the rates of casein mRNA 
synthesis in the presence and absence of prolactin (see Section 7). Fi
nally, the ability to rapidly induce the accumulation of a specific mRNA 
in vitro may prove useful in the study of eukaryotic mRNA metabolism 
in general. For example, this system may allow the investigation of the 
relationship between the synthesis and processing of any putative ca
sein HnRNA precursors and the appearance of mature polysomal casein 
mRNA sequences. 

6.2. Dexamethasone Induction of MMTV RNA in Cell Culture 

Hormonal effects on MMTV RNA accumulation and virus produc
tion in vivo andin vitro have been weil documented.<&-t2,13L 14u Recently, 
it was demonstrated that dexamethasone, a synthetic glucocorticoid, 
will stimulate the accumulation of MMTV RNA 10- to 20-fold over the 
Ievels observed in untreated cultures.<9•10> This effect was observed in 
cloned celllines established from both GRand C3H mouse mammary 
tumors. The increase in viral RNA accumulation occurred rapidly within 
15-30 min after hormone addition.<9•1m In GR cells, following an appar
ent lag of about 15 min, the viral RNA concentration increased with a 
half-time of about 2.5 hr, reaching a new steady-state level by 5-6 hr 
after hormone addition.0°> The induction of viral RNA was sensitive to 
inhibitors of RNA synthesis, but not of protein or DNA synthesis.0°> 

While these results were consistent with a model in which the 
steroid -hormone receptor complex stimulated viral RNA synthesis, they 
did not rule out an action of the hormone at the level of RNA processing 
or turnover. Several recent experiments have suggested that stabiliza
tion of specific mRNAs may play an important function in regulating 
their accumulation in cells. For example, the half-life of ovalbumin 
mRNA is preferentially and markedly increased in the presence of estro
gen.042> Furthermore, histone mRNA synthesis occurs throughout the 
entire cell cycle, but accumulates in the cytoplasm only in the presence 
of DNA synthesis in HeLa cells.043> Thus, it is important to distinguish 
hormonal effects on RNA synthesis from those on RNA processing and 
turnover. Two recent studies using the glucocorticoid-MMTV model 
system have attempted to analyze this problern directly. The following 
discussion is presented to illustrate the types of techniques used in these 
studies, rather than to review the expression of MMTV in the mammary 
gland. A more comprehensive review of viruses and breast cancer is 
presented in Chapter 2. 

A similar approach was employed by both Ringold et al. u2> and 
Young et al. m> to study dexamethasone induction of MMTV RNA in two 
cloned mammary tumor cell lines. Cells were pulse-labeled with 
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[3H]uridine for 15 min at various times after addition of the hormone and 
the rH]-RNA hybridized to an excess of unlabeled MMTV cDNA in 
solution. In the studies of Ringold et al.,02> the hybridization probe em
ployed was "tailed duplex" MMTV, which was composed of double
stranded DNA containing single-stranded tails. Following hybridization 
to MMTV RNA, the "tailed duplex" hybrids were separated by 
chromatography on hydroxylapatite in the presence of 8 M urea, 1% 
SOS, and 0.2 M sodium phosphate. Young et az.<w utilized a cDNA 
probe containing a poly(dC) tail that was added using the enzyme ter
minal transferase. Following hybridization in solution, the "tailed" 
cDNA-RNA hybrids were separated by chromatography on poly(I)
Sephadex. Using these assays and an internal [32P]-MMTV RNA hy
bridization standard, it could be estimated that after 30- to 60-min expo
sure to dexamethasone, viral RNA synthesis represented between 1.5 
and 3% of the total RNA synthesized in the studies of Younget az.m> and 
0.5% of the total RNA synthesis in GR cells.02> In both cases, the hor
mone caused a rapid increase in the rate of RNA synthesis, 10-fold 
within 15 min in GR cells, and 3-fold within 10 min in the 34Ic1101 cell 
line. These results represent the first demonstration of a rapid effect of a 
steroid hormone on the synthesis of a specific mRNA. 

To rule out an effect of the hormone on the rate of decay of the viral 
RNA, an actinomycin D chase experimentwas performed.<w A half-life 
of greater than 8 hr was estimated for the MMTV RNA in both the 
presence and the absence of the hormone. Interestingly, in the presence 
of dexamethasone, a slightly increased rate of turnover was observed. 
These results should be viewed with caution, however, since the half
life and processing of mRNA are known to be affected in the absence of 
continued RNA synthesis. Thus, in the presence of actinomycin D, the 
processing of nuclear RNA appears to be interrupted, and mRNA ap
pearance in the cytoplasm is prevented.044> Recent development of a 
pulse-chase technique, in which glucosamine and high concentrations 
of unlabeled uridine are employed to halt [3H]uridine incorporation, 
almost instantaneously, should permit a reevaluation of these data.044> 

These experiments do suggest, however, that the rapid effect of steroid 
hormones is primarily at the Ievel of gene transcription. 

Ringold et al. u2> also compared the effects of dexamethasone on 
MMTV RNA synthesis in several celllines. In both the GR cellline and an 
Ml-19 rat hepatoma cell infected with exogenaus MMTV, a rapid effect 
of the steroid hormone on MMTV RNA synthesis was observed. How
ever, no effect of dexamethasone on the rate of viral RNA synthesis was 
observed in S49lymphoma cells, which are killed by physiologic concen
trations of glucocortocoids. Thus, the MMTV genes appear to be con
stitutively expressed in S49 cells, and the hormone has no effect on the 
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accumulation of viral RNA. While dexamethasone resulted in a 2.5-hr 
half-time of viral RNA accumulation in GR cells, 10-12 hr were required 
to reach half-maximallevels in the hepatoma celllines. Thus, in both cell 
lines, the steroid hormone rapidly increases the rate of viral RNA syn
thesis, but the rates of viral RNA accumulation are markedly different in 
these cells. These data illustrate the importance of analyzing the effects 
of hormones on the rates of both synthesis and tumover of mRNA. The 
accumulation of specific mRNA sequences in a given cell is clearly the 
result of both processes. For example, globin mRNA may represent only 
0.2% of the initial nuclear RNA synthesis, but more than 95% of the 
cytoplasmic poly(A)-containing mRNA in a cultured, erythroleukemic 
Friend cellline.045> Finally, these cloned mammary tumor celllines pro
vide an excellent model system for studying steroid hormone regulation 
of gene expression. 

7. Conclusions and Future Approaches 

It should be apparent from the preceding discussion that enormous 
progress has been made in the past few years in studying gene expres
sion in both normal and neoplastic mammary tissue. The purification of 
specific mRNAs and the synthesis of molecular hybridization probes 
have greatly facilitated the study of the mechanisms of both peptide and 
steroid hormone action in the mammary gland. Considerable informa
tion is still required, however, before the precise details of hormone 
action in the mammary gland are elucidated. Thus, although the initial 
binding of prolactin to a membrane receptor has been shown to be an 
obligatory requirement for the subsequent induction of casein synthe
sis,046> the exact mechanism by which any peptide hormone regulates 
specific gene expression is essentially unknown. 

The availability of two well-defined model systems for the study of 
both steroid and peptide hormone action in the mammary gland is the 
first prerequisite for future studies. The ability to rapidly induce specific 
mRNAs and to perform pulse-chase experiments in mammalian cells 
will permit an elucidation of the primary site of steroid and peptide 
hormone action, i.e., whether they act at the transcriptional, post
transcriptional, or translationallevel(s). These studies should also help 
better define the relationship between the milk protein mRNAs and the 
regulation of milk protein synthesis and secretion. Finally, with the 
advent of recombinant DNA technology, it should be possible to isolate 
pure probes for each of the milk protein mRNAs. These specific DNA 
probes can then be used to characterize the nature of the casein genes 
and their primary transcription products. Ultimately, the isolation of a 
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larger piece of genomic DNA containing the casein structural gene se
quences should be possible. Because of the recent discovery of RNA 
splicing, however, it should not be assumed that presumptive regu
latory regions or promoters will always be adjacent to these structural 
gene sequences.047> An understanding of the primary gene structure 
and the availability of larger genomic DNAs containing specific genes 
should provide the basis for future studies of the precise mechanism of 
hormone action in the mammary gland. An understanding of the 
mechanism by which hormones regulate gene expression in the normal 
mammary gland may then help elucidate how these regulatory 
mechanisms have deviated in hormone-dependent mammary cancer. 
Clearly, the techniques of molecular biology can now be effectively 
applied to studying gene regulation in the mammary gland. No doubt 
considerable progress will have been made in this area even before the 
appearance of this chapter. 
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Glucocorticoids, 106, 124, 381, 383 

effects on human breast cancer cells 
in tissue culture, 131-138 

endoplasmic reticulum synthesis and, 
372-373 

induction of MMTV RNA, 338 
receptors, 114, 116, 131, 133, 135-

137, 372 
Glucosamine, 383 
Glucose, 88 
Glucose phosphate isomerase, 234 
Glucose-6-phosphate dehydrogenase, 87, 

89, 106 
a-Giycerophosphate dehydrogenase, 87 
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Gross cystic disease fluid protein 
(GCDFP), 225, 247 

Growth hormone, 16, 58-59, 378, 380 
Guanosine, 354 
Guinea pig, 12, 349 

HeLa cells, 81, 108, 113, 114, 121, 382 
Hemagglutination inhibition assay, 229 
Hepatitis, 219, 228 
Hepatoma, rat, 81, 383 
Hexamethylmethamine (HMM), 316, 

318-319, 325 
Hexokinase, 87 
Hormones 

casein mRNA Ievels and, 373-374 
control of molecular events, 89-90 
dependence, 9-10, 103-134, 138 

in autochthonaus tumor models, 289, 
294 

vs. responsiveness, 292 
ectopic, as biological markers, 226-227 
effect on human breast cancer in organ 

culture, 106-107 
effect on human breast cancer in tissue 

culture, 107-147 
receptor assays, 114 
regulation of milk protein mRNAs in 

neoplastic tissue, 374-377 
Human chorionic gonadotropin (HCG), 

as biological marker, 222-223, 
233, 246, 247 

Hyaluronidase, 76, 77 
Hydrocortisone, 26, 380, 381 

casein induction and, 339, 371 
casein mRNA induction and, 352, 371, 

372, 378 
endoplasmic reticulum synthesis and, 

356 
milk protein induction and, 338 

2-Hydroxyestrone, 14 
Hydroxylapatite, 360, 363 
Hydroxyproline, 229, 247 
Hyperplasia, 55 

alveolar, 53, 77 [see also Hyperplastic 
alveolar nodule (HAN)] 

ductal, 52-56, 58, 59, 74, 77, 106 
end-bud, 52, 56 
intraluminal epithelial, 52, 54 
lobular, 52 
lobuloalveolar, 74, 75, 287 
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papillary, 52 
precancerous cystic, 4 7 

Hyperplastic alveolar nodule (HAN), 
49-53, 55, 67, 263, 376 

cell kinetics, 266 
chemical induction, 50 
experimental tumorigenesis and, 54 
growth regulation, 74 
hormone induction, 51, 59 
immunogenicity, 60-62 
metahoHe pathways, 87-89 
as model of preneoplasia, 287-288 
transformation, 75-77 
tumor potential, 50, 53, 57-58, 67, 

69-74, 76, 79 
viral induction, 149-150 

Hyperthyroidism, 13, 14, 18 
Hypophysectomy, 11, 16, 172 

and DNA synthesis in HANs, 89 
inhibition of DMBA-induced carci

nogenesis, 18 
and tumor regressioninhuman breast 

cancer, 145-146, 289-290 
Hypothalamus 

estrogen inhibition of development of, 
8-9 

hormones, 16 
Hypothyroidism 

factor in tumorigenesis in DMBA
induced tumors in rats, 13, 14 

estriollevels in, 19 

Immune responses 
antihoclies to virus-associated antigens, 

239 
cell-mediated, 240-245 
humoral antibody, 237-239 

breast-tumor-associated antigens, 
237-238 

Immunization, MMTV and, 35 
Immunodiffusion, 238 

MMTV and, 35 
Immunofluorescence, 212, 221, 238 
Immunoglobulins, 232, 233 

lgA, 233, 321 
secretory component of, 233 

lgC, 233 
lgG, 321, 341, 348, 364, 369 
IgM, 233, 321 
serum Ievels, 234 
surface (Sig), 232, 233, 235 
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Immunological assays, 205 
Immunoperoxidase staining, 212, 221, 

223, 233 
Immunoprecipitation, 340, 341, 344, 345, 

349, 358, 369, 370, 375 
Immunotherapy in TSMTs, 300 
Insulin, 122, 124, 143 

casein mRNA induction and, 378, 380, 
381 

effect on human breast cancer cells in 
tissue culture, 138-146 

mammary carcinogenesis and, 15 
normal breast tissue culture and, 105-

106 
preneoplasia culture and, 79 
receptors, 143, 144 
tumor cultures and, 26, 138 

lodine deficiency, and DMBA-induced 
tumors in rats, 13, 14 

lodothyronines, 143, 147 
triiodothyronine, 147 

Isocitrate dehydrogenase, 88, 234 

Keratinizing alveoli, 52, 54, 56, 68 
Krebs II ascites cell-free system, 343, 

349, 355 

a-Lactalbumin, 146, 338, 355, 356 
as biological marker, 226, 377 
in DMBA- and NMU-induced tumors, 

374-375 
mRNA, 338, 343, 346, 349, 354-356 
synthesis in human breast cancer 

tissue cultures, 113 
Lactation, 89, 366, 368, 370, 371, 372, 

373, 374 
Lactate dehydrogenase (LOH), 87 

as biological marker, 227, 234 
Lactoferrin, 226 
Leetin agglutination, in preneoplasia, 

84-86 
Lergotrile mesylate, 290 
Leucine, 127, 140, 142, 157 
Leukocyte adherence inhibition (LAI), 

244-245 
Leukocyte migration inhibition assay, 

241-243, 247, 248 
Levodopa, 11, 16 
Luteinizing hormone (LH), 16, 175, 176 
Lymphocytes, 62, 231-232 

B-cells, 232, 233, 235 
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Lymphocytes (conl.) 
depression, after chemotherapy, 235-

236 
depression, after radiotherapy, 235 
peripheral blood, in breast cancer, 

234-236, 246, 247 
proliferation, 232, 236-237, 243, 246, 

247 
T cells, 232, 233, 235, 321 

precursors, in nude mouse, 321 
Lymphoma, 383 

Macrophage electrophoretic mobility 
(MEM), 245 

Makari skin test, 239 
Malic enzyme, 88 
Mammary gland 

cytology, 77-78 
development, 365-366 
gene expression, 338-339 
mouse, 239 

cell kinetics, 266 
Mammography, 209, 210 
Mammotropic hormone, 18, 293 
Mastectomy, 213, 223, 230, 238, 241 

casein and, 225 
CEA and, 221, 222 
delayed hypersensitivity and, 236 
LAI and, 242 
scar, recurrent tumors in, 273 

Melanoma, 320 
Menopausal status, 272, 274, 275 

effects of antiestrogens dependent on 
age and, 175-176, 179 

estrogen-linked breast cancer and, 4 
Menstrual cycle, 15, 19, 160, 176 
MER-25, 61 
Mercaptoethanol, 340 
Messenger RNA (mRNA), 122, 124, 125, 

337, 338, 339, 340, 345, 
365-366, 368 

a-globulin, 347 
a-2-U-globulin, 338, 347, 378 
ß-globulin, 347 

rabbit, 337, 350, 354 
conalbumin, 338 
fibroin, 345 
folate reductase, 362 
globin, 345, 354, 362, 364, 384 
histone, 382 
milk protein, 339-357, 384 

Messenger RNA (cont.) 
milk protein (conl.) 

casein, 314, 338, 339, 343, 344, 
345-354,362,363,375,376 

characterization of, 348-354 
cDNA copies of, 358-361 
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effects of ovariectomy, 371-372 
effects of progesterone, 371-373 
Ievels during normal mammary 

development, 365-368 
as marker for hormone dependence, 

376, 377 
prolactin induction of, 377-382 
purification of, 345-348 
relation to casein synthesis and 

secretion, 369-371 
relation to serum hormonal 

variations, 373-374 
hormonal regulation in neoplastic 

tissue, 374-377 
isolation, 339 
a-lactalbumin, 338, 343, 346, 

354-356 
ovalbumin, 337, 338, 345, 354, 362, 

368, 382 
rat proinsulin, 348 
tryptophan oxygenase, 338 
vitellogenin, 338 

Metastases, 210, 212, 214-216, 222, 307 
acid glycoprotein and, 230-231 
axillary, in TSMTs, 300 
axillary, and tumor growth rate, 272 
bone, 220, 229 
calcitonin and, 226, 227 
casein and, 225 
CEA elevation and, 220, 221 
cell kinetics, 276-277 

animal, 271 
human, 275-276 

ferritin and, 228 
GCDFP and, 225 
HCG and, 222-223 
hydroxyproline and, 229 
LOH and, 227 
liver, 220, 221, 222 
lymph node, 5, 210, 220, 240 

and cell kinetics, 274, 275 
micrometastases, 213 
multiple markers and, 246 
polyamines and, 230 
and post-radiotherapy lymphocyte 

depression, 235 
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pregnancy-associated a 2-glycoprotein 

and, 223 
skin, 220 
soft tissue, 220 

and tumor growth rate, 273 
in TSMTs, 300 

Methotrexate (MTX), 63, 235, 362 
2-Methoxyestrone, 14 
3-Methylcholanthrene (MCA), 18, 50, 62, 

67, 69-71, 293 
Methylmethionine, 352 
Methylnitrosourea (Methyl CCNU), 324 
Microfilaments, 80-85 
Microtubules, 80-85 
"Milk factor", 2-3 [see also Murine 

mammary tumor virus (MMTV)] 
Mitosis, 259-260 
Molecular hybridization, 337, 384 

casein mRNA, 348, 354, 358, 359, 366, 
368, 375, 376 

milk protein mRNAs, 344 
MMTV RNAs, 26-34, 362-364, 383 

thermal analysis of hybrids, 34 
Mouse milk, 2, 25, 35, 39, 242 
Mouse, nude athymic, 320-329, 330 

serial transplantation of human 
neoplasms, 320 

Multiplication-stimulating activity, 144 
Murine mammary tumor virus (MMTV), 

2-3, 24-27, 49, 54, 57, 58, 63, 66, 
67, 75, 88, 89, 261, 265, 267, 294, 
295 (see also RNA, viral) 

antibodies, 239 
antigens, as biological marker, 231 
culture, 25-26 
glycoproteins, 35, 36, 38-40, 43, 67 
and HAN immunogenicity, 61-62 
immunological studies, 35-44 
leukocyte migration inhibition and, 242 
lymphocyte proliferation and, 243 
mechanism of transmission, 27-28 
molecular hybridization, 27-34 
nucleic acid studies, 26-35 
polypeptides, 35 
reactivities, 39-44 
thermal analysis, 34 

Murine mammary tumors, 1-3, 25, 26, 
239, 289, [see also Murine 
mammary tumor virus (MMTV)] 

cell kinetics, 261-268 
Myxedema, 12, 14 
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estrogen-like effects, 172, 176 
and gonadotropin secretion, 175 
inhibition of estradiol binding to ER, 

173, 177, 192, 290 
and multiple abnormalities in neonatal 

rats, 171 
nuclear ER binding and processing, 

165, 166, 193 
and PgR, 190-191 
properties, 157, 158, 161 
suppression of DMBA-induced tumors, 

171, 172 
suppression of estradiol effects, 160 

Neuraminidase, 227 
Nitrosomethylurea (NMU)-induced rat 

mammary carcinomas, 374, 375 
Noduligenesis, 50, 52-54, 58 
Nonhistone nuclear antigen, 226 
Nonsuppressible insulin-like activity 

(NSILA), 139, 145 
19-Nortestosterone, 15 
Nuclear magnetic resonance (NMR), 

86-87 
Nucleosides, 246, 260, 354 
Nutrition, effect on mammary 

carcinogenesis, 19 

Obesity 
estriol Ievels in, 14, 19 
increased breast cancer incidence 

associated with, 19 
Oligodeoxynucleotide primers, 361, 362 
Oncofetal antigens, 216, 21S-222, 224 
Organ culture 

of human breast tumors, 105-107 
malignant human breast tissue, 

effect of hormones, 106-107 
nonmalignant human breast tissue, 

effect of hormones, 106-107 
prolactin induction of casein mRNA in, 

377-382 
Ornithine decarboxylase, 158 
Ovariectomy, 9, 12, 13, 18, 59, 60, 69, 89, 

169, 171, 172, 175, 263 
effect on casein mRNA and casein 

synthesis, 371-372 
ER Ievels following, 174 
failure of HANs to regress following, 

53 
protective effect of early, 19, 288 
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Ovariectomy (cont.) 
tumor regression following, 10, 11, 

114,174,176,270,289,291,293 

Papain, 235 
Papilloma, 86, 274 

cell kinetics, 274 
Pentagastrin, 227 
Pentose phosphate cycle, 87, 88 
Peptic ulcer, 228 
Percent labeled mitoses (PLM), 260, 261, 

264, 266, 269-271, 275, 276 
Perphenazine, 375 
Phenylalanine mustard (L-PAM), 63, 

308-317, 319, 320, 324, 326 
Phosphofructokinase, 87 
Phosphoglucomutase, 87 
6-Phosphogluconate dehydrogenase, 87 
Phosphoglucose isomerase, 87 
Physical examination, 210 
Phytohemagglutinin (PHA), lymphocyte 

proliferation and, 232, 236, 246 
Pituitary (see also Hypophysectomy, 

Prolactin) 
chromophobe adenoma of, 3 
effects of antiestrogens on, 177 
hormones, 3, 88 

role in carcinogenesis, 16-18 
stalk section, 146 
tumors, 18 

transplantation, 16, 52 
Placental alkaline phosphatase, 224 
Placentallactogen, 19, 338, 350, 371, 

372, 373 
casein mRNA and Ievels of, 373 
human, 143, 146 

as biological marker, 223, 233, 247 
Placental markers, 216, 222-224 
Plaques, 54, 59, 75 
Pleural effusions, 275 

source of tissue cultures, 108 
T cells in, 232 

Polyacrylamide gel electrophoresis 
(PAGE), 36, 69, 90, 240, 348, 
349, 354, 359 

SOS-PAGE, 36 
Polyamines, urinary, 230, 246 
Pre-a-lactalbumin, 356 
Precaseins, 356, 357 
Prednisone, 63, 66 
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inhibition of carcinogenesis in, 18-19 
mammary gland development in, 365-
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mid-pregnancy, 368, 369, 371, 372, 

374, 378, 380 
pseudo-pregnancy, 16, 358, 369, 370, 

372 
relaxin Ievels in, S-6 
tumor dependency in mice, 59 

Pregnancy-associated a 2 -glycoprotein, 
223-224 

Pregnancy-specific ß1-glycoprotein, 233, 
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behavioral properties in vivo, 55-66 
biochemical aspects, 87-90 

chromahn biochemistry, 90 
hormonal control, 89-90 
metabolic pathways, 87-89 

cell biology of, 78-87 
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81-84 
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chemical etiology, SO 
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viral, 66-67 
growth regulation, 74-75 
hormonal responsiveness, 58-60 
hormonal stimulation, 51 
HAN as model of, 287 
HAN transformation, 75-77 
induction, 49 
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normal-preneoplastic cell interactions, 

74-78 
significance, 47-48 
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stability, 56-57 
transplantability, 55-56, 71-74 
tumor potential, 57-58 
viral etiology, 49-50 
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induced tumors in, 4 
Primer-available DNA polymerase assay 

(POP), 261, 267, 274, 276 
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carcinogenic effect of imprintation on 
mouse hypothalamus, 9 

chemical carcinogens and, 69 
effects on human breast cancer cells 

in tissue culture, 131-138 
estradiol-17-ß and, 14, 89 
as estrogen antagonist, 156, 169, 170 
mammary carcinogenesis and, 4, 15 
modification of antiestrogen effects, 

158 
normal breast tissue culture and, 105 
receptors (PgR), 160 

in DMBA-induced tumors, 290 
effect of estrogen, 186-187 
effect of nafoxidine, 190-191 

effect of tamoxifen, 138, 189-190, 
193-194 

effect of U23.469, 173 
failure of glucocorticoids to bind to, 

136 
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as marker for estrogen dependence, 

131, 138 
in tissue cultures, 113, 116, 117, 

124, 136, 138 
reduces incidence of estrogen-induced 

carcinoma in rats, 15 
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371-373, 374, 381 
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tumor induction in mice with, 265, 291 
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135, 136, 138 
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Prolactin, 16-17, 106, 124, 160, 292, 

293, 338, 375 
antiestrogens and, 171, 172, 175, 177 
as biological marker, 227 
and chemical carcinogenesis, 69 
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dependence in DMBA-induced tumors, 

10-11, 171, 290 
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372, 373, 377-382 
induction of casein synthesis, 339, 378, 

381, 384 
and NIV expression, 67 
normal breast tissue culture and, 105-
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preneoplasia culture and, 79 
produced by pituitary tumors, 3 
receptors, 10, 146, 291, 372 
removal, via hypophysectomy or drugs, 
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role in mammary carcinogenesis, 18-

19, 290, 292 
role in tumor growth, 172 
secretion in mammotrophic-hormone-

producing tumors, 18 
Pronase, 76 
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Provirus, 23, 33, 34 

germinal, 28 
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Purified protein derivative (PPD), 236 

delayed cutaneous hypersensitivity 
and, 246 

lymphocyte proliferation and, 236 
Pyruvate kinase, 234 

R2956, 115, 126, 129, 131 
R5020, 132, 133, 135, 136 
Radiation 

carcinogenesis and, 9, 18, 67 
estrogen and, 17 
therapy, 213, 241 

immune depression and, 235, 247 
serum lgA and, 234 
in TSMTs, 301-307 

Radioimmunoassay (RIA), 5, 69, 205, 248 
CEA, 218-220 
casein, 224, 225, 370, 372, 377 
ferritin, 228 
GCDFP, 225 
HCG, 222 
a-lactalbumin, 113, 226 
lactoferrin, 226 
Mason-Pfizer virus, 231 
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Radioimmunoassay (cont.) 

relaxin, 8 
tumor-associated antigens, 237, 241 

Rat 
hormone studies, 3 
mammary tumors (see also DMBA

induced tumors) 
cell kinetics, 268-270 

as model of hormone-induced 
mammary tumors, 4-12 

5a-reductase, 128 
Relaxin, 5-6, 16, 17 
Rennin in casein purification, 340 
Reticulocyte lysate cell-free translation 

system, 343, 348, 349, 354, 357 
Reverse transcriptase, 357, 359-362 

B-type viral, 361 
MTV, 67 
virion-associated, 36 

Rheumatoid arthritis, 228 
Ribose-5-phosphate, 87 
RNA, viral, 26-35, 67, 357, 376-377 

cDNA probes for, 361-362 
C-type, 361 
dexamethasone induction of, 382-384 
glucocorticoid induction of, 338 
recycled, 30-33 

Rosette formation with sheep 
erythrocytes (SRBC), 232, 235, 
246 

Rosette-forming cells (RFC), 235, 247 
RU16117 (11 a-methoxyethinyl 

estradiol), 171, 172, 173 

Sar.coma, 272, 298 
growth rate, 272 
in dogs, 288-289 

Screening procedures, 209-210 
noninvasive, 209 
criteria for usefulness in new 

methods, 209-210 
Sialyl transferase, as biological marker, 

227-228 
"Signal hypothesis", 356 
Sinus histiocytosis, favorable prognosis 

associated with, 231, 232, 240 
Skin window technique, 240 
Slab gel electrophoresis, 347 
Somatomedins, 144, 145 
Staging of tumors, 212-213, 242, 272 

Stage I, 235, 244 

Staging of tumors (cont.) 

Stage II, 234, 235, 244 
Stage 111, 234, 235 
Stage IV, 235, 244 
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Sterility, increased breast cancer 
incidence associated with, 19 

Stress, influence on tumor development 
in mice, 265 

Structuredness of cytoplasmic matrix 
(SCM), 245 

Subrenal capsule assay, 322-324, 325, 
327 

Sucrose density gradient technique, 114, 
127, 133, 355, 359 

Syngeneic mammary tumor systems, 5, 
320, 321, 325, 329-330 

quality control in, 330 
radiation therapy and, 301-307 
transplantable (TSMT), 297-320 

serial transplantation, 297, 329 

Tamoxifen, 115, 117, 118, 122, 127, 164, 
172, 176, 177, 191, 192 

depletion of cytoplasmic ER, 173-174 
effect of dose, 177 
effects on pituitary, 177 
estrogenlike effects, 172, 176 
inhibition of estradiol binding to ER, 

173, 192, 290 
inhibition of human breast cancer 

growth in tissue culture, 117-
118, 187 

metabolism, 161 
nuclear ER binding and processing, 

165, 193-194 
and PgR, 138, 189-190, 193-194 
properties, 157, 158 
Suppression of DMBA-induced tumors, 

171 
suppression of estradiol effects, 160 
tumor regression and, 11, 160, 161 

T antigen, 228 
Testosterone, 9, 59, 105, 106, 130 

as antiestrogen, 169, 170 
carcinogenic effect of imprintation 

on mouse hypothalamus, 9 
propionate, 290, 291 

Tetrahydrocortisol, 132, 133 
Theophylline, 146 
Thermal analysis, 34 



406 

Thymidine, 68, 88, 118, 119, 122-124, 
126, 127, 132, 133, 140, 146, 
260, 261 

kinase (TK), 88, 123-125 
index, 260 

Thyroid hormones 
and breast cancer etiology, 12-14 
effect on human breast cancer cells 

in tissue culture, 147 
role in biotransformation of estrogens, 

14 
Tissue culture, human breast cancer cells 

in long-term, 107-147 
characteristics of cells, 108-114 
effects of androgens, 126-131 
effects of antiestrogens, 117-118, 

122-125 
effects of EGF, 146-147 
effects of estrogens, 114-125 
effects of glucocorticoids and proges-

terone, 131-138 
effects of insulin, 138-145 
effects of prolactin, 145-146 
effects of thyroid hormones, 147 

Tissue polypeptide antigen (TP A), 229 
Triamcinolone acetonide, 163 
Triphenylethylenes, 156, 167 (see also 

Antiestrogens) 
Trypsin, 76, 85 
Tumor 

antigens, 214 
benign 

cell kinetics, 273-274 
burden, 212 
cell homogenates, 25-26 
cell kinetics, 259-278 

canine tumors, 270-271 
human benign tumors, 273-274 
human metastatic tumors, 275-276 
human primary tumors, 274-275 
human tumor growth charac-

teristics, 272 
primary tumors, 272 
pulmonary metastases, 273 
recurrent tumors, 273 

metastases, in animals, 271 
mouse mammary tumors, 

spontaneous, 265-267 
CD8F1, 167 
C3H, 265-267 

mouse mammary tumors, 
transplantable, 261-265 

Index 

Tumor (cont.) 
cell kinetics, (cont.) 

mouse mammary tumors (conl.) 
BALB/c, 263-265 
C5781, 164-165 
C3H, 261-263 
DBA, 263 

rat mammary tumors, 268-270 
induced, 269-270 
spontaneous, 270 
transplantable, 268-269 

cells, 207, 213, 215 
growth, 261 
growth fraction (GF), 260 
markers, 212; see also Biological 

markers 
occult, 208, 214 
primary, 214, 272 

cell kinetics, 274-275, 276-277 
growth, 272 

recurrent, growth, 272-273 
response, 308 
transplantation, 56 

animal models, 296 
mice, cell kinetics, 261-267 
preneoplasia, 55-57, 71-74 
rats, 5 

cell kinetics, 268-269, 270 
serial, 56, 67, 71-75, 297 

athymic nude mouse model, 320, 
321, 325, 327 

hormone-dependent autoch
thonaus model, 292-294 

syngeneic models, 297-320 
Tyrosine, 5 

U23,469, 171, 172, 173, 174 
Ulcerative colitis, 218, 228 
Urea, 340, 346 
Urethane, 50, 59, 67, 73 
Uridine, 140, 383 

kinase, 88 
Uterine weight, effect of antiestrogens 

on, 157 

Vincristine, 63, 66 
Virus neutralization, 35 
Viruses (see also Murine mammary tumor 

virus (MMTV); RNA, viral] 
avian myeloblastosis, 357, 360 
avian sarcoma, 361 
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Viruses (cont.) 
Friend murine leukemia, 384 
and mammary carcinoma, 23-46 
Mason-Pfizer, 39, 23! 
Moloney leukemia, 362 
murine type-C leukemia, 26, 31, 36, 

40, 242 
nodule-inducing (NIV), 49, 50, 57, 66, 

67 
retroviruses, 23, 36, 39 
Rauscher murine leukemia, 39 
RNA tumor, 23 

Wheat germ agglutinin, 84, 85 
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Wheat germ cell-free translation system, 
343, 348, 349, 352-353, 355, 
365,370,371-372,375 

Xanthine oxidase, 88 
Xenografts, human mammary tumor, 

320-329 
in immunocompetent animal, 327-

328 
nude athymic mouse model, 320-328, 

330 
Xenopus, 343, 356, 365 




