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Preface

Breast cancer continues to be the focus of intense basic and clinical
research. In Volume 1 of this series we dealt exclusively with topics
concerned with therapy. In the present Volume 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 host environment so that other carcinogens
are effective. It is pointed out that the selection of the model test 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 mouse systems.
Schlom and associates using powerful molecular hybridization tech-
niques have shown that 95% of viral nudeic acid sequences are very
similar in several strains of mouse 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 point out 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 cell line 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 action in human 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 endogenous estrogens from stimulating tumor
growth; they have several other possible sites of action such as the
pituitary and ovaries as well. 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. It 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 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
now need to be thoroughly evaluated for their practical use in staging
and monitoring 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. Schiffer reviews this subject and provides us
with the following generalizations. Transplantable tumors are more
highly proliferative than their spontaneous counterparts and this dif-
ference is exaggerated with increasing transplant generations. Metastases
also appear to be 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. Schiffer points out that dinicians
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 cinical 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 design innovative
trials in human 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
well as for clinicians caring for breast cancer patients.

William L. McGuire
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Hormones and Mammary
Carcinogenesis

ALBERT SEGALOFF

1. Introduction

In the classic 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
hormones 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 hormone 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 hormone induction of
mammary cancer starts with the work of Professor Anton Lacassagne‘”’ 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-

ALBERT SEGALOFF ¢ Section on Endocrine Research of the Richard W. Freeman Re-
search Institute, Alton Ochsner Medical Foundation, 1516 Jefferson Highway, New Or-
leans, Louisiana 70121.
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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 the female that developed cancer did so in 4 months, while the
earliest 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 remember 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. It 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 longer than wild mice, survived into cancer age, and had substan-
tial numbers of breast cancers.”’ 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 Bittner'®* observed the “‘milk factor” or
mammary tumor virus that is responsible for the high incidence of
mammary tumor in some stocks of mice. Transmission of this virus is
not genetic or DNA transmission, but is vertical transmission by the
mother’s milk. It 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® 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.® 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.®

2.2. Studies in Rats

These studies were then extended to another common laboratory
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 problem 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® that the continuous administration of estrogen leads to
chromophobe adenomas of the pituitary gland that sometimes reach
large size and cause the death of the animal.®® 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.®

Huggins et al.,“® 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 dogs is a mixed adenocar-
cinoma.™? 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 bone marrow."® 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."® 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’® have not demonstrated that steroid hormones
in primates increase the incidence of mammary cancer, and the single
case observed by Kirschstein et al."® 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 estrogen
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 estro-
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'® 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 Hormone-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 Shellabarger® 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.“” The cancers also 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 autonomous tumor lines.“®

Such cancers and benign tumors can readily be induced in appro-
priate strains of rats by the continuous administration of estrogenically
active hormones. McEuen”® and Geschicter®” reported having induced
mammary cancer in the rat by prolonged treatment with estrogen. The
latter author believes that carcinogenesis requires a superphysiologic
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,*® 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 cancerous or on their ability to
metastasize and kill the host. For example, Noble®” at one time believed
that the tumors were not unequivocally cancers, but he has now
changed his view.®?

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 estrogen in ample amount to Fischer rats leads
to their demise from the huge induced symptomatic pituitary chromo-
phobe adenomas. This observation leads 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.®® 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 number 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 number 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 number of tumors in
the greatest number 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
levels seen in intact animals.*¥

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®® 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 originates in the corpus luteum; it is a polypeptide
composed of two chains that, like insulin, are joined by two disulfide
bonds. #® 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,®? there is an initial low level 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 ligaments to 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 levels (measured by
RIA with porcine relaxin) in peripheral blood is highest in early preg-
nancy and lowest at term.?® The usual human infant does not require
separation of the pelvic bones for delivery. Although we do not have



8 Albert Segaloff

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 learned 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,*” we knew that for the greatest estrogenic expression
of estriol, it had to be administered frequently,®*3 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®” and Rudali et al.,®® 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.®®
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 pattern 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. It 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 external 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, and in this case, the
initiation could be supplied by some nonhormonal, nongenetic means.
We 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 endogenous
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 endogenous
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. If 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. If, 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 is another 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. If 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.”” If successive genera-
tions of induced tumors in rodents are transplanted into hormonally
conditioned or treated hosts, independent, usually rapidly growing,
tumors that no longer 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. Huggins"” 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 and release of prolac-
tin are L-dopa and many of the ergot derivatives, such as a-
bromo-ergocryptine or ergoline mesylate. The tumors also 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 levels 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 levels 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 are also not suitable
candidates for demonstrating the carcinogenicity of hormones.

3.10. Choice of Animal 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. If 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 are not 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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agents 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 Lipschutz®® and his colleagues in San-
tiago. Their work followed the original demonstration by Nelson®® 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 Hormones and Tumors.®>

Is it possible to temper the carcinogenic effect of a hormonal agent
by the administration of another hormonal agent? Indeed it is. We have
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.*¥

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,®” who introduced the use of castration for the treat-
ment of human breast cancer. He was working at the same time that
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® 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 cancer was suddenly raised in 1976
by Kapdi and Wolfe.®® 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 women. 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,? it appears that there is a lower level 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 women 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,®® but
are consistent with the Mittra and Hayward“® study.

Mustacchi and Greenspan,“? 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,®®
and point out 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 concerned with the thyroid and
its diseases, warned 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.?

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 level 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 done in man, and
the pioneering studies of Fishman et al.“*» are noteworthy. Persons with
hyperthyroidism, either idiopathic or iatrogenic, show a sharp increase
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in the fraction of carbon-labeled estradiol-17-8 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.** observed that in myxedema, the level 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.“*¥

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-17-8, and these catechol estrogens may well 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.*® Along this same line of thought, progesterone, when given
simultaneously with estradiol-17-8, profoundly decreases the peripheral
estrogenic activity of the administered estradiol-17-8 while altering the
hepatic biological inactivation of the same estrogen in the opposite direc-
tion.“®

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 level at which the estrogenic
activity produces the greatest number of mammary cancers without
undue toxicity to the host. There appears to be 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” 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 simultaneous admin-
istration of progesterone®*?; 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."®

Sherman and Korenman“® suggested that breast cancer occurs in
women who have a short luteal phase of the menstrual cycle and are
therefore exposed to unopposed estrogen longer during any given cycle.
Kodama et al.“” 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 women 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."® 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 women 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. ® 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 lead to increases in prolactin secretion;
or (2) the transplantation of pituitary tumors that produce predomi-
nantly prolactin; or (3) the transplantation of pituitary anterior lobes to
ectopic sites, which leads 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 are not 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 levels. 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, all en-
docrine manipulations have reflections on the rest of the systems.

Meites®” 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 levels are higher than in young animals.
Meites and his co-workers therefore made surgical lesions 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 levels 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 well be relaxin.

5.2. Mammotrophic Hormone and Irradiation or Chemical Carcinogen

Furth®® 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, such that a substantial number
of the animals with a combined exposure have mammary tumors.

Yokoro and Furth®® attempted to extend the observations by trans-
planting the induced benign and malignant tumors. When these tumors
were transplanted into female rats not 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.*® 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 7y 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.®® Unfortunately, data are not
available in these papers to compare the levels 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.%® 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®” 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. Hormones 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.®® 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 levels. 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.3?
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Viruses and Mammary Carcinoma

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

1. Introduction

Viruses have long been known to be 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 spontaneous 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’”” 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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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.®?® 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, and in 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 concerning 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 Bittner® 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.?® Table I 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 MMTVs 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 BALBI/c.

A question that has remained unanswered concerning the origin of
mammary oncogenesis in the mouse is: how many MMTVs 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 problem 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 al.,”” McGrath,® and Young et al.,'” 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®
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 c¢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 Viruses

Early studies on the distribution of the MMTV, using molecular
hybridization, reported that MMTV sequences were present in the DNA
of all mice examined."” These studies, unfortunately, may have given
the impression that on a molecular level, 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 [PH]-cDNA probes consisting of an unequal repre-
sentation of the MMTV genome"?; 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 MMTV's from various mouse strains.
These *H- or **P-labeled 60-70 S RNAs were first used in competitive
molecular hybridization experiments to determine whether differences
exist among various MMTVs.“® In these experiments, increasing
amounts (0.3-1200 ng) of unlabeled RNA from GR, RIll, and C3H
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MMTVs 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 homologous 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 point out 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
MMTVs 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 limits of the assay employed; since these limits 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 mouse.
This strain arose®'® by foster-nursing of C3H newborns on C57BL
mothers (C57BL mice do not express detectable MMTYV 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 used®® 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 mouse, 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 MMTYV released from early C3H mammary
tumors and the MMTYV released from the late mammary tumors of that
same mouse 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

MMTVs have been shown to be transmitted in different mouse strains
either by the milk or via the germ line.*® Occasionally, MMTV may also
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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 set out to answer
is: can one distinguish whether an MMTYV has been introduced into a
given mouse via 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 of that mouse. To address these points, we used the technique of
molecular hybridization.

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

MMTV(C3H) was isolated from supernatant fluids of the Mm5mt/c,
C3H mammary tumor cell line. The 60-70 S RNA from these virions was
purified as described by Drohan et al.,"* and was iodinated to a specific
activity of approximately 2 X 10” cpm/ug; this RNA was 99% TCA pre-
cipitable and 98% RNase sensitive. This RNA was then hybridized at
various Cot 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. (Cot is defined as the product of the DNA concentra-
tion in moles of deoxyribonucleotide per liter and time in seconds.) As
assayed by resistance to ribonuclease (RNase A and T;) digestion, hy-
bridization to sheep DNA remained consistently at 5-6% up to a Cyt 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 cell line 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 Cyt, value of the hybridization between MMTV(C3H) [*°I]-RNA
and the C3H mammary tumor cell line DNA was approximately 380, and
the Cot, 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) ['**1] 60-70 S RNA to various cellular DNAs. Hy-
bridization conditions were as described by Drohan et al.'*¥ The hybridization mixtures
contained MMTV(C3H) ['*1] 60-70 S RNA and DNA from the C3H mammary tumor cell
line Mm5mt (A), from normal C3H liver (®), and from sheep lung (O). For comparison,
hybridizations were performed between '*I-labeled poly-A-enriched mouse RNA and
C3H liver DNA (A) and calf thymus DNA (H).

senger RNA was also iodinated and hybridized to C3H liver DNA. As
can be seen in Fig. 1, the Cot, 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 ['**I]-RNA was also hy-
bridized to calf thymus DNA; no significant hybridization was observed
up to a Cyt 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."*'> The lower C,t, 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 cell line 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 ['*I] 60-70 S RNA

To determine whether there are any MMTV sequences in tumors
that are not 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.>3'® 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 Cyt of
20,000. The unhybridized single-stranded ['**I]-RNA eluting from the
hydroxylapatite column at 0.14 M sodium phosphate was termed “‘recy-
cled RNA.”** This RNA was then concentrated and reannealed to C3H
mammary tumor DNA and to C3H liver DNA to a Cot 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) ['*I]-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 ['*I]-RNA hybridizes more than 50%, how-
ever, with DNA from C3H mammary tumor cells (Fig. 2).
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Fig. 2. Hybridization of recycled MMTV(C3H) [***I]-RNA to murine cellular DNAs.
MMTV(C3H) iodinated 60-70 S RNA was extensively hybridized to normal C3H liver, and
the unhybridized fraction was recovered by hydroxylapatite column chromatography as
described by Drohan et al.*® The recycled RNA was then hybridized to the following
cellular DNAs: (A) C3H mammary tumor cell line Mm5mt (@) C3H liver; (O) sheep lung.
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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. To determine whether similar results could be obtained
with naturally occurring “early”” mammary tumors, DNA was extracted
from spontaneous 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 Cyt value of
15,000) when MMTV(C3H) ['*I]-RNA was hybridized to the DNA of
spontaneous C3H mammary tumors before or after recycling against
C3H liver DNA (Table II). This same ['**I]-RNA, however, hybridized
49% to the DNA livers from the tumor-bearing animals before recycling,
but hybridized to only background levels to this same DNA after recy-
cling (Table II). These data again demonstrate that there are proviral se-
quences in “early” C3H mammary tumors that are non-germ-line
transmitted. 47

To determine whether the single-stranded [***I]-RNA recovered by
recycling is indeed part of the MMTV(C3H) genome, 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) [***I]-RNA and mammary tumor DNA. Addition of 0.2 or
1.5 ng MuLV(C3H) RNA did not inhibit the hybridization. However, 0.2
ng MMTV(C3H) 60-70 S RNA inhibited this hybridization by 87%, and
addition of 1.5 ug of this RNA resulted in a greater than 98% inhibition
of the hybridization. These results further demonstrated that the
radioactive sequences obtained by recycling against C3H liver DNA are
non-germ-line-transmitted MMTV(C3H) sequences.

Table 11
Hybridization of MMTV(C3H) '#I-Labeled 60-70 S RNA,
before and after Recycling against C3H Liver DNA, to Murine DNAs

Hybridization (%)*

Before After
Source of DNA recycling recycling
C3H spontaneous mammary tumor 55 53
C3H mammary tumor cell line (Mm5mt) 61 58
C3H liver from mammary-tumor-bearing animal 49 6
C3H liver from a non-tumor-bearing animal 49 5
Bovine ovary 6 6

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

MMTV(C3H) [***I]-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,
spleen, lung, kidney, and heart. A sample of 300,000 cpm of
MMTV(C3H) {***I]-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.** This recycled RNA hybridized
substantially to DNA from the mammary tumor cell line both before and
after recycling. After recycling, however, the ['**I]-RNA failed to hy-
bridize above background levels 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) ['*I]-RNA was also hybridized to DNA

Table III
Hybridization of MMTV(C3H) Recycled ['**I]-RNA
to DNAs of Mammary Tumors and Apparently
Normal Tissues of Different Strains of Mice*

Source of DNA Hybridization (%)
C3H mammary tumor 44
C3H liver 7
RIII mammary tumor 47
RIII liver 7
GR mammary tumor 40
GR liver 38

BALB/c mammary tumor
BALB/c liver

C57BL-6N liver
C57BL/10SCN liver

C3HfC57BL mammary tumor
Ovine lung

NN AR NN

2 A sample of 600 cpm of MMTV(C3H) recycled ['*1]-RNA was hy-
bridized to 500 pg cellular DNA to a C,t of 15,000 (in 0.4 M NaPB,
pH 6.8, and 0.05% SDS). 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.® The recycled
MMTV(C3H) [***I}-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 MMTYV in its milk, this finding
is further evidence that the recycled sequences are part of the milk-
transmitted MMTV(C3H) and are not germ-line transmitted.

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

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 [**I] MMTV(C3H)
60-70 S RNA and DNAs from C3H, RIII, and GR mice is shown in Table
IV. AT,, values of 3.0-3.3°C were demonstrated with RIIIl DNAs, and a
value of 3.8°C was seen for GR DNA. Since a 1°C AT, corresponds to
approximately 1.5% mismatching, ‘¥ these AT, 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) ['251]60-70 S
RNA and DNAs of Various Murine Tissues

Mouse

strain Source of DNA AT @
C3H Mammary tumor (Mm5mt/c;) cell line 0
C3H Mammary tumor 0.3
C3H Liver 0.5
RIII Mammary tumor 3.3
RIlI Liver 3.0
GR Liver 3.8
BALBI/c Liver 2.2
C57BL Liver 1.9

?The AT, fora 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 virus
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 endogenous MMTYV of C3H mice and the non-germ-line-transmitted
MMTV of that mouse strain. Whereas mammary tumors of C3HfC57BL
mice contain B-particles and intracytoplasmic A particles,®!3!® 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 animal all 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
mouse 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.%??? 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 endogenous virus of GR. This
virus is substantially different, however, from the endogenous MMTVs
of C3HfC57BL or BALBI/c.

Qualitative differences between MMTVs of different mouse strains
were also determined by the thermal analysis of hybrids. The differences
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in AT,, 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 limit of detection of the assay) was
reported for the MMTVs from early occurring mammary tumors of C3H,
RIII, and GR mice,"? and with minor differences seen in partial se-
quence analysis®” 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 detected
by AT,, values) exist in MMTVs of various mouse 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 of nucleic acid sequences of
the various MMTVs.

4. Immunological Studies of Murine Mammary Tumor Viruses

4.1. Introduction

We have also addressed the question of diversity of MMTVs from
the immunological view. Immunological assays including virus neutrali-
zation,”” immunization,*® and immunodiffusion®” 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 lack of pure-cell-culture sources of
MMTV virions and MMTV proteins, free of contaminating cellular de-
bris, as well as to the lack of MMTVs grown in nonmurine cells.

Highly purified preparations of MMTVs have been obtained from
primary cultures of mouse mammary tumor cells and from mouse
mammary tumor cell lines. The polypeptide and antigenic structures of
MMTVs purified from culture fluids were described previously.®>2® 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‘?® or for purified MMTV polypeptides,27-29 it
has become possible to analyze precisely, both quantitatively and quali-
tatively, similarities or differences among MMTVs from different mouse
strains. The propagation in nonmurine cells of MMTV from RIII mouse
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milk®” and other mouse strains®® has made possible the tasks of
discriminating (1) viral-coded from host-coded reactivities and (2) dif-
ferent antigenic reactivities among MMTVs derived from different
mouse strains.

Reactivities among immunologically related proteins were
categorized by Hunter®® 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
same as that 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 level 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 set out to determine whether both type and group specificities are
associated with the 52,000-dalton major envelope glycoprotein (gp52) of
MMTYV virions.

4.2. Development of Radioimmunoassays

Highly purified MMTV preparations were used in virion RIAs.®®
Purified virions were routinely monitored for the presence of intact
MMTYV 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.®92 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 (SDS-PAGE) profiles of un-
labeled virions revealed polypeptide patterns consistent with those
reported earlier ® for MMTV. In lactoperoxidase-labeled intact MMTV-
(RII) or MMTV(C3H), greater than 90% of '* label migrated as
a 52,000-dalton protein (Fig. 3A). Purified MMTV(RIII) or MMTV(C3H)
gp52, labeled with '?° by the lactoperoxidase method, was also found to
migrate as a homogenous species in SDS-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 !**I-labeled MMTYV virions. ®® Only the gp52
protein was 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 ul. Greater than 90% of the '*I label in the virus preparations was
precipitable by the anti-MMTV(RII]) or by TCA. As little as 10 ng
purified MMTV(RIII) gave 30% competition in the anti-MMTV (RIII) vs.
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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 ['**I]-MMTV(C3H)
intact virions (C, D). The competing proteins were: (A, C) MMTV(RIII) virions (O) or
MMTV(C3H) virions (®); (B, D) MMTV(RIII) gp52 (O) or MMTV(C3H) gp52 (@®). Other
competitors were tested at multiple inputs of protein; however, only two points are de-
picted for clarity: (V) RD-114; (#) avian myeloblastosis virus; (¢) Mason-Pfizer monkey
virus; (+) C3H type-C virus; (X) squirrel monkey retrovirus; (A) feline kidney cell extract;
(A) C57BL lactating mammary gland extract; (M) C57BL clarified milk; (O) fetal calf serum
proteins.®®
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['**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 [***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/T10), 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.®® The anti-MMTV(RIII) serum
precipitated greater than 90% of'*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 .(8.28:35.36

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 [***Il-MMTV/(RIII).®® In
this homologous 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 ug MMTV(RIII), only 80% inhibition was achieved by adding 100 ug 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(RIIl) 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 Mammary 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(RII) vs. ['*°]]-
MMTV(RIII) assay with a reduced slope as compared with purified
MMTV(RII) gp52 as competitor (Fig. 4B). Only 60% competition was
obtained with 5 ug MMTV(C3H) gp52 as competitor, while less than
0.02 ug MMTV (RIII) gp52 was required for the same extent of competi-
tion. In the assay employing anti-MMTV(RIII) serum and ['*]I]-
MMTV(C3H), however, both MMTV(C3H) gp52 and MMTV (RIII) gp52
competed completely with very similar slopes and with comparable
quantities (Fig. 4D).

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 to be free of detectable murine and feline type-C viruses includ-
ing RD-114.%Y The results obtained with the MMTVs grown in feline
cells were similar to those obtained with the murine-grown MMTVs 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(RII) vs. [**1}-MMTV(RIII) RIA with reduced slopes (Fig. 5A),
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. [**I]-MMTV(C3H), however, all three
MMTVs grown in feline cells competed with identical quantities and
with identical slopes (Fig. 5B). 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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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) ['**I]-MMTV(RIII) whole virions (24 ng,
10,000 cpm) or (B) [**I]-MMTV(C3H) whole virions (24 ng, 10,000 cpm). Feline-grown
MMTV(RII) (O), feline-grown MMTV(C3H) (@), or feline-grown MMTV(GR) (A) was
used as competitor at the designated inputs of protein.®®
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4.6. Reciprocal Cross-Reactivities

PERCENT BOUND

Jeffrey Schlom et al.

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.®® MMTV (RIII)
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Fig. 6. Competition radioimmuno-
assay for MMTV. (A) Anti-MMTV
(C3H) serum at a 1:10,000 input
dilution was used to precipitate 24
ng (10,000 cpm) of [**[-MMTV
(C3H) intact virions. MMTV/(RIII)
(O) or MMTV(C3H) (@) was
used as competitor. (B) Anti-
MMTV(C3H) serum at a 1:10,000
input dilution was used to precipi-
tate [2I]-MMTV(C3H) whole vi-
rions. MMTV(C3H) (®) or MMTV-
(GR) (A) was used as competitor.
(C) Anti-MMTV(C3H) serum, ab-
sorbed with MMTV(GR), was
used at a 1:10,000 dilution to pre-
cipitate ['25]}-MMTV(C3H) whole
virions. MMTV(C3H) (@), C3H
type-C virus (A), MMTV(RII) (O)
or MMTV(GR) (A) was used
as competitor. For absorption of
antiserum, 1 ml of the anti-MMTV-
(C3H) serum, at a 1:500 dilution, was
mixed with an equal volume of
MMTV(GR) containing 1 mg of
virus and incubated at 37°C for 1
hour. Immune complexes and re-
sidual MMTV(GR) virions were
removed by centrifugation at
20,000¢ for 35 min. 3%
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and MMTV(C3H) were used to compete for the binding of anti-
MMTV(C3H) to ['**I]-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 ug, only 75% inhibi-
tion was obtained, while less than 1 ug MMTV(C3H) resulted in the
same competition. In assays using anti-MMTV(C3H) vs. [**°]]-
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. [**I]-MMTV(C3H) system did not cause complete in-
hibition of the precipitation of [***I]-MMTV(C3H) (Fig. 6B). Even at high
inputs of protein, MMTV(GR) was incapable of competing for all the
antibodies 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 ['*I]-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 ug 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 MMTVs 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 external glycoprotein of the MMTYV virion. The
type and group specificities of MMTVs grown in feline cells were indis-
tinguishable from the reactivities observed with murine-grown MMTVs.
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 ®?
(see Section 4.1) have been demonstrated here to be present on the gp52
of MMTVs: (1) “reactions to identity,” i.e., group-specific reactions be-
tween MMTVs 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 level 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 well 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.™® The concept states that mammary tumors arise from
morphologically discrete epithelial lesions 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,® who stressed the biological significance of
hyperplastic changes that preceded neoplasia. The concept of multistage
development of neoplasia gained general acceptance after the elegant
experiments on experimental skin and liver tumorigenesis®!? and for
neoplasias arising from most epithelial tissues.®® A variety of human
cancers are thought to progress through several stages, as evidenced by
the terms ““carcinoma in situ’”’ and “’precancerous cystic hyperplasia,”’‘2?

*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)5-fluorouracil; (GPDH) glucose-6-phosphate dehy-
drogenase; (HAN) hyperplastic alveolar nodule; (KN) keratinized nodule; (LDH) lactate
dehydrogenase; (LNC) lymph node cell(s); (L-PAM) phenylalanine mustard; (MCA)
3-methylcholanthrene; (MTV) mammary tumor virus; (MTX) methotrexate; (NIV)
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 lack 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 literature 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 analogous 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 tumor 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.”? In addition,
recent reviews have covered the general topics of comparative aspects of
mammary preneoplasia®® and the roles of mammary tumor viruses®®
and endocrine hormones in mammary tumorigenesis.?® 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

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, RIIl), which carry the
murine mammary tumor virus (MTV*) and the nodule-inducing virus
(NIV(2526); in high-incidence mammary tumor strains, which carry GR
virus (i.e., GR/A'??); in low-mammary-tumor strains, which carry just
NIV (i.e., C3Hf®329); and in MTV-free, NIV-free mice (i.e., BALB/c®).
HANSs can be induced in susceptible strains by MTV if MTV is intro-
duced by foster-nursing,®*3® by intraperitoneal injection of cell-free ex-
tracts of virus-containing normal mammary tissues and tumors,®®3® or
by intraperitoneal injection of blood from virus-positive mice.®!3?
HANSs 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 HANSs are corre-
lated with the oncogenic properties of the inducing virus. Thus, MTV
infection leads 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 lack 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 C3HfHe 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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Table I
Tumor-Producing Capabilities of Hyperplastic Alveolar Nodules

Mean time of

Type of Tumors/ tumor appearance
Strain Transplant® MTV transplants Percentage (weeks)?
C3H HAN MTV-S, MTV-L 31/44 70 20.6
C3H NMG MTV-S, MTV-L 5/47 11 27.5
C3Hf HAN MTV-L 3129 10 45.0
BALB/cfC3H HAN MTV-S 31/38 82 29.5
BALB/c HAN? 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
HANSs (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.®® These data suggest that NIV-induced
C3Hf HANSs can be tumorigenic under specific conditions. When C3Hf
HANSs have been tested directly for tumorigenicity by transplantation
experiments, however, they have exhibited low tumor potentials.®*3>
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

HAN s can be induced by a variety of chemical carcinogens, includ-
ing 3-methylcholanthrene,®® 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.®” 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
HANSs 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 HANSs isolated from MTV-infected BALB/c mice.®® 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® Neopiasias
Neoplasms/
Strain Carcinogen (mg) HANs % DH %  total mice %
BALB/c DMBA (4) 0112 0 712 58 11/30 37
BALB/c DMBA (6) 2/30 7 2330 71 22/50 44
C3H/StWi DMBA (6) 010 0 610 60 17137 46
C57BL? DMBA (6) 1/5 20 3/5 60 11/19 58
(C57BL X DBAf)F,” Urethane (200) 0113 0 1113 85 9113 69

¢ Incidence 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)F,, 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®*” and increase
the effectiveness of MTV and NIV in inducing HANs in susceptible
strains.®>4” In BALB/c mice, nodules are very rare and appear late in the
second year of life. The morphological and biological characteristics of
HANSs induced under these conditions are very similar to those of HANs
induced by MTV and DMBA.®® 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.3?
Analogous results are found with pituitary isograft stimulation of DMBA-
treated BALB/c mice, although the morphological variant of HANSs differs
as compared with those produced by MTV.39

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®***4" and will only be
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reviewed here. The ductal hyperplasias were found in DMBA-treated
BALB/c, C57BL, (C57BL x DBAfS)F,, 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.®®*"

The other type of dysplastic lesion found in DMBA-fed mice are foci
of keratinizing alveoli, termed “’keratinized nodules.”"3%4 These le-
sions are numerous in DMBA-treated, pituitary-isograft-bearing BALB/c
mice and have limited growth and tumorigenic potential.®” 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 tumor potential
of these lesions supports similar results reported in an abstract by Liebelt
and Liebelt.“® These lesions are absent in DMBA-treated BALB/c mice
without pituitary isografts®”-3® and in 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 KN are reversible 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 full lobuloal-
veolar development, which persisted in a minority of cases after removal
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.,*® only a
few points will be discussed here. Hyperplastic lesions occur in mice,?
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rats,** dogs,“**” and humans.“®3” The predominant lesions in
DMBA-fed rats are alveolar hyperplasias similar to HANs and ductal
hyperplasias (DHs).*** The former have a very low tumor
potential,**~** and mammary tumors can be induced in the absence of
any observable HANSs.%® Recently, Haslam®® 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.®® 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 HAN's 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,®® 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 HAN's are 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.®557 Jooked at the early changes in the DMBA-treated rat
mammary glands and described DHs similar to the simple DHs de-
scribed in the mice.®®5” These hyperplasias progressed to mammary
tumors based on in situ observations rather than transplantation experi-
ments. These lesions represent a possible intermediate stage in DMBA-
induced rat mammary cancer, although Sinha and Dao®® maintain that
the majority of rat mammary tumors arise directly, rather than indirectly
from normal mammary gland. The recent description by Russo et al.®”
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“®3” 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.“*5?

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 HANSs (reaction 1) in both virgin and hormone-stimulated
mammary glands. The tumor potential 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
HANsSs (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. It omits consideration of
plaques, which are probably pregnancy-dependent tumors and not pre-
neoplastic lesions in the context of this discussion. The model considers
that one-step transformations from normal to neoplastic cells are rare.

AN

NORMAL ————» HAN ————3 NEOPLASM

XA
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A OGEN

A

———PDH —— 3 NEOPLASM
NORMAL 3D N — 5 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** in stressing multiple
pathways to mammary tumorigenesis, but is similar in stressing the
existence of discrete preneoplastic precursor populations.

3. Behavioral Properties 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 cell lines
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.”” Normal ductal and lobuloalveolar tis-
sues give rise to ductal outgrowth, whereas preneoplastic tissues give
rise to hyperplastic nodule or hyperplastic ductal outgrowths. Samples
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 cell lines.""* 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 and in vivo have a finite life span that can be
estimated by serially passaging the cells.®®%" 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.®#-6
The transplantability of normal mammary cells is not influenced by
hormones, but is decreased by increasing age of the host.®” Neoplastic
cells can be transplanted indefinitely. Preneoplastic populations,
whether alveolar or ductal, behave like neoplastic populations, since
they exhibit an indefinite division potential.®” 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 DHs.

In contrast 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 D2 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
to be 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.®® 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.®® 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 long periods of serial
transplantation.# 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 line are
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 D2, 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
tumor potential 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
longer 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 D1 produced sublines
with high tumor potentials. Similarly, high oncogenic line D2 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 Capabilities of Preneoplastic Outgrowth Lines

Preneoplastic Tumors/ TE;s

line and strain Type Origin TG” transplants Percentage (weeks)”
D1 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
Cé BALB/c Alveolar DMBA  3-11 46/83 55 48
CD-3 BALB/c Alveolar DMBA  4-8 5062 80 20
CD-7 BALB/c Ductal DMBA 4 1420 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; (TEs,) 50% tumor endpoint.



58 Daniel Medina

Table IV
Enhancement of Mammary Tumor Formation by Viral and
Chemical Carcinogens

Preneoplastic Tumors/

line Agent transplants Percentage TEso (weeks)
D1 — 10/250 4 —
D1 MTV-S 91/122 75 44
D1 DMBA® 63/89 71 28
D2 — 41/92 45 —
D2 MTV-S 43/53 81 26
D2 DMBA 32/40 80 17
c3 — 26/30 87 23
c3 DMBA 21/22 95 11
C4 — 21/25 84 32
C4 DMBA 29/30 97 13

CD-3 — 21/28 75 18

CD-3 DMBA 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 Il shows the tumor potential of several
established lines from untreated and carcinogen-treated mice. The
tumor potential ranges from a low of 12% at 12 months after transplanta-
tion to a high of 81% at 6 months. A similar range of tumor potential was
seen in ductal lines established from DHs, with HD-4 and HD-7
showing a low tumor potential 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 tumor potential is not a
fixed property 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 well as enhance tumorigenesis.

3.2. Hormonal Responsiveness

Since the hormonal responsiveness of nodule populations was ex-
tensively reviewed by Banerjee,** 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).®® 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 longer 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, “® thus overriding, under these
specific conditions, the requirement for a corticoid.

Recent experiments by Welsch and Gribler®” and Welsch®® 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%.%” The inhibition by 2-bromo-a-ergocryptine was as effective, if
not more so, than the inhibition of mammary tumorigenesis by ovariec-
tomy'(GB)

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 more diverse 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.®®%® 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.®® 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.®® 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)F, mice were shown to be



60 Daniel Medina

'8 rO®
o—a INTACT
0---0 INTACT + OVX
14
O —-0 OVX - O~ o
~ | e—aovx +EB A (5;0('0’ B
: a1 ®
<0
W
N
»
Ix 6
—
O
== (5)
\ ©
i 1
2 3 6 8

TIME (weeks after transplantation)

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.™ Two of these
tumors were investigated further, and the data are illustrated in Fig. 2.
Ovariectomy markedly inhibited growth of both small and large tumors,
and estrogen-replacement therapy stimulated tumor growth in ovariec-
tomized mice." Progesterone also stimulated tumor growth in ovariec-
tomized mice, but to a greater extent than estrogen. Recent experiments
showed that these tumors have large quantities of cytoplasmic estrogen
receptors that are translocatable to the nucleus and that exhibit a high
level of specific estrogen binding." These tumors are unlike tumors
arising in C3H mice or BALB/c mice, which have estrogen receptors that
are either untranslocatable™ or undetectable.”™ These tumors were
classified as papillary ductal carcinomas or well-differentiated ductal
carcinomas, in contrast 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." The primary antigens responsi-
ble for the immunogenicity of mammary adenocarcinomas and HANs
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are related to the MTV."%" Some MTV-positive mammary tumors con-
fer resistance in MTV-positive syngeneic hosts that is not cross-reactive
with other MTV-positive tumors.”®®” Cross-reactive and non-cross-
reactive antigenic types were also demonstrated by in vitro immunologi-
cal techniques.®”

MTV-negative BALB/c mammary tumors have been reported to be
weakly immunogenic in BALB/c mice by both in vivo®*# and in vitro®®
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®> Table V). The
latter tumors did not show cross-reactive antigens in two experiments in
vivo. Prehn® 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
HANSs. 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.”® 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 immunogenic/ Degree of
line Preneoplasia Neoplasia tumors tested (%) immunogenicity®
D1 Hormonal Spontaneous 219 (22) Weak
D1 Hormonal DMBA/MCA® 6/15 (40) Weak
D2 Hormonal Spontaneous 7114 (50) Weak
Cc4 DMBA Spontaneous 8/8 (100) Strong
C5 DMBA  Spontaneous 313 (100) Strong
CD-3 DMBA  Spontaneous 4/4 (100) Strong

“Weak: decrease in either the percentage 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.®™%® 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.®® 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 homologous tumors.

In vitro studies on the immunogenicity of MTV-negative HANs and
tumors have supported the in vivo studies sfowing 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.®?¥
These antigens were not shared by tumors derived from fibroblasts.®®
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 D1 and D2 HANSs, between D1 and D2 tumors, and between
D1-D2 tumors and MTV-induced BALB/c tumors, but not between
D1-D2 and chemically induced mammary tumors or fibrosarcomas. 489
Recent results in our laboratory showed that this phenomenon of
LNC-mediated enhancement followed by LNC-mediated resistance
applies to DMBA-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 D series of HANS.
Non-cross-reacting antigens at the HAN and tumor level have been
shown to be easily demonstrable 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 D 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 been examined recently in several systems. Studies by Martin and
co-workers®**" using transplantable tumors derived from MTV-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.®” examined the effects of similar drugs given singly, in combina-
tions, and with the nonspecific immune enhancement agent, Corynebac-
terium paroum (CP). Generally, the combination treatment was more
effective than any drug given singly.®® 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
Taylor®® reported extensive and similar results using an immunogenic,
transplantable rat mammary tumor sensitive 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 D2 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 D2. For nodule line
C4, L-PAM 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.®?

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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breast. In addition, the disease is suspected of passing through preneo-
plastic stages 48”59 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.,® and evidence has subsequently accumulated
from several sources that a variety of cytostatic drugs, particularly the
alkylating agents, are carcinogenic in both experimental animals®®*?
and humans.®® 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 lack of
effect at the higher dose levels. 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
homogeneous populations of early neoplasms, since they exhibit prop-
erties that are often intermediate between normal and neoplastic as well
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,®® 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.?® NIV-infected D1 outgrowths transplanted and maintained in
BALB/cCrgl mice continued to produce a low incidence of tumors in
comparison with MTV-infected outgrowths.® Prior infection with NIV,
however, inhibited subsequent infection by MTV.®® The mechanism
behind this inhibition is unclear, although it is possible that the inhibi-
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tion may occur at the blood level by blocking the blood stage of the life
cycle of MTV or at the cellular level 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 leads to early expres-
sion of NIV in the preneoplastic tissue."*” These data demonstrated that
both types of MTV can infect nodule tissues and enhance their tumor
potential as well as induce primary HANSs. 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 level, although MTV was
shown to infect and replicate in normal mammary tissues.**” 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,”” have undetectable levels of gp52 viral anti-
gen, ' have insignificant levels of MTV reverse transcriptase, which is
not increased by dexamethasone,"®® and have levels of endogenous
viral DNA (4 copies/genome) similar to normal intact BALB/c mammary
gland.“%* The significance of endogenous 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
endogenous MTV, NIV, and exogenous 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 ef al. "% recently demonstrated that the RNA of exogenous MTV
contains information in addition to that of the endogenous virus, al-
though McGrath et al.**® could not confirm this observation. Finally,
such information might help to explain why BALB/c preneoplasias that
contain putative endogenous MTV are infectable by exogenous 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 well 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
tumor potential 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 D1
from 10 to 62%, whereas it requires 4 mg DMBA to induce a low inci-
dence of preneoplastic lesions.**” 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 number 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 cellcell 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
levels have been examined intensively over the past decade. Experi-
ments by Sachs and Huberman,"%'*® Heidelberger and Chen,"% and
DiPaolo et al."? 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."'" 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.*!?

The possible pathways of chemical carcinogen action on the pro-
gression of preneoplastic lesions is still a matter of debate. It 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,***!'* since it has
been well documented that chemical carcinogens can alter the immune
response'!’>!'” and the functions of reproductive organs.®!819

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.*'¥ 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*!® 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) after carcinogen 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.*’® The immune response of mice treated with a car-
cinogenic dose of MCA and DMBA was measured between 1 and 100
days after carcinogen 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 immune response in 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 suppression was a significant factor in mammary tumorigenesis in
preneoplastic mammary tissue, samples of DMBA- and MCA-treated
nodule outgrowth lines D1 and D2 were transplanted into the mammary
gland free fat pads of mice already treated with 1.5 mg DMBA and MCA,
respectively. The tumor potential 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 D1
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,'*® but expressed their altered tumor
potential if whole glands were transplanted onto the abdomens of un-
treated virgin BALB/c mice*” or as small pieces into mice bearing pituit-
ary isografts."*® The relationship held even for nodule outgrowths that
were treated for 4 consecutive generations with MCA."?? The expres-
sion of the MCA-induced increase in tumor potential 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.®2?

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 D1.

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.”’?” Qutgrowths 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 to repair or regain control. The phenomenon of “transplan-
tation shock” was demonstrated in experiments by Mehta et al.*? 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."?? 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 D1 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
first generation was 43% and in the second generation, 70%.Y 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.*#!*¥ 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 pattern of mammary ducts in the rodent mammary
gland is regulated by local growth regulators produced by normal
mammary ducts.®®® Experiments have indicated that the minimum dis-
tance between ducts is 0.25 mm®®; however, normal alveoli arising in
the mammary glands of pregnant mice are not subject to such exact
regulation. HANSs, 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“*$® 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.*® In such cases, ducts can be seen to reverse
this growth path by turning 180° and to continue growing in unoccupied
space at the edge of the fat pad.”” 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 demonstrable by other means."**

In an elegant experiment by Mintz and Slemmer,"*® 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)F, 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.®*® 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 studied under a
variety of stimuli. Factors such as virus infection, virus oncogenicity,
hormonal milieu, immunological status, diet, and exogenous 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-workers"?!*” 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."*® 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.*2®
A similar procedure was used to select HAN cells from pregnancy-
dependent tumors (plaques) in GR mice, indicating the heterogeneous
nature of the plaque population.*??

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.*?*® In all experiments, the cells injected as
single cells were compared with the same outgrowth line transplanted
as small pieces (1 mm?). In nodule line D1, the tumor potential increased
from 19% (21/109) to 50% (44/88). In nodule line D2, the tumor potential
increased from 54% (46/85), with the 50% tumor end point reached at 11
months, to 74% (32/43), with the 50% tumor end point reached at 7
months. A similar increase in tumor potential was seen with nodule
lines C4 and CD-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 transplanted as 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 D1 and 83,000 cells/piece for D2, which was not significantly
different from 10° 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 mm?), 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.”"*® The similarity
of responses to different environmental stimuli was termed a “‘coordi-
nate response” by Rubin and Koide.”"*” These responses are seen in
neoplastic cells induced by chemical or viral carcinogens. Enzymes can
induce changes that mimic 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
tumor potential was examined directly in a further series of experiments.
Nodule outgrowth lines D1 and D2 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.*” 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
digestion altered 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° cells per fat pad produced 50% tumors, compared
with 19% for control implants. If 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.(125:132 Slemmer‘13? 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 class 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.**” 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.”*» 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.

Slemmer 3 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.*?® In
these experiments, normal cells were mixed in ratiosof 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.%*13%-13 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 number of cells plated initially.?3%!3® Furthermore,
normal, preneoplastic, and neoplastic mammary cells reach a common
saturation density if plated at similar initial concentrations.*3*13 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."%® 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. 12 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.®*" 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.#-5?

In another series of experiments, Banerjee et al."*® described the
induction by chemical carcinogens of nodulelike lesions in vitro under
organ culture conditions. These lesions are alveolar 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° cells/cm?)
and medium (1-2 x 10° cells/cm?) cell densities have very similar
morphology, growth patterns, DNA synthesis patterns, and saturation
densities.*33-13 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
10* cells/em?) 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.**!3® 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 13513

The development of epithelial cell junctions was examined in nor-
mal, preneoplastic, and neoplastic mammary cells in thin sections and
freeze-fractured replicas.**"!3® 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.”%"!3® 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."*® 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-microscopic®*®” and immunofluorescence***? studies
revealed that microtubules and microfilaments are often diminished in
transformed cells.

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

We have 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, morphological, and tumorigenic properties of nor-
mal, preneoplastic, 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 embryonic or fibroblast cells after transformation in vitro, it
has been extremely difficult to analyze the preneoplastic and neoplastic
transformations on a cellular basis.

5.2.1. Microfilaments and Microtubules

The staining patterns of normal mammary cells, cells derived from
D2 HAN outgrowths, and cells isolated from D2 tumors were examined
after exposure to actin and tubulin antibodies."*® 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 well 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 D2 HAN outgrowths were devoid of
staining (Fig. 6B), suggesting a reduction or loss of actin structured in the
form of microfilaments. In contrast, fibroblast cells in the same culture
stained readily. Microfilaments were also diminished in some of the
epithelial cells cultured from D2 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. 7A-C. The normal epithelial cells (Fig.
7A) usually contained a full complex of microtubules. 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. Immunofluorescent localiza-
tion of microfilaments in mammary
cells grown in vitro using an anti-
actin antibody. (a) Normal mammary
cells; (b) preneoplastic HAN cell line
D2; (c) D2 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 D2; (¢) D2 mammary tumor.
Normal cells contain a complete net-
work of microtubules, whereas
some preneoplastic and neoplastic
cells contain a diminished network.
% 600.
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surface. The number of microtubules in cells from D2 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 D1 and in three other tumors, those developing
from D1, C3, and C4 HAN outgrowths. The staining patterns 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 problem 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. Lectin 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.*” 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)."3® A recent report by Voyles and McGrath™?® 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.”*” 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."*® 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."*” While this technique had its limitations (namely, background
spontaneous 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-
ground spontaneous 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.**” 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 ug Con A/ml).
These experiments were repeated over a dozen times under different
conditions. The use of fluorescein-labeled Con A demonstrated that all
three cell types bound Con A in similar qualitative patterns and, judged
by the intensity of the fluorescein staining, at similar quantitative levels.
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 level, 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 to be 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 manner 29
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 lectin agglutination will be of limited
value in distinguishing between normal and preneoplastic mammary
cells.

5.3. Nuclear Magnetic Resonance Studies

In 1971, Damadian"*” used nuclear magnetic resonance (NMR)
techniques to study the spin-lattice (T;) and spin-spin (T,) 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 T; and T, relaxation times of water
protons. 148152 Hazlewood et al."4#15Y demonstrated a progressive in-
crease in the relaxation times of water protons for preneoplastic nodule
outgrowth lines D1 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 T, and T, 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 T; and T, 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."*® and others"*"'5¥ demonstrated that elevated
T, relaxation times occurred in uninvolved organs (i.e., spleen, kidney,
liver, and hematopoietic) of tumor-bearing mice. This ““systemic effect”
extended to the sera of tumor-bearing animals”’®*® and to human cancer
patients.1*® Beall ef al. 5" 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 T, in serum did not correlate with stress, serum iron
levels, 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.

It 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,"*® 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 Damadian et
al‘(159)

6. Biochemical Aspects

6.1. Metabolic Pathways

Since much of this area was reviewed in an excellent article by
Abraham and Bartley,"%” 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.161:162 The
levels of enzyme activities of hexokinase, phosphoglucomutase, phos-
phoglucose isomerase, phosphofructokinase, glucose-6-phosphate de-
hydrogenase (GPDH), 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 (LDH) 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 patterns 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 LDH were examined in
normal, HAN, and tumor cells. LDH-3 was greatly elevated in tumor
and moderately elevated in HAN cells. The greatest differences were
seen with GPDH, where a distinct isoenzyme, GPDH-1, was found in
HAN and tumor cells, whereas normal lactating cells showed predomi-
nantly GPDH-3 and normal virgin cells a mixture of GPDH-2 and
GPDH-3. The authors suggested that the appearance of GPDH-1 could
be used to diagnose the presence of HANs.@6®

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-



88 Daniel Medina

cinomas. Enzymes measured were aconitase, isocitrate dehydrogenase,
malate dehydrogenase, malic enzyme, and citrate cleavage enzyme."®

This analysis was extended by Bartley et al.**® 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 lactation did not alter the rate
of protein synthesis in HANs and tumor as it did with the rates seen in
normal mammary tissues.%®

In general, HAN and tumor cells had a lower rate of lactate utiliza-
tion.’® This lower rate was due to a lower absolute number of
mitochondria per gram tissue weight in HAN and tumor compared with
normal, rather than a defect in the organelle itself. In isolated mitochon-
dria, no major differences in substrate oxidation, phosphorylation, or
phosphate ion transport were observed."%

Some enzymes active in nucleic acid metabolism were studied by
Nahas et al."®® 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 change was
found in uridine kinase. In MTV-negative BALB/c mice, dihydrofolate
reductase activity increased in nodule and tumor cells. Xanthine oxidase
activity was the same in normal and HAN; both were significantly lower
than in mammary tumors.”%® 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.*®® Gantt et al.'%®
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.*%® However, a dramatic drop in the level 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.®” Bodell*¢” 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 levels of enzymatic activity. In a few in-
stances, such as GPDH isoenzyme patterns, 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 review** 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.?%-1%" demonstrated that DNA polymerase
activity and DNA synthesis in MTV-positive and MTV-free nodule out-
growth lines (D1, D1-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.”®® HAN lines D1 and
D8 also actively synthesized ribosomal precursor RNA and heterogenous
nuclear RNA, the rate being unaffected by ovariectomy, adrenalectomy,
prolonged treatment with estradiol-178 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 (D1, 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."’ 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.’’” These same hormones had no effect on casein
induction and lysine-rich histone synthesis in one of two preneoplastic
lines (D2) and tumors derived from either preneoplastic line. Line D1
responded in a qualitatively similar manner in casein induction and
lysine-rich histone synthesis as did normal mammary tissues."

6.3. Chromatin Biochemistry

A recent series of studies of the biochemical modification of chroma-
tins in normal, preneoplastic, and neoplastic mammary tissues provided
some information on the intranuclear organization, conformation, com-
position, and functional activity of chromatin subfractions.?”*1™ 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
chromatin."™ 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
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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 HANSs, 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 Normal® HAN® Neoplastic®
Morphological and physiological
Myoepithelium + + -
Apical alkaline phosphatase - - +
Mg*-dependent ATPase + + +
Virus particles (A and B) + ++ +++
Polyploid DNA - - +
NMR
T:, T, water protons (tissue) Low Intermediate High
T;, T, water protons (serum) Low Low High
Microtubules + + +
Microfilaments + + +
Con A agglutination - - —
Cell-surface junctional complexes + + +
In vitro growth
Saturation density + + +
Contact Inhibition + + +
Scanning electron microscopy:
Shape Flat Flat Flat
Microvilli [—>++ lo>++ f—>++
Growth in Methocel N.D. N.D. —>++
Transplantation
Survival + + +
Growth inhibition by cortisol N.D - +
Progressive growth - - +
Serial transplantation - + +
Mammary-fat-pad-dependent + + -
Subject to local growth regulation + + -
Hormonal dependency
Ovariectomy
Growth + +/ - -
Alveolarity + +/ - -

(Continued)
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Table VII (Continued)

Criteria Normal* HAN* Neoplastic®
Transplantation (continued)
Hypophysectomy
Growth + + -
Alveolarity + + -
Growth inhibition by hormones/antihormones
Testosterone + + -
CB-154 (antiprolactin) + +/— -
Nafoxidine (antiestrogens) + +/— -
E; receptors + +/— b
Immunogenicity - + +
Response to chemotherapeutic drugs
Melphalan N.A. m l
5-FU N.A. M |
CTX N.A. e |
vC N.A. M= -
MTX N.A. W |
Prednisone N.A. i -

4 (+) Yes or positive; (—) no or negative; (+/ —) yes for some lines, no for other lines; (N.D.) not deter-
mined; (N.A.) not applicable; (1) enhances; ({) inhibits; (1/4) 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)F, mice that arise for DHs.

¢In line C4, low dose inhibits tumor formation, whereas higher doses enhance tumor formation.

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 long 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 and in vivo and to
be continually monitored 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

The hormone-dependent nature of some human breast cancers has been
appreciated by physicians for nearly a century.®’ 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.®® It is now recognized that the first step in steroid
hormone action is the binding of the hormone to a cytoplasmic receptor
protein.® 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 spontaneous or

C. KENT OSBORNE AND MARCE. LIPPMAN ¢ Maedicine 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 Osborne and Marc E. Lippman

carcinogen-induced mammary tumors, however, suggest that insulin,
prolactin, and probably other peptides are important growth factors.® "

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 system rather 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 long-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 a serum component) masking effects of
exogenous hormone. Supporting stromal elements or specific cell-cell
orientation or density may be required for response as well. Third, al-
though the cellsin 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,™ 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.®” In 1937, a human breast carcinoma explant was maintained in
short-term organ culture for the first time.”® 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."'® Human breast tumors
continue to be 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."t® This feature does not predominate in benign human breast
tumors or in animal breast carcinomas, which grow well in culture.®®
Paradoxically, a potential advantage of the organ-culture method is that
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 limits 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."* 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.*>!® However, suprapharmacologic
concentrations of steroids (1076-10"* 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, ¥ to
produce hyperplasia of the duct epithelium,"”'® and to increase the
thymidine labeling and mitotic index.%" Other studies failed to show
any effect of insulin on cell survival or proliferation.”’**? 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.419:21:22 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.?*?> Other studies dem-
onstrated no effects of these hormones, glucocorticoids, or insulin.®5:2®

To improve on the crude survival method of determining hormone
dependence, other investigators have employed a biochemical ap-
proach. When oxygen consumption,®” glucose utilization and lactate
production,®® a variety of enzyme determinations,®32%3% or incorpora-
tion of labeled precursors into macromolecules?3-3% 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 uM. Welsch et al.® 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."V and Pasteels et al.®® 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



Hormones and Human Breast Cancer in Tissue Culture 107

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
cell line 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.®® 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 cell line was first
described in 1958 by Lasfargues and Ozzello.®® This cell line, 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 list can be compiled from literature reports of lines
sufficiently well 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 cell lines from solid breast tumor specimens,
but had considerably more success with cells isolated from pleural effu-
sions.“?

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, routine chromosomal 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®?%® 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.®*¥ This
type of morphology is particularly evident in the MCF-7 and ZR75-1 cell

*Information on these cell lines 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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Table 1
Some Human Breast Carcinoma Cell Lines in
Continuous Tissue Culture

Cell line References® ER®

From primary

BT-20 36-38

BOT-2 39

HBT-3¢ 37, 40

SW-613 *

HS 0578T * -

From metastasis?

SH-3¢ 41

MDA-MB-134 42 +
MDA-MB-157 37, 43

MDA-MB-175 42

MDA-MB-231 42

MDA-MB-330 *

MDA-MB-361¢ *

MDA-MB-415 *

CaMa 44

HBT-39¢ 45 -
AlAbf 37, 46

T-47D * +
G-11¢ 47, 48 -
SK-BR-3 48

MCF-7 49 +
EVSA-T 50 -
ZR75-1 51¢ +
HBL-100* *

BT-474 *

BT-483 *

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

®Presence (+) or absence (—) of estrogen receptor if known.

¢Indicates HeLa cell culture on basis of chromosomal banding and
glucose-6-phosphate dehydrogenase typing.©25%

?Malignant effusion unless otherwise noted.

“Isolated from solid brain metastasis.

fIsolated from solid lung metastasis.

¢This line was established by Dr. N. Young and Ms. L. Engel of the
National Cancer Institute.

"Isolated from nonmalignant breast secretions.

lines, whereas the MDA-MB-231 line tends to have longer spindle-
shaped cells without striking acinarlike formation. When the MCF-7
cells are grown on artificial capillaries®*> or in sponge culture,®® 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. X850. (B) Histological section of pleural effusion clot from which the
MCF-7 cell line was derived. Seen are clusters of epithelial cells forming a lumenlike
structure by necrosis of the central portion. Pyknotic cells are also observed. A fibrin clot
surrounds the neoplastic component. X850. (C) MCEF-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. X4000.
(E) Vertical section through a cluster of cells. X2000. Supplied by J. Russo, Michigan
Cancer Foundation.
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Cancer Foundation. Fourth, the mammary origin of a cell line may be
suggested by the detection of milk proteins such as casein or
a-lactalbumin. All four cell lines in Table II synthesize small amounts of
a-lactalbumin by both enzymatic and radioimmunoassay.“™***® 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 cell lines accumulates casein when measured by
a sensitive radioimmunoassay,®” and small amounts of a-lactalbumin
have been found in several non-breast-cell lines including the HBT-39
and G-11 now known to be HelLa contaminants.®” 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 levels were elevated
in about 10% of samples from breast cancer patients and 50% of samples
from patients with colon cancer.®” Thus, the presence of proteins
thought to be specific for the differentiated mammary gland does not
ensure the mammary nature of a cell line. 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 cell line, 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.%®

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,®®
have been shown to influence some breast cancer cell lines in culture.
The four cell lines 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 cell line contains receptors for and responds
to several hormones at physiologic concentrations. Furthermore, the
mammary and epithelial nature of a cell line 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 limits. 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 located lumen. This structure is attached to the collagen. X600.
(D) Cross section of a pseudoacinar structure in which the lumen contains cell detritus and
a necrotic cell (far right). Microvilli and junctional complexes are located at the outer
surface. Supplied by J. Russo, Michigan Cancer Foundation.
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sue and strains of HeLa cells are devoid of these proteins. HeLa cell
contaminants such as the G-11 do possess glucocorticoid receptors.“”
Hormone-receptor assays are becoming widely available and should
provide additional markers for comparisons between established breast
cancer cell lines and the original tumor from which they were derived.

In summary, although breast cancer cell lines 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 cell lines.

3.2. Effects of Estrogens and Antiestrogens

For nearly a century, the ovarian-dependent nature of breast cancer
has been appreciated. As noted by Stoll,'” 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.”” 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.® first
demonstrated estrogen receptor in an established breast tumor cell line,
MCEF-7. The binding protein had an equilibrium dissociation constant
(Kq) of 2.5 nM, and the number of cytoplasmic binding sites approxi-
mated 60 femtomoles (fmol) [?H]-178-estradiol bound/mg cytosol pro-
tein. Identification of estrogen-receptor protein in the MCF-7 cell line
was confirmed later by Horwitz et al.®” and Lippman et al.®*® Receptor
assays performed by sucrose density gradients,’”” protamine sulfate pre-
cipitation,®” or dextran-coated charcoal®® revealed receptor concen-
trations similar to that described by Brooks (60-100 fmol bound/mg pro-
tein), but with a lower K; (0.06-0.7 nM). Sucrose density gradients run
in low-ionic-strength buffer at 0°C showed an 8 S peak of [*H]estradiol
binding (Fig. 3) similar to that reported by Horwitz et al.®” This binding
peak was shifted to about 4 S when the gradients were performed in 0.4



Hormones and Human Breast Cancer in Tissue Culture 115

500 T T T
A
400 |- BSA 1
5x 10°M °H-E,
300 g
(]
3
Q.
(8]
200 | +5x106M
,~ " Tamoxifen
/
+5x107ME,
100 |- 4
. 1 1
BOTTOM 10 20 30 TOP
20% 5%

FRACTION #

Fig. 3. Sucrose density gradients of cytoplasmic estrogen receptor from MCF-7 human
breast cancer. The gradients shown in this figure were done under low-salt conditions.
(BSA) A '“C-labeled bovine serum albumin marker. Complete methodological details are
supplied in Lippman et al.*”

M KCl,%?” which may indicate receptor-subunit dissociation at high ionic
strength. In any event, both binding peaks of [*H]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 CI628] 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.*%:¢?
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Fig. 4. Competition of various unlabeled compounds with [*H]estradiol for cytoplasmic
receptor sites in MCF-7 human breast cancer cells. (5« DHT) 5a-Dihydrotestosterone; (DES)
diethylstibestrol. Complete methodological details are supplied in Lippman et al.®®

We have been able to identify estrogen receptors 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 cell lines that have been reported to contain estrogen receptor
(see Table I). We do not know whether this paucity of estrogen-
receptor-positive cell lines 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-
ous 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 endogenous 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, ®»
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 ZR75-1 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 uM, 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

40 ~
30 -
Estradiol 108 M
e
x
]
é 20 |-
] Control
10}
Tamoxifen 107M

Day
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.®®
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estrogen receptor, is observed with several antiestrogens,®® and can be
reversed by the addition of 10-fold less estradiol as late as 48 hr after the
addition of tamoxifen.*

Previous unsuccessful efforts to demonstrate an estrogen effect in
human breast cancer cells in vitro may have resulted from endogenous
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 levels frequently approach 1.0 nM in commercial sera prepa-
rations,® 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.51-66:6” 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 levels that remain

36 hr later [*H]thymidine was
added to each well. After 1 hr
cells were harvested and incor-
poration measured as described
in Lippman et al.®?

100~
> g Fig. 6. Effects of estradiol and
8 2 8 tamoxifen on growth of MCF-7
<3 + ES;T(;EA'\E'NOL ESTRADIOL 10 _7M human breast cancer cells main-
o CONTROL +TAMOXIFEN 10 M tained in complete medium con-
xQ taining 10% fetal bovine serum.
g ‘; 50 + TAMOXIFEN Hormones were added to repli-
w2 107M cately plated dishes of cells and
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Fig. 7. Effects of various estrogens on amino acid incorporation in MCF-7 human breast

cancer cells. (E,) Estrone; (E,) estradiol; (E;) estriol. Complete methodological details are
supplied in Lippman et al.'6®

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 [*H]estradiol-binding
sites is proportional to their potency in stimulating thymidine incorpora-
tion (Fig. 8 and Table III). Estradiol is 4-5 times more potent 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 analysis,
the affinity of the receptor for estradiol is about 10-fold higher than that
for estrone and estriol.®® Nevertheless, estrone and estriol are capable
of maximally stimulating macromolecular synthesis. Since estriol is not
converted in these cells to estradiol or estrone, we conclude that estriol
has potent estrogenic activity in these human breast cancer cells.®®

These data may have important clinical ramifications. Estriol has
been considered an estrogen antagonist for many years.®® In addition,
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Fig. 8. Competition of various unlabeled estrogens with [*H]estradiol for cytoplasmic
binding sites in MCF-7 human breast cancer cells. Complete methodological details are
supplied in Lippman et al.*®

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.®® 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.”® Our
studies indicate, however, that estriol is not an estrogen antagonist but a
potent agonist in human breast cancer cells in culture. Recent data from
Clark et al."™ 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 is a potent 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 [*H]Estradiol
Binding and Stimulation of Thymidine Incorporation
by Estrogens in MCF-7 Cells®

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

Inhibition Stimulation of
Estrogen of binding thymidine incorporation
Estrone 7 X 10°° 1.5 x 10710
Estradiol 2 x10°° 0.3 x 1071
Estriol 10 x 107 6.0 x 10710

“Results are means of triplicate determinations.

levels or the administration of pharmacologic doses of estrogen will both
induce tumor regression in about one third of cases.” The mechanism
of this latter effect is not known, although like the former, it is correlated
with the presence of estrogen receptor.” 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 178-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 178-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 Physiologic and Pharmacologic Estrogen
on Human Cancer Cells in Culture

17B-Estradiol” 17a-Estradiol”

Cell line ER’ 1.0 nM 10 uM 1.0 nM 10 uM
MCEF-7 + ) l - {
ZR75-1 + ) l - !
MDA-MB-231 - - ) - !
EVSA-T - - ! - !
HeLa - - | - |

«Stimulation (1), irhibition ({), or no effect (—) on macromolecular synthesis or growth.
®Presence (+) or absence (—) of estrogen 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-cell lines including HeLa
cells; and (3) it is observed with a relatively inactive estrogen. Kiang and
Kennedy"?® recently suggested in a preliminary presentation that high
concentrations of estrogen can block nuclear translocation of cytoplas-
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.”™ 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 64677
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.®*#7-" Interestingly, in the apparent absence of
estrogen, antiestrogens inhibit DNA synthesis in these cells below con-
trol levels, suggesting that they are capable not only of blocking estrogen
effects, but also of inhibiting cellular processes themselves. Since anties-
trogens can bind to estrogen receptor and translocate it to nuclear
sites,"*™® 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
estrogen receptor exists in these cells as suggested by Zavaet al.,™ 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 hormone is not absolutely
necessary for the growth or maintenance of this cell line. In our hands,
the cells grow well, although not optimally, in medium supplemented
with insulin and serum treated with charcoal to remove steroid and
probably many peptide hormones. Zava et al.™ 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. We have 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,) estradiol (10-8M); (I) insulin (0.1 unit/ml). Methods are similar to those
supplied in Lippman et al.®”

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%%® and occasionally up to 6-fold. We have 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.™ 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 endogenous 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. If 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.™
Documentation that some human breast cancers in vivo contain free
nuclear estrogen receptor might have important therapeutic implica-
tions.™

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.®” The rate of PH]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 178-
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.®® 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 K; similar to that
seen with cytosol extracts at 0°C (about 0.6-0.8 nM).“” 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 endogenous estrogen in serum would tend to shift the
dose-response of these cells to the left, away from the binding curve.
Similarly, if residual estrogen acted as a competitive inhibitor of binding
of radiolabeled estradiol, it would tend to shift the binding curve to the
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Fig. 10. Comparison of estradiol binding to whole MCF-7 human breast cancer cells with
induction of thymidine kinase activity and increases in thymidine incorporation. Methods
may be found in Monaco et al.®®

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.®® 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®” and that carcinogen-induced rat mammary car-
cinomas are inhibited by pharmacologic doses of androgen®® 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
level 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. We have examined the interaction of androgens with
human breast cancer cells in culture to determine whether these hor-
mones exert a direct biological effect.

We have demonstrated that growth of the MCF-7 cells is enhanced,
not inhibited, by pharmacologic concentrations (up to 1.0 uM) of 5a-
dihydrotestosterone (DHT).®*#® This is illustrated in Tables V and VI.
5a-DHT stimulates thymidine incorporation by more than 100% in the
experiment shown, whereas the less active isomer 58-DHT is ineffec-
tive. Two antiandrogens, R2956 (178-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 uM. Similar data are obtained when net protein

Table V
Relative Effects of Androgens and Antiandrogens
on Thymidine Incorporation in MCF-7 Cells®

Thymidine incorporation

Hormone® (% change)
Control 0
5a-DHT + 128
58-DHT +9
R2956 — 46
Cyproterone acetate - 36

“See Lippman et al.®¥ for details.
® All hormones used at a concentration of 1.0 uM.
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Table VI
Effect of Androgens and Antiandrogens on
the Growth of MCF-7 Breast Cancer

Cell number X (107%)

Day Control 5a-DHT? R2956°
0 55 55 55
2 62 72 61
4 65 73 58
8 62 85 42

?Values represent the mean of replicately plated dishes.
® Concentration of 0.1 uM added on day 0.

synthesis is measured. Growth stimulation by androgens at these
concentrations is not as striking as that 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 leucine 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 uM. A
rapid fall-off of precursor incorporation is seen with concentrations
greater than 1.0 uM, 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 58-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.%” and
Lippman et al.®® 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.®” 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 [PH]-DHT binding is observed with androgens and an-
tiandrogens and to a lesser extent with progesterone and 178-estradiol.
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Antiestrogens compete only at extremely high concentrations. The an-
tiandrogen cyproterone acetate competes less well 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
estrogen receptor in the MCF-7 cells (refer to Fig. 4 and Horwitz et al.6?),

A saturation curve and Scatchard plot of DHT binding in MCF-7
cells reveals a limited-capacity, high-affinity receptor (K; = 8.7 x 107!
M) (Fig. 14). This dissociation constant approximates that found by
Horwitz et al.®® 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 0°C) and biological response assay (whole cells at
37°C) were performed. When binding studies were repeated using these
latter conditions, however, the dissociation constant was not altered
significantly.®® Second, metabolism of DHT to inactive analogues might
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Fig. 14. Binding of PH}-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.**”

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 PH]}-5«-DHT or
[BH]testosterone.® 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.® In contrast to our results shown in Fig.
4, they showed in a previous study that 100-fold excess DHT inhibited
[*H]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.®
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 mediated via the estrogen receptor. Although these preliminary
data await confirmation, they suggest that the effect of androgens on the
MCEF-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.®” Resolution of these ap-
parent disparities awaits further investigation.

3.4. Effects of Glucocorticoids and Progesterone

The mammary gland is thought to be a target tissue for glucocor-
ticoids and progestins.® 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.®”’ 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.®® detected significant levels
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.®® With this in mind, we investigated the interaction
of glucocorticoids and progestins with human breast cancer cells in tis-
sue culture.®”8® 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 cell line contains
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Fig. 15. Effects of various hormones on [*H]thymidine incorporation in ZR75-1 human
breast cancer cells. Detailed methods are described in Lippman ef al.‘

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 uM) has no effect. A more detailed dose-response curve
of the effect of several steroid hormones on the rate of [*H]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 1la-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 uM.
Leucine incorporation into protein and net protein synthesis are rela-
tively unaffected for up to 48 hr in DEX.®” 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 [*H]thymidine incorporation in MCF-7 human
breast cancer. Methodological details are supplied in Lippman et al.®” The shaded area
represents thymidine incorporation in control cells = 2 S.D.

viously showed.®” Furthermore, the EVSA-T cell line 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-
mones was expected. By sucrose density gradients®*®” or the dextran-
coated charcoal assay,®” 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 single class of receptors with a uniform K; of about
2.4 nM, similar to that reported by Horwitz et al.®” (Fig. 17). Binding-
specificity studies demonstrated that the ability of various glucocor-
ticoids to compete with [PH]-DEX binding (Table VII) closely parallels
their ability to inhibit thymidine incorporation as shown in Fig. 16. DEX
is the most potent competitor, followed by cortisol and cortexolone. As
expected, the inactive 11a-cortisol and tetrahydrocortisol do not com-
pete for PH]-DEX binding. Of interest is the observation that progestins
compete significantly with [PH]-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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Fig. 17. Binding of [PH]dexamethasone to glucocorticoid receptor from MCF-7 human
breast cancer. The data shown are replotted in the inset using the Scatchard technique
prepared by computer-assisted methods.”"'” Methods are to be found in Lippman et al.®®
Other methods are to be found in Lippman et al. "

Table VII
Ability of Various Steroids to Inhibit the Binding
of [°H]Dexamethasone or [°H|Progesterone®

Relative inhibition of binding

Hormone [*H]Dexamethasone [*H]Progesterone

Glucocorticoids

DEX ++++ +

Cortisol +++ -

Cortexolone ++ +

11a-Cortisol - -

Tetrahydrocortisol - -
Progestins

R5020 +++ ++++

Progesterone +++ ++++
Androgens (DHT) + ++

“Data adapted from previously published binding specificity
Smdies'(ﬂﬁ.sﬂ
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ever, does not induce a detectable biological response in the MCF-7
cells, yet it too competes for [PH]-DEX binding nearly as well as cortisol.
Double reciprocal plots of specific binding of *H]-DEX to receptor with
various concentrations of progesterone or R5020 (inhibitor) indicate
competitive inhibition by these steroids for a common binding site®®®
(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.®” Thus, progestational agents appear
to bind to glucocorticoid receptors in human breast cancer in vitro.

Characterization of the binding of [*H]progesterone to receptor in
the MCF-7 cells is more complex. When binding was initially examined
using relatively low concentrations of progesterone, a single saturable
high-affinity site was observed.®” Binding-specificity studies (Table VII)
showed that [PH]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
[PH]progesterone for the glucocorticoid receptor (see below). The results
of the specificity studies reviewed in Table VII are nearly identical with
those reported previously.®”

When studies of [PHl]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.,*® 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."'” Methods for
quantification of these binding components are described in Buller et al. ®®
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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).%®
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 PH]-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 [*H]progesterone binding in the presence of cortisol
reveals noncompetitive inhibition (Fig. 21).

In summary, some human breast cancer cell lines 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 al. #8118
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Fig. 20. Double-reciprocal analysis of specific binding of [PH]dexamethasone to receptor
from MCF-7 human breast cancer cells in the presence of various concentrations of R5020

(shown beside each curve). Specific binding was measured and analyzed as described by
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Fig. 21. Double-reciprocal analysis of [*H]progesterone binding to specific receptor sites
from MCF-7 human breast cancer cells in the presence of various concentrations of un-
labeled cortisol (concentration shown beside each curve). Specific binding was measured
and analyzed as described by Lippman et al.®” and Aitken and Lippman.*'”
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MCEF-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 tumor response in vivo to
these hormones 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.®® 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.®" 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 hormones bind 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 levels 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 more rational 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.® In addition, proliferation of
certain animal mammary carcinomas has been shown to be insulin-
dependent.®?%® Heuson et al.*® 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.®?
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Similar results were obtained with explants of these tumors in organ
culture.®®

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.®® 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.*® 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 cell lines has recently been intitiated.

Physiologic concentrations of insulin are mitogenic for the MCF-7
cells (Table VIII).®® 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 cell line, whereas the MDA-MB-231 and EVSA-T lines did
not respond to insulin (see Table II).*"%® 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).©6:99-100 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-

Table VIII
Effect of Insulin on the Growth of
MCF-7 Human Breast Cancer®

Cell count (x 107*)

Insulin
Day Control 0.1 nM 10 nM
0 40 40 40
1 55 80 85
3 140 220 265

“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 Osborne.*®
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Table IX
Effect of Insulin on Macromolecular and Fatty Acid
Synthesis in MCF-7 Human Breast Cancer®

[*H}Precursor incorporation (% above control)

Insulin

concentration (M) Thymidine Uridine Leucine Acetate
5 x 1071 48 36 22 12
1 x 107 75 42 39 22
5 x 1071 85 45 40 34
1 x 107° 95 66 46 41
1x10°8 120 122 50 37

2 Insulin was added to cells maintained in serum-free medium. Labeled thymidine, uridine,
and leucine incorporation into acid-insoluble material, and acetate incorporation into
hexane-extractable material were measured as described previously.®10?

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.®” 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.®®1°%10 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 until 10-15 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.**?
Preliminary observations in our laboratory 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 to be primarily
a posttranscriptional effect.’?” Results obtained on the effect of insulin
on protein and fatty acid synthesis in the MCF-7 cells support this no-
tion (Table X).®61% With concentrations of actinomycin D sufficient to
inhibit new RNA synthesis by 90%, no inhibiting effect is seen on insu-
lin stimulation of leucine incorporation into protein or acetate incorpora-
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Table X
Effect of Actinomycin D and Cycloheximide on
Insulin-Induced Leucine and Acetate Incorporation
in MCF-7 Human Breast Cancer

Leucine Acetate
incorporation® incorporation®
Insulin (alone) 50 100
+ Act D® 48 100
+ Cycloheximide® 0 120

“Values given are percentages above control for [*H]leucine and [**C]-
acetate incorporation after 8 hr in insulin. Details can be found in Osborne
et al.®*® and Monaco and Lippman 1%

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

¢ Cycloheximide, 20 ug/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 [**C]thymidine
and [PH]uridine and harvested at the time shown.
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Fig. 23. Time course of the effect of insulin on the ["*C]Jthymidine 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 leucine incorpora-
tion is inhibited significantly with cycloheximide, the effect of insulin on
acetate incorporation is again unchanged (Table X). Finally, [*PH]water
incorporation into fats is also enhanced by insulin (Fig. 24), although the
fold of stimulation is less than with ["*Clacetate. 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.®%1°® Basal levels 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 (E;) and 5«-dihydrotestosterone (DHT),
previously shown to stimulate growth of the MCF-7 cells, do not influ-
ence acetate incorporation into fats. Furthermore, iodothyronines (Ts),
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
cell lines 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.®1-9798:109 Eyrthermore, 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 cell line, MCF-7, is also the most active insulin
degrader. To demonstrate binding adequately in these cells, bacitracin, an
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Fig. 24. Effect of insulin on incorporation of either PH]water or ["*Clacetate into hexane-
extractable fatty acids in MCF-7 human breast cancer cells. Detailed methods are provided
in Monaco and Lippman, ©®10%
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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 [***I}insu-
lin binding to a degree roughly proportional to their capacity to stimu-
late glucose oxidation in adipocytes.”® 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,® 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-
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Fig. 25. Effects of various hormones on incorporation of [*Clacetate into fatty acids in
MCEF-7 human breast cancer cells. (C) Control; (I) insulin, 0.1 U/ml; (T;) triiodothyronine,
1078 M; (DEX) dexamethasone, 1077 M; (hPL) human placental lactogen, 10 ug/ml; (E,)
estradiol, 107M; (P,) progesterone, 10°’M; (DHT) 5a-dihydrotestosterone, 10® M. De-
tailed methods are provided in Monaco and Lippman. %199
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Fig. 26. Specificity of [**I]insulin binding. Cells (3 x 10° ml) were incubated with ['#*]}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, ®), chicken insulin (CI, A), porcine proinsulin (PI, O),
guinea pig insulin (GPI, O), 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.**® Prolactin does have, however, a major
role in growth and development of rodent mammary glands® and
breast carcinomas.” 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."*® In addition, pharmacologic inhibi-
tion of prolactin secretion in patients with breast cancer does not result
in significant tumor regressions."%!% As described in Section 2.2,
studies of the effect of prolactin are inconclusive. Kleinberg™?® 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 cell lines using a variety of lactogenic
hormones including human and ovine prolactin, human placental lacto-
gen, and human growth hormone (unpublished observations). This
could suggest true prolactin independence in the human tumors from
which the cell lines were derived, or, alternatively, 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 Brooks!? 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 endogenous 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 level in the MCF-7
cells. Serious methodological difficulties preclude full interpretation of
their data.

3.6.2. Epidermal Growth Factor

Epidermal growth factor (EGF) is a polypeptide hormone that
stimulates growth in fibroblasts and rodent mammary epithelial cells in
culture.**1% Although an effect of EGF on rodent or human breast
cancer has not been reported, Stoker et al.*'* 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.'® Whether
these factors are important in the growth regulation of human tissues in
vivo and, particularly, human breast cancer remains to be 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 Hormones

The mammary gland has also been thought to be a target of thyroid
hormone action based on its growth-promoting and lactogenic effects in
rodent mammary glands."'® In a preliminary report, Burke et al.*® stud-
ied the effect of iodothyronines on the MCF-7 breast cancer cell line.
They found that physiologic concentrations of triiodothyronine (Ts) in-
creased the growth rate of these cells. Furthermore, similar to the results
described earlier for prolactin, T; 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 cell lines have
already provided new information concerning 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 areas that 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. Some 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 most fundamental 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."1® 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 these additional factors. Eventually, this should
lead 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 cell lines might
permit identification of new biological markers of interest as well as
allow a greater understanding of regulation of production rates of these
materials. Alternatively, these cells might provide a useful starting point
for purification of human steroid receptors. While several cell lines con-
taining estrogen receptor are available, it is possible that variants could
be developed that have vastly increased levels of receptor. A general
method of selection that might be suitable was recently developed.2®
Similarly, these or newly derived cell lines should be suitable for more
detailed attempts to identify specific oncogenic viruses or viral products.

Finally, it should always be borne in mind that a tumor in vivo is a
complex organ made up of numerous elements in addition to tumor cells
themselves. It is critical to study the mechanisms by which tumor and
host interact. Thus, angiogenesis factors, collagen-promoting activity,
and other biochemical concomitants of the morphology of tumors need
to be explored. These studies might well lead to alternative strategies
limiting tumor growth independent of direct tumor-cell kill itself.
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KATHRYN B. HORWITZ AND WILLIAM L. McGUIRE

1. Biological Activities of Antiestrogens

1.1. Introduction

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.”” 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 action in human breast cancer cells in tissue culture.

1.2. Estrogenic and Antiestrogenic Properties 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-
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Fig. 1. Structure of estradiol and some nonsteroidal antiestrogens.
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triphetol (MER-25), nafoxidine (U-11, 100A), clomiphene, tamoxifen (ICI
46,474), and CI 628.

Because estrogen antagonists were originally developed as anti-
fertility agents,® 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 to be estrogenic.*'® They induce vaginal cornification'’-'"
and are uterotrophic. Antiestrogens can double uterine weights of
ovariectomized rats or mice*'?; the uterine epithelial ultrastructure re-
sembles that of the estrogen-stimulated tissue."® Antiestrogens increase
PH]leucine incorporation and protein synthesis,*®'* increase mitosis
and DNA content,®!%>17 increase RNA polymerase activity,"® and
increase glucose metabolism."® 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,%® Katzenellenbogen,®1%21:22 and
Rochefort.®® After single doses of antiestrogens, purely estrogenic re-
sponses are observed. In immature female rats, a single injection of
nafoxidine"®?*?® or other antiestrogens” 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 activity’® and DNA and protein synthesis,®® 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."” Curiously, low doses (5 ug) of nafoxidine are more potent
estrogens than high doses (50 ug), 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,"® 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,®® 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.?* 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-
ond estrogen dose fails to enhance weight above that seen after the first
dose, if the second is given too soon after the first.®”

In sum, estrogens and antiestrogens are remarkably similar in the
first 2448 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."*!” Since progesterone can modify the uterine response to
estrogen,®*%? its ability to modify responses to estrogen antagonists
should not be surprising. To further complicate matters, proges-
teronelike effects have been described for nafoxidine.®" Antiestrogens
may also have androgenic activity® and interact with androgen recep-
tors.®® Furthermore, antiestrogens can have direct effects on ovaries
and pituitaries.®®

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.®® 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



Antiestrogens in Breast Cancer 159

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 Antiestrogen 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®® though not universally ®® 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.®” 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,®® 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,® which in hypertonic buffers in vitro is temperature-
dependent, and is accompanied by an increase in sedimentation rate to
55.49The 4 S to 5 S transformation may occur while the receptor is still
in the cytoplasm,“® although there is also evidence that transformation
occurs only after steroid-receptor complex is in the nucleus.“? In any
case, estrogen, bound to a 5 S receptor essentially indistinguishable
from the cytoplasmic receptor, can be extracted from the nucleus.“?
According to the basic “two-step” model,*® 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'*** and others'*®
have demonstrated unfilled ER sites in the nuclei of tumor cells in cul-
ture and in vivo.“"*® These free receptors bind estrogen directly, and
may possess biological activity even in the absence of estrogen.“®

The fate of the ER-hormone complex in the nucleus is unclear, but
several nuclear components, including DNA,“*5” nuclear proteins,®"
ribonucleoproteins,*® and nuclear membranes,®® have been proposed
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as acceptor sites. It is possible that more than one site is involved in
these interactions.®* 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®® 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 earliest effect is
regulation of gene transcription following a rise in polymerase activ-
ity.1®3% 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.®?

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. Antiestrogen Effects on Estradiol Levels

Although there are reports that antiestrogens inhibit ovarian hor-
mone secretion,®® there are considerable data showing that antiestro-
gens do not decrease circulating estradiol levels. Tamoxifen induces rat
mammary tumor regression without affecting circulating prolactin or
estradiol.®® Patients with breast cancer whose tumors are responding to
tamoxifen have unchanged plasma estradiol and prolactin levels,®®
while menstrual cycles in premenopausal women are unchanged.®?
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 estradiol levels, they appear
able to suppress estradiol-induced effects on the pituitary. Nafoxidine®?
and tamoxifen®® have been shown to antagonize the estradiol-induced
increase of prolactin secretion by a direct action on pituitary prolactin-
secreting cells.®?

Interestingly, antiestrogen treatment failures in humans may be as-
sociated with increased estradiol levels.®%® 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 levels
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after some antiestrogen treatments,®¥ and could also explain why
tamoxifen may be more effective at low doses than at high doses in
promoting breast-tumor regression. %66

Very little is 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.®” Antiestrogens can also stimulate
microsomal enzymes and accelerate the metabolism of estrogens. (-9

2.3. Antiestrogen 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 turnover rates of
antiestrogens and the role of metabolism in controlling both extracellular
and intracellular antiestrogen levels. Studies from Katzenellenbogen's
laboratory ®%'¥ 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."® 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;
alternatively, 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.®?

We have 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 PH]tamoxifen, and then analyzed the nature of the products ex-
tracted from the cells. Figure 2 shows the LH-20 elution patterns of
ethyl-acetate-extractable radioactivity from medium incubated with or
without cells, 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 medium breaks down 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 pattern of extractable radioactivity from media and cells treated with
[PH]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. It 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. Antiestrogens and 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 [*PH]estradiol
to its receptor by in vitro competition studies at equilibrium has been
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repeatedly demonstrated,”>" providing many data on comparative
binding affinities and hypothetical structure-activity relationships. For
the most part, the conclusions have not been sustained®”™ 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 ER binding sites."" For example, in
both rat and human mammary tumors, competition for specific recep-
tors and depression of 8 S binding peaks have been demonstrated.'"-5?
From competitive inhibition studies, it was concluded that antiestrogens
bind to the same site as estradiol.®” Others, however, have proposed
that antiestrogens are noncompetitive inhibitors. Hahnel et al.," 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 Rochefort and Capony,®” 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 [?PH]dimethylstilbestrol has an 8 S sedimentation
constant when complexed to ER,®? but studies with [*H]tamoxifen fail
to show such a peak, giving rise to the theory that the receptor-
antiestrogen complex is an impaired form."® Like the binding of tamoxi-
fen, that of [*H]cortexolone (an antiglucocorticoid) is only to a 4 S form
of the glucocorticoid receptor, while binding of [PH]triamcinolone
acetonide is to 8 S receptor.®®

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 S and acquisition of nuclear binding capacity.®®
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.®® This model is derived from an allosteric
receptor system proposed for glucocorticoid regulation of the tyrosine
aminotransferase enzyme,®® 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.®” Similarly, Jordan®® postulated that the
tamoxifen-ER complex may undergo an imperfect transformation.

According to Ruh and Ruh,®® 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,™ 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 label in the receptor assay.

There are several possible fates for antiestrogen-bound cytoplasmic
receptor (Rc). First is the possibility that antiestrogens are not bound at
all; this is untenable in light of considerable in vivo and in 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 Rc may be bound at sufficiently high doses, only part of the
bound receptor is translocated. Katzenellenbogen and Katzenellenbo-
gen®® 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 [?H]estradiol. One explanation for
this is that antiestrogen-filled sites are less readily translocated, leaving
untranslocated receptor to which [PH]estradiol binds. Our data and
those of others,®!®% 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.*%% The re-
quirement of high dose and extended time may be explained by either
slowed antiestrogen entry into cells, lowered affinity of antiestrogens for
Rc 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 Rc is paralleled by appearance of
approximately equal amounts of nuclear receptor bound to the anties-
trogen.6-22:90:90 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 al.,"” 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.®® Until [PH]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°C.

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.®>*® 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.“® This atypical,
long-term nuclear retention of ER after antiestrogen treatment has been
repeatedly confirmed for nafoxidine®®2?*%" and for a variety of other
antiestrogens, including other triphenylethylene derivatives23.90:91.99
and clomiphenes,®? as well as for long-acting derivatives of estriol.®!¥

According to Capony and Rochefort,*® 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 %-9”; hyperemia*"-*®; amino
acid and nucleotide uptake!'31¥; activation of RNA polymerases I
and II"®; RNA, lipid, and protein synthesis®"*% (including stimu-
lation of a specific “induced protein”**”); and increased glucose
metabolism.?"-%6-%¢ Late responses measured 24 hr after hormone admin-
istration include true uterine growth (cellular hypertrophy and
hyperplasia), '8 2-deoxyglucose phosphorylation,® increased mitotic
activity and DNA synthesis,"*!*"” and sustained RNA polymerase I and
IT activity.”®

Compounds that are capable of inducing late responses also induce
early ones. The reverse, however, is not true, %% 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 Rc, act as partial estrogen antagonists.® This type of an-
tagonism is distinctly different, however, from that brought about by
antiestrogens. Clark and co-workers showed that estriol (E;, 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 RnE; 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."® If, however, E; is adminis-
tered so as to maintain continuously high blood levels,"*#” 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 together (see Section 1.2).

To explain this paradox, it has been suggested that different nuclear
binding sites exist for ER and antiestrogen-receptor complexes, or that
binding of the antiestrogen-receptor complex to chromatin is somehow
atypical. Several investigators®*19-1% 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 kinetic studies of estradiol dissociation rates’®” and exchange
rates.1%®

In contrast, antiestrogens bound in the nucleus form only the
weaker salt-extractable species of ER at all times studied (1-24 hr).®1%
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."* 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.?? Other studies similarly show that a
complete estrogen response cannot be achieved if antiestrogen treat-
ment precedes the estrogen injection.®%132024 This is in contrast 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.®'? 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. Not all antiestrogens are potent estrogens after a single injec-
tion; MER-25 has negligible effects on uterine weight, at doses that bind
and translocate Rc.?® 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 lead 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 Rc.
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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.®%7 More recent studies®*?**? show that one reason com-
pounds may be effective estrogen antagonists is that they keep Rc levels
depressed. Eventually, however, Rcis replenished, and this replenished
receptor can be retranslocated. Thus, the antiestrogenic potency of a
compound depends in part on the time required for Rc replenishment.
This time varies with the injection regimen®® and dosage’®!® em-
ployed. Antiestrogenic potency may additionally depend on the amount
of Re replenished. Varying studies show replenishment to be greater
than,®3? equal to,"%® or less than®® controls. When injected together
with estradiol, antagonists inhibit normal replenishment."% Although
usually no detectable levels of Rc’s are seen during the first 24 hr of
antiestrogen treatment, and very little second estradiol response can be
elicited,®9-222? administration of radioactive estradiol at this time does
result in appearance of radioactivity in the nucleus.®® This may mean
either that there is replenished receptor in the cytoplasm, which is not
measured in cytosol assays but which is translocatable, or alternatively
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 Ferguson®® con-
cluded that since the Rc resynthesized after antiestrogen is biologically
ineffective after secondary translocation by estradiol, there must exist
nuclear responses that are inhibited much longer than Rc 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,"% and antiestrogens may inhibit the actions of estro-
gens through an effect on cAMP levels. 19

It is also possible that steroids at high concentrations may have
nonspecific, toxic effects on cells"'? that need not involve a receptor
mechanism. High doses of estrogens, in contrast to low doses, inhibit
macromolecular synthesis in human breast cancer cell lines containing
negligible ER levels” and induce solid tumor regression.1? 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.*1®

Furthermore, if we define antiestrogens as compounds that an-
tagonize the actions of estrogens, the natural steroids (progesterone,
androgens, estriol) would be included. Progesterone and to a lesser
extent testosterone prevent the full Rc restoration above control levels
normally seen after estrogen treatment®%3% and result in lowered
uterine weight. This inhibition may be directed to only certain types of
cells in a target tissue.""?%?9:%® 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.

It is not clear that a single unifying concept to explain antiestrogen
action will be possible or even correct. The problem 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. It 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.?? Cidlowski and Muldoon™ point out, for instance, that di-
methylstilbestrol (DMS) is antiestrogenic even though it effectively
elicits depletion and replenishment. It could be argued, however, that
DMS exhibits all the properties of a weak estrogen and, like E;, may not
be a true antagonist.®?

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 together 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 contrast 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 Rc 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. Antiestrogens 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.** Chlormadinone acetate, a
progestin with antiestrogenic properties, either inhibits or stimulates
[PH]estradiol uptake into normal glands in culture, depending on admin-
istration schedule."*® In considering these results, it should be recalled
that normal nonlactating mammary tissue contains little or no ER.

3.2. Antiestrogens and Mammary Tumor Induction

Estrogens have a dual, dose-dependent effect on mammary tumor
induction and growth. Large doses inhibit tumor development!® and
suppress growth of established tumors."'”!*® 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.'1%: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,"* 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 women 20 years later."??

In the mammary gland, most studies show that antiestrogens inhi-
bit tumor formation.®!113:123-120 Eyen compounds such as estriol that
are not usually considered antiestrogens but that nevertheless inhibit
estrogen action also suppress tumor formation.“*?” Nafoxidine and a
structurally related antiestrogen, U23,469, inhibit both formation of pre-
neoplastic nodules and their transformation into tumors.®12® Since the
7,12-dimethylbenz(a)anthracene (DMBA)-induced mammary tumor is
considered to be estrogen- and prolactin-dependent,®*-120-128 the an-
titumor effects of nafoxidine have been ascribed to inhibition of prolactin
secretion.®” Interestingly, nafoxidine inhibits tumorigenesis in mam-
mary preneoplastic nodules that are not suppressed by ovariectomy,*'®
suggesting perhaps the existence in these nodules of free, biologically
active estrogen receptors that can be antagonized by antiestrogens. Such
a mechanism was proposed by Zava et al.“** to explain growth suppres-
sion by antiestrogens of breast tumor cells in culture, in the absence of
estradiol. Alternatively, 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.“>!?® Another antiestrogen,
RU16117 (11a-methoxyethinyl estradiol), completely prevents appear-

ance of DMBA tumors at doses that normally stimulate plasma prolac-
tin'(124,125)

3.3. Antiestrogens 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 hormone(s) required for
growth is prolactin, estradiol, or both.
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Prolactin has been implicated as the major growth-promoting
hormone, 2139 since for short duration it supports mammary tumor
growth in the absence of a pituitary, ovaries, and adrenals.”"?%'*” On the
other hand, estradiol may in turn regulate mammary responsiveness to
prolactin, 2® so that estrogens appear to be essential, but not sufficient
for tumor growth (for a review, see McGuire et al. *3”). In endocrine-
ablated rats, some tumors, nonresponsive to prolactin alone, resume
growth when given prolactin-estrogen combinations.*?? Of interest is
the fact that antiestrogens can similarly rescue such tumors. Nafoxidine-
prolactin combinations can restore growth of prolactin-insensitive
tumors,'?” suggesting an estrogenlike effect for nafoxidine in this case.
Manni et al.*3® 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.®3¥
On the other hand, not all tumors regress."*” Furthermore, nafoxidine
may have growth-stimulating properties in ovariectomized rats,3%
which may be an expression of its estrogenic activity. When U23,469 is
used at very high doses (250 ug/day), it elicits regression in almost all
tumors. The time course of regression is similar to that obtained with
ovariectomy.?® Tamoxifen!s:123:135136 and CI 628"3713% 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.**13® Such doses
either have no effect on*® or enhance™ prolactin levels. 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."?#13® Thus, it would seem that the
growth-suppressive effects of this antiestrogen, as well as others, may
not require parallel suppression of prolactin.

De Sombre and Arbogast'®” 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."***? 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 of 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,119:120-126:140.142-145) thoyugh ER relationship to hormone de-
pendence is not as clear.?!%14-149 [n human tumors, the presence of ER
correlates with both hormone dependence and tumor regression follow-
ing endocrine therapy.4®

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 (['*C]clomiphene) accumulates in mammary
tumors,"*? and that the specific binding of [*H]estradiol could be inhib-
ited by nafoxidine and clomiphene.”3® The 8 S estrogen binding in
tumor cytosols is suppressed in vitro by unlabeled tamoxifen,*%12%14D
even when the antiestrogen is present at relatively low doses (5 nM).**®
In vivo binding of [PHlestradiol is also suppressed by tamoxifen pre-
treatment.

Antiestrogens translocate ER to tumor cell nuclei. Rc levels virtually
disappear after chronic antiestrogen treatment.*%%!4? Doses of RU16117
that stimulate tumor growth have no effect on Rc levels, while high
doses that induce tumor regression lower Rc.?%¢13% 123,469 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."?®

The time courses of receptor redistribution in DMBA-tumor cells
after estradiol (5 wg) or tamoxifen (100 wg) injection are quite dif-
ferent."4%159 At 30 min after estradiol treatment, Rc 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 Rc. In fact, in the first4 hr, a
slight (10-20%) depletion is quickly followed by an increase in Rc above
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controls. Persistent depletion is not seen until 24 hr, and 48 hr is needed
for 95% of Rc 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 looks at total cell receptor levels 48 hr
after treatment with estradiol, receptors in the cytoplasm have returned
to control levels. After tamoxifen treatment, total cellular ERs are ex-
tremely low. Receptors are absent from both cytoplasmic and nuclear
compartments,>® an effect that is distinctly different from that seen
with U23,469.729 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 lead to tumor
regression. Apparently, tumor-inhibiting doses are those capable of
suppressing Rc levels. Currently, the data are inconsistent regarding the
levels of nuclear receptors at these doses. Other aspects of antiestrogen
effects on tumors have been largely ignored. What is the behavior of ER
during spontaneous or estrogen-induced escape from antiestrogen sup-
pression described by De Sombre and Arbogast3”? Although an auton-
omous cell line could arise during antiestrogen suppression, accounting
for spontaneous escape, it is more difficult to envision a mechanism of
estrogen-induced escape if cell receptors are completely depressed as in
the studies of Nicholson et al.149:15

Total cell receptors, as well as receptor distribution, are different
after ovariectomy-induced regression compared with antiestrogen-
induced regression.'*® In ovariectomy-induced regression, total tumor
ER levels are high, consistent with estrogen absence (see Section 5.3).
After regression due to U23,469,"% however, total receptor levels de-
crease markedly. We find such low, or processed, levels 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 well be that antiestrogen-induced regression is analogous to that
induced by high-dose estrogens, though no studies contrasting these
two methods of achieving tumor regression have been done.
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4. Antiestrogens 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.**® 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 of the female 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)
levels at low doses, and has the opposite effect at high doses.”"*" 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”®; nafoxidine inhibits
at low doses, and has no effect at high doses.”*® Thus, in sexually
mature females, the role of antagonists may shift from antiestrogenic to
estrogenic or antigonadotropic, depending on dose.®® 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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levels are not changed by tamoxifen,® while follicle-stimulating hor-
mone (FSH) and LH are decreased.®®>% In premenopausal women,
tamoxifen has no effect on LH and only slight effect on FSH; however,
estradiol levels are markedly elevated while prolactin levels are de-
pressed.®®® Increased LH and FSH secretion is thought to explain the
usefulness of tamoxifen in the treatment of oligospermia.*> :

Morgan et al.**%1% 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.® found little differences in response rate. Since more
postmenopausal than premenopausal women have positive tumor
ER,® 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 cases’®® in
which it appears to be estrogenic; vaginal cytology in postmenopausal
women is transformed from atrophic to estrogenic during treat-
ment."*%15® 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.®? 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. 52

4.1.3. Effects on Estradiol

While Golden et al.®®” reported that plasma estradiol levels are un-
changed by tamoxifen, Willis et al.®® found that during tamoxifen
therapy, estradiol levels 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 Manni et al.,®” estradiol levels 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.®” found prolactin levels unchanged,
Willis et al.®® found that tamoxifen distinguishes between two popula-
tions of patients. Prolactin levels in patients with normal basal prolactin
are not 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
levels.

4.1.5. Effect of Dose

Though Ward "% found relatively little difference in response be-
tween two doses of tamoxifen, studies from two other groups®* 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, 1222426 and they may be differentially an-
tigonadotropic as well (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. If the latter, then at
high doses, the circulating compound may consist largely of hydroxy-
lated metabolites, the properties of which may differ considerably from
those of the parent compound.®®” Cytoplasmic ER replenishment may
also differ considerably at different doses."% 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).

Terenius"?® 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 levels of ER. In
human tumor cytosols derived from biopsy specimens®” or cells in tis-
sue culture,” the 8 S binding of estradiol is suppressed by tamoxifen.
Garola et al."®*® showed that in a tumor that contains appreciable Rc
before treatment, chronic clomiphene-induced remission is accom-
panied by complete loss of cytoplasmic ER. Thus, as in experimental
animal tumors, in humans, there is some evidence that the ER system
mediates antiestrogenic effects. As a corollary, 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 action at sites other than the tumor.

4.3. Tumor Response to Antiestrogen Therapy

Despite these potentially modifying influences, antiestrogens have
been almost uniformly found to be efficacious in the treatment of breast
cancer. The cumulative response rates from a number of studies are
summarized in Table I. Their effectiveness equals that of other additive
or ablative endocrine procedures.*® It must be kept in mind, however,
that with few exceptions, 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 endocrine status may critically de-
termine which biological activity an antagonist may display.

Although antiestrogens are undoubtedly useful in treatment of
breast cancer, it is difficult, if not impossible, to derive clues to the
mechanisms involved from a review of the endocrine effects. The follow-
ing section is a brief review of our studies on estrogen and antiestrogen
action in cultured human breast cancer cells with the eventual goal of
understanding some of these mechanisms.

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

5.1. Introduction

Though antiestrogens are widely used for treatment of a variety of
malignancies’® and endocrine disorders,"*%'%” their mechanism re-
mains unclear. The major reason for this failure has been the lack of a
suitable model. In the first place, the responses of the sexually immature
or ovariectomized adult animal may not resemble those of the intact
cycling adult. Second, most studies have been done using single or
pulsed doses of hormones. This procedure fails to reproduce conditions
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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.""#%%3™ 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 cell line, MCF-7,%7® has been
maintained in long-term tissue culture, contains receptors for all four
major steroids known to influence breast cells,"”"'™ and is estrogen-
responsive."™ 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.”™ The free precipitated Rc
binds [PH]estradiol directly’”; salt-extracted free and bound Rn’s are
measured directly (free, 4°C binding) or by exchange (bound, 30°C bind-
ing).+4-%9 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

We have found that estrogen receptors in MCF-7 cells have an un-
usual subcellular distribution.®**> These cells contain unfilled (free) nu-
clear estrogen receptors (Rn’s) (Fig. 3), in addition to the usual cytoplas-
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mic sites (Rc’s). The presence of Rn’s in MCF-7 cells was first indirectly
suggested by the experiments of Brooks et al.,"™ who found that after
cells were incubated at 0°C with [*H]estradiol for 1 hr, the radiolabel was
located in the nucleus. While they believed that estradiol had translo-
cated Rc at 0°C, according to our data, an alternative explanation is that
[PH]estradiol binds directly to unfilled sites present in the nuclei of un-
treated cells. Unfilled nuclear ER sites can also be demonstrated in solid
human breast tumors#”*® and in other tissue culture cell lines.“® How-
ever, receptors for other steroid hormones, though present in the cyto-
plasm, are not found free in nuclei of MCF-7 cells.

5.3. Effects of Estrogen Treatment

5.3.1. Receptor Redistribution

Rc can bind estradiol and translocate it into the nucleus simultane-
ous with direct binding of estradiol to Rn. Thus, within 1 hr after expo-
sure to estradiol (Table II), Rc disappears from the cytoplasm and reap-
pears in the nucleus as part of RnE. Rn binds E directly to become RnE,
so that virtually no unfilled sites (Rc or Rn) remain within a short time,
and total cellular receptors are in the nucleus in bound form.
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Table II
Translocation of Cytoplasmic Receptor and Direct
Binding of Estradiol to Nuclear Receptor®

pmol/mg DNA
Untreated Estradiol-treated
Rc (4°C) 0.391 0.021
RcE (304°C) 0 0.028
Rn (4°C) 1.322 0.057
RnE (37-4°C) 0 1.492
TOTALS 1.713 1.598

? Cytosol and nuclear salt extracts were prepared from untreated intact
confluent MCF-7 cells and after 1 h of exposure to radioinert estradiol
(estradiol-treated). Receptor content was determined by direct bind-
ing and exchange of [PH]estradiol using the single-dose protamine
assay. Unoccupied cytoplasmic (Rc) and nuclear (Rn) sites were de-
termined by direct uptake of [*H]estradiol into receptor-protamine
precipitates at 4°C. Estradiol-occupied cytoplasmic (RcE) and nuclear
(RnE) sites were assessed by the difference in total sites (30 or 37°C)
and unoccupied (Rc or Rn) sites. From Zava and McGuire.”

5.3.2. Processing of Nuclear Bound Estrogen Receptors

If the cells are exposed to estradiol for longer periods of time (from 5
hr to several days), further changes are manifested by decreases in total
nuclear receptor levels. Table III shows the effect of different, continu-
ous concentrations of estradiol on the compartmentalization and total
levels 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 Synthesis®

Rc Rn RnE Total Processed PgR
Control 1.79 1.80 0.22 3.81 — 0.25
102M E, 1.61 1.57 0.09 3.27 0.54 0.56
100"M E, 0.99 1.44 0.18 2.61 1.20 0.69
107"°M E, 0.28 0.49 0.69 1.46 2.35 117
10°M E, 0.02 0.21 0.97 1.20 2.61 1.25
10°M E, 0 0.17 0.98 1.15 2.66 1.10
10'M E 0 0 1.13 113 2.68 1.09

“Cytosol and nuclear extracts were prepared from MCE-7 cells treated with varying doses of
estradiol for 4 days. ER receptor content was determined by direct binding and exchange of
[PHlestradiol using the single-saturating-dose protamine assay. Unoccupied cytoplasmic (Rc)
and nuclear receptor (Rn); occupied nuclear receptors (RnE). Progesterone receptor (PgR)
measured by dextran-coated charcoal assay.
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creasing doses of estradiol, there is progressive depletion of Rc and Rn.
At 107° M, only 15% of cytoplasmic sites remain unfilled, and virtually
complete depletion occurs at higher doses. Rc does not remain in the
cytoplasm in bound form (RcE, 30°C incubation; not shown) or in cyto-
plasmic organelles (0.6 M KCl extract of high-speed pellets). We conclude
that Rc translocates to the nucleus while simultaneously Rn sites fill, so
that all receptor is in the nucleus in bound form (RnE).

The receptor is then processed in a dose-dependent fashion. At the
lower doses, though Rc and Rn decrease, there is little accumulation of
occupied nuclear receptors (RnE). Instead, total cellular receptors (Rc +
Rn + RnE) are progressively lower. At the higher estradiol doses, free
cytoplasmic and nuclear receptors are entirely depleted, but total recep-
tor levels (as RnE) are only 30% of total cell receptor present in controls.

One interpretation of these effects is that at low doses, all RnE
formed from both Rc and Rn is rapidly utilized or processed in a sub-
sequent step to a steady-state level that is dependent on dose. The
number of RnE sites that can be processed may be limited, however, so
that RnE formed at higher doses remain unprocessed.

5.3.3. Kinetics of Estrogen Receptor Processing

The processed receptor levels seen in Fig. 4 were measured 4 days
after start of treatment. If processing is an essential step in genome

Fig. 4. Estrogen-receptor levels in MCF-7 cells treated 10 min or 1-24 hr with unlabeled
estradiol. Receptors measured by single-dose protamine sulfate exchange assay. (R¢) unfil-
led cytoplasmic receptor; (Ry) unfilled nuclear receptor; (RyE) filled nuclear receptor; (To-
tal) Rc + Ry + RyE.
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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, Rc and
Rn are no longer 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,®” or a redistribution of receptor within nuclear binding sites
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of differing affinities’®® or specificities,® or sequestration of receptor to
sites inaccessible to salt extraction.®*10?

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.®°® This may mean that without continuous stimulation, once
activation occurs RnE function ceases so that it is degraded®® and Rc
resynthesized. It has also been proposed, however, that continued bind-
ing and action of estrogens is required to elicit a sustained hormone
response.?”*® Similarly, the ability to stimulate uterine weight by an-
tiestrogens or weak estrogens correlates with the time of nuclear-
receptor occupancy.®*® 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 level and that continued stimulation
may be required to activate the genome and maintain synthetic function.

Both Rc 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
estrogen 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,®-%%57102
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
levels represent the sum of receptor synthesis, translocation, and pro-
cessing. This may be much lower than receptor levels that are potentially
present in the unstimulated cell or that the cell is capable of synthesiz-
ing. It is such processed levels of receptor that are being measured in
biopsied human tissues.

5.3.5. Estrogen Receptor Distribution during Replenishment

Processed receptor levels seen during estradiol treatment return 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), Rc and Rn disappear, and total receptor levels fall ap-
proximately 70% and are found in the nucleus as RnE. Receptor levels
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Table IV
Cytosol and Nuclear Receptor Distribution in Untreated,
Processed, and Receptor-Replenished Cells®

Receptor (pmolimg 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

“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 determined by direct binding and exchange of [PHJ-
estradiol using the single-saturating-dose protamine assay. Unoccupied
cytoplasmic (Rc) 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 unchanged during the entire 12-day course of estrogen
treatment. In cells 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
cell ER cannot be explained by loss of E from the nuclear receptor fol-
lowed by redistribution of the newly emptied sites. Instead, both cyto-
plasmic receptors (Rc) and nuclear receptors (Rn) are clearly being syn-
thesized de novo, and this synthesis is reflected in the restoration of total
cellular ER. Since hormone withdrawal serves as a trigger of Rn reap-
pearance, it seems unlikely that its nuclear localization is a result of
translocation from the cytoplasm after ligand binding. The possibility
remains that after synthesis of new receptor in the cytoplasm, some of
the molecules, by an unknown mechanism, move to the nucleus.

Table IV summarizes receptor distribution in untreated, processed,
and replenished cells. In the last, final Rc levels are below control
while Rn levels have returned to control. Totals are also the same as
controls, and the difference is in the high levels of RnE remaining in cells
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 biological significance is by demonstrating parallel,
estrogen-induced responses. Progesterone receptors (PgRs) are specific



Antiestrogens in Breast Cancer 187

products synthesized in the uterus under the control of estrogen.™® 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.®™
Table IIl 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 Rc 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 Antiestrogen 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.*™® 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 uM. At1uM, however, tamoxifen is a potent 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 uM tamoxifen can be prevented by simultane-
ous incubation of cells with estradiol (Fig. 7); estrogen doses 10- to
100-fold lower than tamoxifen completely reverse the inhibition. The
antiestrogenic 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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Fig. 6. Growth of cells treated with insulin, hydrocortisone, or prolactin (C) alone, or
together with tamoxifen (Tam) at 107® or 107"M.

Fig. 7. Rescue of tamoxifen-inhibited growth and PgR synthesis by varying doses of es-
tradiol.
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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 wM) 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 rang