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We p r o p o s e  t h a t  the  m o l e c u l a r  h e t e r o g e n e i t y  o f  e s t r o g e n  r e c e p t o r s  (ER)  in b r e a s t  t u m o r  cells  
c h a r a c t e r i z e d  by  t he  p r e s e n c e  o f  m u t a n t  r e c e p t o r  f o r m s ,  g e n e r a t e s  the  c e l l u l a r  h e t e r o g e n e i t y  e v i d e n t  
w h e n  p r o g e s t e r o n e  r e c e p t o r  (PR)  o r  D N A  p lo id y  a r e  a n a l y z e d  in cell  s u b p o p u l a t i o n s .  F u r t h e r m o r e ,  i t  
is l ikely  t h a t  c e l l u l a r  h e t e r o g e n e i t y  leads  to  the  lack o f  u n i f o r m i t y  in r e s p o n s e  to  t a m o x i f e n  t h a t  we 
h a v e  d e s c r i b e d .  We f ind  t h a t  h e t e r o g e n e i t y  o f  P R  d i s t r i b u t i o n  a n d  D N A  p lo id y  re f l ec t s  t h e  ex i s t ence  o f  
m i x e d  s u b p o p u l a t i o n s  o f  b r e a s t  c a n c e r  cells t h a t  a r e  s u b s t a n t i a l l y  r e m o d e l e d  u n d e r  the  i n f luence  o f  
t a m o x i f e n .  I t  a p p e a r s  l ikely  t h a t  r a t h e r  t h a n  be ing  " r e s i s t a n t " ,  d i f f e r en t  subse t s  o f  cells  c an  be  
i n h i b i t e d  o r  s t i m u l a t e d  by  t a m o x i f e n  a n d  t h e i r  s u p p r e s s i o n  o r  o u t g r o w t h  a l t e r s  t h e  p h e n o t y p e  o f  the  
t u m o r .  P R  h e t e r o g e n e i t y  in sol id  t u m o r s  o f  p a t i e n t s  m a y  p r e d i c t  f o r  such  a m i x e d ,  a n d  p o t e n t i a l l y  
d a n g e r o u s ,  r e s p o n s e  to  a n t i e s t r o g e n  t r e a t m e n t .  S i m i l a r l y ,  t he  m o l e c u l a r  h e t e r o g e n e i t y  r e s u l t i n g  f r o m  
the  p r e s e n c e  o f  two n o r m a l  P R  i so types  can  l ead  to  i n a p p r o p r i a t e  r e s p o n s e s  to  p r o g e s t e r o n e  
a n t a g o n i s t s  in  c e r t a i n  genes  o r  cell  types .  Th ese  agon i s t - l i ke  r e s p o n s e s  a r e  due  to  c o o p e r a t i v e  
i n t e r a c t i o n s  b e t w e e n  the  r e c e p t o r s  a n d  o t h e r  t r a n s c r i p t i o n  f ac to r s .  As we l e a r n  m o r e  a b o u t  t he  
h e t e r o g e n e i t y  o f  PR ,  E R  a n d  o t h e r  p r o t e i n s  in t u m o r s ,  we m a y  be ab le  to  r e c o g n i z e  such  l e tha l  cell  
s u b p o p u l a t i o n s ,  o r  c o m b i n a t i o n s  o f  r e g u l a t o r y  f ac to r s .  Spec i f ica l ly ,  w i th  r e s p e c t  to  t a m o x i f e n ,  o u r  
d a t a  sugges t  t h a t  i ts use as a c h e m o p r e v e n t a n t  in w o m e n  at  h igh  r i sk  o f  d e v e l o p i n g  b r e a s t  c a n c e r  
[Kiang,  J. Natn.  Cancer Inst .  83, 1991, 462-463] s h o u l d  be  v i ew ed  w i th  cau t i o n ,  s ince  in  the  p r e s e n c e  o f  
t a m o x i f e n  s u b p o p u l a t i o n s  o f  cells  m a y  a r i se  t h a t  a r e  s t i m u l a t e d ,  r a t h e r  t h a n  i n h ib i t ed ,  by  t h e  d rug .  
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INTRODUCTION 

Faithful expression of genetic information is lost in 
tumor  cells due to the formation of spontaneous cell 
variants. In breast cancer, this evolution is marked by 
progression of tumors from hormone-dependent ,  
through hormone-responsive, to hormone-resistant 
states. Many resistant tumors no longer express 
estrogen (ER) and progesterone receptors (PR) and this 
may be the basis for their hormone resistance. How- 
ever, half of all advanced breast cancers are receptor- 
positive, yet they too fail to respond to antiestrogen 
therapy. Both the cellular heterogeneity that mark 
progression of the disease, and the hormone-resistance 

Proceedings of the X V I  Meeting of the International Study Group for 
Steroid Hormones, Vienna, Austria,  28 Nov.-1 Dec. 1993. 

that characterize the end-stages of the disease, have 
been long-standing clinical problems that are slowly 
yielding to basic research focused both on solid tumors 
taken directly from patients, and on breast cancer cell 
lines derived from such tumors. How mutant ER serve 
as one mechanism for development of resistance is 
discussed below. It is suggested that subpopulations of 
tumor cells can be stimulated, rather than inhibited, by 
antiestrogens like tamoxifen. Recent work with normal 
PR showing conditions in which progesterone antagon- 
ists too, can have inappropriate, agonist-like effects is 
also described. These PR models represent additional 
mechanisms that may explain the hormone-resistant 
state. It is suggested that many "resistant" tumors are 
not simply ignoring the hormone antagonist treatment; 
instead, in these tumors, the hormone antagonist has 
become stimulatory rather than inhibitory. 
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ER 

T h e  molecular biology of ER has been extensively 
explored in recent years. The i r  c D N A  was indepen- 
dently cloned and sequenced f rom M C F - 7  breast can- 
cer cells by Green et al. [1] and Greene et al. [2] and 
the ER gene was cloned and analyzed 2 years later [3]. 
T h e  protein is comprised of 595 amino acids within 
which K u m a r  et al. [4] distinguished 6 functional 
domains identified by the letters A through F. The  A/B 
domains contain regions that regulate the transcrip- 
tional function of the proteins. The  C domain contains 
two DNA-b ind ing  zinc fingers and is the region of the 
protein that binds to the estrogen response element 
(ERE). Mutat ions  in this port ion of the protein change 
its affinity for D N A ,  resulting in suboptimal,  or com- 
plete loss of D N A  binding. The  hormone-binding  
properties of the receptors map to region E by muta-  
genesis analysis. Since these two functions, D N A -  and 
hormone-binding,  are carried out by separate parts of 
the protein,  they are to some extent independent.  Thus ,  
it is possible to have variant receptors that can bind to 
D N A  with limited affinity without first binding hor- 
mone,  and vice versa [4, 5]. Three  additional special- 
ized regions of steroid receptors have also been 
identified: a nuclear localization signal, a heat shock 
protein (hsp 90)-binding region, and a dimerization 
domain. T h e  nuclear localization signal, located down- 
stream of the DNA-b ind ing  domain, is a region of the 
protein that must  be present  for the receptor to remain 
within the nucleus in the absence of ligand [6]. I t  has 
been identified in PR and is presumed to be similar in 
ER. T h e  hsp 90 appears to bind to regions in the 
hormone-b ind ing  domain of some steroid receptors 
when ligand is absent, and its binding is believed to 
prevent  receptor dimerization and DNA-b ind ing  [7]. 
Ligand activation leads to hsp 90 dissociation, and 
monomer  dimerization in solution [5]. T h e  dimeriza- 
tion domain that mediates this interaction between two 
ER molecules has been localized to the carboxy- termi-  
nal end of the hormone-b inding  domain [8]. A weak 
dimerization domain may also be present  in the second 
zinc finger of the DNA-b ind ing  domain [5]. Additional 
sites for heterologous prote in-prote in  interactions may 
also be located in the hormone binding domain [9] and 
covalent modifications by phosphorylat ion [10] further  
enhance the complexity of  these protein molecules. 

M O L E C U L A R  H E T E R O G E N E I T Y :  ER 

Several reports of  naturally occurring mutant  or 
variant ER forms have recently appeared [11]. In 
addition, polymorphic  forms of the ER gene have been 
described [12-14]. T h e  majori ty of these genetic 
changes are found in introns, which do not directly 
encode the m R N A ,  or in turn,  the protein. Of  interest 
is the recent report  by Keaveney et al. [15] identifying 
an alternative ER m R N A  which appears to be the 

pr imary transcript present in the human uterus, as 
opposed to the breast cancer line MCF-7 .  This  tran- 
script is alternatively spliced in the 5"-untranslated 
region, and has an additional exon with two small open 
reading frames ups t ream of the alternative splice s i te  
Although the receptor proteins encoded by these two 
types of messages are identical, the nucleotide se- 
quences which flank the translated regions are differen~ 
and are likely to lead to differential regulation of the 
protein depending upon which type of message pre- 
dominates in the tissue in question. Equally interesting 
is a truncated ER message specific to pituitary cells 
[16]. This  deletion involves the translated region and 
presumably encodes a variant receptor, although ex- 
pression of the protein has not yet been documented.  
Thus ,  in normal cells, the regulation of ER genc 
transcription, and even ER protein structure, may bc 
tissue-specific. 

M u t a n t  E R  in sol id  tumors  

Turn ing  to malignant cells, there is now mount ing 
evidence to show that in addition to silent mutat ions 
and regulatory heterogeneity, mutat ions in ER exons 
exist that would influence protein structure and protein 
function. Garcia et al. [17, 18] identified a polymorphic  
variant in the B region of ER m R N A  in some human 
breast cancer biopsies. This  variant has since been 
correlated with lower than normal levels of  hormone-  
binding activity, and prel iminary evidence suggests 
that women who are heterozygous for this variant have 
a higher proport ion of spontaneous abortions than 
those who are homozygous at the same locus [19]. 

Wild- type ER m R N A s  from several normal and 
malignant tissues and species are reported to be ap- 
proximately 6.2 kb in size. However ,  Dotzlaw et al. [20] 
have identified truncated ER-like m R N A s  in human 
breast cancer biopsy samples by Nor thern  blotting. 
These  messages appear to lack significant portions of 
the 3' region including the hormone-binding domain. 
By polymerase chain reaction (PCR) amplification of 
m R N A  from breast tumor  specimens, Fuqua et al. [21 ] 
have also identified mutant  forms of ER missing part 
of the hormone-binding  domain due to deletion cq 
exons 5 and 7. These  mutants  are an alternatively 
spliced form, capable of constitutively activating tran- 
scription of an ER-dependent  gene, or of dominantly 
inhibiting the activity of wild-type ER. P C R  amplifica- 
tion was also used to identify a mutat ion in the D 
domain of ER m R N A  expressed in a murine trans- 
formed Leydig cell line, B-1 F [22]. The  functional 
significance of these mutat ions has yet to be fully: 
explored but they clearly suggest mechanisms by which 
mutant  receptor forms can subvert  the activity of 
wild-type forms, when both are coexpressed in the 
same tumor  cell. 

T h e  weakness in all these analyses is the assumption 
that message variants reflect protein variants. While 
this may indeed be the case, until recently, given the 
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immunologic  tools currently available, no mutant  pro-  
teins had been detected. This  may have been rectified 
by two studies in which gel shift assays were used to 
examine the ability of  tumor  ERs to bind an ERE 
[23, 24]. T h e  studies show that some tumors  containing 
abundant  immunoreact ive ER failed to demonstrate  
DNA-b ind ing  ER, or the DNA-b ind ing  ER forms 
appeared to be truncated,  or they were immunologi-  
cally ER-negative but  positive by the mobili ty shift 
assay. Based on these prel iminary data, the prevalence 
of non -DNA-b ind ing  ER forms or of  truncated ER 
forms among ER or PR-posi t ive tumors  may exceed 
50%; a significant number  whose structural analysis 
may become a critically important  prognostic tool. 

M u t a n t  E R  in breast cancer cell lines 

ER play a critical role in the development,  pro-  
gression and hormone-responsiveness  of  breast can- 
cers. The i r  structural analysis, by methods like those 
described above, can be used to generate functional 
predictions. Alternatively, a product  of  ER action can 
be monitored,  and PR have served this role for many 
years [25]. In all estrogen/progesterone target tissues, 
estradiol is required for PR induction. This  relation- 
ship holds true for breast cancers [26] and led us to 
propose that the presence of PR could be used as a tool 
to predict  the hormone dependence of human  breast 
tumors.  Thus ,  a tumor  that contains PR would, of  
necessity, have a functional ER. This  idea has in 
general been borne out by studies which show that 
ER-posit ive tumors  that also have PR are much  more 
likely (75%) to respond to hormone treatment  than 
tumors  that are ER-posi t ive but PR-negat ive (35%) 
[25]. These  studies also identify a small group of 
puzzling tumors  that are ER-negat ive but PR-posit ive 
and have a higher response rate than is usually expected 
of ER-negat ive tumors.  They  are puzzling because 
according to dogma such tumors  should not exist. 
Thus ,  either PR synthesis in these tumors  is entirely 
independent  of  ER, or a variant or other unmeasured 
form of ER is stimulating PR synthesis. 

In  1978, while measuring the steroid receptor con- 
tent of  a series of  cultured human breast cancer cells, 
we found one cell line, T47D,  that had no soluble ER 
by sucrose density gradient analysis, yet had the 
highest PR levels of  any cell line surveyed [27, 28]. 
These  cells seemed to be ideally suited to study this 
ER-negat ive but  PR-posi t ive paradox. 

We subsequently found that a subline, which we 
called T47Dco, did have ER, but they were in a 
permanent ly  activated state in the nucleus. The  ER 
were not sensitive to the action of estrogens, suggesting 
that the estrogen regulatory mechanism was defective 
at a step beyond the initial interaction of the ster- 
o id-receptor  complex with DNA.  T h e  PR levels were 
also insensitive to estradiol or to antiestrogens but  were 
synthesized in extraordinary amounts  and were func- 
tional. Additional studies suggested that the PRs re- 

tained characteristics of  inducible proteins. Thus ,  we 
suggested that persistent nuclear ER were constitu- 
tively stimulating PR, even in the absence of exogenous 
estradiol [29, 30]. Recently, the tools became available 
to test this conjecture. T w o  c D N A  libraries were 
constructed from T47TDco cells, that yielded clones 
consistent with wild-type ER, plus several mutant  ER 
c D N A  clones [31]. One c D N A  would encode a putative 
mutant  protein lacking the nuclear localization signal 
and hormone-binding domains of  ER. Another  ER 
c D N A  clone appears to be an RNA-process ing  inter- 
mediate or splicing error and contains ~ 1 kb of intron 
5 linked upstream of exon 6. Three  clones were found 
with insertions in exon 5. T h e  inserts contain at least 
two blocks of  direct repeats of  --~ 130 nucleotides termi-  
nating in A residues that are 70-85% homologous to 
the human alu family. One clone has a point deletion 
in the hormone-binding  domain just ups t ream of the 
end of exon 5. This  leads to a frame-shif t  and a 
translation termination 7 codons later. This  mutant  
c D N A  would encode an ER truncated in the middle of  
the hormone-binding  domain at aa 417, with a unique 
7 aa COOH-te rmina l  end. Such a protein could be 
constitutively active. T w o  independent  clones were 
isolated having an identical in-frame deletion. These  
cDNAs would encode a mutant  ER of 442 aa instead 
of the normal 595 aa, having a 153 aa deletion from the 
end of the DNA-b ind ing  domain C, through the hinge 
region D, to the mid-hormone-b ind ing  domain E. T h e  
deletion originates in the sequence encoding the puta-  
tive nuclear localization signal (aa 256-263; R - K - D - R -  
R - G - G - R ) .  However,  the aa sequence encoded by the 
deletion mutant  ( R - K - D - R - N - Q - G - K )  preserves 4 of  
the 5 basic aa residues of  the wild-type sequence. 

We do not know whether  the abnormal proteins are 
expressed. Gel mobili ty shift analyses of  T47Dco nu- 
clear extracts show considerable amounts  of  specific 
ERE-binding  proteins which neither comigrate with 
wild-type receptors, nor  are supershifted by ant iER 
antibodies. The  identity of  these proteins is still under  
investigation. However,  based on deletion mutagenesis 
analyses [5], we can begin to predict the consequence of 
the cells of mutant  ERs. Especially in T47Dco sublines 
with hypertetraploid subpopulations (see further  be- 
low) which contain 4-5 alleles of  the ER gene [32], cells 
having a mixture of wild-type and mutant  receptors 
could coexist. Heterodimers  of  the wild-type and mu-  
tant monomers ,  having dominant  positive or dominant  
negative activity [33], could override the estrogen re- 
quirement  of  the wild-type receptors. This  would result 
in ER-posit ive but estrogen-resistant cells; a phenotype 
that describes 50 % of hormone-resis tant  breast cancers. 

CONSEQUENCES OF MUTANT ER: 
CELLULAR HETEROGENEITY?  

T h e  consequences of  this molecular diversity in ER, 
may reach beyond issues of hormone-dependence,  to 
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the broader problems of tumor progression and cellular 
heterogeneity that also characterize advanced breast 
cancer. Cellular heterogeneity has usually been as- 
sumed to exist within tumors, but has been difficult to 
demonstrate. The  concept is, however, important, 
since it means that in practice, the clinician must treat 
not just one tumor, but a variety of possibly heteroge- 
nous, subtumors. Is it possible that heterogeneity of 
ER among cells can lead to heterogeneity of cells among 
tumors? While the analyses of ER described above have 
led to the discovery of variant receptor forms, the 
methods cannot answer a fundamental question. Do all, 
or only some of the cells carry the variants? Moreover, 
wild-type ER are always present together with the 
variants. Are wild-type ER present alone in some cells 
of the tumor or are they always coexpressed with the 
variants in any one cell? We postulated that the genetic 
diversity of ER would be reflected in heterogeneity of 
other molecular markers and set out to develop an assay 
that could simultaneously measure D N A  content and 
PR heterogeneity in subpopulations of tumor cells 
[32, 34]. We have used this immunologic, dual-par- 
ameter flow cytometry (FCM)-based assay to demon- 
strate and quantitate a remarkable heterogeneity in PR 
content, D N A  ploidy, and mitotic indices among sub- 
populations of breast cancer cells [35]. 

Heterogeneity of PR distribution 

The heterogeneity of PR distribution is illustrated by 
three cell lines derived from T47D~o in which only one, 
called T47Dv, has the PR phenotype that most current 
receptor measurement methods assume, namely that all 
cells are PR-positive at a level greater than measured 
background. However, even these cells have PR levels 
that range by more than 20-fold. Two other cell lines 
(V22 and V26) have more than one PR-positive popu- 
lation despite the fact that they were derived as single 
cell clones from T47D~. 

To  quantitate PR in the subpopulations we have 
developed a computer program entitled 1-par. Calcu- 
lations using this software show that 12.8°,o of cells in 
V22 and 23.2% of cells in V26 are PR-negative, and 
that in addition, each cell line also contains two dis- 
tinctly different PR-positive subpopulations. Starting 
with a cell-line having a PR-negative subpopulation 
and cloning by limiting dilution plus F C M  analysis, we 
have selected new T 4 7 D  cell lines, in which 100% of 
the cells are PR-negative by F C M  and by enhanced 
chemiluminescence immunoblotting, and in which a 
progesterone response element linked to a reporter does 
not activate transcription after progestin treatment 
(unpublished). 

Does a "dual PR"  population model adequately 
describe some of these cells? Probably not. Bimodality 
of a single variable like PR hints at still greater numbers 
of subpopulations when a second variable is analyzed 
simultaneously. The simultaneous analysis of PR and 
D N A  indices shows that V26 is a mixture of 47.2% 

hyperdiploid (HD) cells and 52.8% hypertetraploid 
(HT) cells. The  H D  cells, with 24.3% of cells in S and 
G2M, grow slightly faster than the H T  cells which have 
17.0% of cells in the proliferating fraction [35]. Con> 
bining the PR and D N A  data shows that there are two 
distinct HD subpopulations: one has cells with low PR 
levels, and the other has cells with high PR levels. In 
addition, the H T  cells also contain subpopulations with 
low and high PR levels. Thus,  there are at least 4 
subpopulations in this cell line, each having a different 
combination of PR, D N A  content, and mitotic indices. 
V22 cells are similarly heterogenous. 

Tumor cell "remodeling" by tamoxifen 

The practical consequence of this PR heterogeneity 
in breast cancer cells is illustrated by an experiment in 
which the T47Dv cell line was treated for 8 weeks with 
or without 1 # M  tamoxifen. Tamoxifen at l ILM gener- 
ally suppresses growth and PR in estrogen target 
tissues [26] that carry a normal ER, and is the major 
endocrine therapeutic drug used in breast cancer [36] 
But, what is the effect of tamoxifen in cells that carr) 
not only normal but also variant ER? Cell growth was 
suppressed by 40% (not shown), and there was a 
marked shift in the PR pat tern--most ly  to the left, 
reflecting a complete loss or decrease in PR. However, 
there was an unexpected small subpopulation shifted to 
the right, in which PR levels have apparently been 
induced by tamoxifen. This subpopulation represents 
5.2% of the cells in this experiment, and contains an 
average PR of 571.6 fluorescence intensity units (FIU),  
or greater than one million PR molecules/cell--levels 
that none of the untreated cells attain. Thus,  tamoxifen, 
while decreasing PR levels in a majority of cells, 
appears paradoxically to increase PR levels in a selected 
subset of cells. The ominous consequence of tumor cell 
populations that may be stimulated by tamoxifen re-- 
quires little comment. 

In addition, analysis of the D N A  indices [35] demon- 
strates that tamoxifen has a dual effect on proliferation. 
First, for the same number  of cells, fewer tamoxifen- 
treated cells are in mitosis, and second, the populations 
that are in mitosis under tamoxifen differ from the con- 
trols. Thus,  while the overall growth of the tamoxifen- 
treated cells lags behind that of the control cells, the 
D N A  data show what we term the remodeling influence 
of the drug; the growth and emergence of at least two 
new subpopulations of cells that are not present in 
controls: a PR-negative or low-PR, HD subset; and an 
ultra-high PR, H T  subset. I f  the biologic behavior of 
this cell line mimics the pattern seen in patients with 
metastatic breast cancer who have an initial growth 
inhibitory response to tamoxifen but then relapse, it 
may be these emerging subpopulations that lead to 
later tumor progression and our present impression of 
recurrent breast cancer as an incurable disease. 

A variety of mechanisms have been proposed for 
development of the acquired resistance to tamoxifen 
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that arises in animal model systems [37] and in virtually 
all patients [38, 39] undergoing hormone therapy. 
Genetic mechanisms include the variant and mutant 
forms of ER described above which may exert domi- 
nant controls over estrogen and antiestrogen-regulated 
growth. Additionally, heterogeneity of ERs and mutant 
ERs, may in part explain the extreme PR heterogeneity 
documented here. Epigenetic mechanisms center on 
pharmacokinetic issues related to drug absorption, dis- 
tr ibution and metabolism. While some of the metab- 
olites of tamoxifen are more potent antiestrogens than 
the parent compound [36], other metabolites may be 
estrogenic [40]. Recent data indicate that tamoxifen and 
its antiestrogenic metabolite, t rans -4-hydroxy tamox-  
ifen, may be selectively excluded from tamoxifen-re- 
sistant breast cancers, or be further metabolized to 
relatively inactive forms [41]. 

While, in different tumors, and different cells, one or 
both general mechanisms of resistance may become 
operative, we propose that tumor progression to the 
resistant state includes the selection and expansion of 
cell subpopulations, some of which remain strongly 
influenced by tamoxifen. Tha t  hormone treatment 
may itself provide the selective remodeling pressure is 
suggested by the studies described here, and by studies 
showing that human breast cancer cells change signifi- 
cantly in response to hormone deprivation [40, 42, 43] 
or stimulation [44]. 

Our data suggest that subsets of cells may actually be 
stimulated by tamoxifen. Little is known about the 
mechanisms underlying these "agonist" actions of 
some antiestrogens (but see progestin resistance, dis- 
cussed below). It is possible that binding of tamoxifen 
to specific types of ER mutants, establishes a transcrip- 
tionally productive receptor complex. The  agonist ac- 
tivities of tamoxifen are usually expressed at low doses 
[26], but  they may also be tissue-specific [45]. While 
tamoxifen at high doses suppresses PR, it induces PR 
at low doses [26]. The  tumor "flare" that occurs during 
initiation of tamoxifen therapy in patients [46] and the 
withdrawal response that occurs when the drug is 
stopped after tumors become resistant [47] may also be 
explained by this property. Additionally, we have pre- 
viously shown that pretreatment of cells with an anti- 
estrogen can sensitize them to a subsequent challenge 
with estrogens. In this state, cells respond more rapidly 
and more extensively to estrogens; for example, su- 
perinduction of PRs is observed [48]. It is possible that 
antiestrogen pretreatment can sensitize tumor cells to 
low levels of estrogens, or to weak estrogens, to which, 
in other settings, they would be unresponsive. The  
molecular mechanisms underlying the phenomenon of 
superinduction remain unknown. 

PROGESTIN RESISTANCE 

The  emergence of hormone-resistant cells eventually 
reduces the effectiveness of all therapies in advanced 

breast cancer, and progestin agonists or antagonists are 
unlikely to be exceptions. This  is essentially an unex- 
plored field. To  address possible mechanisms of pro- 
gestin resistance Murphy  et al. [49] generated a subline 
of T47D cells that are resistant to the growth-inhibi- 
tory effects of progestins. This  was done by sequential 
selection in medium containing I ~tM MPA. The  cells 
remained PR-positive, but receptor levels were halved. 
Transforming growth factor-~ and epidermal growth 
factor receptor mRNA levels were both increased. The  
investigators suggest that increased growth factor ex- 
pression and action, and decreased PR levels, may be 
involved in the development of progestin resistance. 
Also, as shown above, it is likely that extensive hetero- 
geneity exists in the PR content within cell subpopu- 
lations of tumors that are PR-positive. Factors or 
treatments that lead to the selection and expansion of 
PR-poor  or PR-negative populations would, in the long 
run, produce progestin resistance. Additionally, as 
reviewed briefly below, novel mechanisms involving 
normal PR, may produce inappropriate responses to 
progestins, and especially to progesterone antagonists. 

Progestin resistance and the two natural P R  isoforms 

Complementary DNAs for chicken PR were cloned 
by Jeltsch et al. [50] and Conneely et al. [51] and for 
human PR by Misrahi et al. [52]. The  single-copy 
human PR gene encodes at least 9 messenger RNA 
species ranging in size from 2.5-11.4 kb. Th e  9 mess- 
ages direct the synthesis of at least 2 and possibly 3, 
structurally related receptor proteins. The  2 major 
protein species, the B- and A-receptors, were originally 
described in the chick oviduct. Subsequent studies 
using breast cancer cells showed that human PR also 
exist as 2 isoforms; the 116 kilodalton (kDa) B-recep- 
tors and N-terminally truncated 94 kDa A-receptors. 
While A-receptors were originally thought to be pro- 
duced by a proteolytic artifact, it is now clear that these 
amino-terminal truncated receptors, at least in chickens 
and humans, are a naturally synthesized form. In 
human endometrial carcinoma and breast cancer cell 
lines, the 2 receptor isoforms are expressed in approxi- 
mately equimolar amounts. It is not known whether 
this quantitative relationship between the 2 isoforms is 
maintained in all human target tissues and tumors,  and 
the mechanisms for their differential regulation are not 
known, but at least 2 of the 9 mRNA species lack the 
translation initiation site for B-receptors and can there- 
fore encode only A-receptors. These messages arise by 
transcription from an internal promoter  in the human 
PR gene. Five other message species can potentially 
encode both receptor isoforms, by alternate translation 
initiation from 2 in-frame A U G  codons. In theory, use 
of the upstream codon would generate the B-receptors 
and use of the downstream codon generates the A-re- 
ceptors, but it is not known whether initiation at the 
downstream site actually occurs in intact cells (re- 
viewed in [53] and references therein). 
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PR are unique among steroid receptors in having 2 
naturally occurring hormone-b inding  forms, and this 
structural feature may have important  functional impli- 
cations with respect to receptor function. Since both 
homo-  and heterodimers can form between the A- and 
B-isoforms, 3 possible classes of  receptor dimers (A : A, 
A:B,  B:B)  can bind D N A  at a progesterone response 
element, each having a potentially different transcrip- 
tion regulatory capacity. 

Tha t  this molecular heterogeneity is indeed trans- 
lated into functional heterogeneity was first demon-  
strated by the study of To ra  et al. [54] that assessed the 
cell-specific transcriptional activation of two different 
target genes by the chicken A- and B-receptors.  De-  
pending on the gene being modulated and the cell being 
analyzed, A-receptors  can be st imulatory in a setting 
where B-receptors are inactive or are inhibitory. 

Recent molecular  analyses of hPRs are beginning to 
address mechanisms of resistance to progesterone an- 
tagonists. These  studies, like those for ER discussed 
above, also suggest that the term "resis tance" may be 
inappropriate.  "Resis tance"  implies that the tumor  
stops responding to the drug, and ignores it instead. 
This  may be an oversimplification, since under  appro-  
priate conditions, progesterone antagonists can behave 
like agonists. Rather  than ignoring the drug the cell 
alters its transcriptional response to the drug. How is 
that possible? One explanation focuses on mutant  PR. 
Unlike the case for other members  of the s teroid-  
receptor family, no examples of natural PR mutants  
have yet been reported. The  explanation for this may 
be, that unlike mutat ions in androgen receptors,  sys- 
temic mutat ions in PRs are incompatible with life. 
However ,  theoretically, acquired receptor mutat ions 
could develop in tumors  as one mechanism for the 
development  of  resistance, and a systematic search 
might  demonstrate  them. In view of this Vegeto et al. 

[55] recently showed that a synthetic hPR mutant  with 
a 42 amino acid truncation at the C- terminus  of the 933 
amino acid hPR B-receptors,  loses its progesterone- 
binding ability but  retains RU486-binding  ability. 
This  synthetic receptor mutant ,  when occupied by 
RU486,  has agonist transcriptional activity. 

Additional models  of resistance associated with func- 
tional reversion have emerged f rom our recent studies 
of progesterone antagonists as transcriptional inhibi- 
tors [56, 57]. These  studies provide two scenarios in 
which antagonists can have inappropriate agonist-like 
effects on normal PR. We believe that the mechanisms 
underlying these functional switches may be analogous 
to mechanisms by which tumor  cells become hormone 
resistant. The  first case in which an antagonist behaves 
like an agonist, involves studies with the human  breast 
cancer cell line T47D,  which expresses high natural 
levels of  PR and is stably transfected with the 
progest in-responsive M M T V  promoter  linked to the 
C A T  reporter.  In this model,  PR-antagonis t  complexes 
are transcriptionally silent, and as expected, the antag- 

onists inhibit the effects of agonists. However,  if cAMP 
levels are elevated in these cells, the antagonists become 
strong transcriptional s t imula tors - - they  behave like 
agonists. This  functional reversal occurs only if the 
antagonist-occupied receptors are bound to DNA,  and 
it does not involve hPR phosphorylat ion by cAMP. 
The  model we propose involves transcriptional syner- 
gism, in which a promoter  that is independently regu- 
lated by cAMP-responsive  proteins, and by hPR, is 
selected for positive or negative transcriptional regu- 
lation, through cooperative interactions between the 
D N A - b o u n d  receptors and a second, cAMP-regula ted  
transcription factor [56]. 

The  second case in which a progesterone antagonist 
behaves like an agonist, involves the functional differ- 
ence between progesterone A- and B-receptors [58]. 
A-receptors occupied by progesterone antagonists are 
transcriptionally silent on a progesterone response e!- 
ement (PRE) thymidine kinase p r o m o t e r - C A T  re- 
porter. By contrast, in the same cells and with the same 
promoter- repor ter ,  antagonist-occupied B-receptors 
strongly stimulate transcription. We have shown that, 
interestingly, this unusual proper ty  of antagonist-occu- 
pied B-receptors does not require the presence of the 
PRE. Fur thermore ,  the agonist-like effects of antagon- 
ist-occupied B-receptors can be eliminated in the pres- 
ence of A-receptors.  Thus ,  antagonist-occupied 
A-receptors are t r a n s - d o m i n a n t  repressors of B-recep- 
tors [57]. Our working model is that transcriptional 
stimulation by antagonist-occupied B-receptors pro- 
ceeds through a mechanism in which the receptors do 
not bind to D N A  themselves, but are tethered to a 
D N A - b o u n d  protein partner  at the promoter .  Antag- 
onist-occupied A-receptors cannot bind to this protein. 
These data further  suggest that antagonist-occupied 
B-receptors may be able to transcriptionally activate a 
gene that, lacking a PRE, is not a normal target for PR 
regulation. 

Each of these recent experimental  models suggests 
that "resis tance" can be a condition in which tumors  
respond inappropriately to hormone antagonists. We 
have observed this with tamoxifen and with progester- 
one antagonists. These  studies may also explain why, in 
some normal target cells, antagonists have tissue- 
specific, agonist-like activity. We propose that these 
agonist-like effects occur on genes that are regulated by 
at least two signalling pathways. A steroid receptor 
antagonist complex, which is inhibitory by itself, may 
in the presence of other D N A - b o u n d  factors, be 
switched to st imulatory activity through cooperative 
prote in-prote in  interactions. 
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