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Abstract
Purpose This retrospective, about a single “mobile” laboratory in six locations on two continents, is intended as a case study 
in discovery for trainees and junior faculty in the medical sciences. Your knowledge of your topic is necessary to expect the 
unexpected.
Historical method In 1972, there was no tamoxifen, only ICI 46, 474, a non-steroidal anti-estrogen with little chance of 
clinical development. No one would ever be foolish enough to predict that the medicine, 20 years later, would achieve leg-
endary status as the first targeted treatment for breast cancer, and millions of women would benefit from long-term adjuvant 
tamoxifen therapy. The secret of tamoxifen’s success was a translational research strategy proposed in the mid 1970’s. This 
strategy was to treat only patients with estrogen receptor (ER)-positive breast cancer and deploy 5 or more years of adjuvant 
tamoxifen therapy to prevent recurrence. Additionally, tamoxifen prevented mammary cancer in animals. Could the medicine 
prevent breast cancer in women?
Results Tamoxifen and the failed breast cancer drug raloxifene became the first selective estrogen receptor modulators 
(SERMs): a new drug group, discovered at the University of Wisconsin, Comprehensive Cancer Center. Serendipity can play 
a fundamental role in discovery, but there must be a rigorous preparation for the investigator to appreciate the possibility 
of a pending discovery. This article follows the unanticipated discoveries when PhD students “get the wrong answer.” The 
secret of success of my six Tamoxifen Teams was their technical excellence to create models, to decipher mechanisms, that 
drove the development of new medicines.
Summary of advances Discoveries are listed that either changed women’s health or allowed an understanding of originally 
opaque mechanisms of action of potential therapies. These advances in women’s health were supported entirely by govern-
ment-sponsored peer-reviewed funding and major philanthropy from the Lynn Sage Breast Cancer Foundation, the Avon 
Foundation, and the Susan G. Komen Breast Cancer Foundation. The resulting lives saved or extended, families aided in a 
time of crisis and the injection of billions of dollars into national economies by drug development, is proof of the value of 
Federal or philanthropic investment into unencumbered research aimed at saving millions of lives.
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Introduction

Jim Watson, in his book “Avoid Boring People,” writes 
“choose an objective apparently ahead of its time” [1]. 
In the 1960’s, when our journey begins, there were major 
advances in women’s health. The refinement of hormone 
replacement therapy (HRT) to treat menopausal symp-
toms and osteoporosis was an enormous success. The 
administration of conjugated equine estrogen (CEE) was 
recommended for women without a uterus and CEE with 
the addition of medroxyprogesterone acetate (MPA), to 
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prevent endometrial cancer [2, 3], for post-menopausal 
women with a uterus.

The oral contraceptive, a mixture of a synthetic estrogen 
and a synthetic progestin, was pioneered at the Worcester 
Foundation for Experimental Biology (WFEB) under the 
directorship of Dr. Gregory Pincus. Dr. MC Chang con-
ducted the biological evaluation of appropriate steroids, 
for the soon to be known “pill.” Dr. John Rock conducted 
the successful clinical trials [4]. The Food & Drug Admin-
istration (FDA) approved the oral contraceptive on June 
23, 1960.

During the 1960’s, the application of combination cyto-
toxic chemotherapy was to revolutionize the treatment 
of childhood leukemia [5]. Cures became routine, when 
before, there was certain death. This advance was to be 
followed by the cure of Hodgkin’s disease [6]. Combina-
tion cytotoxic chemotherapy was viewed as the strategy to 
treat all cancers to achieve cures.

In the early years of the 20th Century, breast cancer 
was a disease with a relentless death rate. During the first 
half of the twentieth century, endocrine ablation (oopho-
rectomy, adrenalectomy, or hypophysectomy) was routine 
for the treatment of metastatic (Stage IV) breast cancer [7]. 
In 1944, Haddow and coworkers [8] established, through 
a process of translational research, high-dose synthetic 
estrogen therapy as the first chemical treatment for any 
cancer. One in three patients responded to high-dose 
estrogen therapy if administered more than 5 years after 
menopause. However, during the inaugural Karnofsky lec-
ture [9] at the annual meeting of the American Society of 
Clinical Oncology, Haddow lamented “the extraordinary 
extent of tumour regression observed in perhaps 1% of 
post-menopausal cases (with oestrogen) has always been 
regarded as of major theoretical importance, and it is 
of some disappointment that so much of the underlying 
mechanism continues to elude us.” In fact, Haddow [9] 
was not at all optimistic that cancer could be treated suc-
cessfully; there were no tests for tumor-specific drugs to 
predict tumor vulnerability. This contrasted dramatically 
with the approach to treat bacterial infections using initial 
susceptibility testing in the laboratory.

My early involvement at the beginning of tamoxifen at 
ICI Pharmaceuticals division has recently been told [10, 
11]. The triphenylethylene antiestrogen ICI 46,474 was 
discovered in the contraceptive program at ICI Pharmaceu-
ticals by Drs Harper, Richardson, and Walpole [12–14]. 
The clinical development of tamoxifen was not a pre-
planned program by ICI Pharmaceuticals Division [10], 
but for me as a pharmacologist, it was “an objective ahead 
of its time.” We had a target in the tumor—the estrogen 
receptor (ER) [15–17].

Our Leeds Tamoxifen Team (1974–81) initially asked two 
straightforward questions:

(1) What is the molecular mechanism of tamoxifen as an 
effective antiestrogenic breast cancer medicine?

(2) If long-term adjuvant tamoxifen treatment is successful 
in patients, does acquired tamoxifen resistance occur in 
our model and are other tamoxifen derivatives superior 
to tamoxifen?

The molecular mechanism of action of tamoxifen 
at the University of Leeds

In the case of tamoxifen, there was an unusual species speci-
ficity; tamoxifen was an estrogen in the mouse but anti-estro-
genic in rats. The metabolites had been identified [18]; per-
haps, tamoxifen was metabolized to estrogens in the mouse?

Clive Dix, Karen Porter (nēe Naylor), Linda Rowsby, 
and Graham Prestwich provide the foundation 
for tamoxifen action and application

Clive Dix was my first PhD student. He and Karen focused 
on our translational research plan to advance tamoxifen 
as an adjuvant therapy for breast cancer for patients with 
ER-positive breast cancer. The dimethylbenzanthracene 
(DMBA)-induced rat mammary carcinoma model would be 
investigated in full to formulate our clinical strategy. Early 
long-term tamoxifen treatment was discovered to be the cor-
rect strategy [19–23], and so it has proved to be in subse-
quent adjuvant clinical trials [24–27] following mastectomy.

At the University of Leeds, my Tamoxifen Team discov-
ered that the tamoxifen metabolite, 4-hydroxytamoxifen, 
was not an estrogen but the first anti-estrogen with a high 
affinity for ER [28]. However, tamoxifen was not a classi-
cal prodrug but a weaker anti-estrogen [29]. 4-hydroxyta-
moxifen has rapid excretion and was never considered as 
a new therapeutic agent to treat breast cancer. However, 
4-hydroxytamoxifen was active as an anticancer agent in 
the DMBA-induced rat mammary carcinoma model [30] but 
was too rapidly excreted to be considered for clinical use. 
4-hydroxytamoxifen became the standard anti-estrogen used 
in vitro for cell culture studies of estrogen action in breast 
cancer. The mechanism of action of tamoxifen [31–33] and 
4-hydroxytamoxifen [34–37] was studied extensively in 
the uterus of the immature rat. The model proposed was 
that 4-hydroxytamoxifen as an anti-estrogen, once bound to 
the ER, the ligand occupied the same area as the estradiol 
molecule [28]. But then opportunity, and a chance visit to 
the Wisconsin Clinical Cancer Center in Madison, created a 
break-through model that would decipher molecular mecha-
nisms of tamoxifen as an antiestrogen and aid the clinical 
understanding of tamoxifen as an anti-cancer agent.

The advantage of an in vitro cell system is to study anti-
estrogen action, without the complication of metabolism 
in the animal, which can create uncertainty for molecular 
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pharmacology. In late 1978, I was invited to Wisconsin by 
Dr. Paul Carbone, the Director of the Wisconsin Clinical 
Cancer Center, to consider moving to Madison to establish 
a new Tamoxifen Team. What I had not anticipated was to 
meet Dr. Mara Lieberman who was working as a post-doc-
toral Fellow with Dr. Jack Gorski, the pioneer of ER cell 
biology [38], in the University of Wisconsin, Biochemistry 
Department. Mara shared with me her new studies, about to 
be published [39], on a novel system in vitro of dispersed 
immature rat anterior pituitary gland cells in culture, that 
responded to estrogen by synthesizing prolactin. In contrast, 
what I saw was an assay to study the structure–function rela-
tionships of nonsteroidal anti-estrogens in vitro!

West to Wisconsin

In 1980, I moved to the Department of Human Oncol-
ogy in the Wisconsin Clinical Cancer Center to set up a 
new Tamoxifen Team. I hired Mara Lieberman and we 
rapidly published the first couple of papers [40, 41] that 

defined estrogen/anti-estrogen action at the ER. My ER 
model of anti-estrogen action with the dimethylaminoeth-
oxy sidechain of 4-hydroxytamoxifen preventing closure 
of the ER complex by interacting with an “anti-estrogenic 
region” (AER) on the ER [41] (Fig. 1). We subsequently 
plotted out the predictable structure–function relationship 
of estrogens and anti-estrogens occupying the ligand-
binding domain [42–47]. The results, using the prolactin 
assay, created structural rules whereby nonsteroidal com-
pounds could be predicted to be agonists, partial agonists, 
or antagonists [43]. An antagonist could be predicted 
by extending the length of the strategically positioned 
anti-estrogenic side chain to engage the “anti-estrogenic 
region” in the ER [44]. The model became known as the 
“crocodile model”; an anti-estrogenic side chain was a 
stick in the jaws of the crocodile [48] (Fig. 1).

Fig. 1  Top: The “crocodile model” of antiestrogen action of 
4-hydroxytamoxifen [41, 48] and the side antiestrogenic chain inter-
action with the antiestrogenic region (AER) of the ER. Early work by 
Lednicer in the 1960s [161] concluded “that the presence of a basic 
group at a given position in space is required to obtain a molecule, 
which will antagonize the effects of concurrent estrogen adminis-
tration.” The finding that the oxygen in the basic side chain can be 

replaced by a methylene group created compounds, which show the 
same potency as both antifertility agents and estrogen antagonists 
bolster the hypothesis. However, the introduction of ring methyl 
groups into triphenylethylene and triphenylethane antiestrogens ortho 
to the alkylaminoethoxy side chain is disadvantageous. This suggests 
that the side chain cannot be inhibited from rotation [162]. a from 
[41] and A, B from [106] with copy right permission
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Anna Riegel makes discoveries with antibodies 
from the Jensen/Greene laboratory to support 
the “crocodile model” of estrogen/antiestrogen action

I wanted to deploy Elwood’s antibodies to determine 
whether Anna could identify differences between estrogens 
and antiestrogens once bound at the ligand-binding site of 
the ER.

The one enormous advantage we had was the first sam-
ples of tritiated 4-hydroxytamoxifen that we could use 
in vivo and in vitro [49, 50]. Overall, we concluded that 
if the goat antibody was preincubated with breast cancer 
cytosols, this dramatically reduced the affinity of estradiol 
for the ER. The antibody stopped the closing of the “jaws of 
the crocodile,” and  [3H] estradiol “fell out” of the open ER. 
This did not occur if estradiol was prebound and locked after 
the jaws were closed. In contrast,  [3H] 4-hydroxytamoxifen 
was unaffected by antibody treatment; the antiestrogen was 
wedged in the “jaws of the crocodile” [51]. Similar results 
were obtained using GH3 rat pituitary cancer cell [52]. Our 
molecular model was conceptually correct [28, 41] and now 
confirmed using an approach other than structure–function 
relationships.

First, we had to master new animal models to under-
stand drug resistance to tamoxifen in human breast cancer 
cells. Two conclusions were to emerge: 1) Models to define 
mechanisms of relevance to understand and treat clinical 
breast cancer require analogous treatment durations used 
to treat clinical disease; years and not days of treatment in 
the laboratory are necessary. 2) The strategic goal became 
to decipher estrogen-regulated events that are essential 
to understand the molecular pharmacology of estrogen 
and anti-estrogen action in breast cancer during years of 
treatment.

Marco Gottardis and the study of acquired tamoxifen 
resistance in human breast cancer

At Wisconsin, Marco Gottardis, a PhD student, established 
an athymic animal model to grow estrogen-stimulated 
MCF-7 ER-positive breast tumors. Marco built numerous 
results from long-term experiments, one upon another. 
Tamoxifen treatment for months did not kill all tumor cells, 
as they could be resurrected into tumors by estrogen treat-
ment even when tamoxifen treatment was given for up to 
6 months [53]. It was noted by others that tamoxifen cre-
ated a GI blockade [54, 55], that could be reversed by estro-
gen. But then a conceptual break-through occurred, which 
provided an invaluable insight into acquired resistance to 
tamoxifen in clinical breast cancer.

Osborne and colleagues [56] published that tamoxifen 
treatment of athymic mice for a year, resulted in the growth 
of MCF-7 tumors despite continuing tamoxifen treatment. 

Acquired resistance had occurred in an ER-positive tumor. 
Marco replicated these data, but asked two further questions:

(1) If the resistant tumors are retransplanted into athymic 
mice and treated with vehicle, estrogen, or tamoxifen, 
are all tumors autonomous for growth?

(2) If tamoxifen is an estrogen in mice, what occurs if 
tamoxifen-treated athymic rats are used? Tamoxifen is 
a weak estrogen but a potent anti-estrogen in rats.

The answer to the first question was that both tamoxifen 
or estrogen-treated tumors grew in athymic mice, but no 
tumors grew in the vehicle-treated mice. Tumors could uti-
lize either estrogen or tamoxifen for growth [57]. The answer 
to the second question was that the acquired resistance to 
tamoxifen was no different in rats and mice [58]. Species-
specific metabolism was unlikely.

The immediate advantage of Marco’s model was to test 
new “pure anti-estrogens” from companies seeking a sec-
ond line therapy in the eventuality that tamoxifen-stimulated 
recurrence occurred in adjuvant tamoxifen-treated patients. 
Zeneca had a new “pure anti-estrogen” ICI 164,384 which 
performed well in Marco’s model [59]. As predicted, tamox-
ifen stimulated tumor growth, but ICI 164,384 did not cause 
the growth of tamoxifen-stimulated tumors and blocked 
estrogen-stimulated tumor growth. No treatment, i.e., no 
estrogen, as the mice were ovariectomized, so tumors did 
not grow.

A decade later AstraZeneca had two new anti-estrogenic 
agents faslodex (an injectable pure anti-estrogenic) and 
anastrozole (an aromatase inhibitor), for clinical testing fol-
lowing the failure of tamoxifen treatment. Both compounds 
performed well in an international clinical trial [60], thereby 
validating Marco’s Model for the study of new antiestro-
gen agents or no estrogen (an aromatase inhibitor) to treat 
tamoxifen-resistant breast cancer patients successfully.

Marco’s athymic mouse model of acquired resistance to 
tamoxifen was important to preserve, but we were unsuc-
cessful in creating cell lines that replicated the fidelity of the 
animal model. There was no choice—we had to retransplant 
MCF-7 tumors biopsies into new generations of athymic 
mice for years.

A chance meeting: one experiment and a failed breast 
cancer drug keoxifene (raloxifene‑to‑be) creates Selective 
Estrogen Receptor Modulators (SERMs)! Serendipity!

This story has been told recently in full [61]. However, for 
the sake of illustrating the play of chance in discovery, it 
is a prime example of Serendipity. A visiting investigator 
at the University of Wisconsin, Dr. Urban Lindgren, from 
the Karolinska Institute in Sweden, asked me to create a 
model of osteoporosis for him in rats. If estrogen is good for 
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building bone in ovariectomized rats, then perhaps an anti-
estrogen would induce osteoporosis faster? Tamoxifen was 
the obvious choice, but I had several kilograms of a “failed” 
breast cancer drug keoxifene, that had little of tamoxifen’s 
estrogen-like activity.

I had found a publication from Baylor College of Medi-
cine, in collaboration with the Space Center in Houston, 
that clomiphene would maintain bone in ovariectomized 
old breeder rats [62]. However, I knew that clomiphene was 
a mixture of isomers: enclomiphene (trans) and zuclomi-
phene (cis) which had anti-estrogenic or estrogenic proper-
ties, respectively. Perhaps, it was only the estrogenic isomer 
that built bone? I would use tamoxifen [14] and keoxifene 
[63] that were both pure compounds with anti-estrogenic 
properties in rats.

When Erik Phelps, a summer student, presented me with 
the results 3 months later, both anti-estrogens preserved 
bone density—it was a discovery! However, osteoporosis 
journals uniformly rejected the paper explaining “this makes 
no sense as estrogens preserve bone loss not anti-estrogens.” 
Finally, we published in Breast Cancer Research and Treat-
ment, as the founding editor, Bill McGuire, shared my view 
of the novelty and translational potential of the findings [64].

We pursued translational research with tamoxifen (PI 
Richard Love, a clinician in our Department of Human 
Oncology) to determine the effect of tamoxifen on bone den-
sity in post-menopausal breast cancer patients. Dr. Love’s 
project was called the Wisconsin Tamoxifen Study. Mean-
while, other groups replicated the tamoxifen effects on bone 
in ovariectomized rats [65]. Eli Lilly, reinvented keoxifene 
as raloxifene to show the same [66], years after we [67], 
showed that tamoxifen was effective in maintaining bone 
density in post-menopausal patients.

Raloxifene was to be tested in post-menopausal women 
to prevent osteoporosis. HRT was known to increase breast 
cancer in women taking the combination of estrogen and 
progestins [68]. I proposed a different approach.

In 1990 [69], I had written down the roadmap for the 
pharmaceutical industry to develop the new group of medi-
cines that we had discovered at Wisconsin now called 
SERMs. The roadmap was simply stated:

Is this the end of the possible applications for anti-
estrogens? Certainly not. We have obtained valuable 
clinical information about the group of drugs that can 
be applied to other disease states. Research does not 
travel in straight lines and observations in one field 
of science often become major discoveries in another. 
Important clues have been garnered about the effect 
of tamoxifen on bone and lipids so it is possible that 
derivatives could find targeted applications to retard 
osteoporosis or atherosclerosis. The ubiquitous appli-
cations of novel compounds to prevent diseases asso-

ciated with the progressive changes after menopause 
may, as a side effect, prevent breast cancer [69].

Now, with the results of Multiple Outcomes of Ralox-
ifene Evaluation (MORE), we knew that it was possible to 
reduce the risk of breast cancer dramatically with a SERM 
[70] while treating postmenopausal women for osteoporosis. 
In fact, once raloxifene was on the market following FDA 
approvals. I calculated [71] that over a 10-year treatment 
period with raloxifene to prevent osteoporosis in the 500,000 
women having prescriptions for raloxifene, that 27,230 
breast cancers would be prevented. A noteworthy public 
health strategy had gone from the laboratory to the clinic. 
However, this advance of SERMs in medicine only occurred 
because of a chance meeting [61] and one experiment [64].

Doug Wolf, serendipity, and unanticipated discoveries

When Doug entered the Wisconsin Tamoxifen Team, I 
selected two major projects using either Marco’s model or 
creating his own model of acquired resistance to tamoxifen.

(1) Growth factors were, at that time (late 1980s), a hot 
topic in breast cancer. Both Ethel Cormier (a PhD 
student) and Simon Robinson (a post-doctoral fellow) 
studied the role of growth factors to regulate tumor 
growth during tamoxifen therapy [72–75]. The growth 
factor, epidermal growth factor, reversed anti-estrogen 
anti-tumor action of tamoxifen in ER + breast cancer 
cells. Now, Doug took a different approach. If either 
tamoxifen or estradiol can stimulate the growth of Mar-
co’s tamoxifen-resistance model, are the growth stimu-
lants (estradiol or tamoxifen), that bind to the breast 
tumor ER, activating the same growth factor pathways?

(2) In the late 1980s there were suggestions that the ER 
in breast cancer could harbor mutations. The evidence 
was weak, but does tamoxifen stimulate tumors to grow 
through a mutant ER?

Doug Wolf discovers a laboratory model to investigate 
estrogen‑induced apoptosis: Serendipity!

Work on project 1 progressed slowly, despite the fact we 
had ready access to Marco’s model where both estradiol and 
tamoxifen stimulated MCF-7 tumor growth [57]. The design 
was simple: grow up tamoxifen-stimulated tumors until they 
were measurable and then randomize tumor-bearing mice 
into three groups: tamoxifen-treated, estradiol-treated, and 
injection of vehicle-treated as a control. Once tumors were 
easily measurable, animals would be sacrificed, and every 
known growth factor would be measured to determine the 
growth mechanism of tamoxifen or estradiol in tamoxifen 
resistance. A simple experiment with a unique animal 
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model. However, there was no word from Doug, and he 
avoided contact with me for several months. Then suddenly, 
he came to my office and declared “You will have to write 
to the editor of Cancer Research to withdraw all of Marco’s 
papers. The work is not reproducible.” He had repeated the 
experiment twice with the same result. “Each time I have 
gone to measure the tumors grown up with tamoxifen, and 
now treated with low dose estradiol—all tumors had van-
ished.” I thought—it was a discovery!

The Marco Model tumors had been retransplanted for 
5 years in tamoxifen-treated athymic mice. Haddow was 
speaking to us! In 1970, he stated in his Karnofsky lecture 
at the American Society of Clinical Oncology: When the 
various reports were assembled at the end of that time it was 
fascinating to discover that rather general impression, not 
sufficiently strong from the relatively small numbers in any 
single group, became reinforced to the point of certainty; 
namely, the beneficial responses were three times more fre-
quent in women over the age of 60 years than in those under 
that age; that estrogens may on the contrary accelerate the 
course of mammary cancer in younger women, and that their 
therapeutic use should be restricted to cases 5 years beyond 
the menopause [9].

The tumor required long-term estrogen-deprivation 
(LTED) to reconfigure tumor cell survival networks, but 
addition of estrogen “over stimulates” the breast cancer cell, 
resulting in death. Marco’s model had been retransplanted 
into tamoxifen-treated mice for more than 5 years. The anti-
tumor action of estrogen was not a coincidence; it was a rule 
of ER-positive breast cancer biology.

It was 1992 and I had been invited to present a science 
lecture at the St. Gallen Breast Cancer Conference by the 
organizer, Professor Hans-Joerg Senn. This would be my 
talk: How tamoxifen causes long-term survival for breast 
cancer patients after the five years of tamoxifen is stopped 
[76]. Sparks flew at the meeting, when I suggested that a 
woman’s own estrogen kills prepared long-term tamoxifen-
resistant micro-metastases, once 5 years of tamoxifen is 
stopped [76]. Suddenly physicians in the 1990’s did not like 
the idea of stopping adjuvant tamoxifen. My original bat-
tle cry in the 1980’s “tamoxifen forever!” had taken hold. 
However, what was Doug’s other discovery?

Doug Wolf and a search for a relevant mutation 
in the human breast tumor estrogen receptor

All that was known, in the late 1980’s, was the sequence of 
the human ER. However, that turned out to be somewhat 
controversial, as the original published sequence of the 
cloned human ER turned out to be harboring a valine for 
glycine point mutation at aa 400! [77].

Doug created his own stock of tamoxifen-stimulated 
tumors transplanted into athymic mice [78] and used 

the technique of polymerase chain reaction (PCR) sin-
gle-strand conformational polymorphism (SSCP) to 
sequence the ER in new tumor lines. To our surprise, one 
of the MCF-7 tumor lines (MCF-7/MT2) contained large 
amounts of a mutant ER Asp351Tyr [79].

There was absolutely no evidence from the literature 
that this particular Asp351 amino acid played any role 
in anti-estrogen action: the actual crystallization of either 
4-hydroxytamoxifen [80] or raloxifene [81] in the ligand-
binding domain of the human ER was years in the future. 
We would work out the biological relevance of Asp351Tyr 
ER in anti-estrogen action, in my Tamoxifen Teams. But 
first we needed a new model to discover mechanisms. In 
this way, we would decipher the two chance discoveries by 
Doug Wolf: the antitumor action of low-dose estrogen fol-
lowing LTED in MCF-7 cells and a mutation Asp351Tyr 
in the ER of tamoxifen-stimulated breast cancer resistant 
to tamoxifen.

SY Jiang and the development of cellular models to define 
mechanisms in estrogen‑deprived breast cancer

S. Y. Jiang was the first to transfect the ER cDNA stably into 
MDA-MB-231 ER-negative breast cancer cells (clone 10A) 
[82]. We discovered that estradiol now blocked the sponta-
neous growth of S30 MDA-MB-231 stable ER transfectants 
and anti-estrogens reversed that process.

In retrospect, the trick to achieve the success of stable 
transfection was for me to make the initial decision for S.Y. 
Jiang to clone all our cancer cell lines before we were up 
to speed with a molecular biology upgrade of my labora-
tory achieved by another PhD student, John Pink. John’s 
skill in molecular biology resulted in a new dimension for 
my Wisconsin Tamoxifen Team. We could now sequence 
ER in LTED cells [83, 84], clone out an ER-negative T47D 
cell line under LTED conditions [85, 86] and understand 
the regulations of ER synthesis in MCF-7 cells and T47D 
cells [87]. Under LTED conditions, MCF-7 cells expand 
their population of ER to survive. The cells are basically 
scavenging for estrogen and utilize the unoccupied ER to 
grow. In contrast, T47D:A18(C4:2) cells did not expand the 
ER population but lost the ER and became ER-negative [87].

However, the stably transfected ER-negative breast can-
cer cells S30 did not die with estrogen treatment! What if 
we created estrogen-deprived ER-positive MCF-7 cells and 
cloned out new cell lines? Unfortunately, nothing happened 
when the MCF-7:5C cells were treated with estrogen [88]. 
These MCF-7:5C cells and MCF-7:2A cells [83] were put 
in the freezer for the next decade! The aromatase inhibitors 
were advancing in clinical trials, so studying resistance to 
LTED in breast cancer would, some years in the future, be 
strategically important.
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Mei‑Huey Jeng and the pharmacology of synthetic 
progestins

Mei-Huey Jeng was a talented graduate student who continu-
ously insisted she wanted to study the effects of progestins 
on the regulation of Transforming Growth Factor α (TGFα) 
and Transforming Growth Factor β (TGFβ) [1–3] in our 
breast cancer cell lines. After months of meetings I relented. 
Mei-Huey had made a discovery within three weeks [89]. 
Synthetic progestins that were 19-nortestosterone deriva-
tives were estrogenic [90, 91]! Synthetic progestins, like 
medroxyprogesterone acetate (MPA), were not. Her other 
important contribution was the unexpected observation in 
S-30 stable transfectants, [82] that estrogen increased TGFα 
synthesis, but decreased TGFβ synthesis [92]. This seemed 
improbable as TGFα was a purported stimulant of cell repli-
cation, whereas TGFβ decreased cell replication. Neverthe-
less, an estrogen-stimulated gene marker TGFα was born for 
all subsequent studies, using stable transfectants in MBA-
MB-231 cells to classify synthetic estrogens [93]. Her pub-
lication [90] using MPA would also, 20 years later, enhance 
the clinical understanding of Doug Wolf's initial observation 
[76] concerning the anti-breast cancer actions of low-dose 
estrogen therapy to induce apoptosis. We were unaware of 
how important this biology would become to decipher the 
results of the Women’s Health Initiative (WHI) trial [94].

Bill Catherino builds a new model to understand 
the molecular pharmacology of Asp351Tyr

Bill Catherino turned out to be a talented molecular/cellular 
biologist and created the BC-2 cell line of MDA-MB-231 
10A stably transfected with the Asp351Tyr ER [95]. Bill’s 
PhD productivity in the laboratory was impressive [95–98]. 
He also classified a new synthetic progestin gestodene to 
be “estrogen-like” as it followed Mei-Huey’s earlier rule of 
being a 19 nor testosterone derivative [97].

In summary, we had made progress, by creating evidence, 
with multiple ER-negative breast cancer cell lines, trans-
fected with specific mutations of the human ER that could 
enhance the estrogenicity for high-affinity anti-estrogens [82, 
95, 99]. However, no clear molecular model had emerged of 
a mechanism, how the ER could be modulated predictably, 
to trigger breast cancer cell death, as demonstrated clinically 
by Haddow [8, 9].

South to Northwestern at the Robert H. Lurie Cancer 
Center, Chicago

I was offered the position as Director of a new breast cancer 
program at the Robert H. Lurie Cancer Center in Chicago. 
The new Cancer Center Director was Dr. Steve Rosen, a 
talented clinician and enthusiastic medical scientist, with 

multiple philanthropic connections throughout Chicago, 
most notably the Lynn Sage Breast Cancer Foundation. I 
suggested that Dr. Monica Morrow, at the University of Chi-
cago, would be an ideal Director for the proposed Lynn Sage 
Clinical Breast Cancer Program. Dr. Bill Gradishar, a medi-
cal oncologist, would complete our leadership triumvirate.

At the Robert H. Lurie Comprehensive Cancer Center, we 
created a Breast Program that went from nothing to world 
class in just 6 years. I was the PI of a Specialized Program 
in Research Excellence (SPORE) in Breast Cancer with 
Monica the co-PI. The visibility of our program was accel-
erated by a 3-day visit by Diana, the Princess of Wales, who 
was the primary speaker at the Breast Cancer Symposium 
I organized. There was talk of a return visit with her sons 
but then the tragedy of her death in Paris changed all that.

Within a few months of Diana’s death (I was actually 
on my way to Cambridge, to Chair a meeting to celebrate 
TAMOXIFEN being recognized by the German MMW Drug 
Award) (Fig. 2), I learned that Mrs. Anne Lurie, the benefac-
tor of the Robert H. Lurie Comprehensive Cancer Center, 
had made a substantial donation to Northwestern University 

Fig. 2  Tamoxifen recognized, August 1999, by the German MMW 
Drug Award. To celebrate this singular achievement for tamox-
ifen, Dr. Jordan was invited to organize and chair a three-day medi-
cal meeting for German physicians at the University of Cambridge, 
UK. The speakers in alphabetical order were M Baum, W. Eierman, 
B. Fisher, H.S. Füessl, W. Jonat, V.C. Jordan, M. Kaufman, and C.K. 
Osborne. Drs Ian Jackson (Zeneca) and V. Craig Jordan accepted 
the Award on behalf of AstraZeneca. By coincidence, on the day of 
his arrival in Cambridge, Dr. Jordan was contacted by the President 
of Northwestern University, Henry Binnen, to be told he was to be 
awarded the inaugural personal endowed chair: the Diana, Princess of 
Wales, Professor of Cancer Research, by Northwestern University
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to create an endowed chair named: the Diana, Princess of 
Wales, Professor of Cancer Research. I was to be the inaugu-
ral recipient, and all this was officially approved by Diana’s 
blood family, the Spencer’s.

But what was going on in the laboratory that would sus-
tain the academic trajectory of the Northwestern Tamoxifen 
Team for over a decade?

Research advances by the Northwestern tamoxifen team

The Northwestern Tamoxifen Team had fewer graduate stu-
dents (Jennifer MacGregor, Rita Dardes, and Ruth O’Regan) 
than Wisconsin, but productivity was exceptional. Most 
importantly, there were excellent post-doctoral fellows who 
brought great innovation into the growing program. The 
Fellows included Anait Levenson, Debra Tonetti, Claudia 
Osipo, Zehan Chen, Katherine Pearce, Joan Lewis, and Eric 
Ariazi. Dr.Yuchi Iino, who spent a year in my laboratory 
at Wisconsin from Japan, was now sending his young sur-
geons (Drs Hiro Takei, Yasuo Hozumi, and J. Horoguchi) 
to Chicago to develop their research skills. Dr. Iino was 
elected as President of the Japanese Breast Cancer Surgeons 
Society and he highlighted our Tamoxifen Team. Surgeons 
also came to my laboratory from South Korea: Woo–Chan 
Park became Professor of Surgery at the Catholic Univer-
sity of South Korea in Seoul and Professor Eun–Sook Lee 
was appointed President, National Cancer Center, Seoul, S. 
Korea and Secretary General of the Asian National Cancer 
Centers Alliance. Tamoxifen Team (East) had a consider-
able influence on breast cancer research and treatment for 
two decades.

Finally, and most importantly, unlike all the other loca-
tions for the Tamoxifen Team, Northwestern had programs 
in the Departments of Surgery and Medical Oncology that 
allowed residents to spend a year (or 2) in my laboratory. 
This group of enthusiastic medical professionals was very 
important to create clinical relevance for our translational 
research.

Anait Levenson discovers the molecular pharmacology 
of how Asp351Tyr works to control estrogen/anti‑estrogen 
action

I require every new member of the Tamoxifen Teams to 
spend their first few months in my laboratory writing a 
definitive review of the literature. At Northwestern, this was 
critical, as we were to rebuild an ER/anti-estrogen labora-
tory from empty laboratories that Steven Rosen constructed 
for my nascent Northwestern Tamoxifen Team. Anait (Ana) 
Levenson was my first recruit at Northwestern.

Our hot topic was our stable transfectants into MDA-
MB-231 cells S-30, and BC-2, so I set Ana off to complete 
her first review on the transfection of ER (mainly transient) 

into ER-negative cancer cell lines [100]. She advanced rap-
idly to complete subsequent reviews on the MCF-7 cell line 
[101] and then on SERMs [102]. She was now fully up to 
speed on our topic at Northwestern.

Ana deployed Shun-Yuan Jiang’s S-30 cells stably trans-
fected with the wild-type ER gene and Bill Catherino’s 
BC-2 cells stably transfected with Asp351Tyr to determine 
whether keoxifene, a failed breast cancer drug with none of 
the estrogen-like properties of tamoxifen, would have a dif-
ferent molecular pharmacology via the Asp 351Tyr ER at a 
TGFα target. Yes, it did! Raloxifene was converted from an 
anti-estrogen to an estrogen (Fig. 3B). It was a discovery! It 
would appear that the anti-estrogenic side chain of keoxifene 
was interacting with the “anti-estrogenic region” [103] in a 
different way in the Asp351Tyr mutant obtained from an 
ER-positive breast cancer that had acquired estrogen-like 
resistance to tamoxifen. The anti-estrogenic side chain of 
raloxifene was not acting as “a stick in the jaws of the croco-
dile” if Asp was substituted by Tyr at aa 351. The “jaws of 
the crocodile” could now close with a tyrosine mutation of 
Asp351. We had proved experimentally that the area around 
aa 351 was the “antiestrogen region” (Fig. 3B).

The following year, an article was published in Nature 
(81) showing the X-ray crystallography of raloxifene (the 
new name for the failed breast cancer drug keoxifene) com-
pared with estradiol in the ligand-binding domain of the 
human ER. All evidence now pointed to the fact that we had 
actually identified Asp351 as the predicted “anti-estrogen 
binding site” [41]. Cancer Research published our expanded 
molecular pharmacology mechanism for anti-estrogen action 
[104], integrating the newly published X-ray crystallogra-
phy of raloxifene in the ligand-binding domain. We pursued 
the molecular pharmacology of the interaction of mutations 
of Asp351and a novel raloxifene derivative [105–107] 
(Fig. 3A & B). The raloxifene without a nitrogen-containing 
ring in the antiestrogenic side chain (Fig. 3C) was deter-
mined to be an estrogen. This provided the essential data 
proving the essential interaction of the side chain with the 
AER (Asp351) to create estrogen blockade. Through these 
structure–function studies, the individual answers to mul-
tiple questions created the fully functional mosaic we have 
today. Indeed, Asp351 is now recognized to be an essen-
tial anchor of the mutations in Tyr537Ser and Asp538Gly 
of helix 12, which is required to close the unoccupied ER 
creating acquired resistance to aromatase inhibitors [108]. 
Naturally, this has led to new investigations of ER blockers 
of the mutant ER [109, 110].

It is a strange twist of fate that Doug Wolf completed this 
work for his PhD with my Wisconsin Tamoxifen Team [79] 
to open the door to studies on Asp351, but then completed 
his post-doctoral Fellowship with Suzanne Fuqua in Texas 
and was part of the Team that discovered the mutant Tyr 
537Ser in helix 12 of breast cancer patient material [111]. 
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Doug’s contributions were important for the subsequent 
findings at both ends of the “closing the mutated ER story 
in AI resistance” a decade later [112].

Resurrection of Doug Wolf’s estrogen‑induced apoptosis 
model in vivo

The influx of keen enthusiastic MDs-in-training provided 
a skilled group willing to work night and day on an enor-
mous project to achieve a publication. This is illustrated by 
my decision to harness this “new force” in my Tamoxifen 
Team to repeat Doug Wolf’s earlier work [76] of the use of 
low-dose estrogen to treat acquired resistance to tamoxifen.

We established Doug’s model, [76] repeated it, and 
expanded it. The size of the tamoxifen-resistant tumors 

was the key; it was possible to cure animals with small 
tumors with low-dose estrogen. In contrast, animals with 
larger tumors would regress and regrow with estrogen. But 
most importantly, one could reintroduce tamoxifen and it 
was again an effective anti-cancer agent. There was ebb and 
flow of tamoxifen-resistant-and-responsive breast cancer cell 
populations.

These extensive new data were submitted to Clinical 
Cancer Research, but the referees were insistent on further 
animal studies. That was a problem! Most of the MD authors 
had returned to their clinical training or their home country. 
The savior of the situation was Dr. David Bentrem, a surgeon 
and new lab member. Within 4 months, he had completed all 
required experiments and our teamwork was accepted [113]. 
David completed numerous other studies in the laboratory, 

Fig. 3  Prior to the resolution of the ligand-binding domain of the ER 
with either raloxifene [81] or 4-hydroxytamoxifen [80], we had iden-
tified amino acid Asp351 in the ER as the AER, i.e., the amino acid 
that interacts with the antiestrogenic side chain of raloxifene [103, 
104]. This was followed by structure–function analyses of the ER 
complexes with mutations substituted at Asp351 (panels A). These 
were classified as retaining antiestrogenic properties or changing 
their actions to be estrogens (agonists). Panel 3A: Surface structures 
around amino acid 351 of raloxifene-bound LBDs of ERα. A struc-
tural model of dimeric human ERα bound to raloxifene was derived 
from the Protein Data Bank (code 1ERR) by removing all water 
molecules with the exception of the ordered water-forming H-bond 
with the  O3 of raloxifene, adding hydrogens and minimizing in the 
consistent valence force field (CVFF) using Discover (Accelrys, San 
Diego, CA). Mutant receptors were constructed using Biopolymer 
(Accelrys) to replace Asp351 with Gly, Glu, Phe, or Tyr and to obtain 
a minimum energy rotomer for the mutant side chain. The results 
were visualized using Insight II (Accelrys). Molecular modeling of 
the surface structures of 4-hydroxytamoxifen-LBD (wild type) (A) 
or raloxifene-LBD (wild type) (B) and raloxifene-LBD (Asp351Tyr) 
(C). Asp351 replaced with Tyr351 in raloxifene-bound ERα LBD. 
To avoid steric clashes, Tyr351 is placed in a rotomer that projects 

the side chain upward. The side chain of Tyr351 is out of reach of 
the raloxifene side chain. Tyrosine residues typically lay down on the 
surface of proteins. In the ERR.pdb structure, small rearrangements 
in structure around Tyr351 are required to sterically accommodate 
the side chain. If this happens, the phenolic side chain would be ori-
ented in rotomer #2. It is important to point out that the antiestro-
genic N-containing side chain of tamoxifen (Fig. 3B) is further away 
from Asp351 than the N of raloxifene. This observation is consist-
ent with the more estrogen-like actions of tamoxifen that results in 
higher blood clots and endometrial cancer than raloxifene [26, 70]; B, 
the piperidine side chain of raloxifene shields the charge of Asp351 
and disturbs the local charge available for binding coactivators. As 
a result, AF1 and AF2 cannot collaborate properly, and TGF-α is 
silenced. C, the tyrosine at amino acid 351, changed the local charge 
available for coactivator binding because the piperidine can no longer 
shield the charge. Conformation of raloxifene-Asp351Tyr ERα to be 
4-hydroxytamoxifen-ERα-like and TGFα gene is switched on. Panel 
C: Structures of raloxifene and the derivative R1h used in structure–
function studies. Compound R1h is a raloxifene derivative that has a 
cyclohexane ring instead of a piperidine ring with no antiestrogenic 
actions. 3A from [107] and 3B from [106] with copy right permission
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all of which were published in peer-reviewed journals [114, 
115]. David is now Professor of Surgery at Northwestern 
University Hospital, Chicago.

Graduate students in the Northwestern Tamoxifen Team

Rita Dardes, the first Avon Scholar, focused on breast and 
endometrial cancer for her PhD thesis [116, 117]. Jennifer 
MacGregor (also an Avon Scholar) identified my laboratory 
for her PhD studies and proved herself as an exceptional 
scientist making discovery after discovery. She completed a 
review article to establish her educational database. Jennifer 
created an update of my initial Pharmacological Reviews 
article on nonsteroidal antiestrogens published in 1984 
[118]. Her review was encyclopedic [119]. Jennifer covered 
a broad spectrum of studies on an Asp351Gly mutant to 
eliminate estrogen action of 4-hydroxytamoxifen in the ER 
complex [105], the development in vivo of acquired resist-
ance to tamoxifen in the T47D:A18 breast cancer cell line 
[120], the correction of the classification by others of a 
new non-steroidal pure anti-estrogen when, in fact, it was 
a SERM! [121], and cross resistance to tamoxifen [122].

Ruth O’Regan focused on replicating clinical scenarios in 
our animal models that provided guidance for clinicians now 
that tamoxifen was not the only SERM, but raloxifene was 
now available as a medicine to treat osteoporosis and prevent 
breast cancer at the same time [70]. Drug cross-resistance 
between raloxifene and tamoxifen had never been addressed 
in the clinic since the first clinical trial of raloxifene that was 
unsuccessful in patients failing tamoxifen for the treatment 
of MBC [123]. Ruth provided clarity [124, 125] on the cross 
resistance of raloxifene in stimulating tamoxifen-resistant 
tumor growth. I was delighted to attend Ruth’s doctoral 
degree ceremony in 2000. She is now Chair in the Depart-
ment of Medicine and Charles A. Dewey Professor of Medi-
cine, University of Rochester, New York State!

Both tamoxifen and raloxifene would continue to catch 
headlines for two decades for the prevention of breast cancer 
in post-menopausal women. The prevention of breast cancer 
was a major clinical topic, having advanced from the initial 
animal study [126] to the successful Fisher trial funded by 
the NCI [127].

Joan Lewis: the discovery of an in vitro model 
and the mechanism for estrogen‑induced apoptosis

We had been making good progress using our animal mod-
els of estrogen-induced apoptosis [128, 129] to confirm the 
published studies of Dick Santen’s group on the mecha-
nism of estrogen-induced apoptosis in LTED breast cancer 
cells in culture [130]. It seemed that estrogen bound to the 
LTED MCF-7 ER then “something happened” to activate 
the extrinsic pathway, that caused cell death. Our tamoxifen 

[128] and raloxifene [129]-acquired resistance models 
in vivo both activated the extrinsic pathway, so everyone 
was on the same page. Except, what happened within the 
cancer cell after estradiol bound to the ER, which eventually 
activated the extrinsic pathway a week later?

Joan’s project was to resurrect all Shun-Yuan’s MCF-7 
cells [83, 88]. The MCF-7:5C and 2A cells were not respon-
sive to  E2 in culture. In contrast, in Joan’s studies, [131] 
all the MCF-7:5C cells died within a few days of low-dose 
estrogen treatment. This was odd, I thought, as Shun-Yuan’s 
publication was definitive—no apoptosis with estrogen [88]. 
I enquired whether Joan had repeated exactly, Shun-Yuan’s 
culture conditions she had published [88] a decade before. 
This is the first rule of reproducible science. Joan said “NO, 
I used the culture media that I used in my PhD to culture 
MCF-7 cells!” Her results were Serendipity! My reply was 
“Joan-never do that again and congratulations!” It was a dis-
covery! Our cloned LTED ER-positive breast cancer model 
was used by Joan to map out both the intrinsic and extrin-
sic [132] steps of estrogen-induced apoptosis (Fig. 4). This 
allowed us to decipher the results of the Women’s Health 
Initiative that had now started to publish their breast cancer 
data [133, 134].

The MCF-7:2A cells are, again a lesson in experimental 
designs that do not reflect the realities of cancer biology. 
The cells were refractory to apoptosis over the standard 
laboratory culture time of 7 days [83]. However, an error in 
the laboratory that resulted in not harvesting cells on time 
(7 days) resulted in a discovery of apoptosis that was delayed 
until week 2. Lesson learnt: Laboratory assays must comply 
with the reality of cancer biology and not the convenience 
of PhD students!

Forward to the Fox Chase Cancer Center (FCCC)

Nothing stays the same, everything changes. And so, it was 
with the successful Robert H. Lurie Comprehensive Cancer 
Center in 2005. The Director of the FCCC was Dr. Rob-
ert Young, a former Head of the Medicine Branch at the 
National Cancer Institute, and Dr. Robert Ozols, Deputy 
Director at Fox Chase. Both were committed leaders with a 
clear vision of how to maintain their Comprehensive Can-
cer Center Grant. Theirs was a great leadership team and 
Monica and I were delighted to be recruited to another great 
opportunity. They had an agenda and again we were in it!

It was time to rebuild a new Tamoxifen Team. I placed 
all my eggs in one basket and chose to focus our research 
efforts by obtaining funding to understand the mechanism 
of estrogen-induced apoptosis in breast cancer and explore 
clinical applications. I would apply for a Department of 
Defense Center of Excellence grant. This Federal program 
was master minded by Fran Visco creator and leader of the 
National Breast Cancer Coalition.
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Joan Lewis and Eric Ariazi, members of the North-
western Tamoxifen Team, both accepted positions at Fox 
Chase. Bob Ozols immediately ensured we would have a 
custom-made suite of interconnected laboratories for our 
growing Team. Most importantly, my executive secretary 
Marge Meenan would organize all the activities of our 
new Center of Excellence Grant: the only $12 million 
grant awarded nationally, that year, by the Department of 
Defense.

At Fox Chase, there were no immediate possibilities 
to train graduate students—or so I thought. I advertised 
in the scientific literature for post-doctoral Fellows, but 
then Marge informed me that Philipp Maximov M.D., on 
a Russian program from his medical school in Moscow, 
to train at the Fox Chase, wanted an appointment to see 
me. He stated that he could arrange with his university to 
sponsor a PhD with me. Welcome to the Fox Chase Cancer 
Center Tamoxifen Team, Philipp!

Joan Lewis became Philipp’s laboratory guide and men-
tor. This decision to recruit Philipp started a ten-year study 
of the molecular pharmacology of apoptosis in LTED cells 
to decipher the modulation of the precise trigger mecha-
nism initiated by the ER ligand complex [135].

Eric Ariazi and our road map to understand the molecular 
events for estrogen‑induced apoptosis in LTED breast 
cancer

Back at the FCCC, we needed a molecular road map for 
estrogen-induced apoptosis in breast cancer: Eric Ariazi was 
responsible for organizing, executing, and publishing that 
data base [136]. This massive project involved my whole 
Fox Chase Tamoxifen Team and collaborators from biotech. 
The whole project was my $12 million Center of Excellence 
Grant! He compared 3 cell lines MCF-7, MCF-7:5C, and 
MCF-7:2A over a 96-h period using gene arrays [136]. Eric 
developed a method called differential area under the curve 
analysis that identified genes uniquely regulated by  E2 in 
5C cells compared with both WS8 and 2A cells and hence 
were associated with estrogen-induced apoptosis. Estrogen 
signaling, endoplasmic reticulum stress, and inflammatory 
response genes were over expressed among the 5C-specific 
genes. Most importantly, the endoplasmic reticulum stress 
genes indicated that  E2 inhibited protein folding, translation, 
and fatty acid synthesis. The endoplasmic reticular stress 
– apoptosis genes and caspase 4 were induced. Overall, 
this new roadmap of apoptosis triggered by estrogen [136] 

Fig. 4  Joan Lewis mapped out [131, 132] the initial mitochondrial 
pathway (intrinsic that collaborates with the Death Receptor (extrin-
sic pathway) to cause apoptotic death). Ping Fan at Georgetown and 
MD Anderson completed the steps in apoptosis-modulating NF-κB 
activation by the endoplasmic reticulum stress sensor PERK [146] 

and the role of the glucocorticoid receptor to block estrogen-induced 
apoptosis. These molecular events in long-term estrogen-deprived 
breast cancer cells provide transparency to the results of the WHI: 
estrogen alone decreases breast cancer incidence, whereas estrogen 
plus MPA increases breast cancer incidence [148]
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identified a mechanism through endoplasmic reticular stress 
and inflammatory responses in LTED breast cancer.

Our biological data base [76, 78, 79, 105–107, 113, 128, 
129] now set the stage to decipher the published results for 
the WHI [133, 134]. When these clinical data were first 
reported, there were articles in the New York Times that 
there was no ready explanation for estrogen (CEE) alone to 
prevent increases in breast cancer incidence. We and others 
had already contributed a number of refereed publications 
to the literature [130 and see above]. The role of estrogen-
induced apoptosis in LTED breast cancer (which was the 
situation in the WHI as there was at least a 5-year gap built 
in the study design after menopause) was clear. That being 
said, there was no mechanism defined to explain how MPA 
reversed the anti-breast cancer effects of CEE alone and 
actually increase breast cancer incidence over no treatment 
controls.

Going to Georgetown

Nothing stays the same, everything changes. Dr. Morrow 
took a position as Chief, Breast Service, Department of Sur-
gery, in a beautiful new building at Memorial Sloan Ketter-
ing, New York. I accepted the position as Scientific Director, 
at the Georgetown/Lombardi Comprehensive Cancer Center 
and I held the Vincent T. Lombardi Chair of Translational 
Cancer Research. At Georgetown, we again occupied cus-
tom-built interconnected laboratories.

The new Georgetown Tamoxifen Team sprang up quickly 
with Ping Fan as a Research Assistant Professor, who had 
come to my laboratory from Dick Santen’s laboratory and 
Surojeet Sengupta, who had joined my laboratory from 
Benita Katzenellenbogen’s laboratory. Not only did I take 
the remaining years of my Center of Excellence Grant to 
Georgetown, but the Susan G. Komen Foundation selected 
me as a Komen Scholar. Their investment in my Tamox-
ifen Team allowed me to invite Phillip Maximov back from 
Moscow to be an International Susan G. Komen post-doc-
toral Fellow at Georgetown. We planned to investigate the 
molecular pharmacology of estrogen-induced apoptosis in 
breast cancer. An added bonus at Georgetown was that the 
Director of the Cancer Center Education Program was my 
former PhD student from Wisconsin, Anna T. Riegel (she is 
currently the Senior Associate Dean for Biomedical Gradu-
ate Education and the Celia Rudman Fisher Professor of 
Oncology and Pharmacology).

Ping Fan targets c‑Src to enhance estrogen‑induced 
apoptosis and makes an unanticipated discovery

A principal goal of our research into endocrine-resistant 
breast cancer was to improve tumor responsiveness to 
estrogen and expand the effectiveness of estrogen-induced 

apoptosis. To this end, a c-Src inhibitor 4-amino-5-o-
phenyl(4-chlorophenyl)-7(t-butyl)pyrazolo[3,4-d] pyrim-
idene (PP2) was employed to block signaling pathways. cSrc 
is present in 80% of breast cancers, so we reasoned it was 
important for breast cancers to survive.

Results demonstrated that PP2 blocks ER-negative cells 
growth but had little effect on ER-positive cells. Surpris-
ingly, PP2 blocked estrogen-induced apoptosis and restored 
estrogen-stimulated growth, in LTED breast cancer cells 
[137]. This was exactly the opposite of our anticipated 
results! Culture times, used to study cell population changes 
with MCF-7:5C cells, were clinically relevant (8 weeks), 
using  E2 plus PP2,  E2 or PP2 alone. The cells that grew with 
 E2 plus PP2 were identified as MCF-PF cells, with enhanced 
IGF-IRβ, that increased activity of Akt, and blocked apopto-
sis [138]. Further study demonstrated that RNA-interference 
of c-Src or PP2 blocked apoptosis. In fact, PP2 inhibition 
of c-Src not only blocked estrogen-induced apoptosis but 
also restored estrogen-stimulated growth in LTED MCF-
75C cells [139]. An extensive study of MCF7:PF cells led 
to the discovery that [139] she had recapitulated in vitro the 
“Marco Model” of tamoxifen/estrogen-stimulated MCF-7 
cells in  vivo in tamoxifen-treated athymic mice over 
1–2 years [57, 58]. Ping’s MCF-7:PF cells now provided 
precise mechanisms of action and were used to complete 
a comparative efficacy study of a whole range of available 
SERMs that might have been evaluated and failed as second 
line agents following acquired tamoxifen resistance [139].

Here again was an unanticipated laboratory result that 
was not the goal of the study. Serendipity led to discovery.

Deciphering the WHI trials: graduate students and progress 
in modulating estrogen‑induced apoptosis in breast cancer

My surprise at Georgetown was that two graduate students 
Ifeyinwa (Ify) Obiorah and Elizabeth Sweeney both turned 
up in my laboratory and announced they wished to do their 
PhD with me as they had no interest in doing rotations-Deal!

Ify was fortunate to have Angela Brodie (the Mother of 
aromatase inhibitors) [140] and Anna Reigel on her commit-
tee. Her laboratory skills were excellent, and she started by 
addressing multiple inter-related projects of clinical signifi-
cance: the efficacy of CEE on estrogen-induced apoptosis 
in breast cancer [141], and numerous studies on the struc-
ture–function relationships of estrogenic ligands that bind 
the ER [142]. I recall Ify’s first annual review of progress, 
when Anna Riegel noted that “these effects, you are docu-
menting on estrogen-induced apoptosis are very odd. Why 
does this process with estrogen take so long when chemo-
therapy kills in 24 h?” [143]. This important observation 
refocused our work on time to apoptosis and documentation 
of the chain of events for estrogen-induced apoptosis with 
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planar and angular estrogens. However, we were aware that 
a compound like bisphenol was not simply “a slow acting 
estrogen to induced apoptosis.” [144]. An earlier PhD stu-
dent Philipp Maximov had demonstrated that the bisphenol 
ER complex was initially able to block estrogen-induced 
apoptosis—the bisphenol complex with ER was an anties-
trogenic complex [135]. The molecular mechanism would 
be solved five years later.

Elizabeth Sweeney made a discovery that advanced 
our understanding of the WHI. The WHI was initiated to 
establish whether women benefited overall for CCE + MPA 
or CEE alone with an improvement in their health. After 
20 years of a clinical trial and extensive observation of 
women post-therapy, the question was answered: there was 
no health benefit overall nor was there a reduction is coro-
nary heart disease which was the goal of the study.

However, in the early years of the 21st Century, the mech-
anism to be resolved was why CEE alone causes a decrease 
in the incidence of breast cancer, whereas addition of MPA 
resulted in the expected increase in breast cancer.

Long-term estrogen deprivation was the key. Examina-
tion of the WHI protocol revealed that patients were being 
treated with CEE or MPA + CEE on average 5–10 years after 
menopause. Estrogen (CEE alone) was killing nascent breast 
cancer cells in well women. But why did MPA, a synthetic 
progestin, that we knew did not affect the growth of MCF-7 
breast cancer cells [89], reverse estrogen-induced apoptosis?

The closing sentence of Eric Ariazi’s PNAS paper [136] 
stuck in my mind: “Furthermore, these findings lead to the 
hypothesis that anti-inflammatory agents prescribed for 
ancillary clinical problems should not be used during anti-
tumor estrogen therapy.” The other part of the solution was 
that I remembered being taught, as an undergraduate phar-
macologist, that MPA has glucocorticoid activity and that 
was why women experienced weight gain during high-dose 
treatment for breast cancer.

Elizabeth Sweeney and Ping Fan worked diligently 
to demonstrate that MPA or dexamethasone could block 
estrogen-induced apoptosis in MCF-75C cells. The paper 
[145] attracted much attention in academic circles by being 
selected for Faculty 1000 Prime. However, we still had to 
understand precisely the molecular events involved in the 
modulations of estrogen-induced apoptosis and the molecu-
lar role of glucocorticoid action.

But now it was time for us to make our last move to the 
MD Anderson Cancer Center.

“If I was to offer to buy your brain, how much would 
that cost?”

The above were the words presenting me with a job offer 
at the MD Anderson Cancer Center. This was at a cocktail 

party at the AACR annual meeting! The MD Anderson was 
to be my final Tamoxifen Team.

Drs. Ping Fan and Philipp Maximov were up to the chal-
lenge of coming to Houston. As luck would have it, Dr. Bal-
kees Abderrahman was on a 2-month medical educational 
visit to MD Anderson, and she impressed me with her writ-
ing and analytical skills. She was hired as a post-doctoral 
Fellow because of her recent MD degree but it was clear she 
had talent, grasping complex scientific problems in estrogen-
induced apoptosis. There was no possibility that she could 
return to student life as a PhD student to complete a PhD in 
Houston that would take over 5 years. However, the Uni-
versity of Leeds came to the rescue. She entered a “split-
site” program “for applicants of very high quality” between 
Leeds, the degree granting institution, and MD Anderson 
where she completed her thesis work in less than 3 years, as 
a member of my MD Anderson Tamoxifen Team.

Three lingering scientific questions remained to be 
resolved at MD Anderson:

Ping Fan completes our molecular mechanism to explain 
the increase in breast cancers in the CEE/MPA‑treated 
women ten years after menopause in the WHI

Over the previous 15 years, we had assembled the mosaic of 
laboratory models that mimic LTED breast cancer in vivo 
and in vitro. NFκB was depleted during estrogen-induced 
breast cancer regression in vivo [128, 129]. Models in vitro 
indicated that estrogen-induced apoptosis was heralded by a 
massive increase in subcellular inflammation [136]. Ping and 
graduate student Lizzie Sweeny, at Georgetown, had dem-
onstrated that the glucocorticoid properties of MPA blocked 
estrogen-induced apoptosis [145].

Ping’s study at MD Anderson identified the molecular 
link with the activation of NFkB [146] and the suppres-
sion of apoptosis with glucocorticoids and MPA [147]. 
The resulting publications at MD Anderson [148] created 
a scientific solution for the breast cancer results of the WHI 
based on experimental evidence.

Balkees Abderrahman, Philipp Maximov, and Ramona 
Curpan define the molecular mechanism of action 
of the partial estrogen agonist bisphenol to delay 
apoptosis

We were fortunate to have published structure–function rela-
tionship studies of triphenylethylenes that we were custom 
synthesized at the Fox Chase Cancer Center [149]. Philipp 
Maximov, Balkees Abderrahman, and our molecular mod-
eler Ramona Curpan in Romania worked as a team to solve 
the molecular mechanism of how bisphenol delays apoptosis 
for a week [150–152].
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Ramona Curpan used molecular dynamics computer 
simulations to demonstrate that not only does the phenolic 
hydroxyl of bisphenol in the stilbene structure bind in the 
position in the ER that is naturally occupied by the 3 phe-
nolic hydroxyl of estradiol, but also the second phenolic 
hydroxyl of the triphenylethylene of bisphenol, now inter-
acted with Thr347 to displace Asp351. This key Asp351 
must be precisely positioned as it is essential to bind amino 
acids in helix 12 to seal over a planar estrogen-like estradiol 
and activate the ER complex [150, 152]. It is the side chains 
of 4-hydroxytamoxifen and raloxifene that shield Asp351 to 
prevent this closure like a “stick in the jaws of a crocodile” 
[48]. It is also important to note that raloxifene shields [152, 
153] Asp351 more effectively than 4-hydroxytamoxifen 
(Fig. 3). This explains why raloxifene is the more complete 
anti-estrogen in the uterus of mammals, whereas 4-hydroxy-
tamoxifen has more estrogen-like activity in the uterus. This 
is reflected by more endometrial cancer with tamoxifen [26, 
127] but none with raloxifene [70].

The bisphenol ER complex prevents an initial response to 
 E2 to trigger apoptosis. The bisphenol complex is, in fact, an 
anti-estrogenic influence initially [150] displaces the Asp351 
to prevent the initial full activation of the ER complex. Nev-
ertheless, the bisphenol ER complex eventually generates 
enough UPR to trigger delayed apoptosis.

Balkees Abderrahman and Ramona Curpan define 
the molecular mechanism of action of the estrogen mimic 
TTC‑352.

The answer to the third question has its roots in an independ-
ent research effort by former members of the Northwestern 
Tamoxifen Team. Dr. Debra Tonetti went to the University 
of Illinois campus in Chicago. She and Dr. Greg Thatcher 
created a novel group of medicine they called Selective 
Estrogen Mimics—that evolved into ShERPAs (Selective 
human Estrogen Receptor Partial Agonists).

Compounds were synthesized [154] and a few selected 
for further study. Former Tamoxifen Team member, Ruth 
O’Regan, was then at the University of Wisconsin, Carbone 
Comprehensive Cancer Center and Division Chief Hema-
tology, Oncology Palliative Care, Department of Medicine, 
where she headed the clinical team to test TTC-352, as a 
new promising estrogen-like treatment for endocrine-resist-
ant MBC [155]. It is important to note that Ruth was a coau-
thor on the breakthrough article by Yao et al. 2000 [113] 
on the potential clinical application of low-dose estrogen 
therapy. The body of laboratory work from the Northwestern 
Tamoxifen Team was confirmed in patients, half a decade 
later, by Dr. Mat Ellis [156] using high- and low-dose estro-
gen to provide clinical benefit for breast cancer patients who 
recurred during aromatase inhibitor treatment.

Dr Abderrahman conducted experiments with two 
ShERPAS BMI-135 [152] and TTC-352 [151]. The ShER-
PAs were compared and contrasting with estetrol, a fetal 
metabolite of estradiol also being tested in clinical trial for 
the treatment of antihormone-resistant breast cancer [157].

Both BMI-135 and TTC-352 were weak full agonists, 
whereas bisphenol was a true partial agonist. The journey 
from the laboratory to successful clinical testing with mech-
anisms deciphered was complete. Balkees Abderrahman, 
MD, PhD, during her tenure on the MD Anderson Tamox-
ifen Team as a fellow and PhD student at Leeds University 
was selected as a Forbes 30 under 30 in Science and selected 
to attend the 2021 Meeting of Nobel Laureates in Lindau, 
Germany.

What was achieved during the 50‑year tenure 
of the Tamoxifen Team?

During the 1970s, translational research strategies were cre-
ated by the first Tamoxifen Team at the University of Leeds 
that changed medicine. This was not the priority of ICI Phar-
maceuticals Division at Alderly Park, as their focus was to 
achieve approval for tamoxifen worldwide, as a safe effective 
medicine to treat stage IV breast cancer. Ours was an inde-
pendent commitment by the Tamoxifen Teams. The success 
of the “roving Tamoxifen Team” can be summarized:

1. The proposed use of tamoxifen for the long-term adju-
vant treatment of node-positive ER-positive breast can-
cer, and prevention in high-risk women, was successful 
in translation to clinical trials and FDA approvals [10].

2. Concerns about the risks of endometrial cancer raised 
by translational research at the University of Wisconsin 
[158] were examined (Fig. 5) and safety measures were 
introduced.

3. Study of the target site specificity of tamoxifen and 
raloxifene (a failed breast cancer drug initially called 
keoxifene) resulted in the creation of a new group of 
medicines proposed at the University of Wisconsin. The 
discovery of Selective Estrogen Receptor Modulation 
[64, 69, 159, 160].

4. The discoveries of a) estrogen-induced anticancer 
action of low-dose estrogen, and b) the elucidation of 
the molecular pathway for estrogen-induced apoptosis 
[76, 113, 129, 132, 146].

5. Translational research by past tamoxifen team members 
to aid in the development of new weak estrogenic mol-
ecules for the treatment of LTED breast cancer [151, 
152, 155].

6. Deciphering the molecular mechanism of action of the 
WHI trials on lowering the incidence of breast cancer 
with CEE and elevating the risk with CEE plus MPA 
[145–147].
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Dedication

On March 25, 1992, my friend and mentor Bill McGuire 
(Fig. 6) died. After his death, I received a letter he had writ-
ten (this was before emails became popular as formal busi-
ness communications!) inviting me to be guest editor for a 
special issue of Breast Cancer Research and Treatment (Jor-
dan, 1994, BCRT, vol 31 #1). As you can imagine, opening 
his letter after his death, during a diving holiday in Mexico, 
was a unique experience! At the time of his death, circum-
stances did not permit me to attend his memorial service. 
I have used this opportunity to pay tribute to Bill and the 

twenty years of his friendship and guidance. He always gave 
me sound advice and challenged my resolve. One occasion 
stands out. I was invited to be a speaker at a symposium 
as part of an AACR cancer research meeting in Atlanta. 
The end of my presentation came, and I considered it only 
appropriate to thank my mentors Drs. Bill McGuire, Elwood 
Jensen, and Jack Gorski. Bill’s response was unexpected: 
“Never do that again! I am sent many applications of yours 
for awards or papers to review. That will stop if it is known 
that you consider me as your mentor” Wise words!

Acknowledgements On September 20th, the American Association 
for the Advancement of Science announced the selection of V. Craig 
Jordan to be the 2021 recipient of the Golden Goose award. This award 
recognizes research completed with federally funded research grants 
that resulted in scientific discoveries that improved patient care, patient 
survival enhanced the development of medicines and improved eco-
nomic growth for the Nation. This retrospective recounts that journey. 
I express my gratitude to Sir Alan Wilson, the then Vice Chancel-
lor of the University of Leeds, and the late Dr. Barry JA Furr, Chief 
Scientist of AstraZeneca, for their nominations of my contributions 
to advancing tamoxifen through translational research that resulted in 
the award of Officer of the Most Excellent Order of the British Empire 
(OBE 2002) for services to international breast cancer research and 
Sir Alan Langlands, Vice Chancellor of the University of Leeds, for 
his nomination for my appointment as Companion of the Most Distin-
guished Order of St. Michael and St. George (CMG 2019) for services 
to women’s health.

Funding The studies described in this retrospective were funded by 
both peer-reviewed grant funding from the NCI/NIH/DoD or the gen-
erosity of the Lynn Sage Foundation for Breast Cancer Research, the 
AVON Foundation, and the Susan G. Komen Breast Cancer Founda-
tion. The investment of both taxpayers money and major philanthropic 
organizations in the discovery and maturation of unlikely research pro-
jects on breast cancer resulted in not only millions of women’s lives 
extended or saved worldwide but also mechanistic insights into the new 
science of SERMs and cutting the Gordian knot of the WHI. Women’s 
health was improved worldwide because of government’s investment 
in projects without an obvious initial benefit to mankind. Benefit came 
through the pharmaceutical industry eventually realizing the potential 
of the new science. Five FDA-approved medicines (SERMs) resulted, 
jobs were created, and economic wealth realized. The formula has 
worked dramatically to benefit women and the families for which they 
care. This story is a prime example for the value of “investing in the 
young and talented” to enrich the Nation and the World. This work 
was supported by NIH Grants CA-32713 (VCJ), CA-56143 (VCJ), 
CA-14520 (PPC), PO1-CA20432, 5T32-CA09471 (VCJ), BC050277 
Center of Excellence (VCJ), Specialized Program of Research Excel-
lence (SPORE) grant CA-89018 in breast cancer (VCJ), Department 
of Defense Training grant in breast neoplasia DA MD17-00–5671-
0386 (VCJ), Signal Transduction Training grant T32-CA70085-06 
(VCJ), Department of Defense Breast Program BC 050277 Center of 
Excellence (VCJ), the SU2C/AACR grant (VCJ), Susan G. Komen 
Scholar’s Award (VCJ), the Lynn Sage Breast Cancer Foundation of the 
RH Lurie Comprehensive Cancer Center (VCJ), the Avon Foundation 
(MM, VCJ), the National Institute of Health, National Cancer Institute, 
MD Anderson Cancer Center Support Grand (CA 016672), to Peter 
Pisters, MD; the George and Barbara Bush Foundation for Innova-
tive Cancer Research (VCJ), the Cancer Prevention Research Institute 
(CPRIT) for the Science and Technology Acquisition and Retention 
(STARs) and STARs Plus Award (VCJ); the Diana, Princess of Wales 
Professor of Cancer Research, the Alfred G Knudson Chair in Basic 

Fig. 5  The pioneering bitransplantation study by Gottardis [158] 
with an ER-positive breast tumor (MCF-7) implanted in one axilla 
and an ER-positive endometrial tumor (EnCa 101) in the other axilla. 
Tamoxifen blocks estrogen-stimulated growth of the breast tumor, but 
tamoxifen encourages the growth of the endometrial tumor

Fig. 6  Dedication to the late Bill McGuire (right). He and Geoff 
Greene, of the University of Chicago (left), are getting onto a bus for 
participants in an International Cancer Congress in Budapest, Hun-
gary, in the mid 1980s



34 Breast Cancer Research and Treatment (2021) 190:19–38

1 3

Science, VT Lombardi Chair of Cancer Research, and the Dallas/Fort 
Worth Living Legend Chair of Cancer Research (VCJ). I thank my 
Senior Administrative Assistant Victoria VanGordon for her diligence 
during the preparation of this manuscript and Dr. Philipp Maximov for 
his indispensable assistance in preparation of the figures and the new 
edited manuscript.

Declarations 

Conflict of interest The author declares that he has no conflicts of in-
terest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Watson, J, (2010) Avoid Boring People, Vintage Books, a divi-
sion of Random House New York.

 2. Smith DC, Prentice DJ, Thompson DJ, Herrmann WL (1975) 
Association of exogenous estrogen and endometrial cancer. N 
Eng J Med 293:1164–1167. https:// doi. org/ 10. 1056/ NEJM1 
97512 04293 2302

 3. Ziel HK, Finkle WD (1975) Increased risk of endometrial car-
cinoma among users of conjugated estrogens. N Eng J Med 
293:1169–1170. https:// doi. org/ 10. 1056/ NEJM1 97512 04293 
2303

 4. Eig J (2015) The Birth of the Pill. Pan Macmillan a division of 
Macmillan Publishers LTD, London

 5. Beutler E (2001) The treatment of acute leukemia: past, present, 
and future. Leukemia 15:658–661. https:// doi. org/ 10. 1038/ sj. leu. 
24020 65

 6. Canellos GP, Rosenberg SA, Friedburg JW, Lister TA, DeVita 
VT (2014) Treatment of Hodgkin lymphoma: a 50-year perspec-
tive. J Clin Oncol 32:163–168. https:// doi. org/ 10. 1200/ JCO. 
2013. 53. 1194

 7. Kennedy BJ (1965) Hormone therapy for advanced breast cancer. 
Cancer 12:1551–1557

 8. Haddow A, Watkinson JM, Paterson E, Koller PC (1944) Influ-
ence of synthetic oestrogens on advanced malignant disease. Br 
Med J 2:393–398. https:// doi. org/ 10. 1136/ bmj.2. 4368. 393

 9. Haddow A (1970) David A Karnofsky memorial lecture. 
Thoughts on chemical therapy Cancer 23:737–754. https:// doi. 
org/ 10. 1002/ 1097- 0142(197010) 26:4% 3c737:: aid- cncr2 82026 
0402% 3e3.0. co;2-t

 10. Jordan VC (2021) 50th anniversary of the first clinical trial with 
ICI 46,474 (tamoxifen): then what happened? Endocr Relat Can-
cer 28(1):R11–R30. https:// doi. org/ 10. 1530/ ERC- 20- 0335

 11. Quirck V (2020) Imperial chemical industries and craig jor-
dan. “The First Tamoxifen Consultant” 1960’s–1990’s. Ambix 
67:289–307. https:// doi. org/ 10. 1080/ 0002

 12. Harper MJ, Walpole AL (1966) Contrasting endocrine activities 
of cis and trans isomers in a series of substituted triphenylethyl-
enes. Nature 212:87. https:// doi. org/ 10. 1038/ 21208 7a0

 13. Bedford GR, Richardson DN (1966) Preparation and identifica-
tion of cis and trans isomers of a substituted triphenylethylene. 
Nature 212:733–734. https:// doi. org/ 10. 1038/ 21273 3b0

 14. Harper MJK, Walpole AL (1967) A new derivative of tripheny-
lethylene: effect on implantation and mode of action in rats. J 
Reprod Fertil 13:101–119. https:// doi. org/ 10. 1530/ jrf.0. 01301 01

 15. Jordan VC, Koerner S (1975) Tamoxifen (ICI 46, 474) and the 
human carcinoma 8S oestrogen receptor. Eur J Cancer 11:205–
206. https:// doi. org/ 10. 1016/ 0014- 2964(75) 90119-x

 16. Jordan VC, Jaspan T (1976) Tamoxifen as an anti-tumour agent: 
oestrogen binding as a predictive test for tumor response. J of 
Endocrinol 68:453–460. https:// doi. org/ 10. 1677/ joe.0. 06804 53

 17. Jensen EV, Jordan VC (2003) Dorothy P Landon, prize in trans-
lational research lecture. The estrogen receptor: a model for 
molecular medicine, Clin Cancer Res 9:1980–1989

 18. Fromson JM, Pearson S, Bramah S (1973) The metabolism of 
tamoxifen (I.C.I. 46,474). I In laboratory animals Xenobiotica 
3:693–709. https:// doi. org/ 10. 3109/ 00498 25730 91515 94

 19. Jordan, VC, (1978) Use of the DMBA – induced rat mammary 
carcinoma system for the evaluation of tamoxifen as a potential 
adjuvant therapy. Reviews on Endocrine Related Cancer 49–55 
(October Supplement).

 20. Jordan, VC, Dix, CJ, Allen, KE, (1979) The effectiveness of 
long-term tamoxifen treatment in a laboratory model for adjuvant 
therapy of breast cancer. In: Adjuvant Therapy of Cancer II SE 
Salmon and SE Jones Ed, Grune and Stratton pp 19–26

 21. Jordan, VC, Dix, CJ, Allen, KE, Prestwich, G, (1980). Anti-oes-
trogen action in experimental breast cancer 71 Springer-Verlag, 
Heidelberg, pp30–44

 22. Jordan VC, Allen KE, Dix CJ (1980) Pharmacology of tamoxifen 
in laboratory animals. Cancer Treat Rep 64:745–759

 23. Jordan VC, Dix CJ, Allen KE (1981) Effect of anti-oestrogens 
in carcinogen-induced rat mammary cancer. In: Sutherland RL, 
Jordan VC (eds) Nonsteroidal Antiestrogens. Academic Press, 
Sydney, pp 475–486

 24. Baum M, Brinkley DM, Dossett JA et al (1983) Improved sur-
vival among patients treated with adjuvant tamoxifen after mas-
tectomy for early breast cancer. Lancet 2:450. https:// doi. org/ 10. 
1016/ s0140- 6736(83) 90406-3

 25. Edinburgh Scottish Clinical Trials Office (1987) Adjuvant tamox-
ifen in the management of operable breast cancer: the Scottish 
Trial. Report from the Breast Cancer Trials Committee, Scottish 
Cancer Trials Office (MRC). Edinburgh, Lancet 2:171–175

 26. EBCTCG (1998) Tamoxifen for early breast cancer: an overview 
of the randomized trials. Lancet 354:1451–1467

 27. Davis C, Pan H, Godwin J et al (2015) Long-term effects of 
continuing adjuvant tamoxifen to 10 years versus stopping at 5 
years after diagnosis of oestrogen receptor-positive breast cancer: 
ATLAS, a randomised trial. Lancet 381:805–816. https:// doi. org/ 
10. 1016/ S0140- 6736(12) 61963-1

 28. Jordan VC, Collins MM, Rowsby L, Prestwich, (1977) A mono-
hydroxylated metabolite of tamoxifen with potent antiestrogenic 
activity. J Endocrinol 75:305–316. https:// doi. org/ 10. 1677/ joe.0. 
07503 05

 29. Allen KE, Clark ER, Jordan VC (1980) Evidence for the metabo-
lite activation of nonsteroidal antiestrogens: a study of structure-
activity relationships. Br J Pharmacol 71:83–91. https:// doi. org/ 
10. 1111/j. 1476- 5381. 1980. tb109 12.x

 30. Jordan VC, Allen KE (1980) Evaluation of the antitumour activ-
ity of the non-steroidal antioestrogen monohydroxytamoxifen in 
the DMBA-induced rat mammary carcinoma model. Eur J Can-
cer 16:239–251

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1056/NEJM197512042932302
https://doi.org/10.1056/NEJM197512042932302
https://doi.org/10.1056/NEJM197512042932303
https://doi.org/10.1056/NEJM197512042932303
https://doi.org/10.1038/sj.leu.2402065
https://doi.org/10.1038/sj.leu.2402065
https://doi.org/10.1200/JCO.2013.53.1194
https://doi.org/10.1200/JCO.2013.53.1194
https://doi.org/10.1136/bmj.2.4368.393
https://doi.org/10.1002/1097-0142(197010)26:4%3c737::aid-cncr2820260402%3e3.0.co;2-t
https://doi.org/10.1002/1097-0142(197010)26:4%3c737::aid-cncr2820260402%3e3.0.co;2-t
https://doi.org/10.1002/1097-0142(197010)26:4%3c737::aid-cncr2820260402%3e3.0.co;2-t
https://doi.org/10.1530/ERC-20-0335
https://doi.org/10.1080/0002
https://doi.org/10.1038/212087a0
https://doi.org/10.1038/212733b0
https://doi.org/10.1530/jrf.0.0130101
https://doi.org/10.1016/0014-2964(75)90119-x
https://doi.org/10.1677/joe.0.0680453
https://doi.org/10.3109/00498257309151594
https://doi.org/10.1016/s0140-6736(83)90406-3
https://doi.org/10.1016/s0140-6736(83)90406-3
https://doi.org/10.1016/S0140-6736(12)61963-1
https://doi.org/10.1016/S0140-6736(12)61963-1
https://doi.org/10.1677/joe.0.0750305
https://doi.org/10.1677/joe.0.0750305
https://doi.org/10.1111/j.1476-5381.1980.tb10912.x
https://doi.org/10.1111/j.1476-5381.1980.tb10912.x


35Breast Cancer Research and Treatment (2021) 190:19–38 

1 3

 31. Jordan VC, Dix CJ, Rowsby L, Prestwich G (1977) Studies on the 
mechanism of action of the nonsteroidal antioestrogen tamoxifen 
(I.C.I. 46,474) in the rat. Mol Cell Endocrinol 7:177–192. https:// 
doi. org/ 10. 1016/ 0303- 7207(77) 90066-1

 32. Jordan VC, Rowsby L, Dix CJ, Prestwich G (1978) Dose related 
effects of nonsteroidal antiestrogens and nonsteroidal oestrogens 
on the measurement of cytoplasmic oestrogen receptors in the 
rat and mouse uterus. J Endocrinol 78:71–81. https:// doi. org/ 10. 
1677/ joe.0. 07800 71

 33. Jordan VC, Naylor KE (1979) The binding of  [3H] oestradiol 
-17β in the immature rat uterus during the sequential administra-
tion of antioestrogens. Br J Pharmacol 65:167–173. https:// doi. 
org/ 10. 1111/j. 1476- 5381. 1979. tb078 15.x

 34. Jordan VC, Dix CJ (1979) Effect of oestradiol benzoate, tamox-
ifen and monohydroxytamoxifen on immature rat uterine pro-
gesterone receptor synthesis and endometrial cell division. J 
Steroid Biochem 11:285–291. https:// doi. org/ 10. 1016/ 0022- 
4731(79) 90310-8

 35. Dix CJ, Jordan VC (1980) Subcellular effects of monohydroxy-
tamoxifen in the rat uterus: steroid receptors and mitosis. J 
Endocrinol 85:393–404. https:// doi. org/ 10. 1677/ joe.0. 08503 
93

 36. Dix CJ, Jordan VC (1980) Modulation of rat uterine steroid hor-
mone receptors by estrogen and antiestrogen. Endocrinology 
107:2011–2020. https:// doi. org/ 10. 1210/ endo- 107-6- 2011

 37. Jordan VC, Haldemann B, Allen KE (1981) Geometric iso-
mers of substituted triphenylethylenes and antiestrogen action. 
Endocrinology 108:1353–1361. https:// doi. org/ 10. 1210/ 
endo- 108-4- 1353

 38. Toft D, Gorski J (1966) A receptor molecule for estrogens: isola-
tion from the rat uterus and preliminary characterization. Proc 
Nat’l Acad Sci USA 55:1574–1581. https:// doi. org/ 10. 1073/ pnas. 
55.6. 1574

 39. Lieberman ME, Maurer RA, Gorski J (1978) Estrogen control 
of prolactin synthesis in vitro. Proc Nat’l Acad Sciences USA 
75:5946–5949. https:// doi. org/ 10. 1073/ pnas. 75. 12. 5946

 40. Lieberman ME, Jordan VC, Fritsch M, Santos MA, Gorski J 
(1983) Direct and reversible inhibition of estradiol-stimulated 
prolactin synthesis by antiestrogens in  vitro. J Biol Chem 
258:4734–4740

 41. Lieberman ME, Gorski J, VC, (1983) An estrogen receptor model 
to describe the regulation of prolactin synthesis by antiestrogen 
in vitro. J Biol Chem 258:4741–4745

 42. Jordan VC, Lieberman ME, Cormier E et al (1984) Structural 
requirements for the pharmacological activity of non-steroidal 
antiestrogens invitro. Mol Pharmacol 26:272–278

 43. Jordan VC, Lieberman ME (1984) Estrogen stimulated in vitro: 
classification of agonist, partial agonist and anti-agonist based 
on structure. Mol Pharmacol 26:279–285

 44. Jordan VC, Koch R, Mittal S, Schneider MR (1986) Oestrogenic 
and antioestrogenic actions in a series of triphenylbut-1-enes: 
modulation of prolactin synthesis in  vitro. Br J Pharmacol 
87:217–223. https:// doi. org/ 10. 1111/j. 1476- 5381. 1986. tb101 74.x

 45. Robinson SP, Koch R, Jordan VC (1988) In vitro estrogenic 
actions in rat and human cells of hydroxylated derivatives of 
D16726 (zindoxifene), an agent with known antimammary can-
cer activity in vivo. Cancer Res 48:784–787

 46. Jordan VC, Koch R, Langan McCague, R, (1988) Ligand inter-
action at the estrogen receptor to program antiestrogen action: 
a study with nonsteroidal compounds in vitro. Endocrinology 
122:1449–1454. https:// doi. org/ 10. 1210/ endo- 122-4- 1449

 47. Jordan VC, Koch R (1989) Regulation of prolactin synthesis 
in vitro by estrogenic and antiestrogenic derivatives of estradiol 
and estrone. Endocrinology 124:1717–1726. https:// doi. org/ 10. 
1210/ endo- 124-4- 1717

 48. Jordan VC (1987) Laboratory models of breast cancer to aid the 
elucidation of antiestrogen action. J Lab Clin Med 109:267–277

 49. Jordan VC, Fisher AH, Rose DP (1981) Binding of  [3H] monohy-
droxytamoxifen in human breast carcinoma cytosols. Eur J Can-
cer 17:121–122. https:// doi. org/ 10. 1016/ 0014- 2964(81) 90221-8

 50. Jordan VC, Bowser-Finn RA (1982) Binding of  [3H] monohy-
droxytamoxifen by immature rat tissues in vivo. Endocrinology 
110:1281–1291. https:// doi. org/ 10. 1210/ endo- 110-4- 1281

 51. Tate AC, Greene GL, DeSombre ER et al (1984) Differences 
between estrogen- and antiestrogen-estrogen receptor complexes 
from human breast tumors identified with an antibody raised 
against the estrogen receptor. Cancer Res 44:1012–1018

 52. Tate AC, Lieberman ME, Jordan VC (1984) The inhibition of 
prolactin synthesis in GH3 rat pituitary tumor cells by monohy-
droxytamoxifen is associated with changes in the properties of 
the estrogen receptor. J Steroid Biochem 20:391–395. https:// doi. 
org/ 10. 1016/ 0022- 4731(84) 90240-1

 53. Gottardis MM, Robinson SP, Jordan VC (1988) Estradiol-stim-
ulated growth of MCF-7 tumors implanted in athymic mice: a 
model to study the tumoristatic action of tamoxifen. J Steroid 
Biochem 20:311–314. https:// doi. org/ 10. 1016/ 0022- 4731(88) 
90113-6

 54. Osborne CK, Boldt DH, Clark GH, Trent JM (1983) Effects of 
tamoxifen on human breast cancer cell cycle kinetics: accumula-
tion of cells in early G1 phase. Cancer Res 43:3583–3585

 55. Sutherland RL, Green MD, Hall RE et al (1983) Tamoxifen 
induces accumulation of MCF 7 human mammary carcinoma 
cells in the G0/G1 phase of the cell cycle. Euro J Cancer Clin 
Oncol 19:615–621. https:// doi. org/ 10. 1016/ 0277- 5379(83) 
90177-3

 56. Osborne CK, Coronado EB, Robinson JP (1987) Human breast 
cancer in the athymic nude mouse: cytostatic effects of long-term 
antiestrogen therapy. Eur J Cancer Clin Oncol 23:1189–1196. 
https:// doi. org/ 10. 1016/ 0277- 5379(87) 90154-4

 57. Gottardis MM, Jordan VC (1988) Development of tamoxifen-
stimulated growth of MCF-7 tumors in athymic mice after long-
term antiestrogen administration. Cancer Res 48:5183–5187

 58. Gottardis MM, Wagner RJ, Borden EC, Jordan VC (1989) Dif-
ferential ability of antiestrogens to stimulate breast cancer cell 
(MCF-7) growth in vivo and in vitro. Cancer Res 49:4765–4769

 59. Gottardis MM, Jiang SY, Jeng MH, Jordan VC (1989) Inhibi-
tion of tamoxifen stimulated growth of an MCF-7 tumor variant 
in athymic mice by novel steroidal antiestrogens. Cancer Res 
49:4090–4093

 60. Osborne CK, Pippen J, Jones SE et al (2002) Double-blind, rand-
omized trial comparing the efficacy and tolerability of fulvestrant 
versus anastrozole in postmenopausal women with advanced 
breast cancer progressing on prior endocrine therapy results of a 
North American Trial. J Clin Oncol 20:3386–3395. https:// doi. 
org/ 10. 1200/ JCO. 2002. 10. 058

 61. Jordan VC (2020) Serendipity in the search for “morning-after 
pills” led to clomiphene for the induction of ovulation. Fertility 
and Sterility Science 1:3–13

 62. Beall PT, Misra LK, Young RL et al (1985) Clomiphene protects 
against osteoporosis in the mature ovariectomized rat. Calcif Tis-
sue Int 36:123–125. https:// doi. org/ 10. 1007/ BF024 05304

 63. Black LJ, Jones CD, Falcon JF (1983) Antagonism of estrogen 
action with a new benzothiophene derived antiestrogen. Life Sci 
32:1031–1036. https:// doi. org/ 10. 1016/ 0024- 3205(83) 90935-9

 64. Jordan VC, Phelps E, Lindgren JU (1987) Effect of antiestrogens 
on bone in castrated and intact female rats. Breast Cancer Res 
Treat 10:31–37. https:// doi. org/ 10. 1007/ BF018 06132

 65. Turner RT, Wakley GK, Hannon KS, Bell NH (1987) Tamoxifen 
prevents the skeletal effects of ovarian hormone deficiency in 
rats. J Bone Miner Res 2:449–456. https:// doi. org/ 10. 1002/ jbmr. 
56500 20513

https://doi.org/10.1016/0303-7207(77)90066-1
https://doi.org/10.1016/0303-7207(77)90066-1
https://doi.org/10.1677/joe.0.0780071
https://doi.org/10.1677/joe.0.0780071
https://doi.org/10.1111/j.1476-5381.1979.tb07815.x
https://doi.org/10.1111/j.1476-5381.1979.tb07815.x
https://doi.org/10.1016/0022-4731(79)90310-8
https://doi.org/10.1016/0022-4731(79)90310-8
https://doi.org/10.1677/joe.0.0850393
https://doi.org/10.1677/joe.0.0850393
https://doi.org/10.1210/endo-107-6-2011
https://doi.org/10.1210/endo-108-4-1353
https://doi.org/10.1210/endo-108-4-1353
https://doi.org/10.1073/pnas.55.6.1574
https://doi.org/10.1073/pnas.55.6.1574
https://doi.org/10.1073/pnas.75.12.5946
https://doi.org/10.1111/j.1476-5381.1986.tb10174.x
https://doi.org/10.1210/endo-122-4-1449
https://doi.org/10.1210/endo-124-4-1717
https://doi.org/10.1210/endo-124-4-1717
https://doi.org/10.1016/0014-2964(81)90221-8
https://doi.org/10.1210/endo-110-4-1281
https://doi.org/10.1016/0022-4731(84)90240-1
https://doi.org/10.1016/0022-4731(84)90240-1
https://doi.org/10.1016/0022-4731(88)90113-6
https://doi.org/10.1016/0022-4731(88)90113-6
https://doi.org/10.1016/0277-5379(83)90177-3
https://doi.org/10.1016/0277-5379(83)90177-3
https://doi.org/10.1016/0277-5379(87)90154-4
https://doi.org/10.1200/JCO.2002.10.058
https://doi.org/10.1200/JCO.2002.10.058
https://doi.org/10.1007/BF02405304
https://doi.org/10.1016/0024-3205(83)90935-9
https://doi.org/10.1007/BF01806132
https://doi.org/10.1002/jbmr.5650020513
https://doi.org/10.1002/jbmr.5650020513


36 Breast Cancer Research and Treatment (2021) 190:19–38

1 3

 66. Black LJ, Soto M, Rowley ER et al (1994) Raloxifene (LY139481 
HCI) prevents bone loss and reduces serum cholesterol without 
causing uterine hypertrophy in ovariectomized rats. J Clin Invest 
93:63–69. https:// doi. org/ 10. 1172/ JCI11 6985

 67. Love RR, Mazess B, HS, et al (1992) Effects of tamoxifen on 
bone mineral density in postmenopausal women with breast can-
cer. N Engl J Med 326:852–856. https:// doi. org/ 10. 1056/ NEJM1 
99203 26326 1302

 68. Persson I, Yuen J, Bergkvist L, Schairer C (1996) Cancer inci-
dence and mortality in women receiving estrogen and estrogen-
progestin replacement therapy–long-term follow-up of a Swedish 
cohort. Int J Cancer 67:327–332

 69. Lerner LJ, Jordan VC (1990) Development of antiestrogens and 
their use in breast cancer: eighth Cain memorial award lecture. 
Cancer Res 50:4177–4189

 70. Cummings SR, Eckert S, Krueger KA et al (1999) The effect of 
raloxifene on risk of breast cancer in postmenopausal women: 
results from the MORE randomized trial. Multiple Outcomes 
of Raloxifene Evaluation, JAMA 281:2189–2197. https:// doi. 
org/ 10. 1001/ jama. 281. 23. 2189

 71. Jordan VC (2006) Optimizing endocrine approaches for the 
chemoprevention of breast cancer: beyond the study Tamoxifen 
and Raloxifene (STAR). Eur J Cancer 42:2909–2913

 72. Cormier EM, Jordan VC (1989) Contrasting ability of anties-
trogens to inhibit MCF-7 growth stimulated by estradiol or epi-
dermal growth factor. Eur J Cancer and Clin Oncol 25:57–63. 
https:// doi. org/ 10. 1016/ 0277- 5379(89) 90051-5

 73. Cormier EM, Wolf MF, Jordan VC (1989) Decrease in estra-
diol-stimulated progesterone receptor production in MCF-7 
cells by epidermal growth factor and possible clinical impli-
cation for paracrine-regulated breast cancer growth. Cancer 
Res 49:576–580

 74. Robinson SP, Jordan VC (1989) The paracrine stimulation of 
MCF-7 cells by MDA-MB-231 cells: possible role in anties-
trogen failure. Eur J Cancer Clin Oncol 25:493–497. https:// 
doi. org/ 10. 1016/ 0277- 5379(89) 90262-9

 75. Robinson SP, Jordan VC (1989) Antiestrogenic action of 
toremifene on hormone-dependent, -independent, and hetero-
geneous breast tumor growth in the athymic mouse. Cancer 
Res 49:1758–1762

 76. Wolf DM, Jordan VC (1993) A laboratory model to explain 
the survival advantages observed in patients taking adjuvant 
tamoxifen therapy. Recent Results Cancer Res 127:23–33. 
https:// doi. org/ 10. 1007/ 978-3- 642- 84745-5_4

 77. Tora L, Mullick A, Metzger M et al (1989) The cloned human 
oestrogen receptor contains a mutation which alters its hor-
mone binding properties. EMBO J 8:1981–1986

 78. Wolf DM, Jordan VC (1994) Characterization of tamoxifen 
stimulated MCF-7 tumor varients grown in athymic mice. 
Breast Cancer Res Treat 31:1176–2127. https:// doi. org/ 10. 
1007/ BF006 89682

 79. Wolf DM, Jordan VC (1994) The estrogen receptor from a 
tamoxifen stimulated MCF-7 tumor variant contains a point 
mutation in the ligand binding domain. Breast Cancer Res 
Treat 31:129–138. https:// doi. org/ 10. 1007/ BF006 89683

 80. Shiau AK, Barstad D, Loria PM et al (1998) The structural 
basis of estrogen receptor/coactivator recognition and the 
antagonism of this interaction by tamoxifen. Cell 95:927–937. 
https:// doi. org/ 10. 1016/ s0092- 8674(00) 81717-1

 81. Brozozowski AM, Pike AC, Dauter Z et al (1997) Molecular 
basis of agonism and antagonism in the oestrogen receptor. 
Nature 89:753–758

 82. Jiang SY, Jordan VC (1992) Growth regulation of estrogen 
receptor negative breast cancer cells transfected with com-
plimentary DNAs for estrogen receptor. J Natl Cancer Inst 
84:580–591. https:// doi. org/ 10. 1093/ jnci/ 84.8. 580

 83. Pink JJ, Jiang SY, Fritsch M, Jordan VC (1995) An estrogen-
independent MCF-7 breast cancer cell line which contains a 
novel 80-kilodalton estrogen receptor-related protein. Cancer 
Res 55:2583–2590

 84. Pink JJ, Wu SQ, Wolf DM et al (1996) A novel 80 kDa human 
estrogen receptor containing a duplication of exons 6 and 7. 
Nucleic Acids Res 24:962–969. https:// doi. org/ 10. 1093/ nar/ 
24.5. 962

 85. Murphy CS, Meisner LF, Wu SQ, Jordan VC (1989) Short- and 
long-term estrogen deprivation of T47D human breast can-
cer cells in culture. Eur J Cancer Clin Oncol 25:1777–1788. 
https:// doi. org/ 10. 1016/ 0277- 5379(89) 90348-9

 86. Pink JJ, Billimoria MM, Assik J, Jordan VC (1996) Irreversible 
loss of the oestrogen receptor in T47D breast cancer cells fol-
lowing prolonged oestrogen deprivation. Br J Cancer 74:1277–
1236. https:// doi. org/ 10. 1038/ bjc. 1996. 521

 87. Pink JJ, Jordan VC (1996) Models of estrogen receptor regulation 
by estrogens and antiestrogens in breast cancer cell lines. Cancer 
Res 56:2321–2330

 88. Jiang SY, Wolf DM, Yingling JM, VC, et al (1992) An estrogen 
receptor positive MCF-7 clone that is resistant to antiestrogens 
and estradiol. Mol Cell Endocrinol 90:77–86. https:// doi. org/ 10. 
1016/ 0303- 7207(92) 90104-e

 89. Jeng MH, Jordan VC (1991) Growth stimulation and differential 
regulation of transforming growth factor-beta 1 (TGF beta 1), 
TGF beta 2, and TGF beta 3 messenger RNA levels by nore-
thindrone in MCF-7 human breast cancer cells. Mol Endocrinol 
5:1120–1128. https:// doi. org/ 10. 1210/ mend-5- 8- 1120

 90. Jeng MH, Parker CJ, Jordan VC (1992) Estrogenic potential of 
progestins in oral contraceptives to stimulate human breast can-
cer cell proliferation. Cancer Res 52:6539–6546

 91. Jeng MH, Langan-Fahey SM, Jordan VC (1993) Estrogenic 
action of RU486 in hormone responsive MCF-7 human breast 
cancer cell. Endocrinology 132:2622–2630. https:// doi. org/ 10. 
1210/ endo. 132.6. 85047 63

 92. Jeng MH, Jiang SY, Jordan VC (1994) Paradoxical regulation of 
estrogen-dependent growth factor gene expression in estrogen 
receptor (ER)-negative human breast cancer cells stably express-
ing ER. Cancer Lett 82:123–128. https:// doi. org/ 10. 1016/ 0304- 
3835(94) 90001-9

 93. Jordan VC, Schafer J, Levenson AS, Liu H, Pease KM, Simons 
LA, Zapf JW (2001) Molecular classification of estrogens. Can-
cer Res 61:6619–6623

 94. The Women’s Health Initiative Study Group (1998) Design of 
the Women’s Health Initiative clinical trial and observational 
study. Control Clin Trials 19:61–109. https:// doi. org/ 10. 1016/ 
s0197- 2456(97) 00078-0

 95. Catherino WH, Wolf DM, Jordan VC (1995) A naturally occur-
ring estrogen receptor mutation results in increased estrogenicity 
of a tamoxifen analog. Mol Endocrinol 9:1053–1063. https:// doi. 
org/ 10. 1210/ mend.9. 8. 74769 79

 96. Jordan VC, Jeng MH, Catherino WH, Parker CJ (1993) The 
estrogenic activity of synthetic progestins used in oral contracep-
tives. Cancer 71:1501–1505. https:// doi. org/ 10. 1002/ cncr. 28207 
10415

 97. Catherino WH, Jeng MH, Jordan VC (1993) Norgestrel and 
gestodene stimulate breast cancer cell growth through an oes-
trogen receptor mediated mechanism. Br J Cancer 67:945–952. 
https:// doi. org/ 10. 1038/ bjc. 1993. 175

 98. Catherino WH, Jordan VC (1995) Increasing the number of tan-
dem estrogen response elements increases the estrogenic activity 
of a tamoxifen analogue. Cancer Lett 92:39–41. https:// doi. org/ 
10. 1016/ 0304- 3835(95) 03755-l

 99. Jiang SY, Langan-Fahey SM, Stella A et al (1992) Point mutation 
of estrogen receptor (ER) in the ligand-binding domain changes 
the pharmacology of antiestrogens in ER-negative breast cancer 

https://doi.org/10.1172/JCI116985
https://doi.org/10.1056/NEJM199203263261302
https://doi.org/10.1056/NEJM199203263261302
https://doi.org/10.1001/jama.281.23.2189
https://doi.org/10.1001/jama.281.23.2189
https://doi.org/10.1016/0277-5379(89)90051-5
https://doi.org/10.1016/0277-5379(89)90262-9
https://doi.org/10.1016/0277-5379(89)90262-9
https://doi.org/10.1007/978-3-642-84745-5_4
https://doi.org/10.1007/BF00689682
https://doi.org/10.1007/BF00689682
https://doi.org/10.1007/BF00689683
https://doi.org/10.1016/s0092-8674(00)81717-1
https://doi.org/10.1093/jnci/84.8.580
https://doi.org/10.1093/nar/24.5.962
https://doi.org/10.1093/nar/24.5.962
https://doi.org/10.1016/0277-5379(89)90348-9
https://doi.org/10.1038/bjc.1996.521
https://doi.org/10.1016/0303-7207(92)90104-e
https://doi.org/10.1016/0303-7207(92)90104-e
https://doi.org/10.1210/mend-5-8-1120
https://doi.org/10.1210/endo.132.6.8504763
https://doi.org/10.1210/endo.132.6.8504763
https://doi.org/10.1016/0304-3835(94)90001-9
https://doi.org/10.1016/0304-3835(94)90001-9
https://doi.org/10.1016/s0197-2456(97)00078-0
https://doi.org/10.1016/s0197-2456(97)00078-0
https://doi.org/10.1210/mend.9.8.7476979
https://doi.org/10.1210/mend.9.8.7476979
https://doi.org/10.1002/cncr.2820710415
https://doi.org/10.1002/cncr.2820710415
https://doi.org/10.1038/bjc.1993.175
https://doi.org/10.1016/0304-3835(95)03755-l
https://doi.org/10.1016/0304-3835(95)03755-l


37Breast Cancer Research and Treatment (2021) 190:19–38 

1 3

cells stably expressing complementary DNAs for ER. Mol Endo-
crinol 6:2167–2174. https:// doi. org/ 10. 1210/ mend.6. 12. 14916 96

 100. Levenson AS, Jordan VC (1994) Transfection of human estrogen 
receptor (ER) cDNA into ER-negative mammalian cell lines. J 
Steroid Biochem Mol Biol 51:229–239. https:// doi. org/ 10. 1016/ 
0960- 0760(94) 90035-3

 101. Levenson AS, Jordan VC (1997) MCF-7 the first estrogen respon-
sive breast cancer cell line (Perspectives in Cancer Research). 
Cancer Res 57:3071–3078

 102. Levenson AS, Jordan VC (1999) Selective estrogen receptor 
modulation. Eur J Cancer 35:1628–1639. https:// doi. org/ 10. 1016/ 
s0959- 8049(99) 00183-5

 103. Levenson AS, Catherino WM, Jordan VC (1997) Estrogenic 
activity is increased for an antiestrogen by a natural mutation of 
the estrogen receptor. J of Steroid Biochem Mol Biol 60:261–
268. https:// doi. org/ 10. 1016/ s0960- 0760(96) 00184-7

 104. Levenson AS, Jordan VC (1998) The key to the antiestrogenic 
mechanism of raloxifene in a 351(ASP) in the estrogen receptor. 
Cancer Res 58:1872–1875

 105. MacGregor-Schafer J, Liu H, Bentram DJ, Zapf JW, Jordan 
VC (2000) Allosteric silencing of activating function 1 in the 
4-hydroxytamoxifen estrogen receptor complex is induced by 
substituting glycine for aspartate at amino acid 351. Cancer Res 
60:5097–5105

 106. Liu H, Lee ES, De Los Reyes JW, Zapf JW, Jordan VC (2001) 
Silencing and reactivation of the selective estrogen recep-
tor modulator-estrogen receptor alpha complex. Cancer Res 
61:3632–3639

 107. Liu H, Park WC, Bentrem DJ et al (2002) Structure-function 
relationships of the raloxifene-estrogen receptor-alpha complex 
for regulating transforming growth factor-alpha expression in 
breast cancer cells. J Biol Chem 277:9189–9198. https:// doi. org/ 
10. 1074/ jbc. M1083 35200

 108. Fanning SW, Mayne CG, Dharmarajan V et al (2016) Estrogen 
receptor alpha somatic mutations Y537S and D538G confer 
breast cancer endocrine resistance by stabilizing the activating 
function-2 binding conformation. Elife 5:e12792. https:// doi. org/ 
10. 7554/ eLife. 12792

 109. Harod A, Fulton J, Nguyen VTM et al (2017) Genomic modelling 
of the ESR1 Y537S mutation for evaluating function and new 
therapeutic approaches for metastatic breast cancer. Oncogen 
36:2286–2296. https:// doi. org/ 10. 1038/ onc. 2016. 382

 110. Fanning SW, Greene GL (2019) Next-generation ERα inhibi-
tors for endocrine-resistant ER+ breast cancer. Endocrinology 
160:759–769. https:// doi. org/ 10. 1210/ en. 2018- 01095

 111. Zhang QX, Borg A, Wolf DM et al (1997) An estrogen receptor 
mutant with strong hormone-independent activity from a meta-
static breast cancer. Cancer Res 57:1244–1249

 112. Jeselsohn R, Yelensky R, Buchwalter G et al (2014) Emergence 
of constitutively active estrogen receptor-α mutations in pre-
treated advanced estrogen receptor-positive breast cancer. Clin 
Cancer Res 20:1757–1767. https:// doi. org/ 10. 1158/ 1078- 0432. 
CCR- 13- 2332

 113. Yao K, Lee ES, Bentrem DJ et al (2000) Antitumor action of 
physiological estradiol on tamoxifen-stimulated breast tumors 
grown in athymic mice. Clin Cancer Res 6:2028–2036

 114. Bentrem DJ, Dardes RC, Liu H et al (2001) Molecular mecha-
nism of action at estrogen receptor alpha of a new clinically rel-
evant antiestrogen (GW7604) related to tamoxifen. Endocrinol-
ogy 142:838–846. https:// doi. org/ 10. 1210/ endo. 142.2. 7932

 115. Bentrem DF, JE, Pearce, ST, et al (2003) Distinct molecular con-
formations of the estrogen receptor alpha complex exploited by 
environmental estrogens. Cancer Res 63:7490–7496

 116. Dardes RC, O’Regan R, Gajdos C, Robinson SP (2002) Effects 
of a new clinically relevant antiestrogen (GW5638) related to 

tamoxifen on breast and endometrial cancer growth in vivo. Clin 
Cancer Res 8:1995–2001

 117. Dardes RC, MacGregor-Schafer J, Pearce ST et al (2002) Regula-
tion of estrogen target genes and growth by selective estrogen-
receptor modulators in endometrial cancer cells. Gynecol Oncol 
85:498–506. https:// doi. org/ 10. 1006/ gyno. 2002. 6659

 118. Jordan VC (1984) Biochemical pharmacology of antiestrogen 
action. Pharmcol Rev 36:245–276

 119. MacGregor JI, Jordan VC (1998) Basic guide to the mechanisms 
of antiestrogen action. Pharmacol Rev 50:151–196

 120. Schafer MJ, Lee ES, O’Regan RM et al (2000) Rapid develop-
ment of tamoxifen-stimulated mutant p53 breast tumors (T47D) 
in athymic mice. Clin Cancer Res 6:4373–4380

 121. Shafer JI, Liu H, Tonetti DA, Jordan VC (1999) The interac-
tion of raloxifene and the active metabolite of the antiestrogen 
EM-800 (SC 5705) with the human estrogen receptor. Cancer 
Res 59:4308–4313

 122. Lee ES, Schafer JM, Yao K et al (2000) Cross-resistance of 
triphenylethylene-type antiestrogens but not ICI 182,780 in 
tamoxifen-stimulated breast tumors grown in athymic mice. 
Clin Cancer Res 6:4893–4899

 123. Buzdar AU, Marcus C, Holms F et al (1988) Phase II evalu-
ation of Ly156758 in metastatic breast cancer. Oncology 
45:344–345. https:// doi. org/ 10. 1159/ 00022 6637

 124. O’Regan RM, Gajos C, Dardes RS et al (2002) Effects of ralox-
ifene after tamoxifen on breast and endometrial tumor growth 
in athymic mice. J Natl Cancer Inst 94:274–283. https:// doi. 
org/ 10. 1093/ jnci/ 94.4. 274

 125. O’Regan RM, Osipo C, Ariazi E et al (2006) Development and 
therapeutic options for the treatment of raloxifene-stimulated 
breast cancer in athymic mice. Clin Cancer Res 12:2255–2263. 
https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 05- 2584

 126. Jordan VC (1976) Effect of tamoxifen (ICI 46,474) on initiation 
and growth of DMBA-induced rat mammary carcinomata. Eur 
J Cancer 12:419–424. https:// doi. org/ 10. 1016/ 0014- 2964(76) 
90030-x

 127. Fisher B, Costantino JP, Wickerham DL et al (1998) Tamoxifen 
for prevention of breast cancer: report of the National Surgical 
Adjuvant Breast and Bowel Project P-1 study. J Natl Cancer 
Inst 90:1371–1388. https:// doi. org/ 10. 1093/ jnci/ 90. 18. 1371

 128. Osipo C, Gajdos C, Liu H et al (2003) Paradoxical action of 
fulvestrant in estradiol-induced regression of tamoxifen-stim-
ulated breast cancer. J Natl Cancer Inst 95:1597–1608. https:// 
doi. org/ 10. 1093/ jnci/ djg079

 129. Liu H, Lee ES, Gajdos C et al (2003) Apoptotic action of 
17beta-estradiol in raloxifene-resistant MCF-7 cells in vitro 
and in vivo. J Natl Cancer Inst 95:158601597. https:// doi. org/ 
10. 1093/ jnci/ djg080

 130. Song RX, Mor G, Naftolin F et al (2001) Effect of long-term 
estrogen deprivation on apoptotic responses of breast cancer 
cells to 17beta-estradiol. J Natl Cancer Inst 93:1714–1723. 
https:// doi. org/ 10. 1093/ jnci/ 93. 22. 1714

 131. Lewis JS, Osipo C, Meeke J, VC, (2005) Estrogen-induced 
apoptosis in a breast cancer model resistant to long-term estro-
gen withdrawal. J Steroid Biochem Mol Biol 94:131–141. 
https:// doi. org/ 10. 1016/j. jsbmb. 2004. 12. 032

 132. Lewis JS, Meeke K, Osipo C, Ross EA et al (2005) Intrin-
sic mechanism of estradiol-induced apoptosis in breast can-
cer cells resistant to estrogen deprivation. J Natl Cancer Inst 
97:1746–1759. https:// doi. org/ 10. 1093/ jnci/ dji400

 133. Writing Group for the Women’s Health Initiative Investigators 
(2002) Risks and benefits of estrogen plus progestin in healthy 
postmenopausal women: principal results from the Women’s 
Health Initiative randomized controlled trial. JAMA 288:321–
333. https:// doi. org/ 10. 1001/ jama. 288.3. 321

https://doi.org/10.1210/mend.6.12.1491696
https://doi.org/10.1016/0960-0760(94)90035-3
https://doi.org/10.1016/0960-0760(94)90035-3
https://doi.org/10.1016/s0959-8049(99)00183-5
https://doi.org/10.1016/s0959-8049(99)00183-5
https://doi.org/10.1016/s0960-0760(96)00184-7
https://doi.org/10.1074/jbc.M108335200
https://doi.org/10.1074/jbc.M108335200
https://doi.org/10.7554/eLife.12792
https://doi.org/10.7554/eLife.12792
https://doi.org/10.1038/onc.2016.382
https://doi.org/10.1210/en.2018-01095
https://doi.org/10.1158/1078-0432.CCR-13-2332
https://doi.org/10.1158/1078-0432.CCR-13-2332
https://doi.org/10.1210/endo.142.2.7932
https://doi.org/10.1006/gyno.2002.6659
https://doi.org/10.1159/000226637
https://doi.org/10.1093/jnci/94.4.274
https://doi.org/10.1093/jnci/94.4.274
https://doi.org/10.1158/1078-0432.CCR-05-2584
https://doi.org/10.1016/0014-2964(76)90030-x
https://doi.org/10.1016/0014-2964(76)90030-x
https://doi.org/10.1093/jnci/90.18.1371
https://doi.org/10.1093/jnci/djg079
https://doi.org/10.1093/jnci/djg079
https://doi.org/10.1093/jnci/djg080
https://doi.org/10.1093/jnci/djg080
https://doi.org/10.1093/jnci/93.22.1714
https://doi.org/10.1016/j.jsbmb.2004.12.032
https://doi.org/10.1093/jnci/dji400
https://doi.org/10.1001/jama.288.3.321


38 Breast Cancer Research and Treatment (2021) 190:19–38

1 3

 134. The Women’s Health Initiative Steering Committee (2004) 
Effects of conjugated equine estrogen in postmenopausal 
women with hysterectomy: the Women’s Health Initiative 
randomized controlled trial. JAMA 291:1701–1712. https:// 
doi. org/ 10. 1001/ jama. 291. 14. 1701

 135. Maximov P, Sengupta S, Lewis-Wambi JS et al (2011) The 
conformation of the estrogen receptor directs estrogen-induced 
apoptosis in breast cancer: a hypothesis. Horm Mol Biol Clin 
Investig 5:27–34. https:// doi. org/ 10. 1515/ HMBCI. 2010. 047

 136. Ariazi EA, Cunliff HE, Lewis-Wambi JS et al (2011) Estro-
gen induces apoptosis in estrogen deprivation-resistant breast 
cancer through stress responses as identified by global gene 
expression across time. Proc Natl Acad Sci USA 108:18879–
18886. https:// doi. org/ 10. 1073/ pnas. 11151 88108

 137. Fan P, Agboke FA, McDaniel RE et al (2013) Inhibition of 
c-Src blocks oestrogen-induced apoptosis and restores oes-
trogen-stimulated growth in long-term oestrogen-deprived 
breast cancer cells. Eur J Cancer 50:457–468. https:// doi. org/ 
10. 1016/j. ejca. 2013. 10. 001

 138. Fan P, Cunliffe HE, Griffith OL et al (2014) Identification of gene 
regulation patterns underlying both oestrogen- and tamoxifen-
stimulated cell growth through global gene expression profiling 
in breast cancer cells. Eur J Cancer 50:2877–2886. https:// doi. 
org/ 10. 1016/j. ejca. 2014. 08. 010

 139. Fan P, Agboke FA, Cunliff HE et al (2014) A molecular model 
for the mechanism of acquired tamoxifen resistance in breast 
cancer. Eur J Cancer 50:2866–2876. https:// doi. org/ 10. 1016/j. 
ejca. 2014. 08. 011

 140. Abderrahman B, Jordan VC (2017) Angela M. Hartley brodie. 
Nature 548:32. https:// doi. org/ 10. 1038/ 54803 2a

 141. Obiorah I, Jordan VC (2013) Scientific rationale for postmeno-
pause delay in the use of conjugated equine estrogens among 
postmenopausal women that causes reduction in breast cancer 
incidence and mortality. Menopause 20:373–382. https:// doi. org/ 
10. 1097/ GME. 0b013 e3182 8865a5

 142. Obiorah I, Sengupta S, Curpan R, Jordan VC (2014) Defining 
the conformation of the estrogen receptor complex that controls 
estrogen-induced apoptosis in breast cancer. Mol Pharmacol 
85:789–799. https:// doi. org/ 10. 1124/ mol. 113. 089250

 143. Obiorah I, Sengupta S, Fan P, Jordan VC (2014) Delayed trig-
gering of oestrogen induced apoptosis that contrasts with rapid 
paclitaxel-induced breast cancer cell death. Br Journal Cancer 
110:1488–1496. https:// doi. org/ 10. 1038/ bjc. 2014. 50

 144. Obiorah I, Jordan VC (2014) Differences in the rate of oestrogen-
induced apoptosis in breast cancer by oestradiol and the tripheny-
lethylene bisphenol. Br J Pharmacol 171:4062–4072. https:// doi. 
org/ 10. 1111/ bph. 12762

 145. Sweeney EE, Fan P, Jordan VC (2014) Molecular modulation of 
estrogen-induced apoptosis by synthetic progestins in hormone 
replacement therapy: an insight into the women’s health initia-
tive study. Cancer Res 74:7060–7068. https:// doi. org/ 10. 1158/ 
0008- 5472. CAN- 14- 1784

 146. Fan P, Tyagi AK, Agboke FA et al (2018) Modulation of nuclear 
factor-kappa B activation by the endoplasmic reticulum stress 
sensor PERK to mediate estrogen-induced apoptosis in breast 
cancer cells. Cell Death Discov 4:15. https:// doi. org/ 10. 1038/ 
s41420- 017- 0012-7

 147. Fan P, Siwak DR, Abderrahman B et al (2019) Suppression of 
nuclear factor-κB by glucocorticoid receptor blocks estrogen-
induced apoptosis in estrogen-deprived breast cancer cells. Mol 
Cancer Ther 18:1684–1695. https:// doi. org/ 10. 1158/ 1535- 7163. 
MCT- 18- 1363

 148. Jordan VC (2020) Molecular mechanism for breast cancer inci-
dence in the Women’s Health Initiative. Cancer Prev Res (Phila) 
13:807–816. https:// doi. org/ 10. 1158/ 1940- 6270. CARP- 20- 0082

 149. Maximov PY, Fernandes DJ, McDaniel RE et al (2014) Influence 
of the length and positioning of the antiestrogenic side chain 
of endoxifen and 4-hydroxytamoxifen on gene activation and 
growth of estrogen receptor positive cancer cells. J Med Chem 
57:4569–4583. https:// doi. org/ 10. 1021/ jm500 569h

 150. Maximov PY, Abderrahman B, Hawsawi YM et al (2020) The 
structure-function relationship of angular estrogens and estrogen 
receptor alpha to initiate estrogen-induced apoptosis in breast 
cancer cells. Mol Pharmacol 98:24–37. https:// doi. org/ 10. 1124/ 
mol. 120. 119776

 151. Abderrahman B, Maximov PY, Curpan RF et al (2021) Rapid 
induction of the unfolded protein response and apoptosis by 
estrogen mimic TTC-352 for the treatment of endocrine-resist-
ant breast cancer. Mol Cancer Ther 20:11–25. https:// doi. org/ 10. 
1158/ 1535- 7163. MCT- 20- 0563

 152. Abderrahman B, Maximov PY, Curpan RF et al (2020) Pharma-
cology and molecular mechanisms of clinically relevant estro-
gen estetrol and estrogen mimic BMI-135 for the treatment of 
endocrine-resistant breast cancer. Mol Pharmacol 98:364–381. 
https:// doi. org/ 10. 1124/ molph arm. 120. 000054

 153. Jordan VC (2001) Selective estrogen receptor modulation: a per-
sonal perspective. Cancer Res 61:5683–5687

 154. Xiong R, Patel G, LM, et al (2016) Selective human estrogen 
receptor partial agonists (ShERPAs) for tamoxifen-resistant 
breast cancer. J Med Chem 59:219–237

 155. Dudek AZ, Liu LC, Fischer JH et al (2020) Phase 1 study of 
TTC-352 in patients with metastatic breast cancer progressing 
on endocrine and CDK4/6 inhibitor therapy. Breast Cancer Res 
Treat 183:617–627. https:// doi. org/ 10. 1007/ s10549- 020- 05787-z

 156. Ellis MJ, Gao F, Dehdashti F et al (2009) Lower-dose vs high-
dose oral estradiol therapy of hormone receptor-positive, aro-
matase inhibitor-resistant advanced breast cancer: a phase 2 rand-
omized study. JAMA 302:774–780. https:// doi. org/ 10. 1001/ jama. 
2009. 1204

 157. Schmidt M, Lenhard H, Hoenig A et al (2020) Tumor suppres-
sion, dose-limiting toxicity and wellbeing with the fetal estrogen 
estetrol in patients with advanced breast cancer. J Cancer Res 
Clin Oncol. https:// doi. org/ 10. 1007/ s00432- 020- 03472-8

 158. Gottardis MM, Robinson SP, Satyaswaroop PG, Jordan VC 
(1996) Contrasting actions of tamoxifen on endometrial 
and breast tumor growth in the athymic mouse. Cancer Res 
48:812–815

 159. Maximov PY, Lee TM, Jordan VC (2013) The discovery and 
development of selective estrogen receptor modulators (SERMs) 
for clinical practice. Curr Clin Pharmacol 8:135–155. https:// doi. 
org/ 10. 2174/ 15748 84711 30802 0006

 160. Jordan VC (2019) The SERM saga, something from noth-
ing: american cancer Society/SSO Basic Science Lecture. 
Ann Surg Oncol 26:1981–1990. https:// doi. org/ 10. 1245/ 
s10434- 019- 07291-1

 161. Lednicer D, Lyster SC, Duncan GW (1969) Mammalian antif-
ertility agents IV. Basic 3,4-dihydronaphtalenes and 1,2,3,4-tet-
rahydro-1-naphtalenes. J Med Chem 10:78–84

 162. Clark ER, Jordan VC (1976) Oestrogenic, antioestrogenic and 
antifertility effects of some triphenylethylenes related to etham-
oxytriphenol (MER25). Br J Pharmacol 57:487–493

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1001/jama.291.14.1701
https://doi.org/10.1001/jama.291.14.1701
https://doi.org/10.1515/HMBCI.2010.047
https://doi.org/10.1073/pnas.1115188108
https://doi.org/10.1016/j.ejca.2013.10.001
https://doi.org/10.1016/j.ejca.2013.10.001
https://doi.org/10.1016/j.ejca.2014.08.010
https://doi.org/10.1016/j.ejca.2014.08.010
https://doi.org/10.1016/j.ejca.2014.08.011
https://doi.org/10.1016/j.ejca.2014.08.011
https://doi.org/10.1038/548032a
https://doi.org/10.1097/GME.0b013e31828865a5
https://doi.org/10.1097/GME.0b013e31828865a5
https://doi.org/10.1124/mol.113.089250
https://doi.org/10.1038/bjc.2014.50
https://doi.org/10.1111/bph.12762
https://doi.org/10.1111/bph.12762
https://doi.org/10.1158/0008-5472.CAN-14-1784
https://doi.org/10.1158/0008-5472.CAN-14-1784
https://doi.org/10.1038/s41420-017-0012-7
https://doi.org/10.1038/s41420-017-0012-7
https://doi.org/10.1158/1535-7163.MCT-18-1363
https://doi.org/10.1158/1535-7163.MCT-18-1363
https://doi.org/10.1158/1940-6270.CARP-20-0082
https://doi.org/10.1021/jm500569h
https://doi.org/10.1124/mol.120.119776
https://doi.org/10.1124/mol.120.119776
https://doi.org/10.1158/1535-7163.MCT-20-0563
https://doi.org/10.1158/1535-7163.MCT-20-0563
https://doi.org/10.1124/molpharm.120.000054
https://doi.org/10.1007/s10549-020-05787-z
https://doi.org/10.1001/jama.2009.1204
https://doi.org/10.1001/jama.2009.1204
https://doi.org/10.1007/s00432-020-03472-8
https://doi.org/10.2174/1574884711308020006
https://doi.org/10.2174/1574884711308020006
https://doi.org/10.1245/s10434-019-07291-1
https://doi.org/10.1245/s10434-019-07291-1

	Turning scientific serendipity into discoveries in breast cancer research and treatment: a tale of PhD students and a 50-year roaming tamoxifen team
	Abstract
	Purpose 
	Historical method 
	Results 
	Summary of advances 

	Introduction
	The molecular mechanism of action of tamoxifen at the University of Leeds
	Clive Dix, Karen Porter (nēe Naylor), Linda Rowsby, and Graham Prestwich provide the foundation for tamoxifen action and application

	West to Wisconsin
	Anna Riegel makes discoveries with antibodies from the JensenGreene laboratory to support the “crocodile model” of estrogenantiestrogen action
	Marco Gottardis and the study of acquired tamoxifen resistance in human breast cancer
	A chance meeting: one experiment and a failed breast cancer drug keoxifene (raloxifene-to-be) creates Selective Estrogen Receptor Modulators (SERMs)! Serendipity!
	Doug Wolf, serendipity, and unanticipated discoveries
	Doug Wolf discovers a laboratory model to investigate estrogen-induced apoptosis: Serendipity!
	Doug Wolf and a search for a relevant mutation in the human breast tumor estrogen receptor
	SY Jiang and the development of cellular models to define mechanisms in estrogen-deprived breast cancer
	Mei-Huey Jeng and the pharmacology of synthetic progestins
	Bill Catherino builds a new model to understand the molecular pharmacology of Asp351Tyr

	South to Northwestern at the Robert H. Lurie Cancer Center, Chicago
	Research advances by the Northwestern tamoxifen team
	Anait Levenson discovers the molecular pharmacology of how Asp351Tyr works to control estrogenanti-estrogen action
	Resurrection of Doug Wolf’s estrogen-induced apoptosis model in vivo
	Graduate students in the Northwestern Tamoxifen Team
	Joan Lewis: the discovery of an in vitro model and the mechanism for estrogen-induced apoptosis

	Forward to the Fox Chase Cancer Center (FCCC)
	Eric Ariazi and our road map to understand the molecular events for estrogen-induced apoptosis in LTED breast cancer

	Going to Georgetown
	Ping Fan targets c-Src to enhance estrogen-induced apoptosis and makes an unanticipated discovery
	Deciphering the WHI trials: graduate students and progress in modulating estrogen-induced apoptosis in breast cancer

	“If I was to offer to buy your brain, how much would that cost?”
	Ping Fan completes our molecular mechanism to explain the increase in breast cancers in the CEEMPA-treated women ten years after menopause in the WHI
	Balkees Abderrahman, Philipp Maximov, and Ramona Curpan define the molecular mechanism of action of the partial estrogen agonist bisphenol to delay apoptosis
	Balkees Abderrahman and Ramona Curpan define the molecular mechanism of action of the estrogen mimic TTC-352.
	What was achieved during the 50-year tenure of the Tamoxifen Team?


	Dedication
	Acknowledgements 
	References




