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Abstract

The administration of high dose synthetic estrogens was the first successful chemical therapy used
in the treatment of metastatic breast cancer in postmenopausal women and this approach became
the standard of care in postmenopausal women with metastatic breast cancer between 1950s and
the end of the 1970s. The most recent analysis of the Women Health Initiative estrogen aone trial
in hysterectomised women reveal ed a persistent significant decrease in the incidence of breast
cancer aswell as breast cancer mortality. Although estrogens are known to induce proliferation of
breast cancer cells, we have shown that physiologic concentrations induce apoptosisin long term
estrogen deprived breast cancer cells. We have developed |aboratory models that illustrate the new
biology of estrogen induced apoptosis or growth to explain the effects of estrogen therapy. The
key to the success of estrogen therapy liesin a sufficient period of withdrawal of physiological
estrogens (5-10years) and the subsequent regrowth of nascent breast tumor cells that survive under
estrogen deprived conditions. These nascent tumors are now vulnerable to estrogen induced
apoptosis.
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Despite the extensive progress made in the management of breast cancer, it still remainsthe
most common cause of cancer and the 2™ |eading cause of cancer death in women in the
United States. An estimated! 230,480 new cases of invasive breast cancer was projected to
occur in 2011, aswell as an estimated 57,650 cases of breast carcinomain situ. In addition,
approximately 39,520 women were expected to die from breast cancer in 20111.Multiple
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risk factors has been established for breast cancer and estrogen is akey growth stimulusin
the development and progression of the disease. George Beatson? provided the first medical
evidence of the estrogen dependency of breast cancer in 1896. The conclusion that a
woman's ovaries provided the fuel that maintained breast cancer was based on the
observation of remission of advanced breast tumorsin a premenopausal patient that
underwent bilateral oophorectomy. Stanley Boyd? surveyed all known casesin 1900 and
concluded a 30% responsive rate, afigure that has stood the test of time for the response rate
of breast cancer to any anti-hormone therapy. Animal models provided further evidence on
the role of estrogens in breast cancer growth. Lanthrop and Loeb* observed in 1916, a
decrease in the occurrence of mammary carcinomas in castrated immature female mice.
Estrogen, an ovarian hormone, was subsequently extracted and purified and induced vaginal
cornification in ovarectomised mice®. This advance led to the elucidation of the biological
properties of synthetic estrogens using ovariectomised mice, therefore establishing a
connection between mitogenic potential of estrogens and breast cancer. The strategy of
targeting the estrogen receptor (ER) has led to the discovery of endocrine therapies which
function to either block estrogen action by using selective estrogen receptor modulators
(SERMS) or depriving the ER of estrogens by using aromatase inhibitors®. Antihormonal
therapies remain the gold standard of care in the treatment and prevention of ER positive
breast cancer”.

The Women health Initiative: risks and benefits

The use of hormone therapy continues to be a source of controversial debate. The Women
Health Initiative (WHI)8, isaset of clinical studies designed to investigate and develop
strategies for the prevention and control of common causes of morbidity and mortality in
postmenopausal women. The WHI was initiated in 1991 with a tentative end date in 2007 to
provide research findings on the effects of postmenopausal hormone therapy, calcium and
vitamin D supplements and diet modification on cardiovascular disease, osteoporosis, breast
and colorecta cancer. The hormone therapy arm of the study includes random assignment of
27,500 women either to placebo, estrogen plus progestin (hormone therapy) or to estrogen
alone (estrogen therapy) in hysterectomised women. The principal outcomes of the study
were the incidence of coronary heart disease and osteoporosis, with breast cancer as a
potential adverse outcome8. To date, thisis the largest randomized placebo controlled trial
that conducted parallel studies to assess the outcomes of combined hormone therapy or
estrogen alone therapy®

Estrogen plus Progestin therapy

Treatment with hormone therapy (HT) was associated with elevated overall risks. Coronary
heart disease(CHD) is aleading cause of death in postmenopausal women and previous
animal studies show that estrogen treatment has the potential to prevent the development of
coronary atherosclerosislO. Therefore results of the effect of HT on CHD were highly
awaited. Patients received 0.625mg/day of conjugated equine estrogens (CEE) plus 2.5mg/
day of medroxyprogesterone or placebo. After amean follow up of 5.2 years, the trial was
terminated because not only was the combination therapy not cardio-protective but also HT
elevated therisk of CHD[Hazard ratio (HR),1.24;95%confidence interva (Cl),1-1.54],
which was most apparent at one year of therapy!!. Furthermore HT was associated with
doubling risk of venous thrombosis!?, increased risk of stroke 13 and it did not confer
protection against peripheral arterial disease'®, dementia and cognitive decline!®. Combined
hormone therapy increased total (HR, 1.24; /&.001) and invasive (HR, 1.24; P=.003) breast
cancers compared with placebo after 5 years of therapy®. The breast cancers in the group
receiving HT were diagnosed initially at a slightly lower rate during the first two years of
the study but subsequently increased throughout the intervention period. The elevated risk of
breast cancer markedly declined soon after stopping the combined hormone therapy’. Short
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term use of HT was associated with a decrease in colorectal cancer when compared to
placebo (p=0.0003) but no protective effect was observed on colorectal cancer mortality
over an 8 year intervention and follow up period8. Although HT did not increase lung
cancer rates'®, more women from the combined therapy group died from lung cancer in
particular from non-small cell lung cancer. In addition, there was no significant differencein
the incidence of endometrial cancer and ovarian cancer in both treatment arms?°. The
benefits of HT include a significantly decreased incidence of bone fractures 2. Seven
hundred thirty-three women (8.6%) in the estrogen-plus-progestin group and 896 women
(11.1%) in the placebo group developed a fracture (HR, 0.76; 95% CI, 0.69-0.83). Tota hip
bone mineral density increased 3.7% after 3 years of therapy with HT compared with 0.14%
in the control group (/<.001). Current recommendations?? are that the use of HT should be
individualized. HT can be initiated around the time of menopause to treat menopause-related
symptoms and to prevent osteoporosisin high risk patients. Treatment should be considered
in conjunction with personal risk factors, such as risk of venous thrombosis, CHD, stroke,
and breast cancer.

Estrogen alone Treatment

Between 1993 and 1998, 10,739 postmenopausal women aged 50-79 years with prior
hysterectomy were treated with either 0.625mg CEE or placebo?3. Despite the early
termination of the combined hormone trial, the WHI estrogen therapy (ET) study continued
under careful scrutiny. However, in February 2004, the National Institute of Health decided
to terminate the intervention phase of thetrial prior to the scheduled close out interval of
October 2004 to March 2005. The primary outcome of the trial was the rate of CHD,
invasive breast cancer incidence as well as stroke, pulmonary embolism (PE), colorectal
cancer, hip fractures and death from other causes. After an average of 6.8 years follow-up,
no significant effect of ET was observed on CHD rates compared to placebo. During the
active intervention period, a reduction in the coronary events occurred in women assigned to
ET [HR:0.95; 95% CI:0.79-1.16]24. The reduction was more significant in women aged
50-59 years [HR: 0.63; 95% ClI: 0.36-1.08]. However, a 39% increase in the incidence of
stroke was observed in the ET group (p=0.07), whereas the risk of venous thromboembolism
(VTE), including deep venous thrombosis(DVT) and PE, was increased by 33% inthe ET
arm but only the increased rate of DVT was statistically significant (p=0.03)23. The
increased risk for VTE was most apparent in the first two years and the increased risk isless
than that observed for the estrogen plus progestin study?°. Therefore, ET provided no
overall protection against cardiovascular disease in healthy postmenopausal women.
Interestingly invasive breast cancer was diagnosed at a 23% lower rate in the ET group [26
vs. 33 per 10000 person-years|, however this did not reach statistical significance
(p=0.06)23. No statistical differences were observed in the rates of colorectal cancer or total
cancer rates. The major positive finding in the ET trial in 2004 was a 30%-39% reduction in
the rates of fractures [HR 0.70, 95% CI 0.63-0.79]. In addition, ET did not significantly
affect overall mortality rates or cause-specific mortality. Results from the final analysis of
the WHI ET trial 26 show that a persistent decrease in the risk of breast cancer was associated
with ET and was 0.27% per year compared to 0.35% per year in the placebo arm reaching a
statistical significance [HR 0.77, 95% CI 0.62-0.95] after a median follow up of 11.8 years.
There was no difference between intervention and post-intervention hazard ratios (p=0.76).
The breast cancer risk reduction in the ET arm was most apparent in women without benign
breast disease (p=0.01) or afamily history of breast cancer (p=0.02). Breast cancer mortality
was reduced in the ET group (six deaths, 0.009% per year) compared with controls (16
deaths, 0.024% per year; HR 0.37, 95% CI 0.13-0.91; p=0.03). Fewer women in the ET
group died from any cause after a breast cancer diagnosis than did the placebo arm (p=0.04).
Although, breast cancer rates and mortality was lower for the women who received ET,
beneficial effects are yet to be determined in high risk groups and adverse effects of stroke
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and VTE remain problematic. HT appeared to have more risks and the only clinical benefit
was the reduction of osteoporosis, whereas ET in addition to fracture prevention decreased
the incidence and mortality from breast cancer. The question to be addressed is whether it is
possible to decipher the paradox that HT and ET produce completely different biological
resultsi.e. HT increases whereas ET reduces the incidence of breast cancer. If clarity is
possible then perhaps this knowledge can be used appropriately to help patients.

Chemical therapy for the treatment of breast cancer

The first successful chemical therapy to treat cancer was discovered by Sir Alexander
Haddow, a British born physician. Haddow grew up in Broxburn, a small town 10 miles
west of Edinburgh, Scotland?’. It is said that, he became motivated to study medicine and
biology after he was admitted to hospital for a perforated appendix and had the marvelous
opportunity to observe daily visits of great Edinburgh surgeons who were inspired to make a
difference in an erawhen public health and hygiene were far from being developed. Upon
graduation from medical school he assisted with routine investigation of infections from the
entire southeast of Scotland. It was while studying bacterial colony formation that he
realized the resemblance to the formation of chemical tumorsin higher forms 28, He went on
to study the influence of carcinogenic substances on normal and malignant growth as well as
drug resistance of cellsto resultant tumors. Incidentally, he found that many carcinogenic
hydrocarbons also possessed the property of retarding the growth of malignant tumor 2°. In
order to elucidate the molecular mechanism of these compounds, particular attention was
paid to the inhibitory action of synthetic estrogens. In that era, reviews of animal experiment
showed that treatment of animals with estrogens induced carcinoma of certain organs such
as the cervix, uterus and the breast. The paradoxical action of estrogens showing growth
properties, induction of tumors as well as growth retarding effects in certain circumstances
led to the first ever reported clinical trial30 in 1944. Seventy three patients with advanced
cancer were recruited to the study. Forty postmenopausal women with metastatic breast
cancer and thirty cases of malignant disease in other organs received treatment with
synthetic estrogens, triphenylchlorethylene, triphenylmethylethylene or stilbestrol. Ten of
twenty two women with advanced breast cancer treated with triphenylchlorethylene showed
significant regression of the tumors. Breast cancer patients treated with stilbestrol showed
that 5 out of 14 cases underwent similar regression of tumors noted with
triphenylchlorethylene. Of 4 cases of breast cancer treated with triphenylmethylethylene,
only one showed afavorable response. Thirty cases of advanced cancer excluding that of the
breast, including cancer of the skin, maxillary anthrum, urinary bladder, ovary, prostate and
leukemia, treated with triphenylchlorethylene only carcinomas of the prostate and the
bladder showed partial regression of the tumors. Data from the clinical study suggests that
the success of estrogen therapy in breast cancer was dependent on the menopausal state of
the woman. Haddows31, stated “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 numbersin any single group, became reinforced to the point of
certainty; namely, the beneficial responses were three times more frequent 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. Here was an early and
satisfying example of the advantages which may accrue from cooperative clinical trial.”
Therefore the longer awoman was postmenopausal, the increased probability of tumor
regression in metastatic breast cancer. However “...the extraordinary extent of tumor
regression observed in perhaps 1% of post-menopausal cases (with estrogen) has always
been regarded as of major theoretical importance, and it is a matter for some disappoi ntment
that so much of the underlying mechanisms continues to elude us...”3L. Therefore at this
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point in 1970, the underlying mechanism of estrogen induced tumor regression till
remained unanswered.

Time to treatment failure and the transition to tamoxifen

In the 1960's based on the data from clinical trials, high dose stilbestrol became the mainstay
of treatment in postmenopausal women with advanced breast cancer. However the estrogen
treatment was not without pitfalls. It was imperative that estrogen therapy not be instituted
until ovarian secretion has ceased in awoman. The overall objective remission rate from
estrogen treatment in 407 patients with advanced breast cancer was 31% 32. The remission
rate was associated with increasing number of years after menopause (Table 1). The rate of
regression was 9% in women who were less than 5 years postmenopausal, whereas the rate
increased to 35% in women who have been postmenopausal for more than 5 years,
corresponding with what was observed by Haddow3!. A remarkable feature of estrogen
therapy observed in this setting was the “withdrawal response”. Stoll 32previously described
that when tumor response to estrogen administration is lost, it was found that on treatment
withdrawal, 30% of cases underwent a second but shorter period of tumor remission,
indicating that patients can be palliated over many years by intermittent estrogen and
subsequent withdrawal. The introduction of tamoxifen, a non-steroidal anti-estrogen in the
late 1970s revolutionized the clinical practice of endocrine treatment of ER positive breast
cancer33. The evidence to support the anti-estrogenic action of tamoxifen was based on its
antitumor action using carcinogen induced rat mammary tumor models3* 3 and subsequent
athymic mice transplanted with human breast cancer cell lines38. The clinical efficacy of
tamoxifen was first evaluated in women with late or recurrent carcinoma of the breast3’.
Results from this study, was compared to an unpublished data from breast cancer patients
treated with diethylstilbestrol (DES) at the same hospital. Although response rates were
similar, patients from the DES arm suffered more severe side effects. Similarly, Ingle and
colleagues38 directly compared the use of either tamoxifen or DES in the treatment of
advanced breast cancer in postmenopausal women. Analysis of the study revealed that there
was no statistical significant difference between the efficacies of both treatments but like the
Cole study37, toxicity was greater for the patients receiving DES and was severe enough for
some patients to drop out of the study. Based on these data, DES fell out of favor for the
treatment of metastatic breast cancer and tamoxifen became the preferred agent. Tamoxifen
subsequently became the standard of care in the adjuvant treatment and prevention of breast
cancer. Severa clinical trialsinvestigated the long term benefits of adjuvant tamoxifen
therapy. An analysis of an overview 3%f 55 randomized trials that compared the use of
adjuvant tamoxifen versus no tamoxifen in breast cancer patients worldwide revealed that
recurrence reduction for trials of 1 year, 2 years, 5 years during about 10 years of follow up
were 21%, 29% and 47% respectively. A highly significant trend was seen towards greater
effect based on longer treatment. A corresponding reduction in mortality was 12%, 17% and
26% respectively and this trend was also significant [2p=0.003]. A subsequent report of the
meta-analysis “Oshowed that 5 years of adjuvant tamoxifen decreases the annual breast
cancer mortality rate by 31% at fifteen years follow up, irrespective of the use of
chemotherapy, age, progesterone receptor status or other tumor characteristicsin ER
positive breast cancer patients. Furthermore, the reduction seen at 5 yearsis significantly
(2p<0.00001 for recurrence, 2p=0.01 for breast cancer mortality) more effective when
compared to 1-2 years of adjuvant tamoxifen. More recently, results from the Adjuvant
Tamoxifen- Longer Against Shorter (ATLAS) trial*! show that 10 years adjuvant treatment
with tamoxifen produced a further reduction in recurrence and mortality from breast cancer
when compared to 5 years of tamoxifen therapy. It is perhaps instructive to point out that the
main effect with the decrease in mortality with a decade of tamoxifen occursin the decade
after tamoxifen treatment is stopped. This further suggests the hypothesis originally
proposed in the early 1990's, that it was the woman's own estrogen that destroys the
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appropriately sensitive tamoxifen resistant micrometastasis*2. Thus the study of the
evolution of anti-hormone drug resistance to tamoxifen (see below) ironically provided an
insight into mechanism of estrogen induced apoptosis studied today.

Nevertheless, the current recommendation in adjuvant endocrine treatment of ER positive
breast cancer is that tamoxifen isafirst line treatment for pre or perimenopausal women,
while postmenopausal women take aromatase inhibitors as a primary agent for 5 years or for
2 to 3 years after tamoxifen™3 for atotal of five years of initial anti-hormone therapy. The
latter is based on severa studies where Als have shown some superiority to tamoxifen as
first-line agentsin the treatment of postmenopausal women with breast cancer aswell asa
significant reduction in endometrial cancer*-46. Furthermore, 5 years of Al therapy have
been showed to be highly beneficial as an extended adjuvant treatment in postmenopausal
women who had previously received 5 years of tamoxifen therapy, where they show a2.9%
improvement in disease free survival at 4 years (HR 0.68 P= 0.0001) when compared to
placebo?’: 48,

Evolution of anti-hormone drug resistance

Despite the ability of long term adjuvant tamoxifen to improve survival, some patients
develop disease recurrence due to acquired drug resistance. Early laboratory models were
created to understand the devel opment of drug resistance and subsequent deployment of
second line therapies. Treatment of ovarectomised athymic mice transplanted with ER
positive MCF-7 tumors with tamoxifen initially caused tumor regression, but subsequent
regrowth of tumors occurred despite continuous tamoxifen treatment#°. Re-transplantation
of the resistant tumors into athymic mice or rats led to tumor growth in response to
tamoxifen and estradiol 0. Evaluation of these tumors showed that the tamoxifen stimulated
tumors contained twice the estrogen receptor content than that of estradiol (E,) induced
tumors®® 51, However, continuous treatment of transplanted M CF-7 tamoxifen resistant
tumors with either a pure antiestrogen or no treatment in nude mice resultsin no tumor
growth®2. Because Als deprive the ER of estrogens and fulvestrant degrades the estrogen
receptor, the findings from these studies presaged the clinical use of these drugs as second
line agents following failure of tamoxifen treatment®3. However the early models of drug
resistance to SERM S is based on short term treatments and replicates failure of tamoxifen
after 1 or 2 years of treatment in advanced breast cancer and this represents phase 1 SERM
resistance. In order to mimic 5 years of adjuvant tamoxifen therapy for micrometastatic
breast cancer, laboratory models were created to induce phase |1 resistance to SERMS by
serialy transplanting tamoxifen stimulated MCF-7 tumors(MCF-7 TAM) into tamoxifen
treated athymic mice for more than 5 years . Interestingly on stopping tamoxifen, the
MCF-7TAM tumors rapidly regressed in response to physiologic estradiol although about
50% of tumors regrew following E, treatment. The paradoxical E, induced apoptosis
suggests that a woman's own estrogen may produce an antitumor effect on pre-sensitized
micrometastatic tumors after 5 years of adjuvant tamoxifen®2. Failure of tumor regression
after exhaustive anti-hormone therapy with a paradoxical E; inhibited growth (phase |11
resistance) indicate a potential treatment plan using E, as third line endocrine therapy 5.
Tumors that regrow after E, induced apoptosis revert back to the original cancer phenotype
and are again sensitive to the antitumor actions of tamoxifen or aromatase inhibitors®.

Estrogen therapy in metastatic breast cancer

In more recent years, the use of estrogens continues to show clinical benefit in
postmenopausal women with advanced breast cancer in an estrogen deprived setting.
Lonning and colleagues™® treated thirty two women, who had previously taken multiple
endocrine therapies, with high dose DES (5mg t.i.d). Four patients achieved complete
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response, while four patients obtained partial response. In addition five patients had an
objective response lasting more than 52 weeks, while 2 patients had stable disease for more
than six months. Six patients dropped out of the study due to severe side effects. However,
one of the patients who had complete regression of a cytological confirm chest wall relapse
and had 5 years of DES therapy, remained disease free for 10 years and six months after
starting treatment. A long term follow up of the Ingle3® study that compared DES therapy to
tamoxifen showed that the 5 year survival was 35% for DES and 16% for
tamoxifen(p=0.039) >’. However DES treatment was associated with nausea, edema, and
vaginal bleeding problems whereas hot flushes were more commonly observed with
tamoxifen. Another clinical study 8reported in 2009, the findings of the treatment of
postmenopausal women who had Al resistant metastatic breast cancer with low dose (6mg)
and high dose (30mg) estradiol. Clinical benefit rates in the high dose arm were 28% [95%
Cl, 18%-41%] and 29% [95%CI, 19%-42%)] in the low dose arm but adverse event rate was
higher in the 30mg group when compared to the 6mg group. Six patients who were estrogen
responsive were re-treated with Als, among which 2 had partial response and 1 had stable
disease. Thisindicates resensitization to estrogen deprivation and correlate with the
hypothesis of the concept of SERM resistance®®.

Experimental approach to decipher the mechanism of E2 induced

apoptosis

To address the concerns of acquired resistance to long-term estrogen deprivation, a novel
cell model®® was developed by our laboratory. An ER+/PR- hormone-independent breast
cancer cdl line, MCF-7:5C, avariant clone of wild-type MCF-7 cells was obtained by
culturing MCF-7 cells continuously in estrogen free media. Treatment with physiologic E,
for six days caused a dramatic 90% reduction in the growth of MCF-7:5C cells®0. The
growth inhibition observed was confirmed to be apoptosis by Annexin VV and DAPI staining.
Fulvestrant also reduced the growth of MCF-7:5C cells but the growth inhibition was not
due to apoptosistl. Furthermore, these cells were resistant to 4-hydroxytamoxifen. The
tumorigenic potential of MCF-7:5C cells was examined by injecting cellsinto
ovarectomised athymic mice and found that these cells, spontaneously grew into tumorsin
the absence of E,5L. In contrast, MCF-7:5C tumors in mice treated with E, regressed in a
time dependent manner and became undetectable after 8 weeks of treatment, Similarly,
fulvestrant also decreased the growth of the MCF-7:5C tumors but the reduction was
statistically significantly less when compared to that of E, (p<0.001).MCF-7:2A cells52 63,
another long-term estrogen deprived cell line derived from MCF-7 cellsis more resistant to
estradiol induced apoptosis. Based on clinical data that shows that only about 30% of
patients respond to estrogens following anti-hormone resistance, it seemed imperative to see
whether E, induced apoptosis could be enhanced in anti-hormone resistant cells.
Overexpression of Bcl-2 elevates cellular glutathione (GSH) level which is associated with
increased resistance to chemotherapy-apoptosis®® 65, while restoration of apoptosis occurs
in Bcl-2 expressing cells depleted of GSH 6. MCF-7:2A cells express high levels of
glutathione synthetase (GS) and glutathione peroxidase 2 (GPx2) which areinvolved in
GSH synthesis®’. Exposure of MCF-7:2A cells to a combination therapy of E2 and
buthionine sulfoximine (BSO), a GSH inhibitor for 48h to 96h produced a sevenfold
increase in apoptosis while the individual treatments had no significant effect on growth.
Thein vitro findings correlated with in vivo data from a mouse xenograft model in which
daily administration of BSO either as a single agent or in combination with E, significantly
decreased tumor growth of MCF-7:2A cells. Thusthis provides a potential strategy for
future clinical trials involving combination therapy of BSO and low dose estrogen to
improve response for patients with anti-hormone resistant advanced breast cancer 68
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Conjugated equine estrogens

Extensive progress in the production of estrogen preparations for commercia use was made
by scientists at Wyeth pharmaceuticals (then Ayerst) Canada who extracted conjugated
estrogens from pregnant horse's urine®®. In 1942, Food and Drug Administration (FDA)
approval /0 was obtained in the United States for the clinical use of conjugated equine
estrogens (premarin)for the treatment of menopausal symptoms and related conditions.
There was an initial worldwide acceptance of CEE in the 1960s, however increased risks of
developing endometrial cancer led to adecline in prescriptions for postmenopausal
women’L 72, A new generation of interest in the use estrogen therapy in the treatment of
osteoporosisin the 1980s led to clinical studies of women receiving either estrogen alone or
estrogen plus progestin therapies. Women on estrogen and progestin treatment had lower
incidence of endometrial cancer’3 74 indicating that progestin blocked the proliferative
effect of estrogens on the endometrial lining. As aresult, CEE was approved for the
treatment and prevention of osteoporosis, women with an intact uterus were given progestin
in addition to the estrogens. CEE is made up of conjugated estrogens and the tablet consists
of at least 10 estrogens (fig 1) which include estrone (59.2%), equilin (26.9%),17a-
dihydroequilin (16.3%) , 17a-estradiol (4.32%) , 17B-dihydroequilin (1.76%), 17a.-
dihydroequilenin (1.76%), 17p-dihydroequilenin (3.36%), equilenin (2.4%), 17p-estradiol
(0.8%), and A8°-dehydroestrone (4.16%). Generic synthetic versions of CEE are not
currently approved by the FDA based on inadequacies noted on their active ingredients,
bioequivalence, safety and effectiveness’.

Effect of Conjugated Equine Estrogens on breast cancer cells

Long term concentrations of estrogen deprived M CF-7 breast cancer cells undergo apoptosis
upon treatment with physiologic estradiol51. Based on the preliminary results of the WHI
CEE study, we decided to elucidate the biological properties of the main estrogensin CEE
in two different models of breast cancer cells. Estrogens have been shown to regulate the
growth of ER positive MCF-7 breast cancer cells. To study the biological activity of the
actual estrogens namely equilin, estrone and equilenin, we tested their ability to induce
proliferation in MCF7:WS8 cells which contain ER and have retained estrogen
responsiveness for a sustained period of continuous cell culture”. MCF-7 cells were grown
in estrogen free mediafor 3 days and treated with various concentrations of the equilin,
estrone and equilenin and their effects were compared to E; (fig 2A). All the three estrogens
were able to induce cell growth of MCF-7 cellsin a dose dependent manner to the maximum
level as E,. Equilin and estrone induced cell proliferation with maximum stimulation
occurring at 0.1nM, whereas equilenin reached maximal stimulation at 1nM as compared to
0.01nM for Ep. Next we investigated the growth properties of the equilin, estrone and
equilenin in long term estrogen deprived MCF7:5C cellsin comparison to E,. Fig 2B shows
that equilin, estrone and equilenin drastically inhibited the growth of the MCF7:5C cells at
comparable concentrations to E,. Maximum growth inhibition was achieved with E; at
0.1M, while equilin and estrone reach maximum growth inhibition at 1nM and equilenin at
10nM after 7 days of treatment. To determine if the observed estrogen induced growth
inhibition of the MCF7:5C cells was due to apoptosis, MCF7:5C cell were either the control,
E,, equilin, estrone or equilenin for 72 hours and the level of apoptosis was measured using
annexin V staining. Ep, equilin, estrone and equilenin all show increased apoptotic staining
compared to the control treated cells (Fig 3). The ability of the conjugated estrogensto
inhibit the growth and induce apoptosisin the MCF7:5C cells and not the parental MCF7
cells suggest that these biological properties are dependent on the duration of deprivation of
estrogen in the breast cancer cells.
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Molecular mechanisms of estrogen induced apoptosis

To decipher the precise series of events that precede estrogen induced apoptosis, differential
gene expression in response to E2 was interrogated using affymetrix based microarray
analysisf3. Specific genes were identified for MCF7:5C which indicate that E, induced
endoplasmic reticulum stress (ERS) and inflammatory stress responses that lead to
apoptosis. Identified ERS genes indicated that E, inhibited protein folding leading to
accumulation of unfolded proteins and widespread inhibition of protein tranglation with
subsequent induction of cell death. In response to severe ERS, Bcl-2 interacting mediator of
cell death (Bim; BCL211) was induced. Further evidence of the involvement of the
mitochondrial pathway in E; induced apoptosis was reported by Lewis and coll eaguestl
who showed increased expression of several proapoptotic proteinsincluding, Bax, Bak,
Bim, Noxa, Pumaand p53 in E2 treated MCF7:5C cells. Reversal of the apoptotic effect of
E, in these cells was observed with blockade of Bax and Bim expression using short
interfering RNAs (SSRNASs). Involvement of the Fas/Fasl death signaling (extrinsic) pathway
in the apoptotic effect of E, has been investigated. Osipo et al’’ demonstrated that Es
induced regression of tamoxifen stimulated breast cancer tumors, by activating the death
receptor Fas and suppressing the antiapoptotic/prosurvival factors NF-kB and HER2/neu.
Similarly, the growth of raloxifene resistant MCF7 cells /n vitroand /n vivo was attenuated
by E, by increasing Fas expression and reduced NF-kB activity’8. Studies are currently
ongoing to determine the sequence of events that occur before E, induces apoptosisin the
MCF7:5C cells. The resolution of the crystal structure provided insight into the activation of
the ER by E, and silencing by antiestrogens’®: 89 and is providing the insight into the
“trigger” mechanism for the ER complex. The shape the ligands make with the ER is
imperative to their ability to induce apoptosisin the MCF7:5C cells. E; is sealed within the
hydrophobic pocket of the ligand binding domain of the ER by helix 12 and coactivators
bind leading to activation of apoptotic genes. On the other hand, 4-hydroxytamoxifen
(40HT) pushes back helix 12, prevents coactivator binding and this may responsible for its
ability to block estrogen induced apoptosis in the MCF7:5C cells. Knockdown of coactivator
AIB1/SRC3in MCF7:5C cells led to the loss of apoptosis inducing effect of E, suggesting
that AlBlis asignificant control hub Ej in induced apoptosis in these breast cancer cells8L.
Structure function studies show that the shape of the estrogen®? can modul ate the shape of
the estrogen-ER complex to induce apoptosis®3. Hydroxylated triphenylethylenes (TPE)
which are structurally similar to 4OHT and have estrogenic propertiesin MCF7 cells, have
been shown to block E, induced apoptosisd4. The antiestrogenic shape they make with the
ER may be responsible for the delayed apoptotic effect of the TPEs in the MCF7:5C cells.
These pharmacol ogic studies are currently under investigation and will be the focus of
further reports.

Discussion

Before the clinical use of antiestrogen therapy, high dose estrogens were effective in the
induction of tumor regression in metastatic breast cancer3 32, |n more recent times,
estrogen therapy show significant clinical benefit in postmenopausal women who have
undergone extensive anti-hormone treatment8°. Development of tamoxifen stimulated
tumorsin athymic mice following afive year treatment with tamoxifen suggest that the
development of anti-hormone resistance over years of treatment reconfigures the survival
mechanism of breast cancer so that estrogen is no longer a potent mitogen that stimulates
cell proliferation but rather becomes a death signal. Preclinical data clearly show that long
term estrogen deprivation of ER positive MCF-7 breast cancers and subsequent treatment of
the cells with E, causes apoptosis of these cells. Creation of an estrogen deprived
environment either by withdrawal of estrogen treatment 32 or by exhaustive anti-hormone
therapy increases sensitivity of breast tumors to estrogen therapy which subsequently
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induces tumor regression. Similarly CEE alone reduces the incidence of breast cancer in
hysterectomised postmenopausal women. This protective effect is not observed in women
who received addition progesterone therapy, suggesting that the progestin may play a
potential rolein theincreasein breast cancer seen in postmenopausal women who received
combined hormonal therapy

To explain the aforementioned clinical data, laboratory studies show that estrogens in the
CEE were able to cause proliferation of MCF7 cells after growing these cellsin an estrogen
free medium for 3 days. This cell population is adapted to an environment rich in estrogen,
so naturally all the cells grow with a*“resupply” of natural steroidal estrogens. However,
these same estrogens induce apoptosis to a similar extent as E, in MCF-7 cells that have
been deprived of estrogen treatment for many years. The ability of estrogen therapy to treat
or prevent tumorsis related to the menopausal status of awoman and how long they have
been physiologically deprived of estrogen. In the Stoll data®3(Table 1), the rate of remission
of advanced breast cancer was significantly lessin women who were less than 5 years
postmenopausal (9%), and there was a 35% remission rate in women who were more than 5
years postmenopausal. It isimportant to stress that majority of the women in the WHI CEE
trial were above 60 years and the mean age at screening was 63.6 years. Here, the overall
result was areduction in breast cancer and mortality. Thereis aneed for an “estrogen
holiday” before starting estrogen therapy. Induction of menopause in awoman gradually
deprivesthe cells of estrogen. However immediate treatment with estrogens may cause
growth of nascent ER positive breast tumors which may increase breast cancer risk (fig 4A).
The cells vulnerable to death with estrogens in CEE, have been selected because estrogen
deprivation at menopause causes estrogen dependent nascent breast cancersto die, but all do
not die. Remaining cells that survive learn to grow without estrogen (fig 4B). These cells
will continue to grow to produce breast cancer unless exogenous estogens induces apoptotic
death. Therefore 5 years of CEE treatment immediately after menopause will cause
sustained continuing growth of ER positive tumor cells. Because nascent ER+ tumor cells
have been estrogen deprived in women who are 5 to 10 years postmenopausal, 5 years of
CEE therapy induces massive apoptotic cell death and subsequent tumor cell death and an
enhanced patient survival.

Conclusion

High dose estrogen treatment is effective in causing tumor regression in metastatic breast
cancer. The mechanism for this treatment was a paradox and unknown for 60 years but is
now being deciphered®3. Objective tumor remission was seen in women over 5 years
postmenopausal 30 32, Estrogen therapy administered to women in their |ate 60s causes a
sustained decrease in breast cancer incidence and a decrease in mortality25. The question
was, why? Long term estrogen deprivation (LTED) for ER positive breast cancer cellsisthe
key. We have created LTED breast cancer cell lines and for the first time, described the
mechanism of estrogen-induced apoptosis. This new biology of estrogen induced apoptosis
and can be now used to explain the effects of ET in reducing breast cancer incidence and
mortality for women in the 60s.
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Figure 1. Structures of the estrogenic constituents of premarin
Estradiol, equilin, estrone and equilenin were used in our experimental studies.
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Figure 2. Céll proliferation assay analysis of the biological properties of active steroidsin CEE in

breast cancer cells

(A) MCF7 cellswere grown in E, stripped mediafor 3 days and treated for 7 days with
various concentrations of Ey, equilin, estrone and equilenin and compared to the Veh
(control). (B) Equilin, estrone and equilenin drastically inhibited the growth of MCF7:5C
cellsin asimilar manner as E,. The experiments were completed in triplicates and
performed as previously described 61
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Figure 3. Effects of estradiol and active estrogensin CEE on apoptosisin MCF7:5C cells

MCF7:5C cells were seeded in 100mm plates and treated with Veh (control), 1nM Ep, 1nM
Equilin, 1nM estrone and 1uM equilenin for 72 hours and cells were stained with FITC-

annexin V and propidium iodide and analyzed by flow cytometry and performed as
previously described®?. The upper right box of vehicle treated (Veh) cells have low

apoptotic cells (1.71%), whereas all for estrogens, this fraction isincreased (circled upper

right hand box).
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Figure 4. The success of estrogen therapy is dependent on menopausal status of a woman
A. Treatment of women immediately after menopause with CEE results in sustained growth

of nascent ER positive tumors, whereas treatment 5. years after menopause causes apoptotic
cell death. B. Estrogen withdrawal in postmenopausal women causes ER positive dependent
cells to die but some cells continue to grow independent of estrogen
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Table 1
Objectiveresponseratesin postmenopausal women with metastatic breast cancer using
high dose estrogen ther apy

The 407 patients are divided in relation to menopausal status.32. The objective remission rate of breast cancer
tumors was higher in women more than 5 years postmenopausal .

Age Since Menopause Patient number % Regression
Postmenopausal 0-5 Years 63 9%
Postmenopausal >5 Years 344 35%
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