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Summary--Tamoxifen is the endocrine treatment of choice for breast cancer. In several 
laboratory models in vivo tamoxifen is a tumoristatic agent. When MCF-7 breast cancer cells 
are inoculated into athymic mice, palpable tumors do not grow unless the animals are treated 
with estrogen, and tamoxifen inhibits estrogen-stimulated growth. If tamoxifen is stopped, 
tumors regrow. These results suggest that adjuvant tamoxifen therapy should involve long 
treatment periods (even lifetime) to prevent tumor recurrence. Unfortunately resistance to 
therapy and patient relapse inevitably occur, and such disease recurrence involving tamoxifen 
resistance is difficult to treat successfully. A laboratory model of endocrine therapy failure has 
been developed. When athymic mice with MCF-7 tumors are treated for 6-8 months with 
tamoxifen, several tumors grew and continued to grow in tamoxifen-treated mice. These 
estrogen receptor-positive tumors grow with either tamoxifen or estradiol. Tamoxifen- 
stimulated tumor growth has been observed in human endometrial tumors implanted into 
athymic animals. Growth of these tamoxifen-stimulated tumors can be inhibited with the pure 
antiestrogen ICI 164,384 upon withdrawal of tamoxifen. These data are discussed in terms of 
treatment strategies for tamoxifen-failed patients. 

INTRODUCTION 

The nonsteroidal antiestrogen, tamoxifen (ICI 
46,474; Nolvadex"),  developed in 1967 [1], first 
entered clinical trials at the Christie Hospital in 
Manchester, England in 1971 [2]. Tamoxifen 
now represents the endocrine treatment of 
choice for advanced breast cancer [3, 4], with 
50q50% of estrogen receptor-positive patients 
responding favorably to therapy. Treatment 
with tamoxifen is safe and effective, and the 
potency and lack of reported side effects have 
supported the use of tamoxifen for all types and 
stages of breast cancer. Clinical trials involving 
adjuvant tamoxifen treatment of postmeno- 
pausal women were initiated towards the end of 
the 1970s, with the majority of the patients 
having stage II disease. The reported studies 
demonstrated an increase in disease-free sur- 
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vival for tamoxifen-treated women [5-7], with a 
beneficial effect using combination tamoxifen 
and chemotherapy treatment also reported [8]. 
Experimental evidence reported during this 
period, involving in vivo laboratory models, 
demonstrated that tamoxifen acts as a tumori- 
static agent [9] and should be administered for 
extended periods of time to be most effective. 
Clinically, such long-term therapy (up to 5 yr 
in duration) produced a significant advantage 
in node-positive patients [10]. Indeed, a recent 
overview analysis has confirmed that post- 
menopausal women have a survival advantage 
with long-term tamoxifen therapy [11]. A num- 
ber of these trials [5, 10] involved large numbers 
of node-negative (stage I) patients. Again, posi- 
tive results were obtained with tamoxifen treat- 
ment. As a result of the favorable data with 
tamoxifen use from the clinical trials, the NCI 
(May, 1988) issued an alert to all oncologists, 
suggesting the use of tamoxifen in the treatment 
of all stage I estrogen receptor-positive patients. 
Indeed, tamoxifen now represents a realistic 
endocrine treatment for all types of breast 
cancer. 

In spite of the clear advantage of tamoxifen 
treatment, not all estrogen receptor-positive 
patients respond and therapy that is successful 
eventually fails. Unfortunately, this failure is 
invariably fatal. It is essential to understand 
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how such therapeutic failure occurs, so suitable 
treatment strategies can be developed for 
patients when tamoxifen resistance occurs. Ulti- 
mately, such investigations could aid in the 
development of novel therapies for the treat- 
ment of breast cancer. 

Four potential mechanisms of resistance to 
tamoxifen therapy can be proposed: 

1. Metabolic tolerance 

Tamoxifen is extensively metabolized in 
both animals and man [3, 4]. The metabolites 
observed include 4-hydroxytamoxifen, N-des- 
methyltamoxifen and metabolite Y. Each of 
these compounds are antiestrogenic in conven- 
tional laboratory assays [12], suggesting that the 
antitumor effects of tamoxifen are a combi- 
nation of both the parent compound and its 
metabolites. However, disease recurrence could 
be caused by the production of estrogenic 
metabolites during long-term tamoxifen treat- 
ment. No such metabolites have been observed. 
Patient noncompliance during therapy might 
result in declining tamoxifen levels, with tumor 
growth occurring during a period of low drug 
concentration [13]. We are currently conducting 
a study at the University of Wisconsin to evalu- 
ate tamoxifen levels in patients who have suc- 
cessfully completed 10 yr of adjuvant therapy. 

5. Hormone-independent growth 

On the assumption that tamoxifen operates 
through the estrogen receptor, it is not sur- 
prising that receptor-negative tumors are not 
controlled by antiestrogen treatment. Breast 
tumors are known to be a heterogeneous mix- 
ture of receptor-positive and negative cells [14], 
and tamoxifen failure could merely be result 
of receptor-negative cell outgrowth. While this 
undoubtedly occurs, up to 13% of receptor- 
negative tumors exhibit an objective response to 
tamoxifen. Assuming that the receptor classifi- 
cation is correct, a number of mechanisms 
of tamoxifen action in these cells have been 
proposed [15, 16]. 

3. Paracrine-regulated growth 

This mechanism centers upon the stimulation 
of tamoxifen-inhibited receptor-positive cells by 
growth factors produced by neighboring cells. 
These cells could be receptor-negative breast 
cancer cells or stromal cells. Indeed, it has been 
shown that EGF can partially reverse the action 
of tamoxifen on breast cancer cell lines[17]. 
Clearly, treatments that control or destroy 

growth factor-producing cells are a priority for 
future research. A related mechanism involves 
the stimulation of breast cancer cells by circu- 
lating steroids. Tamoxifen is a competitive in- 
hibitor of estrogen action and therefore high 
concentrations of circulating estrogens may not 
result in an optimal tumor response. Tamoxifen 
is known to cause an elevation in estrogen levels 
in premenopausal women[18]. Elevations in 
progestin levels have also been observed, and 
there is evidence that progesterone can have 
a negative effect upon tamoxifen-controlled 
breast cancer growth[19,20]. It is clear that 
strategies to reduce steroidogenesis (e.g. 
Zoladex") should be considered for these 
patients, to reduce the possibility of tamoxifen 
failure. Although the role of prolactin in human 
breast cancer growth is undefined, elevated 
levels of this hormone may have a stimulatory 
effect upon cell growth [21]. Again, this would 
blunt the inhibitory effects of tamoxifen. 

4. Tamoxffen-dependent growth 

The failure of tamoxifen treatment could 
involve growth stimulation of tumors by long- 
term tamoxifen treatment. This paper will focus 
upon the development of laboratory models 
of tamoxifen-stimulated hormone-responsive 
endometrial and breast tumors. 

MATERIALS AND METHODS 

Breast and endometrial tumors 

The breast cancer cell line MCF-7 was ob- 
tained from ATCC (Rockville, MD) and shown 
to be authentic by karyotypic analysis (data not 
shown). The MCF-7 tumor used in these exper- 
iments was originally derived from an inocu- 
lation of 107 cells into estrogenized athymic 
mice, as described previously [22]. Ovariectom- 
ized BALB/c 4~5-wk-old athymic mice were 
implanted s.c. in the axillary mammary fat pads 
with l-mm ~ pieces of this MCF-7 tumor. This 
tumor had been passaged previously in t'ivo four 
times in estrogenized animals. Estrogen stimu- 
lation was consistent over these passages and no 
growth was observed with control or tamoxifen 
treatment. The tamoxifen-stimulated tumors 
MCF-7TAM and the endometrial tumor 
EnCal01 (obtained from Dr Satyaswaroop, 
Hershey, PA) were maintained by passaging 
in ovariectomized tamoxifen-treated athymic 
mice. Tumor implantation was as described 
previously. 
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Animals 

Ovariectomized athymic mice (BALB/c, 
4-5 wk) were obtained from Harlan Sprague- 
Dawley (Indianapolis, IN) and housed under 
sterile conditions. Tumors were measured 
weekly and the mean cross-sectional area (cm 2) 
determined using the formula (length\2)x 
(width\2) x z. 

Hormone treatments 

Estradiol (1.7 mg, 8-wk release) and tamoxi- 
fen (5 mg, 4-wk release) pellets were custom 
made (Innovative Research of America, Toledo, 
OH) and implanted s.c. on the backs of animals 
using a trocar on the same day as tumor implan- 
tation. Tamoxifen was administered where indi- 
cated using capsules made from Silastic tubing 
(Dow Corning, Midland, MI) cut to various 
lengths and filled with tamoxifen free-base 
(Stuart Pharmaceuticals, Wilmington, DE). 
Ends were plugged with Silastic cement (Dow 
Corning, Midland, MI) and the finished cap- 
sules sterilized by 7-irradiation prior to s.c. 
implantation on the back of the animal. Control 
capsules, empty and sealed at both ends, 
were also used. Where indicated, ICI 164,384 
(Roussel, Uclaf) was injected s.c. in a 0.1 ml 
volume. The suspension used was made by 
dissolving the compound in ethanol, mixing in 
Tween 80 (Sigma Chemical) and diluting in 
isotonic saline to precipitate the compound. 
This approach was necessary because of the 
poor bioavailability of IC1 164,384. 

Stat&tical analysis 

Differences in mean tumor area and receptor 
levels between groups were measured using 
analysis of variance followed by unpaired 
Student's t-test. 

RESULTS AND DISCUSSION 

Tamoxifen-stimulated endometrial tumor growth 

Tamoxifen is able to stimulate the growth of a 
transplantable hormone-responsive endometrial 
tumor, EnCa 101, maintained in athymic animals 
(Fig. 1) [25]. This model was further developed 
in collaboration with Dr Satyaswaroop [26]. In 
this experiment, the endometrial tumor is trans- 
planted on one side of the animal and the breast 
tumor on the other. As expected, estrogen treat- 
ment stimulated the growth of both tumors. 
However, when the animals were also treated 
with tamoxifen, the estrogen-stimulated breast 
tumor growth was inhibited, while the growth of 
the endometrial tumor was actually further 
stimulated (Fig. 2). In summary, tamoxifen is 
able to encourage the growth of a hormone- 
responsive tumor, EnCal01. Is this a mechan- 
ism by which breast tumor growth recurs during 
tamoxifen therapy? 

Tamoxifen-stimulated breast tumor growth 

Investigations in this laboratory were con- 
ducted to mimic the long-term treatment of 
women with tamoxifen. MCF-7 breast tumors 
were grown in athymic animals under the influ- 
ence of estrogen, and following removal of this 

Tltlnor-receplof measurements 

Tumors were excised from the animals and 
stored in liquid nitrogen until the assay was 
performed. ER was measured using a com- 
mercially available monoclonal antibody kit 
(ER-EIA) from Abbott Laboratories (Chicago, 
IL). Procedures followed recommended proto- 
cols[23]. PR levels were determined using 
specific ligand receptor binding using [3H]17~- 
methyl-R5020, with free and bound ligand 
separated using a dextran-coated charcoal 
separation method. PR levels were quantitated 
using Scatchard analysis. 

Single-point binding analysis of ER was done 
on some tumors using a similar ligand-binding 
assay as for PR. Protein values were determined 
in cytosols using a modified Bradford protein 
assay [23, 24]. 
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Fig. I. G row th  rates o f  EnCal01 tumor  (n = 12) transplants 
in athymic mice treated by sustained release pellets contain- 
ing 17/:t-estradiol (I.7mg, 8-wk release: A): TAM (5mg, 
4-wk release replaced at wk 4: 0 ) ,  no therapy (O). Adapted 

from Ref. [26]. 
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Fig. 2. G r o w t h  responses  of  E n C a l 0 1  ( tr iangles)  and  M C F -  
7 (circles) t umors  (n = 6) t r ansp lan ted  on opposi te  sides of  
the same a thymic  mouse  and  t reated by susta ined release 
pellets con ta in ing  17fl-estradiol (1.7 mg, 8-wk release; open 
symbols)  or 17fl-estradiol (1.7 mg, release) plus T A M  (5 mg, 
4-wk release replaced at  week 4, solid symbols) .  Adap ted  

from Ref. [26]. 

stimulus, subject to long-term tamoxifen treat- 
ment [23]. After the estrogen is removed, there 
is a period of tumor regression. However, after 
approx. 6 months of tamoxifen treatment, 
tumor regrowth was observed (Fig. 3). Tamoxi- 
fen-stimulated tumors were removed and trans- 
planted into new tamoxifen-treated animals; in 
this way, a transplantable, tamoxifen-stimulated 
breast cancer was attained (termed MCF- 
7TAM). Whilst tamoxifen is stimulating tumor 
growth in these animals, it is acting as an 
antiestrogen in another hormone-responsive 
tissue, the uterus, as seen by the lack of growth 
over control levels (Table 1). 

The MCF-7TAM tumors contain signifi- 
cantly higher ER levels than estrogen- 
stimulated MCF-7 tumors (Table [) and 

Table 1. Uterine wet weights and steroid hormone receptor values of 
MCF-7 tumors (estradiol and tamoxifen stimulated) under various 

treatments (adapted from Refs [23] and [32]) 

Steroid receptor values b 
Uterine (fmol/mg cytosol protein) 

Treatment wet weight" 
group (mg) ERc PR d 

MCF-7 wild + E 2 105+4.1 c 173_+14 132+31 
MCF-7TAM + T A M  18.4+ 1.8 390+ 37 r 55 _+ 27 
MCF-7TAM + CON 20.2 + 1.3 ND g ND 

"Animals subject to 7 months of tamoxifen or control treatments; E 2 
treatment was 2 months in duration. 

~Tamoxifen treatment of 5.5 months in duration; E 2 treatment of 2 
months in duration. 

~Measurement by ER-EIA. 
dMeasurement by Scatchard. 
~Mean _+ SE. 
rSignificantly different from ER-EIA level in other group. 
gND, not done. 

measurable levels of PR, although PR levels in 
MCF-7TAM tumors were not stimulated by 
tamoxifen treatment (Table 1). These data 
suggest that if tamoxifen is acting through the 
estrogen receptor in the MCF-7TAM tumor, 
the ER/PR pathway is altered in some way. A 
detailed investigation into the regulation of the 
expression of steroid hormone receptors in this 
tumor variant is currently underway. Tamoxifen 
was able to stimulate tumor growth in a dose- 
dependent fashion, with increasing serum 
tamoxifen levels resulting in increased tumor 
growth (Fig. 4)[23]. However, when the 
tamoxifen was removed, tumor growth was 
arrested [23]. Therefore, this growth appears to 
be stimulated by tamoxifen in a dose-dependent 
fashion. 

A central question remains, what is the mech- 
anism by which tamoxifen stimulates growth in 
the MCF-7TAM tumor? A logical explanation 
involves the known estrogenic properties of 
tamoxifen [3]. Interestingly, both in vitro [27] 
and in vivo [28], wild-type MCF-7 cells can be 
stimulated by tamoxifen under the appropriate 

075 
OJ 

E 
0 

o 0.50 

°E 0.25 

t.- 

o 4 a 
Months 

Fig. 3. Mean  MCF-7  tumor  g rowth  in an imals  t reated with 
es t radiol  pellets for 7 wk. Animals  had  estrogen removed 
(arrow) and were randomized  into groups  treated with 
placebo pellets (n = 10) ( A )  or T A M  pellets [n = 12) ( O )  

tbr 7 months .  Adapted  from Ref. [23]. 
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Fig. 4. MCF-7 TAM tumor growth in athymic mice (n = 6) 
t reated with T A M  silastic capsules of  vary ing  sizes (2 cm, O ;  
I cm, l :  0.25 cm, A) .  Points  = mean: bars = SE. Adap ted  

from Ref. [32]. 
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conditions. In addition, two clinical obser- 
vations support the idea of tumor growth stimu- 
lated by the estrogenic properties of tamoxifen. 
Some breast cancer patients experience "tumor 
flare" at the onset of antiestrogen treat- 
ment [29]. Secondly, some success has been ob- 
served with second-line endocrine therapies 
(e.g. aminoglutethimide) following tamoxifen 
failure [30]. These data suggest that tamoxifen 
can indeed stimulate breast tumor growth, 
and that this stimulation is a result of the 
estrogenicity of this compound. Indeed, estro- 
gen is able to stimulate the growth of MCF- 
7TAM tumors to an extent equivalent to that 
attained with tamoxifen treatment [32]. Collec- 
tively, these concepts suggest that merely stop- 
ping the tamoxifen in failed patients will not be 
sufficient to arrest tumor growth, as circulating 
estrogens will be able to maintain tumor cell 
proliferation. 

The response of MCF-7TAM tumors to pure 
antiestrogens would aid in the dissection of this 
tamoxifen-stimulated growth. These com- 
pounds [31] are steroidal in nature, and in stan- 
dard assays in vitro and in vivo show no 
estrogenic effects. A member of this family of 
pure antiestrogens, ICI 164,384, was used in the 
MCF-7TAM animal model[32]. ICI 164,384 
was able to inhibit tamoxifen-stimulated MCF- 
7TAM tumor growth (Fig. 5) and EnCal01 
tumor growth [33]. Importantly, this steroidal 
antiestrogen did not stimulate growth above 
control levels in either model, when adminis- 
tered alone. These results support the concept 
that tamoxifen-stimulated growth of these two 
tumors is a result of the estrogenic properties of 
tamoxifen. 
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Fig. 5. Inhibition of TAM-stimulated MCF-7 TAM tumor 
growth (n = 16). Mice were treated continuously with 
0.5 cm TAM silastic capsules alone (1),  TAM capsules and 
1 mg of ICI 164,384 injected s.c. every other day (O), 1 mg 
of ICI 164,384 injected s.c. alone every other day (D) or 
with an empty 0.5 cm placebo capsule (O). Points = mean; 

bars = SE. Adapted from Ref. [32]. 

In summary, the variant tumor, MCF- 
7TAM, whose growth is stimulated by both 
tamoxifen and estrogen, represents a useful 
model of tamoxifen-treatment failure. Investi- 
gations of the kind described here will provide 
useful information, important in the develop- 
ment of strategies to combat antiestrogen resist- 
ance. The fact that estrogen can stimulate the 
MCF-7TAM tumor suggests that treatment 
withdrawal will be unproductive, as estrogens 
will be sufficient to maintain growth. To this 
end, novel pure antiestrogens represent an effec- 
tive treatment for tamoxifen-failed patients. 
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