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Introduction 

Endocrine therapy with selective estrogen receptor 
modulators (SERMs) such as tamoxifen, or agents that 

lead to estrogen deprivation such as gonadotropin- 
releasing hormone (GnRH) agonists in premenopausal 
and aromatase inhibitors in postmenopausal women, 
are widely used in the treatment of all stages of 
breast cancer. Indeed, these are the most effective 
targeted therapies for breast cancer, and their use in 
the adjuvant setting for women with mmours that 
expresses estrogen receptor (ER) has been the single 
biggest contribution to the reduction in mortality 
over the last 15 years. However, resistance in ER- 
positive mmours to such treatments can be intrinsic 
occurring at first exposure (de novo), or develop over 
time after an initial response to endocrine therapy 
(acquired). Identification of the key molecular mech- 

anisms involved in resistance to either tamoxifen or 
estrogen deprivation is important to allow development 
of an appropriate panel of biomarkers that may help 
predict response/resistance to specific treatments [1]. 
Ultimately such research is aimed at the development 
and application of new pharmaceutical agents targeted 
at the various molecular components of endocrine- 
resistance pathways, either with the goal of effective 
treatment of endocrine resistant disease, or more 
likely the prevention/delay of its development, thus, 
extending the benefit of endocrine therapy. 

The article reviews recent progress in our un- 
derstanding of endocrine resistance, in particular 

current knowledge about initial endocrine sensitivity 
in relation to ER biology in mmours. The potential 
mechanisms of acquired resistance to both tamoxifen 
and estrogen deprivation are then compared and con- 
trasted, together with how such information could lead 
to more effective clinical strategies for maximising the 
benefit of endocrine therapy in the future. 

ER molecular biology and de-novo endocrine 
resistance 

The expression of ER in breast cancer cells has 
always been perceived to be the single most important 
determinant for endocrine response in breast cancer. 
Whilst it has become clear that tumours which 
do not express any ER are unable to respond to 
endocrine therapies and thus, exhibit primary 'de- 
novo' resistance, evidence now exists that expression 
of ER alone in human breast carcinomas is insufficient 
to accurately predict response to endocrine therapy 
in the clinical setting. Thus, it is important to 
understand how estrogen and SERMs interact with ER, 
and to determine what additional factors other than 
ER expression alone may influence a given cellular 
response to ligand activation of the receptor. 

Estrogen influences gene expression and cellular 
phenotype by diffusing into the cell and binding 
nuclear ER, which, in turn, activates receptor dimeri- 
sation, association with various co-activator and co- 
repressor proteins to a greater or lesser extent, 
respectively, and subsequent DNA binding of liganded 
ER within promoter regions of DNA upstream of 
estrogen-regulated target genes. Gene transcription is 
activated through two separate transactivation domains 
within ER, termed AF-1 in the amino-terminal A/B 
region and AF-2 in the carboxy-temlinal E region 
(Fig. la) [2]. At its simplest level, the SERM 
tamoxifen functions as a competitive anti-estrogen 
to inhibit estrogen action. Tamoxifen-bound ER still 
dimerises and binds DNA, but the downstream effects 
are different as a result of the altered conformational 
shape of the tamoxife~ER complex compared with 
estradiol. This results in a change in the receptor 
bound balance of co-activators and co-repressors such 
that tamoxifen-liganded ER may block gene transcrip- 
tion through the AF-2 domain, while AF-1 mediated 
gene transcription may still occur (Fig. lb) [3]. This 
may explain the partial agonist activity of tamoxifen 
that is exerted in some tissues such as bone or 
endometrium, in addition to its ability to antagonise 
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Fig. 1. (a) Mechanism of  estradiol activation of  ER~estradiol 
binding to ER leads to loss o f  Heat Shock Proteins (HSPs), 
dimerisation and phosphorylation o f  receptors, with conformational 
change leading to co-activator activation at both AF1 and AF2 
sites full agonist effect seen. (b) Mechanism of  ER antagonism 
by SERMs tamoxifen binding to ER leads to loss o f  HSPs, 
dimerisation and phosphorylation of  receptors, but with different 
specific conformational change leading to co-activator activation at 
AF1 only, and not AF2 sites therefore partial agonist effect seen. 

estrogen-regulated gene transcription especially in the 
breast. 

It has become clear that the molecular biology of 
ER in breast cancer is even more complex, and that 
several aspects other than mere expression of adequate 
levels of ER determine initial endocrine sensitivity in 
breast cancer cells. In addition to classical ER (now 
called ERa), a second ER was cloned (ER[3) which 
shares sequence homology within the DNA-binding 
domain [4], but which differs in that AF-1 activity 
is considerably less than with ERa [5]. Equally, ER[3 
lacks much of the C-temfinal F domain of ERa, which 
may be an important region in determining an agonist 
response to tamoxifen [6]. The distribution in normal 
tissues of ER[3 is different from ERa which implies 
a distinct physiological role, and some evidence has 
implicated increased ER[3 expression as a mechanism 
for tamoxifen resistance in breast cancer [7]. It has 
also been established that in addition to the classical 

model of liganded ER which binds DNA at defined 
estrogen response elements (EREs) upstream of ER- 
regulated genes, alternative regulatory DNA sequences 
can become activated by ER. For example AP-1 
response elements regulate several genes involved in 
cell proliferation, motility and apoptosis, and liganded 
ER may indirectly regulate AP-1 gene transcription 
through direct protein protein interaction with AP-1 
transcription factors (c-fos and c-jun). Tamoxifen was 
shown to be an agonist on AP-1 regulated genes with 
either ERa or ER[3 [8], whereas estrogen liganded 
with ER[3 inhibited AP-1 gene transcription [9]. 
Enhanced activation of AP-1 by tamoxifen may also 
be associated with tamoxifen resistance in models 
of breast cancer [10], and in tumours from breast 
cancer patients relapsing on tamoxifen [11]. Finally, 
the relative balance in a given cell type of co-activator 
and co-repressor proteins may also determine the given 
response of ER to a particular ligand. For example, 
over-expression of the co-activator SRC-1 has been 
shown to enhance the agonist stimulatory response to 
tamoxifen [12], while a reduction in level of the co- 
repressor N-CoR was associated with development of 
tamoxifen resistance in breast cancer xenografts [13]. 
Thus, expression of ER[3 relative to ERos, enhancement 
of alternative pathways such as AP-1, or the relative 
balance of co-activator/co-repressor proteins could all 
account for initial differential sensitivity to endocrine 
therapy with tamoxifen in apparently ER-positive 
human breast carcinomas. 

More recently, the presence of alternative non- 
genomic mechanisms for ER action have been pos- 
tulated as an alternative mechanism for initial re- 
sistance of ER-positive breast cancers to tamoxifen. 
Membrane-initiated signalling by ER is thought to 
occur by ER interacting with and/or activating several 
kinases including the insulin-like growth factor-1 
receptor (IGF-1R), the p85 regulatory subunit of 
phosphatidylinositol 3-kinase (PI3K), and the adaptor 
proteins Src and Shc. These various interactions 
by estrogen-liganded ER can result in different cell 
survival and cell proliferative signals via the AkT 
(protein kinase B) and mitogen activated protein 
kinase (MAPK) pathways, respectively [14-16]. Fur- 
thermore, tamoxifen may exert agonist effects via 
interaction of membrane ER with peptide growth 
factor signalling (EGFR or HER-2), thus, stimulating 
rather than inhibiting cell growth [17]. This gives an 
additional role for ER in directly activating growth 
factor signalling at the membrane rather than via 
nuclear activation/transcription of growth factors to act 
in an autocrine loop. This non-genomic activity of ER 
may be facilitated by enhanced expression of several 
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Fig. 2. (a) Objective tumour response rate in primary ER positive breast cancers to either neoadjuvant tamoxifen or letrozole dependent 
on co-expression of type I growth factor receptors EGFR or HER2 (data from ref. [20]). (b) Objective tumour response rate in primary 
ER positive breast cancers to either neoadjuvant tamoxifen or anastrozole dependent on co-expression of HER2 (data from ref. [21]). 

adapter proteins that facilitate membrane ER inter- 
actions (MNAR/PELP1 and MTA1) [18]. Likewise, 
in ER-positive tumours with HER2 amplification, 
additional molecular cross-talk may occur follow- 
ing downstream activation by various HER-2 driven 
intracellular kinases (e.g. p38 MAPK, ERK1/2), 
which in tamoxifen-treated tumours may result in 
the phosphorylation of nuclear tamoxifen-liganded ER 
and associated co-activators, which, in turn, activates 
ER-dependent endocrine resistant growth. As such, 
existence of these bi-directional cross-talk pathways 
can result in tamoxifen stimulating the growth of these 
ER positive breast cancer cells. 

In the clinical arena, several aspects of ER' s biology 
are now being evaluated to determine whether any 
given biomarker profile in an ER-positive mmour 
can help determine initial sensitivity or resistance 
to various endocrine therapies. Firstly, ER-positive 
mmours that co-express EGFR or HER-2 are known 
to be more resistant to tamoxifen in experimental 
models [17], as well as in several clinical studies [19]. 
In two neo-adjuvant studies of endocrine therapy in 
post-menopausal women, this profile may also predict 
for relative resistance to tamoxifen, yet greater sensi- 
tivity to estrogen-deprivation therapies with aromatase 
inhibitors (Figs. 2a,b) [20,21]. Firstly, the reason for 
this difference relates to reduced ligand activation 
of both nuclear and membrane ER by aromatase 
inhibitors (due to removal of estrogen), compared 
with activation of the interaction of membrane ER 
with kinase pathways in the presence of tamoxifen, 
in addition to HER2 activation of tamoxifen-liganded 
nuclear ER. Secondly, in ER-positive tumours high 
levels of the co-activator AIB1 in the presence of 
HER2 may also predict for an agonist response to 
tamoxifen, confirmed in the clinical setting by relative 

resistance to tamoxifen in patients with tumours that 
contained high levels of AIB1 [22]. Thus, levels of 
AIB1 and/or EGFR/HER2 may modulate response to 
tamoxifen in ER-positive breast cancer. 

Likewise, co-expression of ER-regulated genes such 
as progesterone receptor (PR) has hitherto been 
associated with enhanced endocrine sensitivity, and 
PR has been used as an additional marker to predict 
for likelihood of a good response to endocrine 
therapy [23]. Evidence has been based on large 
clinical series utilising co-expression of PR with 
ER as a prognostic factor in series of patients 
treated with adjuvant tamoxifen. More recently, it 
has become clear that loss of PR in ER-positive 
tumours may be a distinct molecular event associated 
with activation of the EGFR/HER2 pathway, and, 
thus, may serve as an additional indirect marker for 
resistance to tamoxifen. There is recent evidence that 
there may be a differential initial clinical benefit 
between aromatase inhibitors and tamoxifen according 
to PR status of ER-positive mmours. A retrospective 
subgroup analysis in the ATAC adjuvant trial of 
anastrozole versus tamoxifen found that patients that 
were ER+PR+ or ER+PR- had a similar recurrence- 
free survival on anastrozole, but that patients that 
were ER+PR- faired much worse on tamoxifen than 
ER+PR+ patients. The co-segregation of growth factor 
receptor positivity with PR negativity may again be 
responsible for this differential benefit, and recent 
studies have reported that growth factor signalling 
through IGF-1R or EGFR/HER2 results in down- 
regulation of transcription of the PR gene, possibly via 
ER mediated AP1 transcriptional regulation [24,25]. In 
experimental models of tamoxifen resistance, both de- 

novo tamoxifen-stimulated ER-positive HER2-positive 
xenograffs and acquired tamoxifen-resistant MCF-7 
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Fig. 3. Bidirectional cross-talk pathways that may be active in tamoxifen resistant breast cancer. (A) liganded ER can interact at the plasma 
membrane with adapter proteins such as Shc and the kinase domains of  either IGF-1R and/or EGFR/HER2 to cause rapid non-genomic 
activation of peptide growth factor signalling, while (B) signalling from EGFR/HER2 or IGFR can activate either downstream MEK/MAPK, 
pp90 ~k or the PI3K Akt pathways, all of  which can phoshorylate nuclear co-activators and ER to initiate ER-dependent gene transcription 
and growth. In the presence of  bi-directional cross-talk between ER and growth factor pathways, both tamoxifen and estrogen function as 
agonist ligands. 

xenografts, levels of ER-regulated genes such as 
IGF-1, cyclin Di, bcl-2 and PgR switched to either 
being reduced or absent compared with parental 
tamoxifen sensitive xenografts [26]. While some have 
suggested that this biomarker profile (i.e. ER-positivity 
with either PgR-negative status and/or EGFR/HER2 
positive status) could explain differences in initial en- 
docrine sensitivity to tamoxifen relative to aromatase 
inhibitors [27], this remains to be confirmed in other 
large trials indeed initial results from the BIG- 
198 study of letrozole versus tamoxifen have not 
demonstrated similar differences in outcome in ER 
positive mmours dependent on presence or absence of 
PgR expression [28]. 

Thus, our current knowledge of the molecular biol- 
ogy of the ER has provided new insights into potential 
mechanisms for de-novo resistance in ER-positive 
breast cancer. Experimental and clinical data have 
generated provocative hypotheses to explain initial re- 
sistance to tamoxifen relating either to membrane ver- 
sus nuclear ER activity, bi-directional cross-talk with 
co-expressed peptide growth factor pathways (IGFR 
or EGFR/HER2) (Fig. 3), and potential biomarker 
profiles in relation to the presence or absence of ER- 

regulated genes such as PR. Further more-accurate 
profiling of ER-positive cancers may come from on- 
going DNA-microarray studies, and preliminary data 
have suggested that molecular signatures may help 
predict optimal initial sensitivity to tamoxifen [29]. At 
the same time, more detailed experimental molecular 
studies have been conducted in the setting of acquired 
resistance to endocrine therapy, with some similar 
themes emerging as discussed below. 

Mechanisms of acquired endocrine resistance 

A clinically important observation is that patients 
whose breast cancer relapses after a prior response 
to tamoxifen have a good chance of a subsequent 
response to aromatase inhibitors [30]. Thus, the molec- 
ular mechanisms leading to resistance to tamoxifen 
do not always result in complete endocrine resistance 
in most patients. While estrogen deprivation therapy 
with aromatase inhibitors may be more effective than 
tamoxifen in the metastatic and adjuvant settings [31], 
eventually resistance to this approach also develops. 
What has been unclear is whether similar mechanisms 
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of resistance recently identified in tamoxifen-resistant 
mmours also account for acquired resistance to 
aromatase inhibitors. Our current understanding of 
resistance to each of these therapies is discussed 
below. 

Acquired resistance to tamoxifen 

An important early finding was that ER expression 
was lost at relapse in only about 15~5% of breast 
cancer patients who developed acquired tamoxifen 
resistance [32,33]. In some studies of human breast 
cancer, loss of ER expression has been associated 
with aberrant methylation of DNA at CpG islands, 
with evidence for chromatin inactivation by histone 
deacetylation resulting in ER gene silencing [34]. 
This has raised the possibility of utilising either 
demethylating agents or histone deacetylase (HDAC) 
inhibitors as therapeutic strategies to re-express ER 
and restore endocrine sensitivity [35]. However, such 
a mechanism has not been confirmed as a mechanism 
for acquired loss of ER expression in tamoxifen treated 
mmours. In the majority of tumours, ER expression 
appears to be retained, and the clinical evidence that 
response might still occur to further endocrine therapy 
suggests that tumour re-growth may still involve 
functional ER signalling. At one stage it was suggested 
that alterations in the structure and function of the ER 
protein might change its response to tamoxifen [36], 
although little evidence was found for significant 
mutations in the ER gene in patients with breast 
cancer [37-39]. An estrogen-hypersensitive ER mutant 
(lys303arg) has been reported in 20 out of 59 atypical 
breast hyperplasias and pre-invasive breast carcinomas 
that may result in enhanced binding of co-activators, 
thus, leading to an agonist response to tamoxifen or 
sensitization to the low levels of residual estrogen 
with aromatase inhibitors [40]. However, there are no 
reports for this mutation in tumours with acquired 
endocrine resistance to suggest that this represents a 
common mechanism. 

By whatever means, it appears clear that ERa re- 
mains involved in the majority of tumours with 
acquired resistance. Tamoxifen permits receptor ac- 
tivation primarily because it still allows ER dimeri- 
sation and binding to DNA [41], and in the setting 
of acquired resistance it favours association with 
co-activators and transcription of estrogen-regulated 
genes. Clinical evidence for an agonist (rather than 
antagonist) response to tamoxifen in the acquired 
resistance setting was demonstrated in experiments 
whereby breast cancer cells from malignant pleural 
effusions taken from patients relapsing on tamoxifen 

were established in short-tem~ clonogenic assays in 
soft agar, and shown to be stimulated equally by estro- 
gen and tamoxifen [42]. In contrast, these cells when 
grown ex-vivo were growth inhibited by the steroidal 
anti-estrogen ICI182780 (fulvestrant), which is devoid 
of any agonist activity, and has been shown to bind 
and degrades ER in breast cancer cells. Subsequently, 
this has been supported by two clinical trials, which 
have shown efficacy for fulvestrant mmours from 
patients with acquired tamoxifen-resistance [43,44], 
again supporting the concept that ER survives and is 
functionally active in these resistant mmours. 

Several groups investigated the pathways involved 
in ER activation in tamoxifen-resistant disease have 
been investigated by several groups. Emerging evi- 
dence suggests that peptide growth factor pathways 
cross-talk with ER and its transcription machinery, and 
might be involved in phosphorylation and activation of 
ER [45,46] (Fig. 3). The MAPK/ERK pathway (which 
may be activated by upstream growth factors such 
as HER-2 and EGFR), the AKT/PI-3 kinase pathway 
(which may be activated by the insulin-like growth 
factor pathway) and the p38 MAPK pathway (activated 
by stress or various cytokines) can all phosphorylate 
ER at key positions (i.e., ser 118, ser 167, tyr 131) 
in the AF-1 and other domains of the receptor. 
Because tamoxifen can still bind and partially activate 
ER, cells that co-express ER and HER-2/EGFR may 
demonstrate an ' agonist' response to tamoxifen due to 
tamoxifen-liganded ER being phosphorylated by these 
various intracellular kinases. There is also emerging 
evidence that in these cells ER may be bound to 
the plasma membrane, and that tamoxifen-liganded 
ER may interact and directly activate peptide growth 
factor receptors at the cell surface [17,47] (Fig. 3). By 
contrast, complete estrogen deprivation in these cells 
would prevent ER activation (membrane or nuclear 
DNA bound) due to removal of the majority of 
available ligand for ER; thus, effectively abrogating 
any cross-talk activation of ER signalling that may 
exist due to peptide growth factor pathways. Again, 
this could explain why tamoxifen-resistant tumours 
may be preferentially more sensitive to estrogen- 
deprivation therapies with aromatase inhibitors, or ER 
downregulation by fulvestrant. 

HER-2 may also activate one of the major co- 
activators involved in ER-mediated gene transcrip- 
tion [22,48]. Growth factor signalling can activate ER 
via phosphorylation and activation of the co-activator 
AIB1 (also know as SRC-3), and evidence suggests 
that high levels of AIB1 may reduce the antagonist 
effects of tamoxifen. Previous studies have shown that 
breast cancer cells that co-express ER and HER2 are 
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less responsive to tamoxifen [49], and recent clinical 
data suggest that co-expression of AIB1 with HER2 
predicted for a worse outcome in patients treated 
with tamoxifen after surgery [22]. These basic studies 
of ER activation led to consideration that some of 
these molecular pathways might explain resistance to 
endocrine therapy with tamoxifen. 

Experimental models and clinical studies have now 
suggested that these growth factor receptor pathways 
become up-regulated and over-expressed in breast 
cancer cells that acquire resistance to tamoxifen during 
prolonged exposure. Enhanced expression of EGFR 
and subsequent downstream MAPK activation has 
been found in MCF-7 breast cancer cells that become 
resistant over time to tamoxifen, with evidence that 
co-treatment with the EGFR receptor tyrosine kinase 
inhibitor ZF1839 (gefitinib) may prevent or delay this 
resistance by blocking this signalling pathway [45,46]. 
More recently, changes have been reported in intra- 
cellular signalling in clinical samples from breast 
cancer patients taken before and at the time of relapse 
on adjuvant tamoxifen several years later [33]. In 
mmours with retained ER expression (the majority), 
there was enhanced expression of HER-2 in some 
patients, with evidence that, in these tumours, ex- 
pression of the stress-activated kinase p38 MAPK 
was enhanced [33]. These clinical and laboratory data 
support a concept that, over time, breast cancer cells 
utilise alternative intra-cellular signalling pathways 
to enhance and activate ER signalling, and that this 
allows cells to escape from their initial endocrine 
therapy with tamoxifen. As discussed in more detail 
below, strategies to block these signalling pathways 
from the outset by co-treatment with an EGFR 
tyrosine kinase inhibitor such as gefitinib in addition 
to tamoxifen have been utilised as a means to prevent 
development of endocrine resistance. 

Acquired resistance to estrogen deprivation 

Randomised trials in the metastatic and adjuvant 
settings have shown that estrogen deprivation with 
aromatase inhibitors is more effective than tamox- 
ifen [31], and can circumvent some of the resis- 
tance pathways described above that are specific to 
tamoxifen by removing all available ligand for ER. 
However, it is known that in-time hormone-sensitive 
ER positive breast carcinomas treated with aromatase 
inhibitors will also acquire resistance and start to re- 
grow. To date, there have been few clinical/laboratory 
studies that have investigated resistance to aromatase 
inhibition. Site-directed mutation can produce an 
aromatase enzyme that is resistant to inhibition by 

some (but not all) aromatase inhibitors [50], although 
such mutations have not been found in human breast 
carcinomas [51]. Evidence has existed for some time 
that in pre-menopausal patients who respond and 
relapse after estrogen withdrawal by ovarian suppres- 
sion with Luteinising-Hormone Releasing Hormone 
(LHRH) agonists, the tumours can respond to further 
suppression of estrogen levels at the time of relapse by 
the addition of an aromatase inhibitor to the LHRH 
agonist [52]. These clinical data would suggest that 
acquired resistance to estrogen deprivation in breast 
cancers may be overcome by a further stepwise reduc- 
tion in circulating levels of estrogens in these patients, 
implying that resistant cancer cells must retain partial 
hormone sensitivity despite initial adaptation to, and 
re-growth in, a low-estrogen environment. 

In the laboratory, data from several groups now 
support a concept of adaptation to a low-estrogen en- 
vironment with an enhanced sensitivity to estrogen as 
a means of escape from estrogen deprivation therapies. 
While wild-type MCF7 breast cancer cells respond 
maximally to doses of estradiol of ~10 -11 10-1°M, so- 
called long-term estrogen deprived (LTED) cells adapt 
and instead respond maximally at ~10-13M [53-56]. 
In part, this may be caused by an absolute increase 
in levels of ER protein, but in some models may 
also be related to an increase in re-location of ER 
to the plasma membrane in association with Shc 
and IGF-1R [57]. In these cells, it has been shown 
that following treatment with estradiol, ER-alpha will 
rapidly associate with Shc, an adapter protein involved 
in tyrosine kinase signalling. In addition, there is an 
increase in activation of both src and the ras/raf/MEK/ 
MAPK signalling pathway [58,59], and treatment 
with fulvestrant is able to block MAPK activation 
suggesting that ERa is functioning upstream of MAPK 
in a non-genomic membrane associated fashion [58]. 

There is undoubtedly an increase in growth factor 
signalling in ER-positive breast cancer cells that 
acquire resistance to LTED, through the HER1/2 
MEK/MAPK pathway [60] and the PI3K/Akt path- 
way [61]. While non-genomic activation by ER of 
growth factor signalling may be one mechanism as 
described above, there is also evidence for enhanced 
cross-talk between the various growth factor recep- 
tor signalling pathways and ER itself in a similar 
fashion to that described for tamoxifen resistance 
above. In experimental models of acquired resistance 
to LTED, ER-alpha may become phosphorylated 
and activated by a number of different intracellular 
kinases, including mitogen-activated protein kinases 
(MAPKs) downstream of HER2/HER3, the kinase 
pp90RSK, and the insulin-like growth factor (IGF)/ 
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Table 1 
Targeted intracellular small molecule inhibitors that are in development for breast cancer treatment, either as monotherapy for metastatic 
disease (including endocrine resistance), or in combination with endocrine therapy in ER-positive breast cancer (either as first-line therapy 
for metastatic disease, or as neoadjuvant therapy) 

Intracellular target Drug Phase of development/clinical setting 

EGFR Gefitinib (Iressa) Phase II metastatic and neoadjuvant endocrine combinations 

Erlotinib (Tarceva) Phase II metastatic Rx 

EKB-569 Phase I/II 

EGFR/Her2 Lapatinib (GW572016) Phase III metastatic endocrine combinations 

AEE-788 Phase I 

Pan-erbB Canaternib (CI-1033) Phase II metastatic Rx 

Farnesyltransferase Tipifarnib (Zarnestra) Phase II/III metastatic endocrine combinations 

Lonafarnib (Sarasar) Phase II metastatic endocrine combinations 

AZD3409 Phase I 

roTOR Everolimus (RAD-001) Phase III metastatic and neoadjuvant endocrine combinations 

Temsirolimus (CCI-779) Phase III metastatic endocrine combinations 

PI3 -Kinase LY294002 Preclinical 

IGFR- 1 AG 1024 Preclinical 

Raf BAY-43-9006 Phase I 

MEK 1/2 PD-0325901 Preclinical 

AZD6244 Phase I 

Src AZD0530 Phase I 

Cyclin-dependent kinase AZD5438 Preclinical 

NFkB Bortezomib (Velcade) Phase II 

AKT pathway [62,63]. ER-mediated gene transcription 
was enhanced up to ten-fold in cells that acquire 
resistance to LTED, and was abrogated by a number 
of different approaches to interrupt intracellular sig- 
nalling, including the EGFR tyrosine kinase inhibitor 
gefitinib, the MEK inhibitor UO126, in addition to 
the ER downregulator fulvestrant which degrades 
estrogen receptor [56]. This would suggest that ER 
was functioning downstream (rather than upstream) of 
these signalling pathways. 

Thus, once again it would appear that the ER 
remains an integral part of signalling, even following 
failure of long-tern~ estrogen-deprivation therapies. 
In an analogous fashion to tamoxifen resistance, 
emerging data exist for resistance to LTED to support 
bidirectional interaction between ER and growth 
factor signalling, either non-genomic ER activation 
of growth factor receptors at the plasma membrane, 
or intracellular activation of classical genomic ER in 
the nucleus by various intracellular kinases driven by 
upstream growth factor pathways (similar to Fig. 3). At 
present, there are no clinical data to substantiate these 
recent findings in experimental models of resistance 
to LTED, and studies of these pathways in mmours 
from patients who relapse after therapy with aromatase 
inhibitors are clearly needed. However, hope now 

exists that by learning which intracellular signalling 
pathways are operative in this process, logical combi- 
nations of signal transduction inhibitors (STIs) can de 
devised to target key molecular pathways implicated 
in development of resistance, thus, enhancing the 
benefit of current endocrine therapies with aromatase 
inhibitors through prevention or significant delay in the 
acquisition of endocrine resistance. 

Molecularly targeted therapies to treat/prevent 
endocrine resistance 

As outlined above, recent research into the molecular 
mechanisms of endocrine resistance has revealed 
various growth factor pathways and proteins involved 
in the signal transduction cascade that become ac- 
tivated and utilised by breast cancer cells to by- 
pass normal endocrine responsiveness [64]. These 
intracellular pathways represent attractive targets for 
pharmacologic intervention with small molecule signal 
transduction inhibitors (STIs) that target aberrantly 
or excessively expressed proteins. Several drugs are 
in active development for breast cancer including 
type-1 growth factor tyrosine kinase inhibitors, fame- 
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syltransferase inhibitors, MEK inhibitors, and roTOR 
antagonists (Table 1). 

Pre-clinical effects a f  STIs in breast cancer 

Enhanced expression of EGFR and HER2, together 
with subsequent downstream activation of MAPK/ERK 
signalling pathways, has been found in breast cancer 
cells that become resistant over time to endocrine 
therapy either with tamoxifen [46] or long-tem~ 
estrogen deprivation [56,65]. Treatment with various 
STIs has been used in preclinical models in an 
attempt to overcome this resistance by blocking 
upregulated signalling pathways [66]. For example, in 
MCF-7 cells that developed resistance to tamoxifen, 
gefitinib (which targets the internal tyrosine kinase 
domain of EGFR) and trastuzumab (which blocks the 
external domain of HER2) were effective at reducing 
downstream ERK1/2 MAPK signalling and inhibiting 
cell growth [46]. EGFR and HER2 heterodimerize 
in the resistant cells, such that targeting either 
one of the receptors can be an effective therapy. 
Of note, hormone-sensitive cells (in which neither 
receptors are overexpressed) were unaffected by either 
gefitinib or trastuzumab therapy. Similar data have 
been reported by other groups in tamoxifen-resistant 
HER2-transfected MCF-7 cells with AG1478, a HER2 
tyrosine kinase inhibitor, and with trastuzumab [67, 
68]. Likewise, in cells resistant to LTED, growth 
and ER-mediated gene transcription was abrogated 
by a number of different intracellular approaches 
to interrupt signalling, including the tyrosine kinase 
inhibitor gefitinib, the MEK inhibitor UO126, and the 
ER downregulator fulvestrant that degrades residual 
estrogen receptor [56]. Several groups have shown that 
these different pharmacological approaches may also 
inhibit the growth of breast cancer xenograft mmours 
in viva [17,67]. 

Small molecules have been developed against other 
intracellular signalling and cell survival pathways 
that become activated in hormone-resistant breast 
cancer. Akt (or PKB) is a serine/threonine kinase that 
promotes cell survival and is activated in response 
to many different growth factors, including insulin, 
insulin-like growth factor 1 (IGF-1), and vascular 
endothelial growth factor (VEGF). The mammalian 
target of rapamycin (roTOR) is a downstream effector 
of the PI3K/Akt signalling pathway that activates 
p70S6 kinase and 4E-binding protein-i, which, in 
turn, regulate transition through the G1/S phase of the 
cell cycle. Approaches to targeting these cell survival 
pathways have included either specific PI3K inhibitors 
such as LY294002, or rapamycin analogues such as 

temsirolimus (CCI-779) or everolimus (RAD-001) that 
target roTOR. Breast cancer cell lines with activated 
Akt (e.g., via loss of the regulatory PTEN tumour 
suppressor gene) are especially sensitive to roTOR 
antagonism [69]. 

Enhanced effects for STIs in combination with 
endocrine therapy 

Several pre-clinical reports have implied that, in 
hormone-sensitive ER-positive breast cancer, STIs as 
monotherapy may have only a minimal effect on 
tumour growth, especially if cells lack the activation 
and critical dependence on the various signal trans- 
duction pathways. Emerging evidence suggests that 
adaptive changes occur during prolonged endocrine 
therapy, in particular upregulation of growth factor 
signalling. Thus, strategies to combine endocrine 
with STI therapies have been used as a means 
to prevent development of resistance and improve 
therapeutic efficacy. In vitro, combined tamoxifen 
and gefitinib provided near complete inhibition of 
phosphorylated ERK1/2 MAPK and Akt, together 
with greater G0/G1 cell cycle arrest and suppression of 
the cell-survival protein bcl-2 than that observed with 
just tamoxifen [70]. In particular, combined therapy 
prevented the acquired expression of EGFR/MAPK 
signalling and the subsequent resistance that occurred 
after 5 weeks in tamoxifen-alone treated cells. 

For established hormone-resistant HER2-positive 
breast cancer, the strategy of combined STIs and 
endocrine therapy may also be more effective than 
using STIs alone [67]. In viva, gefitinib and ta- 
moxifen provided maximal growth inhibition and 
significantly delayed the growth of HER2 positive 
MCF-7 xenografts compared with gefitinib alone [17]. 
Moreover, similar effects were seen with gefitinib 
combined with estrogen deprivation, which provided 
greater inhibition of growth and substantially delayed 
acquired resistance compared with estrogen depriva- 
tion alone [71]. A synergistic effect has also been 
reported for trastuzumab combined with tamoxifen 
in ER-positive/HER2-positive BT-474 breast cancer 
cells, with enhanced accumulation of cells in G0/G1 
and reduction in S phase of the cell cycle compared 
with either therapy alone [72]. Recently, the dual 
EGFR/HER2 inhibitor lapatinib has been shown to 
cooperate with tamoxifen to provide more rapid and 
profound cell cycle arrest than either therapy alone in 
hormone resistant cells [73]. The two drugs together 
caused a greater reduction in cyclin D1, together with 
a greater increase in the kinase inhibitor p27 and 
cyclin E-cdk2 inhibition in various tamoxifen-resistant 
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Baseline 2 weeks 16 weeks 

Arm A 29 pts 

ArmB ~::txr 12 =g/: + 73 pts 

ArmC73 pts I AnastrozOlex 161mg/d+wks Placebo I 

Design: Randomized, blinded parallel group, placebo controlled, multi-center trial 

Population: 175 evaluable patients total with stage II-IIIB Tx naive ER+ tumors, 

Hypothesis: Gefitinib will further sensitize ER+ tumor to Anastrozole and reverse de-novo resistance 

Fig. 4. Schema for a neo-adjuvant trial of  anastrozole with/without gefitinib in ER-positive primary breast cancer, with the primary biological 
endpoint being an enhanced reduction in cell proliferation (Ki-67) for the combination as assessed in paired tumour biopsies taken pre-therapy, 
at 2 weeks, and at surgery after 16 weeks therapy. 

breast cancer cell lines. Lapatinib was able to restore 
tamoxifen-sensitivity in EGFR or HER2 expressing 
cells, whilst in vivo, combined lapatinib and tamoxifen 
caused maximal regression of HER2 over-expressing 
tamoxifen-resistant MCF-7 xenografts [73]. 

Other STIs that have only a minimal effect on 
hormone-sensitive breast cancer may also be more 
effective when combined with endocrine therapy. The 
farnesyltransferase inhibitor (FTI) tipifarnib inhibits 
the growth of a number of human breast cancer cells 
lines in vitro [74], but only produced a modest cy- 
tostatic effect on hormone-sensitive MCF-7 xenograft 
growth in vivo [75]. In contrast, when tipifarnib was 
combined with tamoxifen or estrogen deprivation ther- 
apy, combined treatment induced significantly greater 
mmour regression compared with either endocrine 
therapy alone [76]. Three other groups have since 
reported similar findings and have suggested either a 
synergistic [77] or an additive anti-tumour effect [78]. 
One recent study implied an additive effect on G0/G1 
cell-cycle arrest with enhanced inactivation of cyclin 
E/Cdk2 complexes and decreased phosphorylation of 
pRb [79]. 

Finally, a similar rationale has emerged to support 
the combination of roTOR antagonists with either 
tamoxifen or an aromatase inhibitor in preclinical 
models of ER-positive hormone-sensitive and resistant 
breast cancer [80,81]. The estrogen-dependent growth 
of both wild-type MCF7 and aromatase-expressing 
(MCF7/Aro) breast cancer cells was inhibited in 

a dose-dependent manner by the roTOR antagonist 
everolimus (RAD-001), suggesting that roTOR sig- 
nalling is required for the estrogen-dependent pro- 
liferation of these cells. In subsequent experiments 
the combination of letrozole and everolimus produced 
maximal growth inhibition with clear evidence for 
additive/synergistic effects [80]. Others have shown 
that MCF-7 cells expressing a constitutively active 
Akt were able to proliferate under reduced- estrogen 
conditions and were resistant to the growth inhibitory 
effects of tamoxifen, in vitro and in vivo in xenograft 
models [81]. However, co-treatment with the roTOR 
inhibitor temsirolimus (CCI-779) inhibited roTOR 
activity and restored sensitivity to tamoxifen, primarily 
through induction of apoptosis, thus, suggesting that 
Akt-induced tamoxifen resistance may in part be 
mediated by signalling through the roTOR pathway. 

With each of these small molecule STIs, clinical 
trials are in progress to assess not only evidence for 
efficacy in breast cancer patients, but also whether 
a combined approach of an STI with an endocrine 
agent is an effective strategy to enhance the benefit of 
endocrine therapy (Table 1) [82]. In particular, there 
are now several trials assessing the efficacy of com- 
binations of small molecule tyrosine kinase inhibitors 
(TKI) such as gefitinib and lapatinib with either 
tamoxifen or aromatase inhibitors in the second-line 
endocrine-resistant and first-line hormone-sensitive 
setting. Biomarker studies in the pre-surgical setting 
are also being utilized as an alternative approach to 
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investigate whether combined endocrine/STI therapy is 
an effective clinical strategy (Fig. 4). 

Conclusions 

Substantial progress has been made in recent years 
in understanding some of the molecular mechanisms 
involved in de novo and acquired endocrine resistance. 
Laboratory and clinical data support the concept that, 
over time, breast cancer cells utilise alternative intra- 
cellular signalling pathways to enhance and activate 
ER, and that this then allows cells to escape from 
their initial endocrine therapy. As these pathways 
are elucidated, strategies are emerging to block these 
signalling pathways from the outset by co-treatment 
with various STIs. In vitro and in vivo, data now 
exist to show that this approach may delay resistance, 
and this will now be tested in ongoing randomised 
controlled trials in the clinic. 
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