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trinsic and acquired resistance. Multiple mechanisms responsible for
e A A AL LAY endocrine resistance have been proposed and include deregulation of
various components of the ER pathway itself, alterations in cell cycle
and cell survival signaling molecules, and the activation of escape path-
ways that can provide tumors with alternative proliferative and survival
stimuli. Among these, increased expression or signaling of growth fac-
tor receptor pathways, especially the EGFR/HER2 pathway, has been
associated with both experimental and clinical endocrine therapy re-
sistance. New treatment combinations targeting both ER and growth
factor receptor signaling to block the crosstalk between these path-
ways and eliminate escape routes have been proven highly effective in
preclinical models. Results of recent clinical studies, while partly sup-
porting this approach, also highlight the need to better identify a priori
the patients whose tumors are most likely to benefit from these specific
cotargeting strategies.
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INTRODUCTION

The name endocrine therapy is given to those
breast cancer treatments that target the estro-
gen receptor (ER) by blocking receptor binding
with an antagonist or by depriving the tumor of
estrogen. The ER, which has nuclear (genomic)
and nonnuclear (nongenomic) functions, is the
major driver in the majority of breast cancers.
It is expressed in 75% of breast cancers over-
all, with its detection being slightly more fre-
quent in tumors from postmenopausal women
and less in younger women (1). ER expression is
related to patient age and correlates with lower
tumor grade, lower tumor proliferation, less
aneuploidy, less frequent amplification of the c-
erbB2 (HER2) oncogene and concomitant loss
of the p53 tumor suppressor gene, positive ex-
pression of progesterone receptor (PR), metas-
tases (preferentially to soft tissue and bone), and
slower rates of disease recurrence (1-3). Itis not
related to initial nodal metastases, and thus it
does not correlate with long-term disease re-
currence and death after primary therapy (3).
These clinical factors, along with ER expres-
sion itself, are used to make treatment decisions
in patients, especially those with metastatic
disease. In some cases, multigene tests are per-
formed on the primary breast tumor to assist
in adjuvant therapy decision making and to
distinguish which patients might benefit most
from a combination of endocrine therapy plus
chemotherapy, rather than endocrine therapy
alone. The 21-gene and 70-gene profiles can
classify ER-positive tumors according to their
aggressiveness, risk of recurrence, and likeli-
hood of benefiting from adjuvant endocrine
or chemotherapy (4, 5). The stratification of
ER-positive tumors on this basis indicates that
some tumors are more resistant to endocrine
therapy than others, despite expressing ER.
In general, patients are more likely to benefit
from endocrine therapy and less (if at all) likely
to benefit from chemotherapy if their tumors
have high levels of ER and PR, are negative
for HER2 amplification, are slowly prolifer-
ating, are lower grade histologically, and have
low-risk 21-gene or 70-gene profile scores.
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In contrast, patients with ER-positive tumors
that are more aggressive, morphologically and
genetically, are less likely to benefit from en-
docrine therapy, although there are exceptions.
Additional recent molecular profiling studies
have stratified ER-positive tumors into luminal
A and luminal B subtypes. The more aggressive
and endocrine-resistant tumors largely overlap
with the luminal B subtype, whereas the more
indolent and endocrine-responsive tumors
generally correspond to the luminal A sub-
types. Currently, however, no tests exist that
can predict resistance to endocrine therapy
with certainty, although tumors with absent
ER and PR rarely respond. Most patients with
ER-positive primary tumors are, therefore,
treated with endocrine adjuvant therapy,
whereas cases of ER-positive metastatic disease
are treated with endocrine therapy initially
and serially until the tumor demonstrates
independence from estrogen.

Endocrine therapy is the most effective
treatment for ER-positive metastatic breast
cancer, but its effectiveness is limited by high
rates of de novo resistance and resistance
acquired during treatment. Only ~30% of
patients with metastatic disease have objective
regression of tumor with initial endocrine treat-
ment, and another 20% have prolonged stable
disease. Thus, ER is not the only survival path-
way driving most of these tumors, and escape
pathways when ER is targeted are already func-
tioning or begin to function during treatment.

Understanding the pathways responsible
for resistance in the metastatic setting may
provide important clues to the mechanisms of
resistance to adjuvant endocrine therapy given
before or after primary surgery to eradicate dis-
tant micrometastases. Treatmentin this setting
is much more effective; the risk of recurrence is
reduced by as much as 60% with estrogen depri-
vation therapies using aromatase inhibitors in
postmenopausal women (6, 7). Unfortunately,
biopsying patients with metastatic disease in the
lung, bone, or liver is difficult and can be associ-
ated with high morbidity rates. However, such
tissue is crucial for the molecular profiling of
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resistant tumors in order to understand escape
pathways. Despite these challenges, progress
is being made in understanding potential
mechanisms of resistance. The advances come
largely from preclinical models of endocrine
resistance as well as a greater understanding of
the molecular mechanisms by which estrogen
works to stimulate the growth of the tumor.

MECHANISM OF
ESTROGEN ACTION

All biological networks have similar character-
istics. In order to provide important functions
in normal cells under a variety of conditions and
stress factors, as well as to keep the cell alive,
these networks must be complex with multi-
ple levels of regulation, fine tuning capabili-
ties, redundancy, and evolvability. Collectively
these features allow the cell to adapt to cellular
stress, toxins, and potentially hostile environ-
ments. Cancer cells exploit these normal func-
tions, which are often altered genetically dur-
ing oncogenesis, to provide them with a survival
advantage and the ability to escape the effects
of treatment. The ER signaling pathway is an
example of a complex biological pathway that
controls a variety of functions, such as cell pro-
liferation, apoptosis, invasion, and angiogene-
sis, and is exploited by breast cancer cells to
serve as a major survival pathway driven by the
female hormone estrogen (Figure 1).

The classic function of ER is its nuclear
function, also referred to as genomic activity,
to alter the expression of genes important for
normal cellular function and tumor growth and
survival. ER modulates the expression of hun-
dreds of genes, some by upregulation and oth-
ers by downregulation (8). Upon binding to
estrogen, ER dimerizes with another receptor
monomer and attracts a complex of coactiva-
tors and corepressors to specific sites on DNA
(3, 9). ER can also bind to other transcription
factors such as AP-1 (activator protein-1) and
SP-1 (specificity protein-1) at their specific sites
on DNA, thereby functioning as a coregula-
tor (3, 10). Coregulators serve as a fine-tuning
mechanism by increasing or reducing the

transcriptional activity of the receptor (11). Sev-
eral coregulators have been implicated in can-
cer, most notably AIB1 (SRC-3), which is gene-
amplified in a small percentage—but overex-
pressed in two thirds—of all breast cancers.
Overexpression of this gene has been implicated
in tamoxifen resistance (12).

The ER signaling pathway is also regulated
by membrane receptor tyrosine kinases, includ-
ing epidermal growth factor receptor (EGFR),
HER?2, and insulin-like growth factor receptor
(IGF1-R) (13). These membrane kinases acti-
vate signaling pathways that eventually resultin
phosphorylation of ER as well as its coactivators
and corepressors at multiple sites to influence
their specific functions (13-16). This activation
of ER by growth factor receptor signaling is
sometimes referred to as ligand-independent
receptor activation. Crosstalk between the
growth factor receptor and ER pathways
has been established through several other
mechanisms as well. Estrogen can increase
the expression of ligands such as transforming
growth factor-a (TGFx) and IGF1 (10,
17-19), which can then activate the growth fac-
tor receptor pathway (13, 18, 20). On the other
hand, estrogen signaling downregulates the ex-
pression of EGFR and HER2 while increasing
the expression of IGF1-R (21-23). Activation
of the PI3K/AKT and the p42/44 mitogen-
activated protein kinase (MAPK) pathways by
these receptors, in turn, downregulates the
expression of ER and PR (24-29). Thus, while
these receptor tyrosine kinases can activate the
transcriptional function of ER, they can also
reduce estrogen dependence by downregulat-
ing the expression of ER, perhaps contributing
to the relative resistance to endocrine therapies
in tumors amplified for HER2 (25, 30).

Studies also suggest that ER may work by
nontranscriptional mechanisms. Low levels of
ER have been found outside the nucleus in
the membrane, cytoplasm, or even mitochon-
dria, although the exact location for this re-
ceptor remains controversial (31). Some of the
nongenomic action of estrogen appears to be
too rapid for a transcriptional effect to acti-
vate growth factor receptor signaling, including
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Figure 1

Mechanisms of estrogen receptor (ER) action in breast cancer. Estrogen (E)-bound ER, acting as a
transcription factor in the nucleus (nuclear/genomic activity), binds to DNA sequences in promoter regions
of target genes either directly [at estrogen response elements (EREs)] or indirectly via protein-protein
interaction with other transcription factors at their cognate DNA-responsive sites (e.g., members of the
AP-1 or the SP-1 transcription complexes at AP-1 or SP-1 sites). Upon estrogen binding, ER generally
recruits coactivator complexes (CoA) to induce or modulate gene transcription, including genes encoding
growth factors (GFs) and receptor tyrosine kinases (RTKSs) (). A small subset of the cellular pool of ER
localized outside the nucleus and/or at the cell membrane associates in response to estrogen with GF RTKs
(e.g., EGFR, HER2, and IGF1-R) (§) and with additional signaling and coactivator molecules (e.g., the Src
kinase) (¢). This interaction, similar to GF activation of these pathways, activates multiple downstream kinase
pathways (e.g., SRC, PI3K/AKT, and Ras/p42/44 MAPK), which in turn phosphorylate various
transcription factors (T'Fs) and coregulators, including components of the ER pathway that enhance gene
expression on EREs and other response elements (REs). The nonnuclear/nongenomic activity, which can
also be activated by tamoxifen, is enhanced in the presence of overexpression and hyperactivation of RTKs
and can contribute to endocrine therapy resistance. Overall, the nuclear/genomic and nonnuclear/
nongenomic ER activities work in concert to provide breast tumor cells with proliferation, survival, and
invasion stimuli. Signaling from the microenvironment activates stress-related pathways and members of the
integrin family. These pathways then trigger downstream kinase pathways [e.g., FAK (focal adhesion kinase),
JNK (c-Jun N-terminal kinase), and p38 MAPK] that can further modulate components of the
transcriptional machinery, including ER (4). Alterations in each of these transcriptional and signaling
elements can mediate resistance to endocrine therapy either by modulating ER activity or by acting as escape
pathways to provide alternative proliferation and survival stimuli.
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the PI3K/AKT and the Ras/p42,44 MAPK
pathways (13). Thus, ER—through this nonge-
nomic activity—can alter the expression of
genes normally regulated by growth factors (13,
31, 32). Finally, the stress kinase pathway via
p38and JNK (c-Jun N-terminal kinase) can also
modulate ER function by phosphorylation of
ER and its coregulators (33, 34). The microen-
vironment and its associated integrin signaling
may exert a similar activity (35). Thus, ER ac-
tivity and signaling are modulated by a vari-
ety of pathways that could also contribute to
resistance to ER-targeted therapies, especially
when the pathways display aberrant activity in a
cancer cell.

MECHANISM OF ACTION OF
ENDOCRINE THERAPIES

Various endocrine therapies work by differ-
ent mechanisms to antagonize the growth-
promoting activity of estrogen. Selective estro-
gen receptor modulators (SERMs) such as ta-
moxifen bind ER and antagonize the effects of
estrogen on specific target genes (8, 36). Ta-
moxifen also has some estrogen-agonist effects
on certain genes and tissues, and augmentation
of this property may play a role in resistance
(8, 37). Estrogen deprivation is another mech-
anism utilized to antagonize ER (38). In pre-
menopausal women, tamoxifen or pharmaco-
logical or surgical ovarian ablation is standard,
and in postmenopausal women, aromatase in-
hibitors are prescribed to block the conversion
of weak androgens of adrenal origin to estrogen
in peripheral tissues as well as breast cancer tis-
sue itself. Fulvestrant is an ER downregulator
and a more potent antiestrogen thatreduces ER
levels in cells (39). Older endocrine therapies
such as high-dose or physiological-dose estro-
gens and androgens work by less well-known
mechanisms, although it has been proposed that
high-dose estrogen can induce apoptosis by ac-
tivation of the Fas ligand (40). Tamoxifen, but
not estrogen deprivation or fulvestrant, acti-
vates the nongenomic ER, another property
that could contribute to endocrine resistance
in some cases.

CLINICAL CLUES TO
ENDOCRINE THERAPY
RESISTANCE

Several clinical observations provide clues to
potential mechanisms for resistance to en-
docrine therapy (Table 1). ER loss over time in
the tumor occurs in ~20% of patients treated
with endocrine therapy (41-43). Such tumors
would no longer be driven by estrogen, but the
escape pathways that take over with loss of es-
trogen dependence have not been well defined.
Upregulation of HER2 by either acquisition of
gene amplification or overexpression has been
shown to occur in some tumors (42, 44, 45).
HER2 may subsequently assume the driving
role in tumor progression by serving as an alter-
native survival pathway or by reducing the level
of ER, thus rendering the tumor less respon-
sive to estrogen (25, 46). Preclinical and clini-
cal data suggest the possibility that tumors can
alternate between ER and HER? as the domi-
nant pathway, with targeted therapy against one
pathway causing reactivation of the other (23,
25,42, 44, 45, 47-51). PR, on the other hand,
is lost more frequently than ER with interven-
ing endocrine therapy, and with this loss the
tumor becomes more aggressive and patients
have a worse survival outcome than patients
who maintain PR expression after resistance to
one endocrine therapy (52, 53). In this case, PR
loss might be associated with increased growth
factor signaling and upregulation of the PI3K
pathway, which downregulates PR and ER
expression (27, 29, 54).

Table 1 Clinical clues to mechanisms of resistance to endocrine therapy

Decrease or loss of ER

Upregulation of HER? in some patients after endocrine therapy

Loss of PR after progression on endocrine therapy

Response to sequential endocrine therapies

Shorter response duration and less frequent responses with sequential
endocrine therapies

Withdrawal response after high-dose estrogen therapy

Eventual loss of dependence on estrogen with resistance to all endocrine
therapies

Lower clinical benefit to endocrine therapy in high-grade, highly
proliferating, high 21-gene profile score ER-positive tumors

Abbreviations: ER, estrogen receptor; HER2, human epidermal growth factor receptor 2;
PR, progesterone receptor.
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Response to one form of endocrine ther-
apy after progression on another is a histori-
cally recognized observation that is the key to
management of patients with metastatic dis-
ease. Tumors in such patients are still estro-
gen dependent but have become resistant to the
ER-targeted therapy being given. Responses
to an aromatase inhibitor or fulvestrant after
progression on tamoxifen are good examples
of this phenomenon (55, 56). Subsequent re-
sponses to serial endocrine therapy tend to
be shorter, coincident with a decline in ER
level, suggesting a gradual shift from depen-
dence on ER to an alternative escape pathway.
High-dose estrogen therapy was the first addi-
tive endocrine therapy for breast cancer, later
replaced by tamoxifen and aromatase inhibitors
owing to their more favorable toxicity profile.
It is important to note that patients respond-
ing and then progressing on high-dose estro-
gen therapy frequently respond simply to es-
trogen withdrawal. Occasionally the disease can
be controlled for many years by initiating and
then sequencing high-dose estrogen with estro-
gen withdrawal over time. In one such patient
treated by Dr. Osborne, metastatic bone dis-
ease was controlled for more than eight years by
alternating high-dose estrogen with estrogen
withdrawal three separate times. Eventually all
tumors completely lose estrogen dependence,
even when ER is still expressed, by mechanisms
that are poorly understood and are likely to be
multiple as the tumor progresses to a more ag-
gressive phenotype.

These observations suggest several types of
endocrine therapy resistance (Table 2). Resis-
tance can occur de novo (existing before any
treatment is given) or be acquired (developing
during a given therapy after an initial period of
response). Some tumors lose estrogen depen-

Table 2 Types of endocrine therapy resistance

De novo

Acquired during treatment

Loss of estrogen dependence due to loss of estrogen receptor

Loss of estrogen dependence despite presence of estrogen receptor
Resistance to a specific therapy; tumor still estrogen dependent
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dence with loss of ER expression, although pre-
clinical data suggest that ER can sometimes be
reexpressed during subsequent treatment (25,
49, 51). Other tumors lose estrogen depen-
dence while still expressing ER, indicating that
an escape pathway has developed to replace ER.
Still other tumors continue to express ER but
have not lost estrogen dependence and will re-
spond to an alternative form of endocrine ther-
apy. These tumors have developed resistance
to the specific ER-targeted therapy. The fact
that subsequent remissions tend to be shorter
and the fact that ER levels decline over time
suggest that other survival pathways are begin-
ning to exert their effects or that an endocrine-
resistant clone is slowly emerging over time.
Whether tumor cells with stem cell-like quali-
ties play a role in the development of endocrine
resistance remains to be clarified.

SIGNALING MOLECULES AND
PATHWAYS IMPLICATED IN
RESISTANCE TO ENDOCRINE
THERAPY

Multiple pathways and molecules have been im-
plicated in the diverse mechanisms responsi-
ble for endocrine resistance. These pathways
and their gene networks, recently reviewed
elsewhere (57), have mostly been investigated
in the preclinical setting with a focus on ta-
moxifen. However, several alternative pathways
have been shown or suggested to play a more
general role in resistance to various other forms
of endocrine therapy. Deregulation of these
pathways most often arises from genetic or
epigenetic changes in the tumor cells them-
selves. These changes influence uptake and
metabolism of the endocrine agents and cellular
responses to their inhibitory effects.

Tumor Microenvironment
and Host-Associated Mechanisms
of Resistance

The importance of the tumor microenviron-
ment as a modulator of these processes and
contributor to endocrine sensitivity has been
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recognized in recent years. Evidence to support
this notion has emerged from studies involving
gene expression profiling and biomarkers as-
sociated with endocrine therapy responses (58,
59), and from more sophisticated in vitro and
in vivo experimental model systems (35). Com-
ponents of the microenvironment implicated in
endocrine resistance include stromal cells (e.g.,
fibroblasts, endothelial, and immune system
cells), structural elements of the extracellular
matrix (ECM), and soluble factors (e.g., growth
factors and cytokines), as well as additional mi-
croenvironmental conditions such as hypoxia
and acidity (60). The role of tumor cell path-
ways engaged in mediating these microenvi-
ronmental and extracellular matrix stimuli, es-
pecially the integrin family and other adhesion
molecules (e.g., CASP!3%), has also recently been
documented (61, 62), suggesting novel signal-
ing axes (e.g., integrin/FAK/SRC kinase) that
may be targeted to circumvent endocrine resis-
tance. In addition, as a result of recent phar-
macogenomic and high-throughput studies,
the list of additional host genome-associated
factors governing endocrine sensitivity is
growing.

Tumor-Associated Mechanisms
of Resistance

As suggested above, however, most pathways
potentially involved in endocrine resistance
stem from the tumor cells themselves. These
pathways fall broadly into three conceptual
categories with overlapping components and
mechanisms.

ER and ER coregulators. The first category
consists of the ER itself, its coregulators, and
additional factors that deregulate ER activity
and modulate the receptor functions in re-
sponse to endocrine therapy. As mentioned,
loss of ER expression (i.e., the ERx isoform) in
refractory endocrine tumors, though uncom-
mon, results in an endocrine-insensitive phe-
notype (41, 42). Importantly, however, thera-
pies inhibiting growth factor receptor pathways
known to downregulate ER can restore ER

expression and endocrine sensitivity in both
preclinical and clinical settings (25,49, 51). The
expression of ER splicing variants, specifically
the newly identified short variant ER«36 (63)
and estrogen-related receptors, has also been
implicated in reducing endocrine response. In
addition, evidence indicates that negative (core-
pressors) and positive (coactivators) ER coreg-
ulators, which directly influence the balance
of agonistic versus antagonistic activities of
SERMs such as tamoxifen and the ligand-
independent activity of the ER, are critical
in determining endocrine sensitivity and resis-
tance (16 and references therein). Overexpres-
sion of the ER coactivator AIB1 (also known
as SRC3 or NCoA3) is associated with clinical
and experimental tamoxifen resistance (12, 14),
and downregulation of the corepressor NCoR
was documented in tamoxifen-refractory exper-
imental tumors (64). ER and its coregulators are
also intimately regulated by posttranslational
modifications. Growth factor receptors [e.g.,
EGFR/HER?2, IGF1-R, and FGFR (fibroblast
growth factor receptor)] and additional cellular
and stress-related kinases [e.g., AKT, p42/44,
JNK, and p38 MAPKs, PKA (protein kinase
A), PAK1 (p21-activated kinase), IKK (IkB ki-
nase), SRC, and CDK?7 (cyclin-dependent ki-
nase)] regulate multiple posttranslational mod-
ifications (16, 57, 65 and references therein).
Phosphorylation, methylation, ubiquitination,
and additional posttranslational modifications
of ER and its coregulators have all been shown
to influence ER activity and sensitivity to var-
ious endocrine therapies (57). ER can also re-
side outside the nucleus, engaging with cyto-
plasmic and membrane signaling complexes,
and can activate and regulate various growth
factor receptors and other cellular signaling
pathways as a result (13, 14, 31, 32). Intrigu-
ingly, hyperactivation of these signaling path-
ways increases nonnuclear ER localization and
its nongenomic activity, thus creating a posi-
tive feedback loop of crossactivation between
the ER and growth factor receptor pathways.
Importantly, this nonnuclear ER activity can be
activated by both estrogen and tamoxifen, thus
contributing to resistance (13, 14, 32). Other
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endocrine therapies, however, such as the more
potent ER degrader fulvestrant or strategies of
estrogen deprivation, fail to trigger this nonge-
nomic ER activity. Last, increased levels of
transcription factors, such as NFkB and AP-1,
that tether ER to specific gene promoters, have
also been associated with endocrine resistance
(66-68).

Cell cycle signaling molecules. The second
category of endocrine resistance-related path-
ways includes molecules involved in the cellular
and biological responses to endocrine therapy
such as inhibition of cell proliferation and in-
duction of apoptosis. Most of the evidence for
the role of these pathways stems from preclini-
cal studies. Both upregulation of positive regu-
lators of the cell cycle, especially those control-
ling G1 phase progression, and downregulation
of negative regulators of the cell cycle have been
documented to interrupt and block the antipro-
liferative effects of endocrine therapy, leading
to resistance (57, 69). For example, overexpres-
sion of the positive regulators MYC and cy-
clins E1 and D1 results in endocrine resistance,
either by activating cyclin-dependent kinases
critical for G1 phase or by relieving the in-
hibitory effects of the negative cell cycle regula-
tors p21 and p27 (69, 70). Likewise, reduced ex-
pression, stability, or activity of p21 and p27 (71,
72), as well as inactivation of the RB (retinoblas-
toma) tumor suppressor, are also associated
with poor response to endocrine therapy, espe-
cially tamoxifen. Of note, multiple growth fac-
tor receptors and their downstream signaling
pathways, by modulating specific transcription
factors or microRNAs, or by protein phospho-
rylation, downregulate expression or activity of
these negative cell cycle regulators. Overex-
pression of HER2 and hyperactivation of AK'T
and SRC kinase are prominent examples of
such pathways. Consistent with the cytotoxic
effect of endocrine therapy, upregulation of cell
survival signaling and antiapoptotic molecules,
such as BCL-X],, and decreases in expression
of proapoptotic molecules, such as BIK (BCL2-
interacting killer) and caspase 9, can also lead
to endocrine resistance (73). As before, activa-
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tion of growth factor receptor signaling via the
PI3K/AKT pathway is an important modulator
of these apoptotic/survival molecules, but ad-
ditional molecules such as NFkB (nuclear fac-
tor kB) have also been implicated (66). Finally,
whether autophagy, recently shown to mediate
cell survival, plays a more general role in en-
docrine resistance is yet to be determined (74).

Growth factor receptor pathways. The
third category of pathways involved in en-
docrine resistance comprises those that can
provide alternative proliferation and survival
stimuli to the tumors in the presence of
effective inhibition of the ER pathway. Impor-
tantly, these pathways—such as growth factor
and other cellular kinase pathways—can also
circumvent the inhibitory effects of endocrine
therapy via bidirectional crosstalk and mod-
ulation of the ER. However, many of these
pathways can, either initially or eventually
during the course of treatment, emerge to act
as ER-independent drivers of tumor growth
and survival, thus conferring resistance to all
types of endocrine therapy. Pathways such as
the HER tyrosine kinase receptor family and
receptors for insulin/IGF1, fibroblast growth
factor (FGF), and vascular endothelial growth
factor (VEGF), as well as cellular Src, AKT,
and stress-related kinases, have been implicated
(75-78). These pathways can be activated by
amplification and/or overexpression of the
receptors or their cognate ligands. Pathway
activation can also be achieved by deregulation
of downstream signaling moieties, such as
activating mutations in the PI3K catalytic sub-
unit or loss of expression of the PTEN tumor
suppressor of this pathway (79). The androgen
receptor and potentially additional nuclear re-
ceptors have also been implicated as alternative
growth stimulators that can bypass ER inhibi-
tion and lead to resistance (80). Importantly,
although these pathways and mechanisms are
varied and span a wide range of signaling
cascades and gene networks, EGFR and HER2
have been recognized as important contribu-
tors to endocrine resistance. As a result, many
clinical strategies have focused on cotargeting
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this pathway together with ER to circumvent
endocrine resistance and improve patient
outcome.

CLINICAL TRIALS DESIGNED
TO OVERCOME ENDOCRINE
RESISTANCE

Many clinical trials have begun to test the
idea that growth factor receptor signaling con-
tributes to de novo or acquired endocrine re-
sistance (75, 81, 82). Some of these trials were
short-term neoadjuvant trials, some phase II,
some randomized phase II, and some phase IIT
in patients with metastatic disease. Some fo-
cused on HER2-positive patients whereas oth-
ers included all ER-positive patients, regardless
of HER? status.

The TAnDEM trial randomized patients
with  HER2-positive tumors to anastrozole
alone or anastrozole plus trastuzumab (83). The
results clearly showed an advantage for the
combination, although both arms did poorly,
exemplifying the difficulty of controlling ER-
positive HER2-positive disease. Despite target-
ing both major pathways, remissions are few
and brief owing to the rapid development of
more dominant survival pathways in metastatic
disease.

Because preclinical studies suggest a ma-
jor role for the EGFR (HERI1) in acquired
endocrine resistance, many trials incorporated
gefitinib into the endocrine therapy regimen
with tamoxifen or an aromatase inhibitor (23).
Some of these studies have not yet been pub-
lished but have been presented at meetings
and published as abstracts. Two randomized
phase II trials of somewhat similar design ran-
domized patients with ER-positive metastatic
breast cancer to either tamoxifen +/— gefitinib
or anastrozole +/— gefitinib (84, 85). One of
these trials was terminated early because of slow
patient accrual, but it showed a numerical ad-
vantage in clinical benefit rate and progression-
free survival with the addition of gefitinib to
anastrozole (85). The other larger trial with
290 patients also showed a numerical advan-
tage in favor of gefitinib added to tamoxifen

(84). Both trials reported that the advantage
was confined to previously untreated patients
and suggested that an advantage was seen even
in patients whose tumors were initially negative
for HER2 overexpression (84, 85). These stud-
ies concluded that the strategy of combining an
EGFR inhibitor with an endocrine agent was
of sufficient interest to warrant further study
and that studies designed to select the appro-
priate patients for combined treatment were
paramount. A much smaller trial in more heav-
ily treated patients failed to confirm these data
and showed a high rate of patient withdrawal
from the study (30%) owing to side effects of
gefitinib (86). Finally, another trial comparing
anastrozole plus gefitinib with fulvestrant plus
gefitinib showed that the regimens were toler-
able and suggested a slight advantage for the
anastrozole combination (87).

The largest trial by far (1,286 patients) com-
pared letrozole with and without lapatinib in
patients with ER-positive metastatic breast can-
cer (88). The addition of lapatinib conferred a
significant advantage in progression-free sur-
vival and response rate in the HER2-positive
subset. In the HER2-negative subset, there was
no overall significant benefit from lapatinib, but
a preplanned Cox regression analysis showed a
23% reduction in the risk of progression with
the addition of lapatinib. The benefit was seen
in those who had discontinued tamoxifen ther-
apy within six months of entering the study. A
more recent analysis showed that patients with
tumors exhibiting lower ER levels received the
most benefit (89). This result, which will re-
quire confirmation from other trials, is consis-
tent with data suggesting that growth factor sig-
naling downregulates ER expression (3, 25, 29).
Perhaps those tumors with lower ER expres-
sion are also those that rely on the HER path-
way when ER is blocked by endocrine therapy.
These tumors would be expected to respond
well to a HER inhibitor.

Two randomized neoadjuvant studies have
compared anastrozole and gefitinib (90, 91).
One small study in patients selected for higher
expression of EGFR evaluated gefitinib alone
versus gefitinib plus anastrozole (91). Both
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treatment regimens reduced phosphorylation
of EGFR, Ki67 index, and tumor size, sug-
gesting that gefitinib is effective in tumors
selected by EGFR expression. The other study
compared anastrozole alone to anastrozole plus
gefitinib in patients selected only by ER status
(90). If EGFR expression is important for the
response to gefitinib, and if expression rises over
time in patients treated with endocrine ther-
apy, then the neoadjuvant setting, where EGFR
levels would be low, may not be optimal to in-
vestigate this new strategy. Like the preclinical
studies that led to testing this strategy in pa-
tients (23), gefitinib would be expected to de-
lay the onset of acquired resistance but exert a
minimal impact on initial response. In fact, this
neoadjuvant trial showed no benefit from gefi-
tinib, and even showed a trend for a reduced
antitumor effect on Ki67 and tumor response
with the combination (90).

Other trials in metastatic disease evaluated
inhibitors of signaling molecules downstream
from HER receptors. Two trials of mTOR
inhibitors have been reported in combination
with endocrine therapy (92, 93). A random-
ized phase II study compared letrozole alone
to letrozole plus temsirolimus in hormone
receptor—positive metastatic breast cancer and
suggested a benefit. The trial was expanded to
a phase III trial that was terminated early ow-
ing to lack of efficacy of the combination (92).
The phase III portion of the study used a lower
dose than the phase II portion because of toxic-
ity with the higher dose. A randomized phase I1
trial of letrozole with or without everolimus,
using an optimal dose of the inhibitor in
the neoadjuvant setting, showed a statisti-
cally significant increase in response with the
combination (93).

DISCLOSURE STATEMENT

CONCLUSIONS

ER-targeted therapy has improved the qual-
ity of life and survival of millions of women
with breast cancer around the world in the past
three decades, but resistance to therapy con-
tinues to be a major problem. The ER signal-
ing pathway is a complex network with many
levels of control including extensive crosstalk
with growth factor signaling pathways, thus
offering several possible mechanisms of resis-
tance. Clinical trials in patients suggest that
HER?2-overexpressing, ER-positive breast can-
cers should be treated with a combination
of ER-targeted and HER-targeted therapies.
Early results from clinical trials also suggest that
subsets of patients with ER-positive, HER2-
negative breast cancers may benefit froma com-
bination of a growth factor pathway inhibitor
with ER-targeted therapy such as tamoxifen
or an aromatase inhibitor. Further studies are
needed to confirm and expand these observa-
tions and to identify a priori those patients most
likely to benefit from this approach. Finally, on-
going and planned additional studies combin-
ing ER-targeted and growth factor pathway—
targeted therapy will determine whether this
strategy is of value.

It is likely that there are many causes of
resistance to endocrine therapy once a tumor
becomes independent of estrogen. One factor
limiting our understanding of these varied
mechanisms is the lack of tumor tissue for
detailed studies before treatment and after
resistance has developed. This type of study
will be crucial if we are to learn which escape
pathways become activated in endocrine resis-
tance and which targeted therapies can prevent
or overcome this type of tumor progression.
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New From Annual Reviews:
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Volume 1 e Online January 2014 e http://statistics.annualreviews.org

Editor: Stephen E. Fienberg, Carnegie Mellon University

Associate Editors: Nancy Reid, University of Toronto

Stephen M. Stigler, University of Chicago

TABLE OF CONTENTS:
e What Is Statistics? Stephen E. Fienberg

* A Systematic Statistical Approach to Evaluating Evidence
from Observational Studies, David Madigan, Paul E. Stang,
Jesse A. Berlin, Martijn Schuemie, J. Marc Overhage,
Marc A. Suchard, Bill Dumouchel, Abraham G. Hartzema,
Patrick B. Ryan

e The Role of Statistics in the Discovery of a Higgs Boson,
David A. van Dyk

® Brain Imaging Analysis, F. DuBois Bowman
e Statistics and Climate, Peter Guttorp

e Climate Simulators and Climate Projections,
Jonathan Rougier, Michael Goldstein

® Probabilistic Forecasting, Tilmann Gneiting,
Matthias Katzfuss

Annu. Rev. Med. 2011.62:233-247. Downloaded from www.annualreviews.org
Access provided by University of Geneva on 03/02/15. For personal use only.

e Bayesian Computational Tools, Christian P. Robert

e Bayesian Computation Via Markov Chain Monte Carlo,
Radu V. Craiu, Jeffrey S. Rosenthal

e Build, Compute, Critique, Repeat: Data Analysis with Latent
Variable Models, David M. Blei

e Structured Regularizers for High-Dimensional Problems:
Statistical and Computational Issues, Martin J. Wainwright

The Annual Review of Statistics and Its Application aims to inform statisticians and quantitative methodologists, as
well as all scientists and users of statistics about major methodological advances and the computational tools that
allow for their implementation. It will include developments in the field of statistics, including theoretical statistical
underpinnings of new methodology, as well as developments in specific application domains such as biostatistics
and bioinformatics, economics, machine learning, psychology, sociology, and aspects of the physical sciences.

Complimentary online access to the first volume will be available until January 2015.

e High-Dimensional Statistics with a View Toward Applications
in Biology, Peter Buhlmann, Markus Kalisch, Lukas Meier

¢ Next-Generation Statistical Genetics: Modeling, Penalization,
and Optimization in High-Dimensional Data, Kenneth Lange,
Jeanette C. Papp, Janet S. Sinsheimer, Eric M. Sobel

® Breaking Bad: Two Decades of Life-Course Data Analysis
in Criminology, Developmental Psychology, and Beyond,
Elena A. Erosheva, Ross L. Matsueda, Donatello Telesca

e Event History Analysis, Niels Keiding

e Statistical Evaluation of Forensic DNA Profile Evidence,
Christopher D. Steele, David J. Balding

® Using League Table Rankings in Public Policy Formation:
Statistical Issues, Harvey Goldstein

e Statistical Ecology, Ruth King

e Estimating the Number of Species in Microbial Diversity
Studies, John Bunge, Amy Willis, Fiona Walsh

e Dynamic Treatment Regimes, Bibhas Chakraborty,
Susan A. Murphy

e Statistics and Related Topics in Single-Molecule Biophysics,
Hong Qian, S.C. Kou

e Statistics and Quantitative Risk Management for Banking
and Insurance, Paul Embrechts, Marius Hofert

Access this and all other Annual Reviews journals via your institution at www.annualreviews.org.

ANNUAL REVIEWS | Connect With Our Experts

S 7S Y S/ S

Tel: 800.523.8635 (us/caN) | Tel: 650.493.4400 | Fax: 650.424.0910 | Email: service@annualreviews.org n B EI



