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Abstract
Following their successful implementation for the treatment of metastatic breast cancer,

the ‘third-generation’ aromatase inhibitors (anastrozole, letrozole, and exemestane)

have now become standard adjuvant endocrine treatment for postmenopausal estrogen

receptor-positive breast cancers. These drugs are characterized by potent aromatase

inhibition, causing O98% inhibition of estrogen synthesis in vivo. A recent meta-analysis

found no difference in anti-tumor efficacy between these three compounds. As of today,

aromatase inhibitor monotherapy and sequential treatment using tamoxifen followed by

an aromatase inhibitor for a total of 5 years are considered equipotent treatment options.

However, current trials are addressing the potential benefit of extending treatment duration

beyond 5 years. Regarding side effects, aromatase inhibitors are not found associated with

enhanced risk of cardiovascular disease, and enhanced bone loss is prevented by adding

bisphosphonates in concert for those at danger of developing osteoporosis. However,

arthralgia and carpal tunnel syndrome preclude drug administration among a few patients.

While recent findings have questioned the use of aromatase inhibitors among overweight

and, in particular, obese patients, this problem seems to focus on premenopausal patients

treated with an aromatase inhibitor and an LH-RH analog in concert, questioning the efficacy

of LH-RH analogs rather than aromatase inhibitors among overweight patients. Finally, recent

findings revealing a benefit from adding the mTOR inhibitor everolimus to endocrine

treatment indicate targeted therapy against defined growth factor pathways to be a

way forward, by reversing acquired resistance to endocrine therapy.
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Introduction
The history of endocrine therapy for advanced breast

cancer started more than a decade ago with the seminal

discovery by George Beatson (1896) that ovarian ablation

may cause tumor regression in premenopausal women.

While ovarian estrogen synthesis ceases at the meno-

pause, postmenopausal women still have plasma estrogen

levels present at low concentration. Previously believed

to occur by adrenal glandular synthesis, it later became
clear that the adrenals are contributors of circulating

androgens, subsequently converted into estrogens in

different body compartments (Lønning et al. 1990).

The idea that estrogen ablation might also work in

postmenopausal women triggered implementation of

adrenalectomy as well as hypophysectomy in the 1950s

(Luft et al. 1952, Huggins & Dao 1953, Fracchia et al.

1967, 1971).
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The fact that adrenalectomy as well as hypophysectomy

was an effective antitumor therapy albeit at a cost of high

morbidity motivated trials on ‘medical adrenalectomy’,

leading to testing of glucocorticoids (Kofman et al. 1958,

Lemon 1959), as well as adrenal enzyme inhibitors

like ketoconazole (Harris et al. 1988). While the response

to these drugs was inferior to surgical adrenalectomy/

hypophysectomy, these attempts, by chance, paved the

way for aminoglutethimide, subsequently leading to

implementation of aromatase inhibition for breast

cancer therapy.

The details of how aminoglutethimide was introduced

for breast cancer therapy has been outlined elsewhere

(Lønning & Kvinnsland 1988). It was originally developed

as an unsuccessful antiepileptic compound causing signi-

ficant adrenocortical toxicity. Following an initial clinical

observation revealing efficacy of aminoglutethimide

in a breast cancer patient by Ralph Cash et al. (1967),

Richard Santen et al. (1974) systematically implemented

aminoglutethimide in concert with glucocorticoid sub-

stitution in an attempt to achieve an effective medical

adrenalectomy. Their studies demonstrated clinical

efficacy of aminoglutethimide for the treatment of post-

menopausal breast cancer (Santen et al. 1981). In addition,

their systematic endocrine studies revealed surprising

findings with respect to its mechanism of action. Contrary

to expectations, they found adrenal androgen synthesis

to be preserved (Samojlik et al. 1980) despite profound

suppression of plasma estrogen levels (Santen 1981). Thus,

in a seminal study, they confirmed aminoglutethimide

to act as an aromatase inhibitor in vivo (Santen et al. 1978),

introducing aromatase inhibition as a novel concept in

breast cancer therapy. Studies conducted several years later

revealed aminoglutethimide, in addition, to enhance

estrogen metabolism (Lønning et al. 1987, 1989a).

In parallel, Harry and Angela Brodie experi-

mentally worked on androstenedione derivatives for

aromatase inhibition (Brodie et al. 1977, 1983), leading

to the first pilot trial revealing anti-tumor efficacy of

4-hydroxyandrostenedione in metastatic breast cancer

(Coombes et al. 1984).

Following development of aminoglutethimide and

4-hydroxyandrostenedione (known as lentaron), other

so-called second-generation aromatase inhibitors, inclu-

ding fadrozole, were developed; for a detailed review

of clinical studies evaluating first- and second-generation

aromatase inhibitors for metastatic breast cancer, the

readers are referred to a previous review (Lønning 2004).

None of these compounds are in clinical use any longer.

In brief, while some of these compounds, like fadrozole
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and 4-hydroxyandrostenedione, were associated with less

side effects compared with standard treatment regimens

at that time, anti-tumor effects were not superior to the

effect of aminoglutethimide or other contemporary

regimens like tamoxifen and progestins administered at

high pharmacological doses (see Lønning (2004) for

references). However, the lessons learned from the clinical

use of these compounds, in concert with translational

research evaluating their endocrine effects, provide

important information to our understanding of key

principles related to treatment with aromatase inhibitors.
Endocrine principles of aromatase inhibition

In postmenopausal women, estrogens are synthesized in

most of the body compartments, including the liver,

muscle, connective tissue, and skin (Geisler & Lønning

2005). While one single aromatase gene exists, the gene

contains at least ten different promoters (Bulun et al.

2003), with different promoters and ligands regulating

estrogen synthesis across different tissue types (Agarwal

et al. 1996, Clyne et al. 2004, Mendelson et al. 2005, Zhou

et al. 2005). Notably, these promoters play a different

role in benign vs malignant breast tissue; although the

1.4 promoter is the main activator in normal breast tissue,

promoters II, 1.3, and 1.7 have been shown to play a role in

addition to 1.4 in breast cancer tissue (Bulun et al. 2003).

However, proteins coded for by the different promoters are

similar. The aromatase is able to convert testosterone into

estradiol (E2) and androstenedione into estrone (E1).

While circulating androstenedione as well as testosterone

in postmenopausal women is considered of adrenal origin,

the ovary seems to provide a minor, albeit significant,

contribution of circulating testosterone (Dowsett et al.

1988, Sluijmer et al. 1995, Couzinet et al. 2001). These

circulating androgens are taken up by the different tissue

compartments for subsequent aromatization.

Circulating androstenedione levels (4–5 nM) exceed

the circulating levels of testosterone (0.5–1 nM) by a

factor of about 5–10 (Geisler et al. 1995); in addition, the

aromatase enzyme has a four- to fivefold higher affinity for

androstenedione compared with testosterone (Lønning

et al. 1990). Thus, aromatization of androstenedione into

E1 is the major pathway of estrogen synthesis in post-

menopausal women. While E1 is inactive by itself with

respect to stimulating estrogen receptor activation, it

is easily converted to E2 by multiple dehydrogenases

(Haynes et al. 2010).

Considering plasma estrogen levels in postmenopau-

sal women, plasma E1 (50–70 pM) exceeds E2 (12–20 pM)
Published by Bioscientifica Ltd.
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concentrations by a factor of 4–5. In addition, postmeno-

pausal women reveal plasma concentrations of E1 sulfate

(E1S) of about 4–600 pM (Geisler et al. 2008b, Lønning

et al. 2009). To be biologically active, E1S has to be

deconjugated prior to conversion into E2.
Measuring in vivo aromatase inhibition

A major problem in evaluating the biochemical efficacy

of aromatase inhibitors in vivo relates to technical diffi-

culties measuring estrogen concentrations in the low

concentration range. To achieve robust methods to assess

in vivo aromatase inhibition and compare efficacy of

different aromatase inhibitors, in collaboration with

Mitch Dowsett’s group, we developed a sensitive method

for in vivo aromatization assessment based on combined
3H-androstenedione and 14C-E1 injections, followed by

measurement of the isotope ratio in urinary estrogen

metabolites (Lønning et al. 1989b, Jacobs et al. 1991).

A formal assessment of this method revealed a sensitivity

indicating an ability to detect aromatase inhibition of

O99.1% in the majority of patients (Dowsett et al. 1995).

Using this method, we systematically classified

different aromatase inhibitors (Jones et al. 1992, Lønning

et al. 1991, MacNeill et al. 1992, 1994, 1995, Geisler et al.

1996b, 1998, 2002) based on their efficacy in inhibiting

total body in vivo aromatization (Table 1). The findings
Table 1 Maximum inhibition of total body aromatization

obtained with previously and currently used aromatase

inhibitors.

Generation

Maximum

inhibition (%) References

Rogletimide First 74 MacNeill et al.

(1992)

Aminoglutethimide First 91 MacNeill et al.

(1992)

Aminoglutethimide

Cformestane

First/

second

94 MacNeill et al.

(1994)

Formestane (oral) Second 70 MacNeill et al.

(1995)

Fadrozole Second 93 Lønning et al.

(1991)

Formestane (i.m.) Second 92 Jones et al.

(1992)

Letrozole Third 99.1 Dowsett et al.

(1995) and

Geisler et al.

(2002)

Anastrozole Third 98.1 Geisler et al.

(1996b, 2002)

Exemestane Third 97.9 Geisler et al.

(1998)
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provide three key messages; first, while it has been unclear

whether the three-dimensional structure of the aromatase

protein allows combined binding of a non-steroidal and a

steroidal (4-hydroxyandrostenedione or exemestane) sub-

strate-pocket binding compound, we found that adding

aminoglutethimide to 4-hydroxyestrone enhanced

aromatase inhibition, a finding consistent with data on

plasma estrogen values with the same combined regimen

(Geisler et al. 1996a). Secondly, there is a difference

between ‘third-generation’ aromatase inhibitors and

previous compounds regarding in vivo efficacy. Notably,

each of the three so-called third-generation inhibitors

in current use for breast cancer treatment (exemestane,

anastrozole, and letrozole) causes on average O98%

inhibition in individual patients. In contrast, the first-

and second-generation inhibitors cause aromatase

inhibition of !90%. Thirdly, this difference seems to be

translated into clinically meaningful effects, as the

third-generation inhibitors, in contrast to the first/

second-generation compounds, have revealed clinical

superiority compared with other endocrine treatment

regimens (see below).
Evaluating plasma estrogen levels in patients
on treatment with aromatase inhibitors

While in vivo tracer injections provide the ‘gold standard’

when measuring in vivo aromatization and the endocrine

efficacy of different aromatase inhibitors, the method

is time- and source-consuming and may be applied on a

limited number of patients for research purposes only. It

may sometimes be necessary to determine on-treatment

plasma estrogen levels in relation to treatment with

different aromatase inhibitors as part of quality control.

While in vivo tracer studies indicate that third-

generation aromatase inhibitors may inhibit total body

estrogen synthesis by O98%, there are several studies

reporting plasma estrogen levels to be sustained at 20–40%

of pretreatment levels on therapy. As for most of these

studies, clearly the assays applied did not have the

sensitivity required for such a low concentration analysis.

Taking normal plasma levels of E1 and E2 into account,

assays with a sensitivity limit of 5–7 and 1–2 pM respec-

tively is needed to detect O90% suppression of plasma

hormone levels during treatment with an aromatase

inhibitor. In addition, for steroidal compounds like

exemestane, there may be cross-contamination by the

drug itself or some of its metabolites, requesting pre-

analytical sample purification by chromatographic

methods (Johannessen et al. 1997). Misinterpretations
Published by Bioscientifica Ltd.
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Figure 1

Local vs total body aromatization as a source for estrogen. There is an

extensive exchange of estrone (E1) and estradiol (E2) between the plasma

and the breast and breast cancer tissue due to total body aromatization,

which overrules the local aromatization in the breast. Local administration

of an aromatase inhibitor is therefore not a rational strategy.

A, androstenedione; E2-ER, estradiol bound to estrogen receptor;

E1S, estrone sulfate.
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due to technical problems carry a potential hazard; one

example includes the use of local estrogen application for

gynecological complications. Such local application leads

to a modest but significant increase in plasma estrogen

levels (Kendall et al. 2006, Wills et al. 2012) that may easily

be overlooked with the use of less sensitive analytical

methods, leading to potential erroneous conclusions

regarding its safety in patients on treatment with an

aromatase inhibitor.

Notably, while there is no international standard-

ization regarding measurement of estrogens in the

low concentration range, a few laboratories around the

world over the years have put much effort into developing

highly sensitive and specific assays for that purpose.

Thus, the group headed by Mitch Dowsett in London

(Dowsett et al. 1987, Dixon et al. 2008) as well as our own

group (Lønning & Ekse 1995, Geisler et al. 2008a) have

developed such highly sensitive assays. Using these

methods, we detected plasma estrogen suppression of

O90% with the third-generation aromatase inhibitors

(Geisler et al. 1996b, 2008b, Dixon et al. 2008), a finding

consistent with the results obtained from tracer studies.
Normal breast tissue and intratumor
estrogen levels

It has been challenged to what extent findings related

to plasma estrogen suppression and total body aroma-

tization may reflect alterations at the tumor tissue level.

There are two main reasons for such concerns: first,

it has been known for decades that estrogen levels are

higher in tissue compared with plasma (van Landeghem

et al. 1985). Secondly, immunostaining has revealed

aromatase protein expression in breast cancer tissue

(Sasano et al. 2005).

If the estrogen levels are elevated in normal as well as

cancerous breast tissue due to local synthesis of estrogen,

this would have significant implications in breast cancer

prevention as well as therapy. First, it opens the possibility

that for some tumors, lack of response could be due to

inefficient tissue estrogen suppression, not detected by

total body tracer studies or plasma estrogen measurement.

Secondly, the fact that local aromatization is regulated

by tissue-specific promoters and ligands raises the possi-

bility of ‘targeted’ or local estrogen synthesis inhibition

(Fig. 1). Such therapeutic or preventive strategies may offer

great advantages, omitting unwanted side effects from

systemic estrogen deprivation.

To address the topic of local estrogen production,

we measured the levels of breast cancer, normal tissue, and
http://erc.endocrinology-journals.org
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plasma estrogens, and correlated hormone levels with the

expression of hormone-modulating enzymes, including

the different steroid dehydrogenases as well as aromatase

and sulphokinase/sulphatase levels (Lønning et al. 2009,

Haynes et al. 2010). The results have been discussed in

detail elsewhere (Lønning et al. 2011). In brief, no

correlation between intratumor estrogen levels and

intratumor aromatase expression levels was found. Rather,

normal breast and breast cancer tissue estrogen levels in

general reflect plasma estrogen levels due to rapid

equilibrium between the compartments (Fig. 1). The reason

why tissue E2 and E1 levels exceed plasma concentration

probably reflects the lipophilicity of these compounds;

in contrast, plasma levels of E1S exceeds tissue concen-

tration. In addition, there seems to be an intra-tumor

conversion of E1 into E2 by local dehydrogenases. Finally,

a significant amount of elevated intratumor E2 reflects

an intratumor pool of estrogen receptor-bound hormone.

Consistent with these findings, studies by William

Miller et al. (1998) in Edinburgh as well as our own

team (Geisler et al. 2001, 2008b) have documented

third-generation compounds like anastrozole and letro-

zole to consistently suppress intratumor estrogen levels as

well. So far, there is no evidence indicating that local

tumor estrogen synthesis may be a cause of therapy

failure in patients on treatment with a third-generation

aromatase inhibitor.
Published by Bioscientifica Ltd.
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Table 2 Results of the major adjuvant studies comparing third-generation aromatase inhibitors and tamoxifen.

No. of patients Drug

Survival

Follow-up ReferencesDFS OS

ATAC
3116 T 0.90a 0.97 100 months Forbes et al. (2008)
3125 A
3125 T/Ab

BIG 1–98
2459 T 0.86a 0.87a 8.1 years Regan et al. (2011)
2463 L
1545 L/T 1.06c 0.97d

1548 T/L 1.07c 1.10d

ABCSG-8
1849 T 0.80d 0.87d 60 months Dubsky et al. (2012)
1865 T/A

ARNO 95
490 T 0.66e 0.53e 30.1 months Kaufmann et al. (2007)
489 T/A

ITA
225 T 0.64e 0.79d 128 months Boccardo et al. (2013)
223 T/A

IES
2305 T 0.81e 0.86e 91 months Bliss et al. (2012)
2294 T/E

TEAM
4868 T/E 0.97d 1.00d 5.1 years van de Velde et al. (2011)
4898 E

T, tamoxifen; A, anastrozole; L, letrozole; E, exemestane.
aSignificant difference, in favor of aromatase inhibitor.
bThis arm was discontinued after the initial efficacy analysis showed no benefit over tamoxifen alone. No long-term follow-up for this group.
cNo significant difference, compared with letrozole.
dNo significant difference.
eSignificant difference, in favor of sequence tamoxifen–aromatase inhibitor.E
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Aromatase inhibitors in the adjuvant setting

The findings from major studies comparing third-

generation aromatase inhibitors with tamoxifen for

adjuvant treatment (Kaufmann et al. 2007, Forbes et al.

2008, Regan et al. 2011, van de Velde et al. 2011, Bliss

et al. 2012, Dubsky et al. 2012, Boccardo et al. 2013) are

summarized in Table 2. These studies evaluated two

treatment approaches, aromatase inhibitor monotherapy

or sequential treatment, where 2–3 years of tamoxifen is

followed by an aromatase inhibitor. In addition, one study

(BIG 1–98) also included a fourth arm; patients random-

ized to 2 years of letrozole, followed by 3 years with

tamoxifen (Mouridsen et al. 2009). The rationale for the

sequential approach was based on the findings from

studies in the metastatic setting, revealing lack of cross-

resistance between tamoxifen and aromatase inhibitors;

thus, the idea was that switching from tamoxifen to

an aromatase inhibitor during 5 years of adjuvant

therapy may prevent acquired resistance from developing.

Notably, a combined meta-analysis of these data
http://erc.endocrinology-journals.org
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(Dowsett et al. 2010) did not reveal superiority for

any of the three compounds (anastrozole, letrozole,

or exemestane) compared with any of the two others.

The key findings, based on this meta-analysis, are

summarized in the following.

Regarding the two major strategies (aromatase

inhibitor monotherapy for 5 years after surgery, alterna-

tively, tamoxifen for 2–3 years to be followed by an

aromatase inhibitor for 3–2 years for a total duration of

5 years), each strategy revealed superiority compared with

tamoxifen monotherapy in preventing recurrence. Among

9856 patients allocated to monotherapy with either

tamoxifen or an aromatase inhibitor, following a mean

duration of follow-up of 5.8 years, aromatase inhibitor

monotherapy decreased relapse rate from 12.6% (for

tamoxifen) to 9.6% with an aromatase inhibitor. As for

survival, there was a non-significant improvement related

to aromatase inhibition, but the follow-up is still too short

to fully assess this end-point. Taking sequential treatment,

analyzing patients from the time of randomization

between continuing tamoxifen and switching to an
Published by Bioscientifica Ltd.
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aromatase inhibitor, the recurrence rate was reduced from

8.1 to 5% at 3 years of follow-up from randomization with

a significant 0.7% reduction in breast cancer mortality

among those patients receiving an aromatase inhibitor.

Based on the studies presented, aromatase inhibitors

have now become standard adjuvant endocrine therapy

for postmenopausal breast cancer patients. However, the

data summarized above raised the question of whether

aromatase inhibitor monotherapy, or sequential treat-

ment, is the optimal strategy. In the four-arm BIG 1–98

study (Table 2), 1548 patients were randomized to tamo-

xifen for 2 years followed by letrozole for 3 years while

2563 patients had letrozole monotherapy (Mouridsen

et al. 2009). At a median follow-up of 71 months from

randomization, disease-free as well as overall survival

were non-significantly inferior in the crossover compared

with the monotherapy arm (hazard ratio (HR) of 1.05 and

1.13 respectively). Interestingly, a benefit was observed

among node-positive but not among node-negative

patients. In the TEAM study, tamoxifen for 2.5–3 years

followed by exemestane for a total treatment duration of

5 years was compared with exemestane monotherapy

(van de Velde et al. 2011). With a total of 9766 patients

analyzed on an intention-to-treat basis and with a median

follow-up of 5.1 years, no difference in disease-free survival

between patients in the two arms was recorded.

As for the BIG 1–98 study, another interesting

comparison was made between patients treated with

letrozole upfront for 2 years followed by tamoxifen for

3 years (nZ1540) vs letrozole monotherapy (nZ1546).

Here again, no difference in outcome between patients

in the two treatment arms was recorded.

Taken together, this evidence advocates the use of

aromatase inhibitors in the adjuvant treatment of post-

menopausal women. However, so far, there are no strong

scientific arguments in favor of either sequential or

monotherapy compared with the alternative treatment

strategy. Considering the cost per quality-adjusted life

year gained related to each strategy, notably this depends

on the relapse risk but, in addition, patient age at diagnosis

(Lønning 2006).
Duration of adjuvant therapy

While several studies have reported no additional benefit

from extending tamoxifen adjuvant therapy beyond

5 years (Fisher et al. 1996, Tormey et al. 1996, Stewart

et al. 2001), recent data from the large ATLAS study (Davies

et al. 2012) found 10 years of tamoxifen treatment to

be superior compared with 5 years of therapy. Most
http://erc.endocrinology-journals.org
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interestingly, while the relative ratio of recurrence was

0.90 between the two treatment arms between 5 and 9

years from diagnosis, it dropped to 0.75 after 10C years.

The fact that the benefit was delayed may explain why it

was overlooked in previous studies. Furthermore, it

emphasizes the importance of long-term follow-up in

studies evaluating benefit from endocrine treatment.

Notably, three phase III studies have evaluated the

effect of adding an aromatase inhibitor following 5 years

of tamoxifen. In the MA.17 trial, patients completing

5 years of tamoxifen treatment were randomized to

letrozole vs placebo (Goss et al. 2005); the study had to

be terminated early (median follow-up of 30 months) and

the patients were unblinded to treatment arm due to the

extent of benefit (HR for relapse reduced to 0.58 by

letrozole treatment). The results further lead to the

termination of the NSABP B-33 trial (Mamounas et al.

2008) comparing exemestane with placebo, with a median

follow-up time of 30 months, where a HR in favor of

exemestane treatment of 0.68 was recorded. However, the

effect was not statistically significant (PZ0.07) due to the

limited number of patients (nZ1598) enrolled prior to

early termination. Finally, the open-labeled Austrian

ABCSG-6a evaluated the benefit of adding anastrozole

for 3 years following 5 years of tamoxifen. At a median

follow-up of 62.3 months, a benefit for extended

therapy with the aromatase inhibitor was recorded (Jakesz

et al. 2007).

While today current practice implements the use of

aromatase inhibitors at an early stage during the sequence

(upfront or after 2–3 years), the results from the ATLAS

trial, together with the findings from studies on the

extended use of aromatase inhibitors, challenge the

concept of 5 years on endocrine therapy as the optimal

duration. Currently, there are several studies comparing

extended vs 5 years of endocrine therapy with aromatase

inhibitor regimens (Table 3).
Aromatase inhibitors in the neoadjuvant
setting

Pre-surgical systemic therapy offers the benefit of down-

staging tumors to allow more limited surgery (Dixon et al.

2009). In addition, it offers a unique setting to evaluate

potential predictive factors (Lønning 2003) as well as

changes in molecular parameters (Miller et al. 2009,

Lønning & Knappskog 2013) in response to drug therapy.

Several studies (Eiermann et al. 2001, Semiglazov et al.

2005, Smith et al. 2005, Cataliotti et al. 2006) have

compared third-generation aromatase inhibitors to
Published by Bioscientifica Ltd.
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Table 3 Ongoing studies comparing extended vs 5 years of endocrine therapy with aromatase inhibitor regimens.

No. of patients Years 1–5 Years 5–10 Years 10–15 Results expected ClinicalTrials.gov

MA.17 extension trial 1918 T L or placebo L or placeboa 2015 NCT00754845
NSABP B-42 3966 AI or T/AI L or placebo – 2015 NCT00382070

aThe study compares an additional 5 years of letrozole/placebo after completing 5 years of tamoxifen and 5 years of letrozole for patients in the original
MA.17 study, or letrozole/placebo years 5–10 for patients that previously got an aromatase inhibitor years 1–5.
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tamoxifen as primary medical therapy. Whereas letrozole

(Eiermann et al. 2001) revealed superiority over tamoxifen,

no statistically significant benefit of anastrozole compared

with tamoxifen was observed in the two trials performed

with this compound (Smith et al. 2005, Cataliotti et al.

2006). Regarding exemestane, one study revealed a benefit

in response rate compared with tamoxifen (Semiglazov

et al. 2005), but the number of patients was too small for

statistical comparison.

During the last few years, the proliferation marker

Ki67 has become an important surrogate marker for

response to endocrine therapy in the neoadjuvant setting.

Comparing the percentage of Ki67C proliferating cells

before and after 2 weeks of endocrine therapy will indicate

those patients with ERC breast cancer that are likely to

respond with tumor regression and furthermore predict

their long-term outcome (Dowsett et al. 2005, 2007).

Patients with a substantial drop in Ki67 have been shown

repeatedly to achieve the best response to such treatment

(Dowsett et al. 2011a). A further benefit of Ki67 mea-

surement is the early identification of patients with

treatment failure, as increasing Ki67 will later translate

into clinical tumor progression (Dowsett et al. 2011b).

In the PeriOperative Endocrine Therapy for Individua-

lizing Care (POETIC) trial, this knowledge is expanded

upon where patients with primary breast cancer are

biopsied before and after 2 weeks on either a non-steroidal

aromatase inhibitor or no treatment to identify novel

biomarkers for response (Dowsett et al. 2011b).
Aromatase inhibitors in metastatic disease

The role of aromatase inhibitors in metastatic disease

has been reviewed elsewhere (Lønning 2004). However,

the picture has changed in recent years, since today

most patients with metastatic, ER-positive breast cancer

have already experienced progression on adjuvant

aromatase inhibition.

While previous studies revealed the superiority

of aromatase inhibitors compared with tamoxifen

(Mouridsen et al. 2001), the fact that most patients with
http://erc.endocrinology-journals.org
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ERC tumors that relapse today have received an aromatase

inhibitor for adjuvant therapy changes the scenario. As for

patients relapsing say O1 year following termination of

adjuvant therapy, re-implementation of the aromatase

inhibitor may be a reasonable choice. In contrast, patients

relapsing on treatment or shortly after terminating

adjuvant therapy need alternative treatment options.

Note that tamoxifen (Mouridsen et al. 2003) as well as

fulvestrant (Chia et al. 2008) may have antitumor effects in

patients where aromatase inhibitors fail, and the steroidal

compound exemestane has been shown effective among

patients becoming resistant to a non-steroidal aromatase

inhibitor (Lønning et al. 2000). Interestingly, a random-

ized trial demonstrated a similar efficacy of fulvestrant and

exemestane among patients where anastrozole or letrozole

fail (Chia et al. 2008). Notably, most previous studies

(Howell et al. 2002, 2004, Osborne et al. 2002) adminis-

tered fulvestrant at a dose of 250 mg injections. While a

later study revealed benefit from fulvestrant 500 mg

injections compared with anastrozole in first line

(Robertson et al. 2012), the data on fulvestrant 500 mg

are not ample. Therefore, the data are insufficient to

conclude that fulvestrant is superior to aromatase

inhibitors, both in the first- and second-line setting.

However, fulvestrant is generally well tolerated in this

patient population, and the adherence to therapy is

ensured by the depot i.m. injections in patients where

poor compliance could be a problem.

Currently, there is no general consensus regarding

optimal sequencing of endocrine therapy for metastatic

breast cancer. However, for patients with metastatic ERC

breast cancer, it remains important to extend endocrine

treatment for as long as their disease responds, prior to

implementing chemotherapy.
Side effects of aromatase inhibitors

Estrogens play a key role in many physiological processes

other than reproduction. Thus, aromatase knock-out mice

reveal multiple metabolic defects (Jones et al. 2001), and

aromatase deficiency due to germline mutations causes
Published by Bioscientifica Ltd.

http://erc.endocrinology-journals.org
http://dx.doi.org/10.1530/ERC-13-0099


E
n
d
o
cr
in
e
-R
e
la
te
d
C
a
n
ce
r

Review P E Lønning and
H P Eikesdal

Aromatase inhibition 2013 20 :4 R190
osteopenia as well as metabolic disturbances in both

genders (Morishima et al. 1995, Rochira & Carani 2009).

Thus, a major concern with respect to aromatase inhi-

bition in early breast cancer has been the enhanced bone

loss as well as disturbances in lipid metabolism, which

could increase the risk of cardiovascular diseases.

Osteoporosis is a major health threat to the aging

female population in most countries. Osteoporotic

fractures are associated with a significant morbidity and

excess mortality (Johnell et al. 2004). The lifetime risk for a

hip fracture among European and USA Caucasian females

is in the range of 15–20%. In some countries, like in

Scandinavia, it may exceed 25% (Kanis et al. 2002). It is

now well established that all aromatase inhibitors moder-

ately enhance bone loss. However, most studies have

addressed the effect of aromatase inhibitors on bone loss

in phase III studies comparing efficacy and side effects to

tamoxifen (Coleman et al. 2007, Eastell et al. 2008), the

second expressing anabolic effects on bone metabolism in

postmenopausal women (Powles et al. 1996). The effects of

exemestane (Lønning et al. 2005) as well as letrozole

(Perez et al. 2006), however, on bone metabolism have also

been compared with placebo, revealing a moderate loss in

bone density. Notably, while ongoing treatment with an

aromatase inhibitor is associated with increased bone

fracture rate (Coates et al. 2007, Coombes et al. 2007,

Eastell et al. 2008) in comparison with tamoxifen, any

detrimental effects of aromatase inhibitors on bone

metabolism disappear upon terminating the drug (Geisler

et al. 2006, Eastell et al. 2008). With the encouraging

results from the Austrian Breast Cancer Group, revealing

that zoledronic acid may completely prevent aggravated

bone loss, even among premenopausal women exposed to

ovarian ablation and anastrozole in concert (Gnant et al.

2008), detrimental effects on bone metabolism may be

fully preventable.

Another major concern has been with respect to

detrimental effects of estrogen suppression on lipid

metabolism (Engan et al. 1995) and homocysteine levels

(Anker et al. 1995) that could lead to an increased risk of

cardiovascular disease. As for the latter, contrary to

previous claims, recent evidence suggest that plasma

homocysteine may not be a major risk factor with respect

to cardiovascular disease after all (Bonaa et al. 2006). For

decades, estrogen replacement therapy was believed to

protect against cardiovascular events in postmenopausal

women. However, while hormone replacement therapy

slightly elevates HDL-cholesterol levels, this effect seems

not to translate into a reduced risk of cardiovascular disease

(Trial 1995, Hulley et al. 1998, Alexander et al. 2001,
http://erc.endocrinology-journals.org
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Manson et al. 2003, Anderson et al. 2004). Considering

the effects of aromatase inhibitors on plasma lipid levels,

studies conducted on non-fasting subjects as well as

studies on patients with metastatic disease, often suffering

from metabolic disturbances, are subject to multiple

confounding variables (see Lønning & Geisler (2008) for

discussion and references). In the two studies evaluating

the effects of an aromatase inhibitor vs placebo in early

disease, both exemestane (Lønning et al. 2005) as well as

letrozole (Wasan et al. 2005) had minor effects on plasma

lipid levels. Considering cardiovascular events in the

phase III trials comparing aromatase inhibitors to

tamoxifen (Table 4), there is no substantial evidence

suggesting detrimental effects of aromatase inhibitors

with respect to cardiovascular morbidity and mortality in

early breast cancer (Jakesz et al. 2005, Boccardo et al. 2006,

2013, Kaufmann et al. 2007, Forbes et al. 2008, Colleoni

et al. 2011, van de Velde et al. 2011, Bliss et al. 2012, Dubsky

et al. 2012).

A third type of side effects now receiving more

attention is musculoskeletal: joint pain and stiffness,

including carpal tunnel syndrome (Morales et al. 2007,

Nishihori et al. 2008, Dizdar et al. 2009, Sestak et al. 2009,

Mieog et al. 2012). While most patients have moderate

disturbances, there is evidence that probably 20% of the

patient population do not adhere to prescribed therapy

with aromatase inhibitors (Partridge et al. 2008), and

musculoskeletal and joint pain may be responsible for

at least 50% of these withdrawals (Dent et al. 2007).

Notably, Belgian investigators reported synovial deposits

detectable by magnetic resonance imaging (MRI) scans

among patients suffering from tendon and joint pain

(Morales et al. 2008). For these patients, tamoxifen, or

probably fulvestrant, may be considered as alternative

treatment options. Interestingly, it seems that certain

single nucleotide polymorphisms are associated with the

musculoskeletal side effects of aromatase inhibitors, related

to the expression of interleukin 17 receptor A (Ingle et al.

2010). Such analysis might allow us to identify upfront

patients in the future who will not tolerate aromatase

inhibitors and should have another endocrine treatment.
Aromatase inhibitors and obesity

Obesity is associated with significantly elevated risk of

breast cancer (Morimoto et al. 2002, Key et al. 2003) as well

as a poor prognosis among postmenopausal breast cancer

patients (Protani et al. 2010, Kwan et al. 2012). While the

mechanisms are incompletely understood, the fact that

obesity has been associated with elevated levels of E2 in
Published by Bioscientifica Ltd.
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Table 4 Cardiovascular events in adjuvant phase III trials comparing aromatase inhibitors to tamoxifen.

Patients Drug

Cardiovascular events

Follow-up ReferencesCardiac AEa IHDb Deathsc

ATAC
3116 T 3.4 0.27d 66 100 months Forbes et al. (2008)
3125 A 4.1 0.27d 67

BIG 1–98
2447 T 6.2 2.0 7 74 months Colleoni et al. (2011)
2448 L 6.9 2.8 10

ABCSG-8
1849 T 4.4e !1.0d NR 60 months Jakesz et al. (2005) and

Dubsky et al. (2012)
1865 T/A 4.2e !1.0d NR

ARNO 95
452 T NR 0.9 16f 30.1 months Kaufmann et al. (2007)
445 T/A NR 2.0 11f

ITA
225 T 6.2 NR 11f 128 months Boccardo et al. (2006,

2013)
223 T/A 7.6 NR 12f

IES
2036 T 10.4 4.6 20 91 months Bliss et al. (2012)
2105 T/E 12.3 6.0 22

TEAM
4814 T/E 6.4 1.0 28 5.1 years van de Velde et al.

(2011)
4852 E 8.1g 2.0 43

T, tamoxifen; A, anastrozole; L, letrozole; E, exemestane; NR, not reported.
aAny grade cardiovascular adverse event (%), while on therapy or within 30 days of drug discontinuation. No significant difference between groups unless
clearly marked.
bIschemic heart disease.
cNumber of deaths from cardiovascular causes.
dBoth cardiovascular and thromboembolic events.
eMyocardial infarction only.
fAll non-cancer-related deaths.
gSignificantly more cases of cardiac failure in exemestane alone group.
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postmenopausal women (Meldrum et al. 1981, Poortman

et al. 1981), as well as recent findings indicating that

obesity may not influence outcome in triple-negative

breast cancers (Dawood et al. 2012), indicate that elevated

E2 levels may be (at least partly) responsible for these

effects. However, others (Niraula et al. 2012) have argued

that obesity may confer a poor prognosis, independent of

estrogen receptor levels and menopausal status.

Recent data have thrown concern over the efficacy of

aromatase inhibitors among obese individuals. The

Austrian ABCSG-12 trial randomized premenopausal

breast cancer patients in a 2!2 trial design to either

treatment with goserelin plus tamoxifenC/Kzoledronic

acid or goserelin plus anastrozoleC/Kzoledronic acid.

Recently, Pfeiler et al. (2011) reported overweight

(BMI O25) to be associated with an enhanced relapse

rate within the group of patients treated with anastrozole.

In contrast, no detrimental effect of obesity was observed

among patients treated with tamoxifen. Moreover,
http://erc.endocrinology-journals.org
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overweight individuals treated with anastrozole had a

50% increased risk of a relapse but a threefold increased

risk of death compared with overweight patients on

tamoxifen treatment. Analyzing the ATAC study, Sestak

et al. (2010) found women with a BMI O35 to have a poor

prognosis compared with lean women, independent of

treatment arm (anastrozole or tamoxifen). However, there

was a non-significant trend indicating a reduced benefit of

anastrozole compared with tamoxifen among obese

individuals. In contrast, analyzing data from the BIG

1–98 study, Ewertz et al. (2012) found the benefit of

letrozole compared with tamoxifen to be independent of

BMI value. The question of whether obese patients on

treatment with aromatase inhibitors express elevated

plasma estrogen levels compared with individuals with a

normal BMI is a current issue of controversy (Diorio et al.

2012, Folkerd et al. 2012).

Taken together, data at this stage do not advocate

that aromatase inhibitors should be avoided among
Published by Bioscientifica Ltd.
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overweight patients. Importantly, there are several

potential explanations to the effects observed in the

Austrian trial. If the problem is failure on goserelin

among obese individuals, this may be predicted to have

little (if any) effect on patients treated with tamoxifen

in concert, while it could be detrimental to the effect of

anastrozole; it is well known that aromatase inhibitors

may not prevent ovarian estrogen synthesis among pre-

and perimenopausal women (Geisler & Lønning 2005).

At this stage, it may be wise to do regular plasma hormone

assessment among overweight and obese premenopausal

women having goserelin treatment independent of

whether they receive concomitant treatment with an

aromatase inhibitor or not. As for postmenopausal

women receiving aromatase inhibitor monotherapy,

notably, the detrimental effect of body weight observed

on anastrozole treatment related to patients with a

BMI O35. Further, the fact that no detrimental effect of

obesity was recorded for patients treated with letrozole

should be underlined. In vivo studies demonstrated

letrozole to be significantly more potent than anastrozole

in inhibiting total body in vivo aromatization (Geisler

et al. 2002) and suppressing breast cancer tissue estrogen

levels (Geisler et al. 2008b). In summary, while there may

be some uncertainty related to the use of anastrozole

among obese patients, data so far (at least with respect

to letrozole) seem reassuring.
Molecular markers predicting benefit to
aromatase inhibitors compared with
tamoxifen?

While only about 10% of ER-positive tumors overexpress

HER-2 (Sørlie et al. 2001, Penault-Llorca et al. 2009),

notably about 50% of all HER-2-amplified tumors are

positive for ER expression, although at low or moderate

levels (Untch et al. 2008, Penault-Llorca et al. 2009).

Comparing letrozole with tamoxifen as pre-surgical

therapy, Ellis et al. (2001) reported a particular superiority

for letrozole over tamoxifen in tumors overexpressing

either HER-1 or HER-2. Moreover, they reported letrozole

to provide a particular benefit compared with tamoxifen

for patients with tumors revealing a moderate Allred ER

score. However, these findings have not been reproduced

in the phase III adjuvant studies. Thus, data from the

TransATAC, comparing anastrozole with tamoxifen

(Dowsett et al. 2008), as well as the BIG 1–98, comparing

letrozole with tamoxifen (Rasmussen et al. 2008), revealed

a higher relapse rate for patients with HER-2-positive vs

HER-2-negative tumors in the aromatase inhibitor as well
http://erc.endocrinology-journals.org
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as in the tamoxifen-treated arm. The relative benefit for

the aromatase inhibitor over tamoxifen, however, was

similar in both patient groups. Similarly, separating

patients into quartiles based on ER expression status,

Dowsett et al. (2008), found the relative benefit from

anastrozole over tamoxifen to be independent of ER

expression status.

Notably, adding either trastuzumab (Kaufman et al.

2009) or lapatinib (Johnston et al. 2009) to treatment with

an aromatase inhibitor in patients with ERC/HER-2C

metastatic breast cancer improves time to progression.

Whether this relates to reversal of endocrine resistance

or, simply, to different treatment options administered in

concert is not known. However, experimental studies

have revealed cross talk between HER-2 and ER signaling

mediated via both the PI3K-Akt-mTOR and the Ras-Raf-

MEK-MAPK pathways (Campbell et al. 2001, Knowlden

et al. 2003, Jordan et al. 2004, Jelovac et al. 2005).

Interestingly, the study by Johnston et al. (2009) also

included patients with ER-positive tumors harboring a

normal HER-2 status. While no benefit for lapatinib was

recorded among HER-2-negative tumors on an intention-

to-treat basis, a pre-defined analysis revealed superiority

for lapatinib in a subgroup of HER-2 non-amplified tumors

with an early relapse on tamoxifen. Potential interactions

between the HER-2 and ER pathways should be further

examined. Accordingly, we found that primary treatment

with aromatase inhibitors may increase tumor HER-2

levels in non-amplified tumors (Flageng et al. 2009).

Currently, the GCC 0901 study examines the effect of

adding the mTOR inhibitor everolimus to patients

progressing on letrozole and lapatinib in concert

(ClinicalTrials.gov #NCT01499160). However, in HER-2

overexpressing breast cancer, PI3K signaling inhibition

leads to increased HER-2-mediated ERK activation, point-

ing to yet another important growth-promoting signaling

axis, the Ras-Raf-MEK-ERK pathway (Fig. 2), and the

potential need for adding for instance MEK inhibitors in

certain patient subgroups (Serra et al. 2011).
Resistance toward treatment with aromatase
inhibitors: current observations related to
targeted therapy

As mentioned above, there is increasing evidence indicat-

ing that cross talk between the estrogen receptor pathway

and several other growth-controlling pathways may cause

resistance to aromatase inhibitors (Miller et al. 2011,

Sabnis & Brodie 2011). Accordingly, a large number of

clinical trials are currently conducted to assess whether
Published by Bioscientifica Ltd.
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Figure 2

Signaling mechanisms important for endocrine resistance and which are

currently targeted in clinical trials, combined with aromatase inhibitors.

(1) IGF1 or IGF1R neutralizing antibodies (AMG-479 in study NCT00626106

a.o.). (2) HER-2 blocking therapy (trastuzumab emtansine in study

NCT01745965 a.o.). (3) Inhibitors of PI3K, Akt, and/or mTOR pathway

(everolimus in study NCT01698918 a.o.). (4) Src inhibitors (dasatinib

in study NCT00696072 a.o.). (5) AMPK activator (metformin in study

NCT01654185 a.o.). (6) Inhibitors of Ras-Raf-MEK-MAPK pathway

(MEK inhibitor AZD6244, combined with fulvestrant after progression

on aromatase inhibitor in NCT01160718). (7) Gamma secretase inhibitor

(RO4929097 in study NCT01208441 a.o.). (8) HDAC inhibitors (vorinostat

in study NCT01153672 a.o.). (9) CDK4/6 inhibitor (PD0332991 in study

NCT01740427 a.o.).
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various signal transduction inhibitors can augment the

efficacy of aromatase inhibitors in postmenopausal

patients with breast cancer. These include inhibitors of

the PI3K-Akt-mTOR and Ras-Raf-MEK-MAPK pathways,

insulin-like growth factor 1 (IGF1) receptor (IGF1R),

gamma secretase/Notch, cyclin-dependent kinase 4/6

(CDK4/6), histone deacetylase (HDAC), and Src/Abl a.o.

(Fig. 2), as elaborated on elsewhere (Fedele et al. 2012).

For instance, adding the CDK4/6 inhibitor PD0332991

to letrozole in the first-line treatment of patients

with ERC metastatic breast cancer increased PFS from

7.5 to 26.1 months in a phase II study with 165 patients

(Finn et al. 2012).

The PI3K-Akt-mTOR signaling pathway has come up

as a major resistance pathway in endocrine resistance,

including resistance to aromatase inhibitors (Miller et al.

2011, Villarreal-Garza et al. 2012). Activating mutation in

PIK3CA, the gene encoding the p100a subunit of the PI3K

protein, is present in 28–47% of ER-positive breast cancers,

and is the single gene most frequently mutated in this

disease (Miller et al. 2011). Currently, numerous studies

are conducted where drugs targeting PI3K, Akt, and/or

mTOR are tested in combination with aromatase

inhibitors (Baselga 2011). Recently, two studies revealed
http://erc.endocrinology-journals.org
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that the mTOR inhibitor everolimus significantly

improves time to progression in patients with ER-positive

metastatic breast cancer undergoing endocrine therapy.

The BOLERO-2 study randomized a total of 742 patients

developing resistance to a non-steroidal aromatase

inhibitor at a 2:1 ratio between exemestane plus ever-

olimus vs exemestane monotherapy; here, median time

to progression was extended from 4.1 to 10.6 months

(Baselga et al. 2012). The effect seems not to be limited to

the use of aromatase inhibitors; in a smaller study,

Bachelot et al. (2012) found everolimus to improve time

to progression among patients treated with tamoxifen.

While this study indicated a benefit among patients with

acquired resistance only, the number of patients was too

low to allow for any definite conclusion.

However, there are results at variance. In a recent

study, Wolff et al. (2013) found only a non-significant and

modest benefit from adding another mTOR inhibitor

temsirolimus to letrozole in aromatase inhibitor-naı̈ve

patients, independent of previous adjuvant tamoxifen

therapy. While these results, like the findings by Bachelot

et al. (2012), may indicate an effect of mTOR inhibition on

acquired but not primary drug resistance across different

compounds, more data are needed to draw any final
Published by Bioscientifica Ltd.
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conclusion. This issue will be addressed further in the

BOLERO-4 phase II study, where 200 patients with

metastatic breast cancer will be treated with everolimus

and letrozole in the first-line setting (NCT01698918).

Furthermore, it should be recalled that the PI3K-Akt-

mTOR pathway is involved in chemotherapy resistance as

well (Lønning & Knappskog 2013). Additionally, mTOR

inhibitors have revealed antitumor efficacy across other

tumor forms, indicating that they exhibit anti-tumor

efficacy by themselves, not only as adjuvants to other

cancer therapies (Motzer et al. 2010, Yao et al. 2010).

An interesting extension of the combined mTOR

inhibitor/endocrine therapy trials in breast cancer is

what to do when the treatment fails. In the BELLE-3

trial, a pan-PI3K inhibitor BKM120 or placebo is combined

with fulvestrant in patients with advanced breast cancer

who have progressed on an mTOR inhibitor plus endo-

crine therapy (NCT01633060). This trial will address

whether upstream inhibition of PI3K is worthwhile in

patients where an mTOR inhibitor fails. Moreover,

rapamycin analogs (rapalogs), which are the kind of

mTOR inhibiting drugs currently used in the clinic,

mainly inhibit mTORC1 but not the mTORC2 complex

(Jacinto et al. 2004, Villarreal-Garza et al. 2012), and the

consequence of this is ongoing Akt activation by mTORC2

during rapalog administration (Fig. 2). Second-generation

mTOR inhibitors, like PP242 and CC-223, inhibit both

mTORC1 and mTORC2 (Janes et al. 2010, Weigelt et al.

2011); however, the potential benefit from this additional

effect remains to be evaluated. Another important

question is whether to keep the mTOR inhibitor beyond

progression. In a planned phase II study by the German

Breast Group, patients who exhibit progression of their

disease on exemestane and everolimus change their

endocrine treatment whereas everolimus is kept as the

backbone (NCT01773460).

Another possible resistance mechanism has also been

identified where aromatase inhibitors fail due to platelet-

derived growth factor receptor (PDGFR)/Abl signaling

upregulation (Weigel et al. 2013). Src is a downstream

hub for various signaling pathways, like EGFR and HER-2,

and a potential signaling link between non-genomic ER

and HER-2 via p130Cas, which might be involved in

resistance to endocrine therapy (Cabodi et al. 2004, Fox

et al. 2009, Vallabhaneni et al. 2011). Src, Abl, and PDGFR

can be inhibited by the oral small molecule inhibitor

dasatinib, which is already registered for use in chronic

myeloid leukemia with BCR-ABL mutation, resistant to

imatinib. Combination clinical trials of dasatinib and

aromatase inhibitors are currently ongoing.
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Another interesting observation regarding resistance

to aromatase inhibitors relates to the in vitro phenomenon

of ‘estrogen hypersensitivity’. Breast cancer cells that

have grown under long-term estrogen deprivation

(LTED) become extremely sensitive to estrogen (Masamura

et al. 1995, Santen et al. 2005). Whereas estrogen at

high concentrations normally stimulates cell growth, it

becomes cytotoxic in LTED cells (Lønning et al. 2001).

While the exact mechanism causing LTED has not been

fully elucidated, upregulation of the ERa, in addition to

the PI3K-mTOR, and MAPK pathways has been shown

to occur in LTED cells. Taking the concept of ‘estrogen

hypersensitivity’ to the clinic, we demonstrated that

estrogen in high doses can be used therapeutically in

ER-positive breast cancer with acquired resistance to

aromatase inhibitors (Lønning et al. 2001), a finding

subsequently confirmed by Ellis et al. (2009).
Future aspects on aromatase inhibition and
issues that remain to be settled

While aromatase inhibitors have become the standard

therapy for ERC postmenopausal breast cancer, several

issues remain to be settled. A current issue relates to the

optimal duration of therapy. The next decade will address

the question of how long aromatase inhibitors should

be administered to derive the maximum benefit in the

adjuvant setting. In this respect, the initial results of

the ongoing MA.17 extension trial and NSABP B-42 study

are expected in 2015. This primarily relates to therapeutic

efficacy, but long-term toxicity is another important

aspect in the adjuvant setting. Whereas the issue of

toxicity has been thoroughly addressed with respect

to 5 years of treatment, potential side effects related to

extended therapy need to be carefully monitored.

A key issue with respect to treatment with aromatase

inhibitors, like most other cancer compounds (Lønning &

Knappskog 2013), relates to the design of targeted

strategies to prevent drug resistance in vivo. Currently,

studies, like the POETIC trial, have been designed to

specifically address this issue. We have an emerging

understanding of which signaling pathways are involved

in endocrine resistance and an increasing number of

signal transduction inhibitors to target these pathways.

However, the challenge will be which drugs to pick, how

to combine them, and how they will be tolerated with

respect to side effects (for the patient) and economic cost

(for society).

Clearly, large phase III trials cannot be used when

dozens of deregulated signaling pathways are to be
Published by Bioscientifica Ltd.
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targeted simultaneously. Importantly, new technology,

such as ‘next-generation deep sequencing’, is becoming

increasingly efficient and affordable, which, in the near

future, will allow an increasing number of research

laboratories to conduct complete exome sequencing

of individual tumors. Such extensive understanding of

each tumor’s genomic profile, merged with biological

evidence linking disturbances in defined growth factor

pathways to endocrine resistance, has the potential to

optimize endocrine therapy dramatically in the future.

In studies, such as the ongoing SHIVA study in France

(NCT01771458), the molecular profile of each individual

cancer is used to design targeted therapy, as opposed to

conventional therapy, to compare the old and new school

in oncology. The therapeutic potential of such strategies

will be answered shortly.
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Randomized phase II trial of everolimus in combination with

tamoxifen in patients with hormone receptor-positive, human

epidermal growth factor receptor 2-negative metastatic breast cancer

with prior exposure to aromatase inhibitors: a GINECO study. Journal of

Clinical Oncology 30 2718–2724. (doi:10.1200/JCO.2011.39.0708)

Baselga J 2011 Targeting the phosphoinositide-3 (PI3) kinase pathway

in breast cancer. Oncologist 16 12–19. (doi:10.1634/theoncologist.

2011-S1-12)

Baselga J, Campone M, Piccart M, Burris HA, Rugo HS, Sahmoud T,

Noguchi S, Gnant M, Pritchard KI, Lebrun F et al. 2012 Everolimus in

postmenopausal hormone-receptor-positive advanced breast cancer.

New England Journal of Medicine 366 520–529. (doi:10.1056/

NEJMoa1109653)

Beatson GT 1896 On the treatment of inoperable cases of carcinoma of the

mamma. Suggestions for a new method of treatment with illustrative

cases. Lancet 2 104–107. (doi:10.1016/S0140-6736(01)72307-0)

Bliss JM, Kilburn LS, Coleman RE, Forbes JF, Coates AS, Jones SE, Jassem J,

Delozier T, Andersen J, Paridaens R et al. 2012 Disease-related outcomes

with long-term follow-up: an updated analysis of the Intergroup

Exemestane Study. Journal of Clinical Oncology 30 709–717.

(doi:10.1200/JCO.2010.33.7899)

Boccardo F, Rubagotti A, Guglielmini P, Fini A, Paladini G, Mesiti M,

Rinaldini M, Scali S, Porpiglia M, Benedetto C et al. 2006 Switching

to anastrozole versus continued tamoxifen treatment of early breast

cancer. Updated results of the Italian Tamoxifen Anastrozole (ITA) trial.

Annals of Oncology 17 VII10–VII14. (doi:10.1093/annonc/mdl941)

Boccardo F, Guglielmini P, Bordonaro R, Fini A, Massidda B, Porpiglia M,

Roagna R, Serra P, Orzalesi L, Ucci G et al. 2013 Switching to anastrozole

versus continued tamoxifen treatment of early breast cancer: long term

results of the Italian Tamoxifen Anastrozole trial. European Journal of

Cancer 49 1546–1554. (doi:10.1016/j.ejca.2012.12.025)

Bonaa KH, Njolstad I, Ueland PM, Schirmer H, Tverdal A, Steigen T,

Wang H, Nordrehaug JE, Arnesen E, Rasmussen K et al. 2006

Homocysteine lowering and cardiovascular events after acute

myocardial infarction. New England Journal of Medicine 354

1578–1588. (doi:10.1056/NEJMoa055227)

Brodie AMH, Schwarzel WC, Shaikh AA & Brodie HJ 1977 The effect of an

aromatase inhibitor, 4-hydroxy-androstene-3,17-dione, on estrogen-

dependent processes in reproduction and breast cancer. Endocrinology

100 1684–1695. (doi:10.1210/endo-100-6-1684)

Brodie AMH, Garrett WM, Hendrickson JR, Tsai-Morris CH & Williams JG

1983 Aromatase inhibitors, their pharmacology and application.

Journal of Steroid Biochemistry 19 53–58. (doi:10.1016/S0022-

4731(83)80006-5)

Bulun SE, Sebastian S, Takayama K, Suzuki T, Sasano H & Shozu M 2003 The

human CYP19 (aromatase P450) gene: update on physiologic roles and

genomic organization of promoters. Journal of Steroid Biochemistry and

Molecular Biology 86 219–224. (doi:10.1016/S0960-0760(03)00359-5)

Cabodi S, Moro L, Baj G, Smeriglio M, Di Stefano P, Gippone S, Surico N,

Silengo L, Turco E, Tarone G et al. 2004 p130Cas interacts with estrogen

receptor a and modulates non-genomic estrogen signaling in breast

cancer cells. Journal of Cell Science 117 1603–1611. (doi:10.1242/

jcs.01025)

Campbell RA, Bhat-Nakshatri P, Patel NM, Constantinidou D, Ali S &

Nakshatri H 2001 Phosphatidylinositol 3-kinase/AKT-mediated acti-

vation of estrogen receptor a – a new model for anti-estrogen resistance.
Published by Bioscientifica Ltd.

http://dx.doi.org/10.1210/jc.81.11.3843
http://dx.doi.org/10.1016/S0735-1097(01)01329-8
http://dx.doi.org/10.1016/S0735-1097(01)01329-8
http://dx.doi.org/10.1001/jama.291.14.1701
http://dx.doi.org/10.1001/jama.291.14.1701
http://dx.doi.org/10.1002/ijc.2910600316
http://dx.doi.org/10.1200/JCO.2011.39.0708
http://dx.doi.org/10.1634/theoncologist.2011-S1-12
http://dx.doi.org/10.1634/theoncologist.2011-S1-12
http://dx.doi.org/10.1056/NEJMoa1109653
http://dx.doi.org/10.1056/NEJMoa1109653
http://dx.doi.org/10.1016/S0140-6736(01)72307-0
http://dx.doi.org/10.1200/JCO.2010.33.7899
http://dx.doi.org/10.1093/annonc/mdl941
http://dx.doi.org/10.1016/j.ejca.2012.12.025
http://dx.doi.org/10.1056/NEJMoa055227
http://dx.doi.org/10.1210/endo-100-6-1684
http://dx.doi.org/10.1016/S0022-4731(83)80006-5
http://dx.doi.org/10.1016/S0022-4731(83)80006-5
http://dx.doi.org/10.1016/S0960-0760(03)00359-5
http://dx.doi.org/10.1242/jcs.01025
http://dx.doi.org/10.1242/jcs.01025
http://erc.endocrinology-journals.org
http://dx.doi.org/10.1530/ERC-13-0099


E
n
d
o
cr
in
e
-R
e
la
te
d
C
a
n
ce
r

Review P E Lønning and
H P Eikesdal

Aromatase inhibition 2013 20 :4 R196
Journal of Biological Chemistry 276 9817–9824. (doi:10.1074/jbc.

M010840200)

Cash R, Brough AJ, Cohen MNP & Satoh PS 1967 Aminoglutethimide

(Elipten-Ciba) is an inhibitor of adrenal steroidogenesis: mechanism

of action and therapeutic trial. Journal of Clinical Endocrinology and

Metabolism 27 1239–1248. (doi:10.1210/jcem-27-9-1239)

Cataliotti L, Buzdar AU, Noguchi S, Bines J, Takatsuka Y, Petrakova K,

Dube P & de Oliveira CT 2006 Comparison of anastrozole versus

tamoxifen as preoperative therapy in postmenopausal women

with hormone receptor-positive breast cancer – The Pre-Operative

‘Arimidex’ Compared to Tamoxilen (PROAC7) trial. Cancer 106

2095–2103. (doi:10.1002/cncr.21872)

Chia S, Gradishar W, Mauriac L, Bines J, Amant F, Federico M, Fein L,

Romieu G, Buzdar A, Robertson JF et al. 2008 Double-blind, randomized

placebo controlled trial of fulvestrant compared with exemestane after

prior nonsteroidal aromatase inhibitor therapy in postmenopausal

women with hormone receptor-positive, advanced breast cancer:

results from EFECT. Journal of Clinical Oncology 26 1664–1670.

(doi:10.1200/JCO.2007.13.5822)

Clyne CD, Kovacic A, Speed CJ, Zhou J, Pezzi V & Simpson ER 2004

Regulation of aromatase expression by the nuclear receptor LRH-1

in adipose tissue. Molecular and Cellular Endocrinology 215 39–44.

(doi:10.1016/j.mce.2003.11.001)

Coates AS, Keshaviah A, Thurlimann B, Mouridsen H, Mauriac L, Forbes JF,

Paridaens R, Castiglione-Gertsch M, Gelber RD, Colleoni M et al. 2007

Five years of letrozole compared with tamoxifen as initial adjuvant

therapy for postmenopausal women with endocrine-responsive early

breast cancer: update of study BIG 1–98. Journal of Clinical Oncology 25

486–492. (doi:10.1200/JCO.2006.08.8617)

Coleman R, Banks L, Girgis S, Kilburn L, Vrdoljak E, Fox J, Cawthorn SJ,

Patel A, Snowdon CF, Hall E et al. 2007 Skeletal effects of exemestane on

bone-mineral density bone biomarkers and fracture incidence in

postmenopausal women with early breast cancer participating in the

Intergroup Exemestane Study (IES): a randomised controlled study.

Lancet Oncology 8 119–127. (doi:10.1016/S1470-2045(07)70003-7)

Colleoni M, Giobbie-Hurder A, Regan MM, Thurlimann B, Mouridsen H,

Mauriac L, Mauriac L, Forbes JF, Paridaens R, Láng I et al. 2011 Analyses

adjusting for selective crossover show improved overall survival with

adjuvant letrozole compared with tamoxifen in the BIG 1–98 Study.

Journal of Clinical Oncology 29 1117–1124. (doi:10.1200/JCO.2010.

31.6455)

Coombes RC, Goss P, Dowsett M, Gazet J-C & Brodie A 1984

4-Hydroxyandrostenedione in treatment of postmenopausal patients

with advanced breast cancer. Lancet 324 1237–1239. (doi:10.1016/

S0140-6736(84)92795-8)

Coombes RC, Kilburn LS, Snowdon CF, Paridaens R, Coleman RE, Jones SE,

Jassem J, Van de Velde CJ, Delozier T, Alvarez I et al. 2007 Survival and

safety of exemestane versus tamoxifen after 2–3 years’ tamoxifen

treatment (Intergroup Exemestane Study): a randomised controlled

trial. Lancet 369 559–570. (doi:10.1016/S0140-6736(07)60200-1)

Couzinet B, Meduri G, Lecce M, Young J, Brailly S, Loosfelt H, Milgrom E &

Schaison G 2001 The postmenopausal ovary is not a major androgen-

producing gland. Journal of Clinical Endocrinology and Metabolism 86

5060–5066. (doi:10.1210/jc.86.10.5060)

Davies C, Pan HC, Godwin J, Gray R, Peto R & Collaboratives A 2012

ATLAS – 10 v 5 years of adjuvant tamoxifen (TAM) in ERC disease;

effects on outcome in the first and second decade after diagnosis.

Cancer Research 72 (24 suppl) S81–S82.

Dawood S, Lei XD, Litton JK, Buchholz TA, Hortobagyi GN &

Gonzalez-Angulo AM 2012 Impact of body mass index on survival

outcome among women with early stage triple-negative breast cancer.

Clinical Breast Cancer 12 364–372. (doi:10.1016/j.clbc.2012.07.013)

Dent S, Hopkins S, Di Valentin T, Verreault J, Vandermeer L & Verma S

2007 Adjuvant aromatase inhibitors in early breast cancer – toxicity

and adherence. Important observations in clinical practice. Breast

Cancer Research and Treatment 106 (S1) S111.
http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-13-0099

q 2013 The authors
Printed in Great Britain
Diorio C, Lemieux J, Provencher L, Hogue JC & Vachon E 2012 Aromatase

inhibitors in obese breast cancer patients are not associated with

increased plasma estradiol levels. Breast Cancer Research and Treatment

136 573–579. (doi:10.1007/s10549-012-2278-z)

Dixon JM, Renshaw L, Young O, Murray J, Macaskill EJ, McHugh M,

Folkerd E, Cameron DA, A’Hern RP & Dowsett M 2008 Letrozole

suppresses plasma estradiol and estrone sulphate more completely than

anastrozole in postmenopausal women with breast cancer. Journal of

Clinical Oncology 26 1671–1676. (doi:10.1200/JCO.2007.13.9279)

Dixon JM, Renshaw L, Macaskill EJ, Young O, Murray J, Cameron D,

Kerr GR, Evans DB & Miller WR 2009 Increase in response rate

by prolonged treatment with neoadjuvant letrozole. Breast Cancer

Research and Treatment 113 145–151. (doi:10.1007/s10549-008-9915-6)

Dizdar O, Ozcakar L, Malas FU, Harputluoglu H, Bulut N, Aksoy S, Ozisik Y

& Altundag K 2009 Sonographic and electrodiagnostic evaluations in

patients with aromatase inhibitor-related arthralgia. Journal of Clinical

Oncology 27 4955–4960. (doi:10.1200/JCO.2008.20.5435)

Dowsett M, Goss PE, Powles TJ, Hutchinson G, Brodie AMH, Jeffcoate SL &

Coombes RC 1987 Use of the aromatase inhibitor

4-hydroxyandrostenedione in postmenopausal breast cancer: optimi-

zation of therapeutic dose and route. Cancer Research 47 1957–1961.

Dowsett M, Cantwell B, Lal A, Jeffcoate SL & Harris AL 1988 Suppression of

postmenopausal ovarian steroidogenesis with the luteinizing hor-

mone-releasing hormone agonist goserelin. Journal of Clinical Endo-

crinology and Metabolism 66 672–677. (doi:10.1210/jcem-66-4-672)

Dowsett M, Jones A, Johnston SRD, Jacobs S, Trunet P & Smith IE 1995

In vivo measurement of aromatase inhibition by letrozole (CGS 20267)

in post menopausal patients with breast cancer. Clinical Cancer Research

1 1511–1515.

Dowsett M, Smith IE, Ebbs SR, Dixon JM, Skene A, Griffith C,

Boeddinghaus I, Salter J, Detre S & Hills M 2005 Short-term changes

in Ki-67 during neoadjuvant treatment of primary breast cancer

with anastrozole or tamoxifen alone or combined correlate with

recurrence-free survival. Clinical Cancer Research 11 951S–958S.

Dowsett M, Smith IE, Ebbs SR, Dixon JM, Skene A, A’Hern R, Salter J, Detre S,

Hills M, Walsh G et al. 2007 Prognostic value of Ki67 expression after

short-term presurgical endocrine therapy for primary breast cancer.

Journal of the National Cancer Institute 99 167–170. (doi:10.1093/jnci/

djk020)

Dowsett M, Allred C, Knox J, Quinn E, Salter J, Wale C, Cuzick J, Houghton J,

Williams N, Mallon E et al. 2008 Relationship between quantitative

estrogen and progesterone receptor expression and human epidermal

growth factor receptor 2 (HER-2) status with recurrence in the arimidex,

tamoxifen, alone or in combination trial. Journal of Clinical Oncology 26

1059–1065. (doi:10.1200/JCO.2007.12.9437)

Dowsett M, Cuzick J, Ingle J, Coates A, Forbes J, Bliss J, Buyse M, Baum M,

Buzdar A, Colleoni M et al. 2010 Meta-analysis of breast cancer

outcomes in adjuvant trials of aromatase inhibitors versus tamoxifen.

Journal of Clinical Oncology 28 509–518. (doi:10.1200/JCO.2009.23.

1274)

Dowsett M, Nielsen TO, A’Hern R, Bartlett J, Coombes RC, Cuzick J, Ellis M,

Henry NL, Hugh JC, Lively T et al. 2011a Assessment of Ki67 in breast

cancer: recommendations from the International Ki67 in Breast Cancer

Working Group. Journal of the National Cancer Institute 103 1656–1664.

(doi:10.1093/jnci/djr393)

Dowsett M, Smith I, Robertson J, Robison L, Pinhel I, Johnson L, Salter J,

Dunbier A, Anderson H & Ghazoui Z 2011b Endocrine therapy, new

biologicals, and new study designs for presurgical studies in breast

cancer. Journal of the National Cancer Institute. Monographs 2011

120–123. (doi:10.1093/jncimonographs/lgr034)

Dubsky PC, Jakesz R, Mlineritsch B, Postlberger S, Samonigg H, Kwasny W,
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