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ABSTRACT

The last three decades have seen significant progress in our understanding of the role
of the pro-survival protein BCL-2 and its family members in apoptosis and cancer.
BCL-2 and other pro-survival family members including Mcl-1 and BCL-X have
been shown to play a key role in keeping pro-apoptotic ‘effector’ proteins BAK and
BAX in check. They also neutralize a group of ‘sensor’ proteins (such as BIM), which
are triggered by cytotoxic stimuli such as chemotherapy. BCL-2 proteins therefore
play a central role as guardians against apoptosis, helping cancer cells to evade cell
death. More recently, an increasing number of BH3 mimetics, which bind and
neutralize BCL-2 and/or its pro-survival relatives, have been developed. The utility of
targeting BCL-2 in haematological malignancies has become evident in early phase
studies, with remarkable clinical responses seen in heavily pre-treated patients. Since
BCL-2 is overexpressed in approximately 75% of breast cancer, there has been
growing interest in determining whether this new class of drug could show similar
promise in breast cancer. This review summarizes our current understanding of the
role of BCL-2 and its family members in mammary gland development and breast
cancer, recent progress in the development of new BH3 mimetics, as well as their

potential for targeting ER-positive breast cancer.



Introduction

Breast cancer is now recognised to be a complex heterogeneous disease with different
intrinsic molecular subtypes." In the clinic, these subtypes are largely categorized by
the presence or absence of estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor 2 (HER2) expression. In general terms,
luminal tumors are defined by the expression of ER and/or PR; basal-like tumors are
often (but not always) ‘triple negative’ for ER, PR and HER2 and express CK5/6
and/or EGFR; HER2-enriched tumors overexpress HER2 (usually through
amplification). The classification of breast cancer into these distinct subgroups not
only provides important prognostic information, but also helps guide clinical therapy

through targeting of these predictive biomarkers.

Luminal tumors account for the vast majority of breast cancer. Current standard
treatment of ER positive breast cancer involves anti-estrogen therapy using either
Selective Estrogen Receptor Modulators (SERMs) such as tamoxifen, or aromatase
inhibitors. Recent gene expression studies have highlighted a significant degree of
molecular heterogeneity within the ER-positive subtype, which presumably
contributes to variable clinical outcomes.”* ER positive breast cancers can be broadly
further divided into two categories, based on gene expression profiling: luminal A and
luminal B. Luminal B tumors often exhibit higher grade and proliferative activity (as
revealed by Ki67 immunostaining) and lower (or absent) progesterone receptor
expression. Due to these poor prognostic features, patients with luminal B cancers are
more likely to be recommended chemotherapy,” albeit in a relatively untargeted
manner. Identifying more effective novel agents, employed as either monotherapy or
in conjunction with standard therapy, remains an important area of need for managing

patients with this common and potentially clinically aggressive breast cancer subtype.

Following the identification of the Bcl-2 gene in the mid-1980s,>’ intense effort was
applied to understanding how Bcl-2 functioned as a proto-oncogene. The discovery
that Bcl-2 promotes cell survival® and could cooperate with the c-Myc oncogene in
lymphomagenesisg’10 focussed attention on its role as a negative regulator of
apoptosis in promoting tumorigenesis. The family of pro-survival and pro-apoptotic

proteins has expanded over the last 25 years, accompanied by substantial insights into



their mechanisms of action.''' These discoveries have culminated in the
development of a new class of drug, BH3 mimetics, which antagonize BCL-2
proteins. These have shown promise in early phase studies in chronic lymphocytic
leukaemia and lymphoma, and may ultimately prove to have a broader role in the

treatment of certain solid tumors.

BCL-2 has emerged as an important prognostic marker'> for both ER positive and
triple negative breast tumors.' Bcl-2 gene expression is also a component of
molecular assays for risk of recurrence such as Oncotype DX'®'7 and PAMS50

1819 Which are being used increasingly to predict tumor

Prosigna Breast Cancer Assay,
recurrence and guide adjuvant therapy in ER positive, node-negative disease. In spite
of this, the precise role of BCL-2 as a therapeutic target in breast cancer is yet to be
clarified.”® Here we review some of the current knowledge on the role of BCL-2 in
breast cancer, and discuss the future therapeutic challenges of combining BH3

mimetics with standard treatment in ER-positive breast cancer.

BCL-2 and apoptosis

Apoptosis or programmed cell death is triggered by two pathways: the ‘extrinsic
pathway’ which is mediated by death receptors, and the ‘intrinsic pathway’, also
known as the BCL-2-regulated or mitochondrial pathway.'" In transformed breast
epithelial cells (known as ‘type II’ cells) the intrinsic pathway also becomes activated
in response to the activation of the death receptor pathway. As a result, BCL-2 and its
relatives behave as critical arbiters of apoptosis in response to a much broader range

of pro-apoptotic stimuli compared to ‘Type I cells such as lymphoid cells.”!

BCL-2 family members can be broadly divided into three groups (Figure 1): the pro-
apoptotic ‘effectors’ (BAX and BAK), the anti-apoptotic ‘guardian’ proteins (BCL-2,
BCL-X;, BCL-W, MCL-1, Al and BCL-B) and the BH3 only ‘sensor’ proteins (for
example BIM, BAD, PUMA, BID, NOXA, BMF). At any moment in a normal cell,
the decision between survival and death is dependent on the tightly regulated
interactions between these different BCL-2 family members. Anti-apoptotic guardian
proteins take center-stage in this process: they can bind and neutralize the BH3-only

sensor proteins or bind to BAX and BAK effector proteins (Figure 2a). Binding of



BCL-2 survival proteins to effector proteins BAX and BAK prevents their
conformational change and oligomerization, thus blocking the formation of lethal
pores in the outer membranes of mitochondria (Mitochondrial Outer Membrane
Permeabilization, MOMP). MOMP triggers cytochrome c release and caspase
activation, culminating in the destruction of the cell.”” An excess of BH3-only
proteins can overwhelm BCL-2 to indirectly activate BAX and BAK. BH3-only
proteins may also directly activate these effectors. Thus, BCL-2 and its relatives block
cell death in two ways: (i) they titrate BH3-only proteins to prevent their binding to
BAX/BAK, and (ii) protect activated BAX and BAK from further oligomerization.

BCL-2 expression in primary breast cancer

Approximately 75% of primary breast cancers express high levels of BCL-2, with a
predominance in ER-positive tumors: BCL-2 is overexpressed in ~85% of ER-
positive tumors, 50% of HER2-positive tumors, 41% of triple negative breast cancers
(TNBCs) and 19% of basal-like tumors (TNBCs that express EGFR and/or
CK5/6).">*** These findings appear to be consistent with gene expression profiling
studies, where Bcl-2 is predominantly expressed in ER-positive tumors.* Interestingly,
the frequency of BCL-2-positive tumors is lower (31%) in BRCA I-associated cancers,
compared to cancers without BRCAI mutations,”* probably attributable to their triple

negative status.

Bcl-2 family members in normal mammary gland development and neoplasia
The role of BCL-2 in promoting cancer progression was first described in follicular

lymphoma.®’

In the Ep-Myc transgenic and other mouse models of
lymphomagenesis, over-expression of BCL-2 (and its relatives) greatly accelerated
the onset and the progression of lymphomas,’ as did the loss of BH3-only proteins®.
In keeping with these findings, several clinical studies have revealed that BCL-2
expression confers a poor prognosis in hematopoietic 111211ignanci¢:s.26’27 It is likely

that improved tumor cell survival facilitates the acquisition of additional molecular

changes during tumor development or progression.

The impact of BCL-2 family member overexpression on normal mammary gland
development and tumorigenesis has been evaluated using a variety of transgenic and
knockout models (Table 1). Enforced expression of Bcl-2 under the whey acidic
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promoter (WAP) delayed (but did not prevent) involution following the cessation of
lactation.”® Although Bcl-2 overexpression alone was not tumorigenic, Bcl-2 was
shown to accelerate tumorigenesis by either the c-Myc or SV40T antigen (SV40TAg,
which neutralises p53 and Rb) transgene.”®** Apoptosis was reduced during the pre-
neoplastic period, presumably accounting for the reduced tumor latency observed in
the presence of the Bcl-2 transgene. Conversely, loss of Bax delayed involution but
did not itself promote tumor formation®® and Bax haploinsufficiency decreased tumor
latency in both the C3(1)/SV40TAg and c-Myc transgenic models.***! These results
are broadly consistent with murine lymphomagenesis models and BCL-2
overexpression studies in human breast cancer cell lines, where BCL-2 has been
generally found to promote tumor growth and metastases in vivo.>3 As yet, no
studies have been reported where BCL-2 family members were conditionally targeted
in established mouse mammary tumors. Such genetic studies, like that recently
reported for conditional deletion of McI-1 in a Myc-driven lymphoma model,** offer a

powerful means of anticipating the clinical effect of a pharmacological inhibitor.

The paradox of BCL-2 as a good prognostic marker in breast cancer

The correlation between BCL-2 expression and patient outcome has been extensively
studied in primary breast cancer (Table 2). In ER-positive tumors, there appears to be
a correlation between high levels of BCL-2 and improved clinical outcome. Although
one study suggested that BCL-2 overexpression is associated with worse prognosis,’
most studies reported favorable outcomes in patients with ER-positive breast cancer
who received adjuvant endocrine therapy (Table 2). In a large prospective analysis
involving more than 11,000 patients with early breast cancer, BCL-2 was shown as a
favorable prognostic marker across molecular subtypes, independent of the adjuvant
therapy received.’> A meta-analysis of 17 studies confirmed the association of BCL-2
with improved disease-free survival and overall survival in breast cancer independent
of lymph node status, tumor size and grade as well as a range of other biological
variables.”® More recently, the clinical value of BCL-2 was also explored in early
TNBC,'?” where there appeared to be disparate findings on BCL-2 as a prognostic

marker in this tumor subtype.

The paradoxically favourable prognostic value of BCL-2 evident in early breast
cancer is difficult to reconcile with data based on mouse mammary tumor models and
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contrasts with findings for non-Hodgkin lymphoma. One likely explanation for this
paradox is that Bcl-2 is an estrogen-responsive gene.*® BCL-2 could in part serve as a
surrogate biomarker of an intact estrogen signaling pathway, such as in luminal A
tumors in which increased response to endocrine therapy is well-recognized. In this
setting, potent and effective endocrine therapy would reduce BCL-2 expression and
tumor survival. Mitochondrial priming, described below, could also provide another
explanation. It is also feasible that BCL-2 may contribute additional, non-apoptotic,

. 39,40
functions.”™

Most of the published findings that link BCL-2 expression to favorable outcome refer
to patients with early breast cancer, rather than those with advanced/metastatic
disease that have become refractory to therapy (Table 2). However, even for early
stage disease it is important to note that Bcl-2 is generally expressed at high levels
across both luminal subtypes, including poorer prognosis luminal B tumors, albeit that
slightly higher levels are observed in luminal A tumors.”> In a study on 205 ER
positive metastatic tumors, BCL-2 was shown to be a weakly favourable prognostic
factor.*! In the metastatic setting, previous systemic therapy is likely to have applied
selective pressure on tumors, where elevated BCL-2 levels could contribute to drug

resistance.

Another issue that has not been evaluated in BCL-2 expression studies is the question
of tumor heterogeneity. BCL-2 can be unevenly distributed in tumors. In one study,
BCL-2 was found to be upregulated in distinct regions, which were linked to local
adaptive resistance and survival of matrix-attached breast cancer cells.** Moreover,
BCL-2 has also been shown to be expressed in CD44"/CD24 stem cell-like cancer
cells.”® We recently observed increased expression of the pro-apoptotic protein BIM
at the tumor border, where Bim was shown to be a bona fide target of the EMT
protein Snai2/Slug.* Such biologically relevant information is not generally apparent

in studies that evaluate global gene or protein expression in breast tumors.

Approximately 50% of circulating tumor cells (CTC) from patients with different
subtypes of breast cancer express BCL-2.* Although BCL-2 expression correlated
with better outcome, CTCs themselves are linked to poorer prognosis. It is

conceivable that CTC assays could be biased by the preferential survival of BCL-2-
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positive CTCs. A clinical trial using the CellSearch® technology and
immunohistochemistry for BCL-2 on a large scale (NCT01701050) may clarify the
role of BCL-2 expression in CTCs for ER-positive metastatic breast cancer including

its impact on endocrine sensitivity.

Efforts to standardise BCL-2 reporting as well as the development of prognostic
indexes that combine BCL-2 expression with other markers (such as proliferation,

apoptosis, differentiation, mitosis or p53)**°

will be important to further understand
the role of BCL-2 in prognosis. To date, the types of antibodies and scoring methods
used to define immunohistochemical positivity have varied between reports.
Standardization will be necessary for the development of BH3 mimetics in the clinic,

where BCL-2 is likely to be an important predictive (companion) biomarker.

BCL-2 and mitochondrial priming

The precise relationship between BCL-2 levels and resistance to drug therapy has yet
to be fully established. The association between BCL-2 and improved clinical
outcomes could be explained by the observation that increased BCL-2 levels are often
associated with a commensurate increase in the levels of its pro-apoptotic binding
partners, due to protection from proteasomal degratdal‘cion.SI’52 The high levels of pro-
apoptotic proteins potentially bring them closer to an ‘apoptotic threshold’, sensitizing
cells to anti-cancer therapy. Exposure of cells to a cytotoxic insult can trigger the
sudden release of the pro-apoptotic proteins. Depending on the precise composition of
BCL-2 family members in that cell, the acute release of pro-apoptotic proteins could
activate the apoptotic cascade. This concept, described as ‘mitochondrial priming’,
could explain why some cancer cells with high levels of BCL-2 are unexpectedly

.. . 53
sensitive to conventional therapy.

The growing class of BH3 mimetics

Initial efforts to target BCL-2 proteins involved antisense oligonucleotide technology.
Oblimersen sodium (Genasense®), an antisense DNA molecule designed to hybridize
with BCL-2 mRNA and to induce hydrolysis, was evaluated in several clinical trials,
including neoadjuvant studies in breast cancer. Results were disappointing, with
minimal or no tumor response observed.>*”> This lack of efficacy was probably due to

poor tumor penetration and ineffective knockdown of BCL-2 levels in vivo.
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Subsequent attention turned to the development of agents that disrupt BCL-2
complexes. BH3 mimetics bind to the hydrophobic groove of anti-apoptotic proteins,
mimicking the acting of BH3-only proteins in binding to pro-survival proteins,
leading to the release of BH3-only proteins from complexes and activation of BAX
and BAK. In addition, pro-survival proteins are captured, neutralizing their ability to
prevent BAX/BAK oligomerization (Figure 2a)."! Early efforts to develop BH3
mimetics included the cottonseed extract gossypol and its synthetic derivative AT-
101, and the small molecule inhibitor obatoclax (GX15-070). These compounds bind
with modest affinity to BCL-2, BCL-X; and MCL-1. Gossypol and AT-101 has
pleiotropic actions that extend beyond ‘on target’ effects (i.e. cell death mediated by
BAX and BAK). These agents have shown limited clinical activity in lymphoid,*®

57-59 60
and prostate” cancer.

lung
Recent efforts to develop potent BH3 mimetics with ‘on target’ efficacy have been
pioneered by AbbVie and Genentech (Table 3). Three BH3 mimetics have been
shown to have high anti-tumoral activity with ‘on target’ effects: ABT-737 (a pre-
clinical lead compound), its orally available counterpart ABT-263 (Navitoclax) and
GDC-0199/ABT-199 (Venetoclax). In vitro and in vivo studies have demonstrated
good specificity and anti-tumoral activity of these compounds for various cancer
types.'* ABT-737 and navitoclax have been designed to bind BCL-2, BCL-X and
BCL-W with high affinity, but are unable to antagonise MCL-1 and A1°"%? (Figure
2b). In vitro and in vivo studies have demonstrated good specificity and anti-tumoral
activity of these compounds on various cancer types, including breast cancer cells.
ABT-199 (venetoclax), another ‘on target’” BH3 mimetic, has recently been
developed® that binds to BCL-2 with comparable binding affinity to ABT-737 or
navitoclax, but does not bind to BCL-X;, BCL-W, MCL-1 or Al with high affinity
(Figure 2b). Both ABT-263/navitoclax and ABT-199/venetoclax are currently being
studied in early phase clinical trials for the treatment of chronic lymphocytic
leukaemia (CLL) with promising preliminary results in heavily pretreated patients
with chemorefractory disease.’****> ABT-199 also appears to have the distinct
clinical advantage of avoiding dose-dependent thrombocytopenia, which is an acute
side-effect of navitoclax due to the dependence of mature platelets on BCL-X; for

survival 5%



A BCL-2/BCL-Xy, inhibitor developed by Servier, S44563, has been shown to elicit
antitumor activity in vivo in pre-clinical models of uveal melanoma.®® Another BCL-2
specific inhibitor, S55746, is currently undergoing evaluation in a Phase 1 dose
escalation study in B cell non-Hodgkin Lymphoma (ISRCTN04804337). There are no

reports to date on the effect of these BCL-2 inhibitors on breast cancer cells.

Novel inhibitors of other BCL-2 family members have been developed, although most
have yet to be fully assessed in breast cancer models. These include dual BCL-
X1/MCL-1 inhibitors®” and BCL-X -selective inhibitors, WEHI-539,"""" A-1155463"
and A-1331852." The latter two compounds appear to synergize with docetaxel
without inducing neutropenia observed with the BCL-2/BCL-X|, inhibitor navitoclax.
Finally, MCL-1 inhibitors have recently been reported by several groups.”*”’
Interestingly, monotherapy with the MCL-1 inhibitor A-1210477 appeared to induce
death in HCC-1806 breast cancer cells, which have a TNBC phenotype. It will be

interesting to determine if MCL-1 inhibitors produce a preferential response in this

tumor subtype, where BCL-2 expression is less dominant.

Development of BH3 mimetics in pre-clinical breast cancer models

Various groups have investigated the effect of ABT-737 and ABT-263 on a number
of breast cancer cell lines (Table 3). Unlike hematopoietic models, monotherapy with
a BH3 mimetic did not appear to induce tumor killing in breast cancer in cell
lines.”****® Single agent ABT-199 was similarly shown to have minimal anti-tumor
activity in ER-positive or TNBC cells.” This lack of vulnerability to single agent
therapy could reflect a limited contribution by BCL-2 as an oncogenic driver in breast
cancer cells, in contrast to lymphoma. Alternatively, high levels of other BCL-2
family members, such as BCL-X; (and possibly MCL-1), which appear to be
universally expressed across most breast tumors, could contribute to functional
redundancy. In contrast to monotherapy, however, combination therapy with a BH3
mimetic and other agents such as chemotherapy or mTOR inhibitors did appear to
induce a synergistic tumor response (Table 3). These findings suggest that breast
cancer cells may need to be ‘primed’ and then challenged with a pro-apoptotic insult

in order to elicit an anti-tumoral response to BH3 mimetic therapy.
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The feasibility of targeting luminal B tumors with combination therapy comprising
endocrine therapy (tamoxifen) and a BH3 mimetic (ABT-737 or ABT-
199/venetoclax) using patient derived xenograft (PDX) models of primary breast
cancer has been explored.”> These PDX models were derived through orthotopic
transplantation of treatment-naive primary breast tumors into cleared mammary fat
pads of immunocompromised NOD/SCID/IL2y” (NSG) mice. These represent
powerful pre-clinical models in which to test therapeutic targets, as they faithfully
recapitulate the behavior of the primary tumor, with a high degree of genomic
preservation across primary tumors and matching PDXs over serial passages.79 Three
BCL-2-positive luminal B PDX models were investigated. In all cases ABT-199
alone had little effect, whereas combination therapy with tamoxifen and ABT-199
reduced tumor growth rates and extended animal survival. In one model, complete
tumor regression was noted. Notably, ABT-199 appeared to be as effective as ABT-
737, suggesting that BCL-2, rather than BCL-Xy is the key target in vivo, despite the
high levels of BCL-X.. Whether these models represent the broad spectrum of
luminal B breast tumors remains to be determined. Given that PDX models have been
shown to reflect poor prognosis disease, it seems likely that these models recapitulate
clinically aggressive disease. Of note, two of the responding tumors harbored p53

mutations, consistent with the notion that BH3 mimetics act downstream of p53.5%*!

One unanticipated finding in these models was that ABT-737 treatment counteracted
endometrial hyperplasia normally seen with tamoxifen. This was accompanied by
profound endometrial apoptosis, as evidenced by caspase-3 activation. Presumably
BCL-Xy (or BCL-2) inhibition induced apoptosis following a proliferative stimulus in
the endometrium, where tamoxifen acts as an estrogen agonist. As the effect was
more pronounced with ABT-737, it is likely to be at least partially driven by BCL-X|.
Whether this observation is replicated in humans and has clinical utility remains to be

determined.

Is BCL-2 a preferred therapeutic target for treatment naive or refractory
disease?
The experiments described above were carried out using PDX models from clinically

aggressive, treatment naive primary tumors. It seems likely, therefore, that combined
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therapy with estrogen blockade and a BCL-2 inhibitor should be beneficial for
luminal B tumors in the early disease setting. This question would optimally be
addressed in the clinic through a neoadjuvant study. Whether BCL-2 inhibition would
benefit patients with ER-positive tumors that are highly endocrine responsive (such as
luminal A tumors) is not yet known. Although it is plausible that effective endocrine
therapy could directly lower BCL-2 levels obviating the need for an inhibitor, the
acute disruption of BCL-2 containing complexes by a BH3 mimetic could still

potentiate the efficacy of endocrine therapy.

It will also be critical to determine whether a similar tumor response would be elicited
in previously treated tumors that have become partially or fully refractory to
endocrine therapy. In this setting, maintenance or induction of BCL-2 expression
during tumor progression would provide a rationale for specifically targeting BCL-2

to augment tumor vulnerability, best tested in patients with. metastatic breast cancer.

Interestingly, two partially responsive models showed increased expression of
phosphorylated AKT. The PI3K/AKT/mTOR pathway is frequently activated in
luminal B tumors, where it is associated with driving resistance to endocrine
therapy.**® Indeed, improved clinical outcomes have been observed in patients with
refractory disease who are treated with combination therapy using exemestane (a
steroidal aromatase inhibitor) and the mTOR inhibitor everolimus.* Notably, mTOR
inhibitors were found to synergize with BH3 mimetic therapy. Treatment of one of
the partially responsive PDX models with triple therapy that included tamoxifen, a
dual mTOR inhibitor (PKI-587) and ABT-737 significantly improved tumor response
and was well-tolerated (Figure 3). The mTOR inhibitors may have contributed to
mitochondrial priming by elevating BCL-2 and reducing pBAD levels. These findings
suggest that it may be important to explore combination therapy that targets resistance
and survival pathways such as PI3K/AKT/mTOR and pro-survival proteins in the

clinic.

Since tamoxifen was used in these models, it will also be important to determine
whether estrogen deprivation through aromatase inhibitor therapy or estrogen receptor
degradation by fulvestrant would be similarly efficacious. Since estradiol pellets were

used to propagate the PDX tumors, it was not possible to directly assess aromatase
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inhibitor therapy in these models. In one model, however, short-term therapy with
tamoxifen appeared to prime the tumors for BCL-2 expression, perhaps augmenting
the tumor response. Whether or not this effect is specific to tamoxifen (or other

endocrine therapies) is unknown.

Is BCL-2 the primary pro-survival protein to target in ER-positive breast
cancer?

Despite the fact that ABT-737 and navitoclax bind to BCL-2, BCL-X; and BCL-W
with similar affinity, there is evidence to suggest that these ‘BAD-like mimetics’
principally target BCL-2, rather than BCL-X; and BCL-W in normal lymphocytes
and leukaemia.’"® Indeed, cells that depend on BCL-2 for survival (such as mature B
cells or double positive thymocytes) are more sensitive to ABT-737 than BCL-X,
dependent cells. In addition, over-expression of BCL-2 sensitizes tumor cells to ABT-
737, whereas BCL-X;, or BCL-W overexpression helps to protect against ABT-737,
indicating that, at least in leukemic cells, BCL-X; or BCL-W do not prime cell death
induced by ABT-737. BIM appears to be the main BH3-only protein in these cell
types,*® where BH3 mimetic induction of cell death is dependent on BCL-2/BIM
complex disruption. In contrast, BCL-X| represents the key target in platelets, where
BAK and BAD are likely to be the main pro-apoptotic proteins.’’ These observations
underscore the importance of considering the precise nature of the molecular

complexes, which is likely to be different in distinct cell types and tumors.

In breast cancer, the nature of the pre-existing complexes remains obscure. Although
BCL-X, is abundantly expressed in all breast tumors, ABT-199 appeared to be as
effective as ABT-737 in combination with tamoxifen or mTOR inhibitors, suggesting
that the neutralization of BCL-2 is sufficient to induce apoptosis. It is likely that this
will differ between individual tumors and across tumor subtypes, where BCL-2 may
also serve as a therapeutic target in TNBC?*? and HER2-positive tumors. In the case of
the latter, resistance to trastuzumab in HER2/ER-positive tumor cells can be
accompanied by elevated BCL-2, which is ameliorated by endocrine therapy.®” The
precise role of targeting BCL-2 and additional BCL-2 family members in breast
cancer should become clearer through additional studies that include investigation of

newer BH3 mimetics that selectively target BCL-X; and MCL-1.
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Conclusion and future directions

There is now accumulating evidence to indicate that BCL-2, which is overexpressed
in the majority of ER-positive tumors, represents a bona fide therapeutic target. ABT-
199 appeared to elicit a synergistic response when combined with tamoxifen in
luminal B PDX models. In contrast to lymphoid malignancies (where BCL-2 is an
oncogenic driver), monotherapy with a BCL-2 inhibitor is unlikely to be effective.
Targeting two major survival pathways, BCL-2 and the PI3K/AKT/mTOR pathway
(the latter associated with endocrine resistance to therapy) could also prove to be
effective, although the optimal combination and scheduling of inhibitors remains to
be determined. The recent promise shown by the CDK4/6 inhibitor palbociclib in ER-
positive breast cancer™ adds a further complexity on how to best investigate BH3
mimetics in pre-clinical models and in the clinic. The relative merits of combining a
BH3 mimetic with tamoxifen versus an aromatase inhibitor or fulvestrant is not
known and remains a critical question. Similarly, should BH3 mimetics be first tested
in early (treatment naive) or endocrine refractory disease? The precise mechanisms of
tumor response and resistance to BH3 mimetics will also need to be investigated,
since they are likely to extend beyond the PI3K/AKT/mTOR signaling pathway and
could include MCL-1 upregulattion.89 These important questions are now potentially
ripe for testing in clinic trials. The first study on this new class of drug in breast
cancer, a phase 1b dose escalation study of the BCL-2 inhibitor venetoclax in
combination with tamoxifen in metastatic ER-positive breast cancer (‘m-BEP’,
ISRCTN98335443) will hopefully start to shed light on some of these questions.
More broadly, the targeting of other solid tumors with BH3 mimetics represents a

promising future challenge.
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Table 1. Mouse models evaluating BCL-2 family members in mammary gland development and neoplasia

BCL-2 Mouse model

family
member
Pro-survival genes:

Role in normal mammary gland
development

Contribution to mammary tumorigenesis

Reference

Bel-2 Bel-27~

No mammary gland phenotype reported

Veis et al 1993%

WAP-Bcl-2 transgene

Possible contribution to regulation of TEB
apoptosis and structure.

Humphreys et al 1996

WAP-Bcl-2 transgene

Possible role in involution.

Insufficient to induce mammary tumors alone.

Accelerated c-myc induced tumorigenesis.

Jager et al 1997

WAP-Bcl-2 transgene and

Protection following carcinogen treatment,

Murphy et al 1999”

DMBA tumor induction possibly through anti-proliferative effect.
WAP-Bcl-2 x WAP-TAg - Accelerated tumor onset. Furth et al 1999%
transgene
Bel-X, MMTV-cre;Bel-x"", Role in controlling apoptosis in the first stage - Walton et al 2001
WAP-cre;Bel-x"" of involution.
Bel-w Bel-w ™ No mammary gland phenotype - Print et al 1998™
Mcl-1 MMTV-cre;Mcl-1", Required for morphogenesis during puberty - Fu et al 2015”

K5-cre;Mcl-1"
WAPi-cre;Mcl-17
ROSA26-cre;Mcl-17F

and pregnancy and essential for sustaining
lactation. Role in stem/progenitor cell
function.

Pro-apoptotic effectors:

Bax Bax '~ x WAP-Bcl-2 transgene  Role during the first stage of involution, with - Schorr et al 1999%
delayed involution.
Bax ', Bax loss may play a role in branching, Accelerated tumor development. Shibata et al 1999°°
Bax'"" x C3(1)/SV40TAg although a primary ovarian defect not
transgene excluded.
Bax"” x MMTV-Myc - No significant acceleration in tumor onset but Jamerson et al 2004
transgene modest increase in tumor multiplicity.
WAP-Bax transgene Lactational defect. - Rucker et al 2011"”
Pro-apoptotic sensors:
Bim Bim "™ Required for timely clearing of lumen in TEBs - Mailleux et al 2007
in puberty.
Bim "~ x MMTV-PyMT - Role in suppressing metastasis Merino et al 2014*

transgene

Abbreviations: TEB, terminal endbud.




Table 2. Correlation of BCL-2 expression with clinical outcome in breast cancer

Tumor Sample Histology Outcome Bcl-2 Bcl-2 predictive Reference
Stage Size Measure expression an for treatment?
independent
prognostic
factor?
Early 174 Mixed Overall No - Joensuu et
survival al, 1994%°
Metastatic 205 ER+ Overall Favorable; Bcl-2 predicted Elledge et
survival p=0.07 longer TTF with al, 1997*!
tamoxifen
Early 346 Mixed Survival Favorable; - Chang et al,
from first p=0.06 2003'%
recurrence
Early 819 Mixed Overall No - Rolland et
survival al, 2007
Early 442 Mixed Overall Favorable; - Trere et al,
survival p<0.001 2007'"
Disease free  Favorable;
Survival p<0.001
Early 5,892 Mixed Overall Favorable; - Callagy et
survival p=0.05 al, 2008
Disease free  Favorable;
survival p=0.07
Early 11,212 Mixed Overall Favorable; - Dawson et
survival p<0.001 al,2010"
Early 124 TNBC Overall No - Tawfik et al,
Early 458 Non-TNBC survival Favorable; - 2012'%
Overall p=0.008
survival
Early 7,230 Mixed Overall Favorable; - Hwang et al,
survival p=0.001 2012'%
Disease free  Favorable;
survival p=0.001
Early 257 ER+ Disease free  Favorable; - Larsen et al,
survival p=0.001 2012'%
Early 1,191 ER+ Disease free -
survival Favorable;
p=0.028
Early 159 Luminal A & Disease free  Favorable; - Kim et al,
luminal B survival p=0.034 2012'%
Early 170 Mixed Overall Favorable; - Ermiah et
survival p<0.0001 al, 2013'"
Early and 736 TNBC Progression  Favorable; Bcl-2 predicted Abdel-Fatah
locally free survival  p=0.0004 benefit from etal, 2013'
advanced Breast anthracycline
cancer Favorable; chemotherapy
specific p=0.006
survival
Early 428 Mixed Overall Favorable; Bcl-2 associated Bozovic-
survival p<0.001 with benefit from  Spasojevic
CMF over high et al,
dose EC 2014'"
Early 492 TNBC Overall No Bcl-2 predicted Choi et al,
Early 315 Basal TNBC  survival No lack of benefit 20147
Early 177 Non-basal Unfavorable; from adjuvant
TNBC p=0.003 anthracycline
chemotherapy

Abbreviations: TNBC, Triple negative breast cancer; TTF, Time to treatment failure; CMF,
Cyclophosphamide, Methotrexate and 5-Fluorouracil; EC, Epirubicin and Cisplatin.




Table 3. BH3 mimetic targeting

BH3 mimetic*

(Target)

Breast cancer cell

line

Combination

therapy

of breast cancer cells

Effect of combined
therapy on BCL-2

proteins

Reference

ABT-737 MCEF-7, MDA-MB- Paclitaxel Increased BCL-2 Kutuk and Letai,

(BCL-2, BCL-W 468 (priming) 2008'%”

and BCL-X;)

ABT-737 BT474 (HER2") Trastuzumab Increased BCL-2 Crawford and
and BT474- Nahta, 2011'"°
trastuzumab
resistant clones

ABT-737 MDA-MB-231 PI3 kinase inhibitor =~ Decreased MCL-1 Zheng et al,

GDC-0941 2011

ABT-737 MCF-7, BT549, y-secretase inhibitor Noxa upregulation Seveno et al,
MDA-MB-231, GSIXII 2012'"
ZR75.1, T4A7D

ABT-737 MDA-MB-231, Radiation Lietal, 2012'"
MDA-MB-231R

ABT-737 MDA-MB-231 methylseleninic Decreased MCL-1 and ~ Yin etal, 2012

acid (MSeA) pBAD

ABT-737 MCF-7.10A, MDA- mTOR inhibitors Increased BCL-2 and Muranen et al,
MB-468, HCC- BEZ-235 BIM 2012%

1569, T47-D and
PDX models

ABT-737 MDA-MB-231 and Docetaxel Oakes et al,
PDX models 2012%

ABT-263 MCF-7, MDA-MB- Camptothecin, Decreased MCL-1and ~ Chen et al, 20117

Navitoclax 231 Docetaxel, increased BIM

(BCL-2, BCL-W Etoposide,

and BCL-Xy) Rapamycin,

Gemcitabine,
Doxorubicin

GDC-0199/ MCF-7 and ER- Tamoxifen and Increased BCL-2 and Vaillant et al,

ABT-199 positive PDX mTOR inhibitors BIM (for tamoxifen) or  2013*

Venetoclax models pBAD (for mTOR

(BCL-2) inhibitors)

A-1155463, 28 breast cancer Docetaxel Leverson et al,

A-1331852 cell lines 20157

(BCL-Xy)

A-1210477 HCC-1806 - Leverson et al,

(MCL-1) 2015™

* Does not include Obatoclax and Gossypol/AT-101. Abbreviation: PDX, patient-derived xenograft
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Figure Legends

Figure 1. The BCL-2 family. BCL-2 family members are generally stratified in 3
groups according to their structure and function. The anti-apoptotic proteins (or pro-
survival guardians) are characterised by four BCL-2 Homology (BH) domains. Pro-
apoptotic proteins comprise effector and sensor proteins. The latter are also called
‘BH3-only proteins’, since they contain only the BH3 domain. TM, Transmembrane

domain.

Figure 2. BCL-2 proteins are at the centre of the apoptotic cascade. (a) Apoptosis is
regulated through a tripartite signaling cascade. The pro-survival guardians can bind
to pro-apoptotic sensors, as well as the effectors BAX and BAK, preventing their
activation. The pro-apoptotic sensors lie downstream of many stress-activated
pathways, including p53. Once activated, they are able to activate BAX and BAK,
either directly, or indirectly by sequestering the pro-survival proteins. BAX and BAK
undergo conformational change and oligomerization forming pores in the
mitochondria, resulting in caspase activation and cell death. BH3 mimetics mimic the
BH3 of pro-apoptotic proteins. They bind the hydrophobic groove of the pro-survival
proteins, preventing their binding to both apoptotic sensors and effectors. (b)
Differential binding affinity of BH3 only proteins and BH3 mimetics. The BH3
domains of pro-apoptotic proteins bind to specific pro-survival proteins, shown here
for BIM, BAD and NOXA. This specificity has been exploited in the development of
BH3 mimetics. Navitoclax (ABT-263) is a ‘BAD-like’ mimetic that can bind BCL-2,
BCL-X, and BCL-W. Venetoclax (GDC-0199/ABT-199) is a specific and potent
inhibitor of BCL-2. MOMP, mitochondrial outer membrane permeabilization; Cyt C,

cytochrome C.

Figure 3. The combined inhibition of the BCL-2 and PI3K/AKT/mTOR survival
pathways may offer a therapeutic benefit with endocrine therapy in ER-positive breast
cancer. Both mTOR inhibitors and tamoxifen have been shown to increase the
priming of cancer cells by modulating the levels of BCL-2 family members.
PI3K/mTOR inhibitors and tamoxifen synergize with BH3 mimetics in the induction

of apoptosis.
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