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Abstract: The importance and role of the estrogen receptor (ER) pathway have been well-recognized in both breast
cancer development and progression. The treatment of choice in women with estrogen receptor-positive metastatic
breast cancer (ER+ mBC) is classically divided into a variety of endocrine therapies, with three of the most common
being: selective estrogen receptor modulators (SERM), aromatase inhibitors (Al), and selective estrogen receptor
degraders (SERD). However, resistance develops in 30-50% of patients treated with these endocrine therapies
due to a sophisticated and at times redundant interference at the molecular level between the ER, growth factors,
and downstream cell-signaling pathways. Tumor response is heightened with adjunctive therapy that includes an
mTORC1 inhibitor (everolimus), CDK4/6 inhibitors (palbociclib/ribociclib/abemaciclib), and an o isoform-specific
PI3K inhibitor (alpelisib). Each of these inhibitors elicits potent anti-proliferative benefits; however, they fail to induce
tumor cell death. Consequently, disease progression almost invariably occurs. Evasion of apoptosis is a hallmark of
cancer. The p53 and BCL2 represent two important nodes of the apoptosis signaling pathway. Venetoclax, a potent
and selective BCL2 inhibitor, synergizes with hormonal therapy in ER+ breast cancer models and is active in clinical
trials. Similarly, an MDM2 inhibitor, AMG-232, which induces p53 is active in early clinical trials of both liquid and
advanced solid tumor patients. In our ER+ BC cohort (Avera Cancer Institute, Sioux Falls, SD), we observed more
than 70% of wild type TP53 and over 10% amplification of MDM2 and MDM4 as comparable with the TCGA data set.
We summarized current treatment options, the molecular mechanisms that predispose to endocrine resistance,
and a future pro-apoptotic treatment strategy for ER+ mBC patients. Our review presents critical analyses of the
therapeutic options for the clinical management of ER+ Metastatic Breast Cancer in the light of a hypothesis target-
ing the induction of apoptosis in p53 wild type tumors. We reviewed not only the FDA approved current treatment
approaches but also presented a discourse addressing the possibilities for novel combination strategy that can
induce tumor cell apoptosis, a critical cellular mechanism delaying/denying tumor progression. Our review is unique
as it presents patient data in support of our hypothesis.
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Prologue an immense multi-disciplinary effort encom-
passing the disciplines of researchers, clinici-
ans, pharmaceutical companies, technology,
and many others. Of these advancements, brea-
st cancer treatment has debatably seen the
most innovation and is a direct consequence of
our greater understanding of breast cancer’s

pathophysiological foundations.

Breast cancer and its classification

Breast cancer is a malignant clonal prolifera-
tion of benign breast tissue that continues to
pose a significant threat to women across the
globe. As of 2013, American women run a 1 in
the 8-lifetime risk of breast cancer, up from 1 in

11 during the 1970s [1]. Fortunately, however,
we have seen several advancements in the
screening, prevention, and treatment of breast
cancer throughout the last half-century due to

Breast cancer most frequently arises from
benign ductal or lobular tissues by undergoing
gradual, cumulative genetic alterations until
one cell obtains enough “driver” alterations to
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proliferate clonally and uncontrollably along a
spectrum of localized to metastatic disease [2].
This spectrum, commonly staged using the
TNM system, classifies cancers clinically or
pathologically using “T” for tumor size, “N” for
number and location of lymph nodes contain-
ing cancer and “M” for the presence of cancer
in distance sites throughout the body to help
guide therapeutic decision-making and progno-
sis. For example, a TAN1MO tumor is less than
2 cm in size, confined to 1-3 axillary sentinel
lymph nodes and is absent of any observable
metastases. In breast cancer, these “driver”
alterations genetically manifest themselves
molecularly through altered receptor expres-
sion that is predictively responsive to hormonal
and/or molecular targeted drug therapies. Our
current, clinically-relevant classification of brea-
st tumor receptor status distinguishes breast
cancers into three main subtypes: hormone re-
ceptor-positive (HR+), human epidermal grow-
th factor receptor-2 amplified/overexpressed
(HER2+) and triple-negative (TN). Hormone re-
ceptor-positive tumors include estrogen recep-
tor-positive (ER+) and/or progesterone recep-
tor-positive (PR+) breast cancers. HER2+ breast
cancers represent an amplified ERBB2 gene
that gets translated to overexpression of HER2
receptor protein. Whereas TN breast cancer is
negative for all three (ER, PR, HER2) predomi-
nant receptor expressions [3, 4].

Over 99% of breast cancers are diagnosed in
females, and approximately 75% are HR+, with
the most significance placed on ER positivity
for reasons beyond the scope of this paper
[5-7]. Within this population, several molecular
subpopulations exist, including approximately
34% with altered PIK3CA expression, 3% al-
tered mTOR expression, 28% CCND1 amplifica-
tion, 25% TP53 mutations, 30% ESR1 muta-
tions, 85% BCL2 overexpression, and 8-12%
amplified/overexpressed MDM2 [8]. Male BC
(though quite similar in expression profile to
female BC) does appear to demonstrate unique
expression demographics via a greater (96%)
ER+ expression and a lesser (3%) p53 expres-
sion as compared to female BC [7]. Potentially
important for all breast cancers in the future,
these molecular aberrations currently play a
crucial role in guiding translational research
and treatment in advanced, metastatic ER+
breast cancer (ER+ mBC).
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At the time of diagnosis, approximately 90% of
breast cancers are not metastatic [3]; however,
in addition to the 10% metastatic at diagnosis,
approximately 10-60% of localized breast can-
cers develop systemic relapse [9]. Furthermore,
the prognosis for ER+ mBC is a median five-
year survival rate of 27%, suggesting the need
for new therapies that significantly impact pro-
gression-free and overall survival in this popu-
lation [4, 10]. In this article, we aim to briefly
describe the history of ER+ mBC treatment,
current translational research in development
and suggest a theoretically promising molecu-
lar therapy combination for future clinical study
in ER+ mBC.

The past: history of ER+ metastatic breast can-
cer treatment

Initial approaches to ER+ mBC cancer treat-
ment focused on cytotoxic effects demonstrat-
ed in early leukemic cancer therapies. It was
thought that these cytotoxic chemotherapies
would broadly kill the cancerous tumor cells,
sacrifice a few normal cells in the process, but
ultimately lead to cancer cure. Unfortunately,
this strategy eventually failed and opened the
door for more specific hormonal-based thera-
pies in the latter half of the 20" century [11].
The first of these, Tamoxifen, was a selective
estrogen receptor modulator (SERM) which tar-
geted the blockade of estrogen receptors in
breast tissues while activating/inhibiting other
estrogen-responsive tissues. Since its FDA app-
roval in 1985, Tamoxifen has demonstrated sig-
nificant clinical success [12]; however, its acti-
vation of ER in the uterus prompted the desire
for further hormonal therapies containing both
greater safety and efficacy.

Over the last few decades, new classes of hor-
monal cancer treatments achieved FDA approv-
al in various settings of ER+ BC, including the
selective estrogen receptor degraders (SERD;
Fulvestrant) which target the ER for degrada-
tion and multiple generations of aromatase
inhibitors (Al) which target the final enzymatic
step in estrogen’s biosynthesis from 5-hydro-
xytestosterone [11]. Of these, both steroid
(exemestane) and non-steroid (letrozole and
anastrozole) third-generation Al's demonstrat-
ed the most promise through a large meta-
analysis published in 2006 by Mauri et al. In
their analysis, these third-generation Al's dem-
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onstrated superior survival to tamoxifen in ad-
vanced breast cancer patients [13].

After demonstrating the efficacy of multiple ho-
rmonal monotherapies with distinct mechani-
sms of action, the next step included analyzing
these therapies in different combinations and
sequences. Unfortunately, conclusions of clini-
cal efficacy from the FACT (median time to pro-
gression [mTTP] 10.8 months [high-dose ful-
vestrant plus anastrozole] vs. 10.2 months [an-
astrozole alone]; HR: 0.99; 95% CI, 0.81-1.20;
P=0.91), SWOG (median progression free sur-
vival [mPFS] 15.0 months [fulvestrant plus
anastrozole] vs. 13.5 months [anastrozole al-
onel; HR: 0.80; 95% CI, 0.68-0.94; P=0.007),
and SoFEA (mPFS 4.4 months [fulvestrant plus
anastrozole] vs. 4.8 months [fulvestrant plus
placebo]; HR: 1.00; 95% Cl, 0.83-1.21; P=0.98;
or mPFS of fulvestrant plus placebo vs. 3.4
months [exemestane]; HR: 0.95; 0.79-1.14;
P=0.56) studies were inconclusive in this re-
gard [14-17]. Before further clarification could
be established, the age of molecular cancer
therapy had arrived, and the focus became
molecular-hormonal rather than hormonal-hor-
monal cancer therapy combinations.

The present: addressing hormone resistance
via molecular therapies

Since their FDA approval in the latter 20" cen-
tury, modern hormonal therapies have demon-
strated significant PFS for ER+ mBC patien-
ts [12]. However, post-diagnosis approximately
30-50% ER+ breast cancer patients on these
hormonal therapies acquire resistance, requir-
ing additional or substitutive treatment for the
further clinical benefit [5, 18]. Recent research
suggests this resistance to occur via the PI3K-
AKT-mTOR, CCND1-CDK4/6-RB, BCL2-p53-MD-
M2, ESR1 and other cell-signaling pathways,
demonstrating the potential efficacy of molecu-
lar-based therapies in advanced breast can-
cer.

Initially, resistance/relapse was suspected of
lying primarily downstream of intracellular and
membrane-bound ER’s, within the PI3K-AKT-
mTOR pathway, due in part to > 70% ER+ BC
having mutations involved in this pathway [8,
19]. Subsequent studies by Ellis et al. and
Creighton et al. provided further support via
their conclusions of ER+ BC sensitivity to both
ER inhibition and PIK3CA activation, respec-
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tively [20, 21]. Normal cellular signaling of this
pathway relies upon estrogen binding to the
intracellular or membrane-bound ER’s with dif-
fering downstream effects. For the intracellular
ER, the ligand-ER complex translocates into the
nucleus and activates growth-promoting gene
transcription. Alternatively, cross-talk between
membrane-bound ER and other tyrosine kinase
receptors (EGFR, FGFR, etc.) initiate the growth-
promoting PI3K-AKT-mTOR cell-signaling cas-
cade. ER+ BC achieves resistance to this criti-
cal signaling via an estimated 28-47% PI3K
over-expression, 2.6-3.8% AKT activation, and/
or 3% mTOR upregulation, prompting the devel-
opment of several therapies targeting these
vital components [8, 22].

Everolimus, a mTORC1 inhibitor, was a frontier
drug targeting this pathway, showing (in combi-
nation with hormonal therapies) significant im-
provement in PFS for patients previously treat-
ed with Al's alone [23]. In the BOLERO-2 trial,
Baselga and group found a median PFS of 10.6
months with everolimus plus exemestane vs.
4.1 months with placebo plus exemestane (HR:
0.36; 95% ClI, 0.27-0.47; P<0.001) in the post-
menopausal, ER+/HER2- mBC population; how-
ever, its short-lived efficacy in combination with
Al's limited its utilization [23, 24]. Genomic
analysis of the BOLERO-2 cohort tumors by
Hortobagyi et al. found the limited PFS benefit
experienced by everolimus therapy was poten-
tially due to differences in the type of PI3K
mutation (exon 9 vs. exon 20), FGFR alteration,
or degree of chromosomal instability (CIN) [25].
Furthermore, the TAMRAD study supported
these results with a median PFS of 10 months
with the everolimus plus tamoxifen and 5.5
months with tamoxifen alone (HR: 0.59; 95%
Cl, 0.33-1.07) in a similar population as the
BOLERO-2 trial [26]. Despite their successes,
the above-mentioned limitation of everolimus
further propelled investigation into other alter-
native PI3K pathway inhibition therapies to
overcome endocrine resistance. Of the multiple
types of PI3K pathway therapies (AKT inhibi-
tors, other mTOR inhibitors, PI3K inhibitors)
under investigation, only the PI3K inhibitors
have reached significance clinically.

The BELLE-2 and BELLE-3 trials were the first of
these PI3K inhibitor trials to find efficacy in
hormone-resistant ER+ mBC population. The
BELLE-2 study analyzed a pan-PI3K inhibitor,
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buparlisib, plus fulvestrant vs. placebo plus ful-
vestrant with a median PFS of 6.9 months (95%
Cl 6.8-7.8) and 5.0 months (4.0-5.2), respec-
tively and a HR 0.78 (95% ClI, 0.67-0.89; one-
sided P=0.00021) in the total population [27].
In the PI3K pathway activated patients, the
median PFS was 6.8 months in the buparlisib
group vs. 4 months in the placebo group (HR:
0.76; 95% CI, 0.60-0.97; one-sided P=0.014).
Furthermore, findings were clinically meaning-
ful for 200 patients who were confirmed carri-
ers of PIK3CA mutations as detected by ctDNA
with mPFS of 7.0 vs. 3.2 months in the buparl-
isib and placebo groups, respectively (HR: 0.58;
95% Cl, 0.41-0.82; one-sided P=0.001) [28].
Despite 70% of all buparlisib treated patients
requiring dose reduction or treatment discon-
tinuation as a result of adverse events, their
data show the PIK3CA gene to be a targetable
biomarker. In parallel with the BELLE-2 trial, the
BELLE-3 trial focused on buparlisib plus fulves-
trant in the setting of ER+ mBC resistant to hor-
monal and mTOR therapies. The authors found
a significantly longer median PFS in the buparl-
isib plus fulvestrant group (3.9 months; 95% Cl,
2.8-4.2) vs. the placebo plus fulvestrant group
(1.8 months; 95% Cl, 1.5-2.8) with a HR 0.67
(95% Cl, 0.53-0.84; one-sided P=0.00030)
[29]. Despite its efficacy, the toxicity profile pre-
vented further research using this combination
of therapy and suggested the need for isoform-
specific PI3K inhibitors with a more desirable
toxicity profile.

Despite early successes in molecular targeting
of the PIBK-AKT-mTOR pathway, others pursued
the molecular targeting of other frequently
deregulated pathways in ER+ mBC. The CCND1-
CDK4/6-RB pathway, innately vital to cell cycle
control, regulates whether a cell advances or
arrests at the G1-S phase of the cell cycle.
Furthermore, it was estimated that 35% HR+
breast cancers demonstrated amplification in
the CCND1, the gene that encodes cyclin-D1,
and 16% demonstrated amplification in the
gene encoding CDK4, suggesting the theoreti-
cal utility of their inhibitors in ER+ mBC thera-
peutics [8, 30].

This pathway derives from cell-cycle progressi-
on and the oncogenic hallmark of cancer cells.
ER+ BC (like many other cancers) has demon-
strated the importance of the G1-S checkpoint
to the oncogenic potential of cancer. At this
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checkpoint, cyclin-D (D1, D2, D3) binds with
cyclin-dependent kinases (CDK4/6) to promote
cell cycle progression via inhibition of the tumor
suppressor RB. Through CCND1 amplification
and cyclin-D1-CDK4/6 complexes, uncontrolled
cell cycle progression and tumor growth can
proceed, leaving an excellent potential for mo-
lecular targets.

Early trials of CDK4/6 inhibitors with hormonal
therapies demonstrated synergistic efficacy via
significant improvement in PFS alongside a tol-
erable safety profile [31-33]. The first of these
trials, the phase 2 PALOMA-1 trial, studied the
safety and efficacy of palbociclib plus letrozole
in postmenopausal patients with advanced,
ER+/HER2- breast cancer. The authors report-
ed a mPFS of 20.2 months (95% CI, 13.8-27.5)
for the palbociclib plus letrozole group vs. 10.2
months (95% Cl, 5.7-12.6) for the letrozole
group (HR 0.488; 95% Cl, 0.319-0.748; one-
sided P=0.0004), demonstrating significantly
improved efficacy alongside a tolerable safety
profile. Of note, the most common adverse
events were grade 3-4 neutropenia (54% in pal-
bociclib group vs. 1% in the letrozole-only group)
and leukopenia (19% of the palbociclib group
vs. 0% in the letrozole-only group) with similar
findings observed in subsequent CDK4/6 inhib-
itor trials [34]. The follow-up phase 3 PALOMA-2
trial extended their earlier findings in the
PALOMA-1 trial, showing a median PFS of 24.8
months (95% Cl, 22.1-not estimable) in the pal-
bociclib-letrozole group, as compared with 14.5
months (95% Cl, 12.9-17.1) in the placebo-
letrozole group (HR 0.58; 95% CI, 0.46-0.72;
P<0.001) [32].

The next of these trials, the phase 3 MON-
ALEESA-2 trial, studied the safety and efficacy
of ribociclib plus letrozole in postmenopausal
ER+ mBC patients previously untreated by sys-
temic therapy. The authors found a significantly
longer PFS for the ribociclib plus letrozole group
over the placebo group (HR: 0.56; 95% Cl, 0.43-
0.72; P=3.29x10° for superiority) with an 18-
month PFS rate of 63.0% (95% Cl, 54.6-70.3) in
the ribociclib group and 42.2% (95% Cl, 34.8-
49.5) in the placebo group [31]. Recently, it has
been reported by Tripathy et al. in their phase 3
MONALEESA-2 trial that ribociclib plus Al or
tamoxifen significantly improved mPFS (23.8
months) compared with placebo plus hormonal
therapy (13.0 months; HR: 0.55; 95% ClI, 0.44-
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0.69; P<0.0001) and had a manageable safety
profile in patients with premenopausal ER+/
HER2- advanced breast cancer [35]. The latest
of these initial CDK4/6 inhibitor trials, the
phase 3 MONARCH-3 trial utilized abemaciclib
or placebo with a nonsteroidal Al in postmeno-
pausal HR+/HER2- mBC. The abemaciclib arm
demonstrated a significantly longer median
PFS than the placebo arm (28.18 versus 14.76
months; HR: 0.540; 95% Cl, 0.418-0.698;
P=0.000002) and an objective response rate
(ORR) of 61.0% in the abemaciclib arm vs.
45.5% in the placebo arm (measurable dis-
ease, P=0.003) [36]. Following the success of
these trials, all three CDK4/6 inhibitors achi-
eved FDA approval with anti-estrogen therapy
in ER+/HER2- breast cancer patients. Despi-
te the CDK4/6 inhibitors’ significant improve-
ments in efficacy, resistance eventually became
an issue.

One mechanism of resistance to these CDK4/6
inhibitors is believed to occur via PIK3CA muta-
tions within the previously described PI3SK-AKT-
mTOR pathway. In their preclinical data, Vora et
al. discovered that the combination of CDK4/6
and PI3K inhibition led to tumor regressions in
PIK3CA-mutant xenografts [37]. Subsequently,
trial investigators sought to study the safety
and efficacy of alpelisib, a p110-a-specific PI3K
inhibitor, in two initial phase 1b trials of alpelis-
ib plus hormonal therapy for ER+ mBC patients
resistant to previously exposed hormonal ther-
apy. In its first trial, the alpelisib plus letrozole
combination demonstrated a clinical benefit
rate (lack of progression > 6 months) of 35%
(44% in patients with PIK3CA-mutated and
20% in PIK3CA wild-type tumors; 95% Cl, 17%-
56%) and 31% (lack of progression > 12 mon-
ths), alongside a more tolerable toxicity profile
over the pan-PI3K inhibitor buparlisib [38]. The
second of these trials studying alpelisib plus
fulvestrant provided further support of its toler-
ability in combination with hormonal therapy.
The combination demonstrated longer mPFS
for PIK3CA-altered tumors (9.1 months; 95%
Cl, 6.6-14.6 months) vs. wild-type tumors (4.7
months; 95% Cl, 1.9-5.6 months) and an ORR
in the PIK3CA-altered tumor group of 29% (95%
Cl, 17%-43%), vs. none in the wild-type tumor
group [39].

Most recently, the phase 3 SOLAR-1 trial (clini-
caltrials.gov identifier: NCT02437318) of alpe-
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lisib plus fulvestrant in postmenopausal, ad-
vanced breast cancer patients previously treat-
ed with hormonal therapy has demonstrated a
significantly longer mPFS for the combination
(11.0 months) vs. placebo plus fulvestrant (5.7
months; HR: 0.65; 95% CI, 0.50-0.85; P=
0.00065) while maintaining the tolerable safe-
ty profile [40]. Consequently, from these trials,
alpelisib has achieved FDA approval in combi-
nation with fulvestrant for postmenopausal,
ER+, HER2-, PIK3CA-mutated, advanced brea-
st cancer patients. Additionally, the recently-
published, multi-center phase 2 LORELEI trial
showed that taselisib (a B-sparing PI3K inhibi-
tor) plus letrozole achieved higher objective re-
sponse (50%) than placebo plus letrozole (39%)
with an odds ratio (OR) of 1.55 (95% Cl, 1.00-
2.38; P=0.049) for the overall study population
and an OR 2.03 (95% Cl, 1.06-3.88; P=0.033)
in the PIK3CA-mutated subset of postmeno-
pausal women with early-stage ER+/HER2- BC
in the neoadjuvant setting [41].

Another preclinical discovery, this time by
O’Brien et al., found that triple therapy with an
anti-estrogen, PI3K inhibitor (pan or a-specific),
and a CDK4/6 inhibitor showed the best syner-
gistic long-term tumor growth inhibition over
mono or dual therapy of these agents in pre-
clinical ER+ BC mouse models. Their studies
demonstrated ribociclib plus an anti-estrogen
inhibited tumor growth while the addition of a
PI3K inhibitor to the dual therapy led to robust
tumor regression [42]. These promising preclin-
ical results quickly reached the clinic based on
the result of phase I/1l study by Juric et al. with
a 4-arm analysis of letrozole, ribociclib, and
alpelisib in advanced ER+ BC. The most intrigu-
ing of these being the 2 arms studying the triple
therapy combination of the previously men-
tioned drugs (NCT01872260).

ESR1 alterations are also implicated as anoth-
er well-known source of endocrine resistan-
ce in ER+ mBC, especially after prior adjuvant
Al therapy. Through a variety of mechanisms,
including gene amplification, point-mutations,
and chromosomal rearrangements, ESR1 beco-
mes constitutively active independent of hor-
mone presence. Furthermore, these alterations
are believed to transcriptionally drive metasta-
sis in these ER+ mBC patients [43]. The most
common therapeutic approach includes fulves-
trant which has demonstrated some efficacy in
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ESR1-altered ER+ mBC patients previously ex-
posed to other endocrine therapies; however,
more potent and selective SERD’s remain nec-
essary to provide better clinical benefit in these
patients [44].

Lastly, HER2 mutations represent an interest-
ing phenomenon in ER+ mBC. Nayar et al.
observed in a small sample of 8 metastatic
ER+ BC tumor biopsies that each had HER2
mutations. However, when they analyzed biop-
sies from primary, treatment-naive ER+ BC
patients, 4 of the 5 biopsy samples did not de-
monstrate any pre-existing mutations in HER2.
This suggests a mutual exclusivity to simultane-
ous ER and HER2 mutations and the possibility
that HER2 mutations developed in resistance
to prior endocrine therapy for ER+ BC disease.
Through their in vitro studies, they confirmed
this logic by demonstrating the resistance of
HER2-mutated tumors to anti-estrogen thera-
pies [45]. At this time, multiple entities have
reported a potential for HER2-mutated BC to
respond to HER2-targeted therapies, regard-
less of HER2 overexpression/amplification. In
the ER+ BC setting, the correlation of these
somatic HER2 mutations with response to en-
docrine therapy is already recognized, and one
clinical trial combining neratinib, a pan-HER
inhibitor, with fulvestrant is currently in recruit-
ing patients (NCTO1670877).

Epilogue

The promotion of a pro-apoptotic future: BCL2
and MDM?2 inhibition

A novel approach to ER+ mBC treatment was
recently published by Lok et al., presenting an
idea to attack ER+ mBC via an apoptotic mech-
anism of BCL2 inhibition [46, 47]. Reminiscent
of the renowned Hallmarks of Cancer work by
Hanahan et al., their focus promoted apoptosis
as the means to maximally reduce the opportu-
nity for further mutations and achieve maxi-
mum clinical benefit [48]. In 2000, Perillo et al.
showed that BCL2 expression can be upregu-
lated downstream effector molecule during ER
stimulation which is significant knowing 30% of
ER+ mBC patients possess ESRI-activating
mutations [49, 50]. Since then, it has been
established that approximately 85% of primary
ER+ BC demonstrate BCL2 overexpression
[49].

The precise mechanism by which BCL2 overex-
pression occurs in the setting of ER+ BC re-
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mains to be fully elucidated. It is theoretically
possible that this overexpression is simply a
downstream response by BCL2 of the many
pro-proliferative and pro-survival signaling that
occurs from the upstream PI3K-AKT-mTOR pa-
thway activation (See Figure 2). However, there
is also the potential for this overexpression to
occur as a form of resistance after previous
anti-estrogen therapies or by some other undis-
covered mechanism(s). Nonetheless, the de-
mographic predominance of BCL2 overexpres-
sion represents another promising therapeu-
tic target in ER+ BC. Venetoclax (ABT-199/GDC-
0199), a potent and selective BCL2 inhibitor,
has shown positive apoptotic results and ac-
hieved FDA approval in the CLL, SLL and AML
settings [51-53]. However, BCL2 inhibition had
not reached ER+ BC (or other solid tumors) until
recently. Lok et al. in their recent phase 1b
study utilized venetoclax in combination with
tamoxifen, demonstrating a radiologic ORR of
54%, stable disease (SD) rate of 21% and clini-
cal benefit rate (CBR) of 75% in the cohort of
ER+/BCL2+ mBC patients without ESR1 muta-
tions and an ORR 40% and CBR 70% in those
with ESR1 mutations, all while maintaining a
very tolerable toxicity profile [46]. Furthermore,
an ongoing phase Il trial (VERONICA) of fulves-
trant with or without venetoclax for ER+ mBC
patients who have acquired resistance to
CDK4/6 inhibitors (NCT03584009) may pro-
vide more answers regarding synergistic effects
of other hormonal treatments with venetoclax
and yet another option in the arsenal of ER+
mBC therapies.

In addition to BCL2 inhibition, recently surfaced
interest in MDM2 inhibition is gaining traction
clinically. Currently, there are three trials stu-
dying a potent and selective MDM2 inhibitor,
AMG-232, in various non-breast cancer set-
tings. Two are completed (NCT02016729 and
NCT02110355) and one is in recruitment
(NCTO3041688). Preclinical evidence suggests
MDM2 as another potential apoptotic mecha-
nism for future study. Canon et al. demonstrat-
ed AMG-232 to possess cell stasis and pro-
apoptotic activity in multiple distinct TP53 wild-
types (WT) tumor cell lines [54]. Notably, how-
ever, AMG-232 appears to rely on WT TP53; it
did not affect p53 (or its downstream effectors)
activity in TP53-mutant xenografts. Acting as
an inhibitor of MDM2-p53 interaction, AMG-
232 binds to MDM2, prevents the ubiquitina-
tion of WT p53 by its negative regulator MDM2
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of alterations in an individual gene. B. Alterations in TP53, MDM2, and MDM4 in ER+ breast invasive carcinomas:
Oncoprint presents genetic alterations of TP53, MDM2 and MDM4 in ER+ breast invasive carcinomas (TCGA, 2015)
in 594 patients/samples (cBioPortal). The types of alterations are presented in the figure. We acknowledge the
cBioPortal for Cancer Genomics site (http://cbioportal.org) which provides a Web resource for exploring, visualizing,
and analyzing multi-dimensional cancer genomics data. The portal reduces molecular profiling data from cancer
tissues and cell lines into readily understandable genetic, epigenetic, gene expression and proteomic events (Gao
etal., 2013, Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal, Sci. Signal.,
2 April, Vol. 6, Issue 269, p. pl1 [DOI: 10.1126/scisignal.2004088]). We acknowledge the TCGA Research Network

for generating TCGA datasets.

and allows p53 to fulfill its important pro-apop-
totic role.

In our ER+ BC cohort (Avera Cancer Institute,
Sioux Falls, SD), we observed more than 70% of
wild type TP53 and over 10% amplification of
MDM2 and MDM4 as comparable with the
TCGA data set. Approximately 8-12% of ER+ BC
are MDM2-amplified/overexpressed and 75%
were TP53 WT within the Cancer Genome Atl-
as (TCGA) cohort, and cohorts from the Avera
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Cancer Center (See Figure 1A and 1B) [8].
Recently, Lu et al. reported preclinical evidence
of in vivo anti-tumor activity by another MDM2
inhibitor, MI-77301, in both endocrine-sensitive
and resistant tumor cell lines derived from
poor-prognosis, treatment-resistant, breastcan-
cer patients without demonstrating significa-
nt evidence of toxicity in mice [55]. Preclinical
evidence from our laboratory demonstrated a
robustly increased expression of pro-apoptotic
markers (cleaved-CASPASE3/7 and PARP-1)
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Figure 2. Important cellular signaling in ER+ BC, drugs either FDA approved
or currently under development and their mechanisms of action. Insert

shows the detailed mode of action of venetoclax.

and pro-apoptotic/cell cycle inhibitor transc-
ripts (p21 and PUMA) and decreased transcrip-
tion of pro-survival transcripts (survivin/stath-
min mRNA expression) in ER+/TP53 WT BC cell
lines with using a combination of venetoclax-
AMG-232 (unpublished data).

Consequently, we believe further study is war-
ranted regarding MDM2 inhibitors in the ER+/
TP53 WT mBC setting. We hypothesize that a
new clinical trial utilizing triple therapy of a
BCL2 inhibitor (venetoclax), an anti-estrogen
(tamoxifen/Al/fulvestrant) and an MDM2 inhibi-
tor (AMG-232/MI-77301) will show promising
results for this population. Our hypothesis reli-
es on the previously demonstrated clinical sa-
fety and efficacy of the venetoclax-tamoxifen
dual therapy alongside the theoretically syner-
gistic potential of AMG-232 or MI-77301 to
mechanistically inhibit MDM2, upregulate TP53
and promote maximal apoptotic signaling.
Furthermore, BCL2/MDM2 inhibitor combina-
tion has demonstrated efficacy in relapsed/
refractory AML patients. In a recent phase 1b
trial, 35.9% of patients treated with the combi-
nation responded according to results present-
ed at the December 2018 American Society of
Hematology Annual Meeting in San Diego, CA. A
focus on the cellular signaling pathways for the
induction of apoptosis is vital to achieve maxi-
mum clinical benefit for patients. We propose
that future trials involving triple therapies would
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