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Abstract

Estrogen dependence is major driver of ER + breast cancer, which is associated with PI3K
mutation. PI3K inhibition (P13Ki) can restore dependence on ER signaling for some hormone
therapy-resistant ER + breast cancers, but is ineffective in others. Here we show that short-term
supplementation with estrogen strongly enhanced Pik3caH1047R-induced mammary
tumorigenesis in mice that resulted exclusively in ER + tumors, demonstrating the cooperation of
the hormone and the oncogene in tumor development. Similar to human ER + breast cancers that
are endocrine-dependent or endocrine-independent at diagnosis, tumor lines from this model
retained ER expression but were sensitive or resistant to hormonal therapies. PI13Ki did not induce
cell death but did cause upregulation of the pro-apoptotic gene BIM. BH3 mimetics or PI13Ki were
unable to restore hormone sensitivity in several resistant mouse and human tumor lines.
Importantly however, combination of PI13Ki and BH3 mimetics had a profound, BIM-dependent
cytotoxic effect in PIK3CA-mutant cancer cells while sparing normal cells. We propose that
addition of BH3 mimetics offers a therapeutic strategy to markedly improve the cytotoxic activity
of PI3Ki in hormonal therapy-resistant and ER-independent PIK3CA-mutant breast cancer.

Introduction

Luminal (HER2 negative) breast cancers that are characterized by expression of estrogen
receptor a. (ER) account for 65-70% of breast cancers and are usually dependent on
estrogen for their growth. Several antiestrogen therapeutic options are currently available to
treat women with this disease including aromatase inhibitors (Als), which inhibit the
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synthesis of estrogen, selective ER modulators such as tamoxifen, and selective ER
degraders like fulvestrant. These agents have revolutionized the treatment of breast cancer
patients by reducing the relative risk of recurrence by approximately 40% in early-stage
disease [1] and improving the outcome in those with advanced disease [2]. Despite this
efficacy, prognosis remains poor for many patients due to intrinsic or acquired resistance to
endocrine therapy. Ligand-independent activation of ER signaling through mutations in
ESR1, the gene encoding the ER, or activation of growth factor receptor pathways can drive
resistance to endocrine therapy in some cases [3-5]. However, loss of ER expression, though
uncommon, can also induce resistance to endocrine therapy and conversion to an endocrine-
insensitive phenotype [6].

In search of combinatorial partners to battle resistance to hormonal therapy, the PI3K
pathway represents an attractive target as it is frequently activated in breast cancer including
the ER-positive (ER*) and ER*-endocrine therapy-resistant subgroups [7, 8]. In particular,
hot-spot mutations in PIK3CA, the gene encoding the catalytic subunit of PI3Ka, constitute
one of the major routes of activation of the PI3K signal and have been shown to correlate
with ER* status [9]. Interestingly, numerous preclinical studies have identified the PI3K
pathway as a point of sensitivity in long-term estrogen-deprived ER* cells [10-12].
Targeting PI3K in ER* cells has also been shown to enhance ER transcriptional activity and
in some instances restore sensitivity to endocrine therapy [13-16].

In light of these findings, results from two randomized trials, TAMRAD [17] and
BOLERO-2 [18], have shown that addition of everolimus (a small molecule inhibitor of
TORC1, a downstream effector of PBK/AKT) to anti-estrogen therapy improved
progression-free survival in women with advanced breast cancer, leading to the approval of
this treatment by the Food and Drug Administration (FDA). Although results from trials
with endocrine therapy in combination with inhibitors targeting all PI3K isoforms (pan-
P13K) have been discouraging due to toxicity and limited efficacy [19-21], results using
inhibitors that show a greater selectivity against PIK3CA-mutant isoforms such as alpelisib
(BYL719), a PI3Ka-selective inhibitor [22-24], and taselisib (GDC-0032), a PBKp-sparing
inhibitor [25-27], are highly anticipated in the field. Nevertheless, preclinical studies and
results from early phase clinical trials suggest that not all patients, even those with PIK3CA-
mutant cancers, will benefit equally from PI13K-targeted therapies and alternative rational
combination strategies remain underexplored.

In this study, we use a Pik3ca1%47R knockin mouse and exogenous administration of
estrogen to model ER +/PIK3CA-mutant breast cancer and explore treatment options for
hormone therapy-resistant tumors. This approach had led to the identification of BIM
induction after treatment with BYL719 as an indicator of the therapeutic benefit of BH3
mimetics, which can enhance the cytotoxic activity of PI3K inhibition in PIK3CA-mutant
breast cancers irrespective of their ER status.
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Estrogen supplementation enhances Pik3caH1947R.induced mammary tumorigenesis in

mice

To examine the oncogenic effects of deregulated ER activity on mammary tumorigenesis
driven by the H1047R hot-spot Pik3ca mutation in vivo, we first crossed mice carrying a
dormant H1047R Pik3ca mutation [28] with WapC" drivers [29] to generate a cohort of
experimental Pik3ca’2047R/\apCre (Pik3ca1947R) female mice. In these mice, activation of
the mutant p110a is dependent on expression of a Cre-recombinase that has been inserted
by knockin to the Wap gene (encoding the milk whey acidic protein) and is restricted to
alveolar and ductal mammary epithelial cells during late pregnancy and throughout lactation.
Pik3ca"1047R females were then mated to induce Cre expression, and 17p-estradiol (E2) 90-
day release pellets were implanted 2—-3 weeks postpartum in a subset of the Pik3cal1047R
animals (Pik3ca1947R + E2). Females carrying only the Wap©® transgene served as
controls. Mice underwent multiple pregnancies and were monitored for mammary tumor
formation by palpation once a week until they became 1.5 years old.

Al of the control WapCre-only mice remained tumor-free, whereas mammary tumors
developed in Pik3ca1947R + E2 mice around a year post first parturition ( 75y =353) and at
complete penetrance (9/9 animals) (Fig. 1a). Tumors in these animals frequently involved
more than one mammary gland and would often grow to 100-200 mm?3 within one month
after initial detection by palpation (Supplementary Figure 1A). On the contrary, mammary
tumor development in Pik3ca’"2047R animals without exogenous estrogen manifested after a
longer latency ( 75o = 471 days after the first parturition) and with a lower incidence (13/19
animals). These mammary tumors were small, not exceeding 32 mm3 in volume, and
solitary in all but five animals (Supplementary Figure 1A).

In Pik3ca1047R + E2 animals, 56% of the invasive mammary carcinomas involved a
glandular component intermixed with squamous cells (adenosquamous carcinomas) and
42% of the tumors were identified as adenocarcinomas with no other histology
(Supplementary Figure 1B and C). In Pik3ca 2947 animals without exogenous estrogen, the
majority of the tumors (76%) were squamous cell carcinomas (SCC) with coherent, large
polygonal cells infiltrating the adjacent stroma in small irregular nests and a glandular
component was identified in only 18% of these (Supplementary Figure 1B and C).
Keratinization was commonly noted in SCC, which was also seen growing along preformed
breast ducts adjacent to the invasive carcinoma consistent with an in-situ component. A
single case of a carcinosacroma was observed in each cohort.

Of note, all of the tumors in Pik3ca 1947k +E2 animals were strongly positive for ER by
IHC, whereas in animals without E2 pellets both the squamous and glandular components
were predominantly negative for ER, although occasional cells displayed weak labeling (Fig.
1b, ¢ and Supplementary Figure 1C and Supplementary Table 1). Regardless of estrogen
supplementation, as expected, squamous cells were consistently positive for basal cyto-
keratins 5 and 14 and negative for the luminal cytokeratin 18, and cells forming the
glandular component were predominantly negative for cytokeratin 5 and positive for
cytokeratins 14 and 18 (Supplementary Figure 1C and Supplementary Table 1). Collectively,
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these data suggest that estrogen can cooperate with the H1047R Pik3ca mutation in
mammary tumorigenesis and drive the formation of exclusively ER* tumors that show an
enriched glandular differentiation.

Generation of ER*/Pik3caH1%4’R mouse cancer cell lines

Implantation of E2 pellets into lactating Pik3ca’"2044R female mice had a dramatic impact on
the ER status of the mammary tumors, even though tumors in these animals are identified
several months after the releasing action of the pellets has ceased. To better characterize
these tumors and test their response to hormonal therapies we generated three cell lines from
different tumor-bearing mice. These cell lines, namely FR-1, FR-2, and FS-1, consisted of
both basal and luminal epithelial cells and expressed the oncogenic H1047R Pik3ca
mutation (Fig. 2a, b and Supplementary Figure 2A).

To determine whether these cell lines are dependent on estrogen for growth we grew them in
steroid-free medium for several days and then treated with E2 and monitored cell growth
using a live cell imaging system. MCF7 and T47D ER* human breast cancer cells served as
positive controls. Notably, FR-1 and FR-2 cells grew equally well with or without E2,
suggesting that they are not dependent on estrogen for their growth (Supplementary Figure
2B), whereas FS-1 cells did not grow in steroid-free medium. FR-1 cells were also able to
form tumors in wild-type C57BL/6J mice without the need to implant E2 pellets
(Supplementary Figure 2C). As expected, MCF7 and T47D cells were growth inhibited in
the absence of steroids and were highly responsive to stimulation with E2 (Supplementary
Figure 2B).

We also examined the response of these mouse cell lines to different hormonal therapies
using ER* (MCF7 and T47D) and ER-(MDA-MB-468) cells as positive and negative
controls, respectively. FR-1, FR-2 and MDA-MB-468 cells were resistant to treatment with
4-OH tamoxifen as well as the ER antagonist fulvestrant despite downregulation of ER (Fig.
2¢), whereas FS-1, MCF7, and T47D cells were highly sensitive to both treatments (Fig. 2d
and Supplementary Figure 3). Therefore, similar to human ER* primary breast cancers, this
ER*;Pik3ca-mutant mouse model develops tumors that can be either sensitive to hormonal
therapies or intrinsically resistant.

PI3Ka inhibition fails to resensitize ER™ cells to fulvestrant and trigger apoptosis despite
induction of BIM

PI3K inhibition has been previously shown to increase ER transcriptional activity and
dependence, resulting in resistance to PI3K inhibition as a single agent in some hormone-
receptor-positive breast cancers [11]. Indeed, treatment with the highly selective PI3Ka
inhibitor alpelisib (BYL719) resulted in an increase of both mRNA and protein levels of ER
in FR-1 but not in FR-2 and FS-1 cells (Fig. 3a and Supplementary Figure 4A). However,
addition of fulves-trant provided no benefit to treatment with BYL719, suggesting that this
combination may not be effective in certain ER* breast cancers that no longer rely on
estrogen for their growth (Fig. 3b and Supplementary Figure 4B).

The PI3K pathway is a critical mediator of cell survival that inhibits apoptosis signals, and
inhibition of the PI3K signal should create a signaling state that is permissive for apoptotic
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signaling. Although treatment with BYL719 modestly inhibited cell growth, it uniformly
failed to induce cell death in all three mouse cell line models even in the presence of
fulvestrant (Fig. 3c and Supplementary Figure 4C). Given the critical role of the BCL-2
family of pro- and anti-apoptotic proteins in regulating cell survival, we sought to examine
the effects of PI3Ka inhibition on some of these genes. Unexpectedly, a significant increase
of the pro-apoptotic BCL-2 family member B/m mRNA was the only consistent change in
response to treatment with BYL719 (Fig. 3d and Supplementary Figure 4D), and Bim
protein levels were also increased in a dose and time-dependent manner in FR-1 cells (Fig.
3e, f). Interestingly, Bim upre-gulation was also documented in DMSO-treated samples
overtime, most likely as a result of gradual growth factor and nutrient deprivation, which is
known to induce expression of Bim [30]. Nevertheless, Bim induction in BYL719-treated
cells was markedly higher that what was observed in DMSO-only cells (Fig. 3f).

To further establish the relevance of our findings with the human disease, MCF7 and T47D
cells underwent long-term treatment with fulvestrant and resistant clones were generated
that had either lost expression of ER (MCF7-FR) or ER was no longer degraded by
fulvestrant (T47D-FR). Similarly to what we observed in the mouse cell line models, PI3Ka
inhibition provided little benefit to treatment with fulvestrant and failed to induce cell death
despite upregulation of the mediator of cell death BIM in both MCF7-FR and T47D-FR
cells (Supplementary Figure 5). Taken together, these results indicate that PI3Ka. inhibition
does not restore sensitivity to fulvestrant in certain ER* cells that have developed resistance
to this ER antagonist, and also fails to induce apoptosis despite the upregulation of the
mediator of cell death BIM.

BH3 mimetics enhance the efficacy of PI3Ka. inhibition

Induction of apoptosis is critical for tumor regression in vivo and a diminished apoptotic
response could limit the efficacy of PI3Ka targeted therapies. Given that BIM can be bound
and presumably neutralized by anti-apoptotic BCL-2 family members, we hypothesized that
the use of BH3 mimetics, a class of drugs that bind to and inhibit these proteins, might
release BIM from its inhibitory partners and allow it to mediate apoptosis. To test this we
used navitoclax (ABT263), a BH3 mimetic that directly binds to BCL-XL, BCL-2, and
BCL-W and prevents them from binding to and inhibiting BIM. Mouse and human cells
were treated with fulvestrant, BYL719, ABT263, and their combinations and the effects on
cell growth and death were measured. Interestingly, cells did not respond to ABT263 alone,
but the BH3 mimetic was highly effective at inhibiting cell growth and inducing cell death
when added to the fulvestrant/BYL719 dual therapy (Fig. 4a—c and Supplementary Figures
5A-C and 6). Notably addition of fulvestrant did not enhance BYL719/ABT263-induced
cell death (Fig. 4b and Supplementary Figures 5C and 6C), suggesting that treatment with
fulvestrant may be dispensable in ER* tumors that do not rely on estrogen for their growth.

We then asked which anti-apoptotic members of the BCL-2 family can mediate the
antitumor effects of ABT263. To this end, we compared the cell growth inhibitory action of
BH3 mimetics that are selective against BCL-2, BCL-XL, or MCL-1 (venetoclax/ABT199,
A1155463 and A1210477, respectively) with that of ABT263 in cells that were treated with
fulvestrant/BYL719. Inhibition of any individual anti-apoptotic member of the BCL-2
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family was able to either partially (FR-1) or fully (MCF7-FR and T47D-FR) recapitulate the
growth inhibitory effect of ABT263 (Fig. 4d and Supplementary Figure 7), suggesting that
multiple anti-apoptotic BCL-2 family members are involved in the evasion of cell death after
treatment with BYL719.

Of note BIM, unlike more selective BH3-only proteins (such as BAD and NOXA), can bind
with high affinity to all anti-apoptotic BCL-2 family members [31], which could explain
why BH3 mimetics with different selectivity are all effective to some extent in combination
with PI3Ka inhibition. To test the hypothesis that Bim induction is important in mediating
the effects of ABT263, Bim was stably knocked down using shRNA (Fig. 4e), and the
effects of BYL719 and ABT263 on growth were examined in FR-1 cells. As expected,
treatment with ABT263 was unable to increase the efficacy of BYL719 in FR-1 cells
transduced with a hairpin to Bim, but persisted similarly to parental cells in control
knockdown cells (Fig. 4f).

BH3 mimetics and PI3Ka inhibition are efficacious irrespective of ER status

The enhanced efficacy of PI3Ka inhibition and BH3 mimetics in cells that are resistant to
hormonal therapy suggested that this combination might also be beneficial in tumors that
harbor mutations in the PI3K pathway irrespective of their hormonal status. To address this
possibility we extended our study in a panel of PIK3CA-mutant, ER* (MCF7, T47D,
BT474) or ER™ (HCC202, MDA-MB-453, and SUM159) human breast cancer cell lines and
assessed the effects of ABT263 and BYL719 both alone and in combination. Treatment with
BYL719 failed to induce apoptosis beyond control levels in most cell lines, even though it
consistently resulted in upregulation of B/AM mRNA. However, the addition of ABT263 was
able to significantly increase the cytotoxic and growth inhibitory effects of BYL719, albeit
to different extents (Fig. 5a—c). Several anti-apoptotic BCL-2 family members were induced
after treatment with BYL719 in all cell lines (Supplementary Figure 8), suggesting that a
more complex regulation of the BCL-2 family that alters the balance of anti- and pro-
apoptotic members might be responsible for the enhanced efficacy of the combination
treatment.

We next asked whether the BYL719/ABT263 combination would also be efficacious in
cancers with wild-type PIK3CA. Similarly to PIK3CA-mutant cells, treatment with BYL719
failed to induce cell death in three PIK3CA wild-type breast cancer cells but in this case it
was not accompanied by upregulation of B/M (Fig. 5a, b). Concordantly, addition of
ABT263 did not significantly increase the cytotoxic and growth inhibitory activity of
BYL719 in these cells (Fig. 5a, ¢), suggesting that this combination might not be suitable for
patients with wild-type PIK3CA tumors.

To further assess the clinical relevance of our findings, we tested the effects of BYL719,
ABT263, and their combination on early passage tumor-derived cultures from three ER*/
HER2™ breast cancer patients who had not received any prior treatment, two of which
(patients 2 and 3) had hotspot mutations in exon 9 of PIK3CA by RNA-seq. We confirmed
the epithelial nature of the cells with immune-fluorescence (IF) for cytokeratins and
activation of the PI3K pathway (Supplementary Figure 9A and B). In agreement with our
previous results, treatment with BYL719 or ABT263 alone failed to induce cell death
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beyond background levels (DMSO-treated cells) despite induction of BIM as a result of
treatment with BYL-719 (Fig. 5d, e). However, combined treatment was superior at tumor
cell killing, and this was accompanied by enhanced inhibition of cell growth, albeit to
different degrees (Fig. 5e,f). Interestingly, induction of BIM protein and mRNA levels after
treatment with BYL719 was highest in tumor-derived cultures with the highest baseline
activation of the PI3K pathway as measured by phosphorylation of AKT (Supplementary
Figure 9B), suggesting that BIM is directly regulated by PI3K activity. Moreover, these cells
did not show any nuclear staining for ER by IF (Supplementary Figure 9A), which could be
due to either the low percentage of ER™ cells in these tumor biopsies (8—12%) or the loss of
expression upon in vitro culturing. As a result, treatment with fulvestrant did not further
improve the effects of the BYL719/ABT263 combination treatment (Supplementary Figure
9C).

Any drug combination that induces a strong cytotoxic effect in cancer cells will not be
clinically effective if it has the same effects in nonmalignant cells. To address this
possibility, we compared the responses of tumor-derived and normal cells from the same
patients to the different drug combinations as measured by the inclusion of DRAQ7, a
fluorescent dye that stains dead cells. Importantly, BYL719/ABT263 treatment with or
without fulvestrant was more effective at killing tumor cells compared to breast epithelial
cells derived from the same patient (Supplementary Figure 9D), suggesting that this drug
combination could have tolerable toxicities in cancer patients.

ABT263 enhances the antitumor activity of BYL719 in vivo

We next assessed the toxicity and efficacy of the combined BYL719/ABT263 treatment in
vivo. In the FR-1 allograft model, BYL719 (50 mg/kg/d) or ABT263 (60 mg/kg/d) alone
showed modest effects on cell growth, whereas the combination almost completely blocked
growth of these tumors (Fig. 6a). Pharmacodynamic studies confirmed that BYL719 blocked
activation of the PI3K pathway as measured by AKT phosphorylation. Moreover, cleaved
caspase-3, a marker of apoptosis, was markedly increased following combination treatment,
consistent with our in vitro studies (Fig. 6b). No overt toxicities were observed in the tumor-
bearing mice treated with the combination for 12 days (Supplementary Figure 10A). Similar
results were obtained with the MCF7-FR xenograft model treated with the same doses for 21
days (Supplementary Figures 10B-D). Collectively, our in vitro and in vivo data support a
model where inhibition of PI3Ka can result in the induction of the pro-apoptotic BCL-2
family member BIM in PIK3CA- mutant tumors. However, this fails to induce apoptosis as
BIM induction may be neutralized by the available pool of its anti-apoptotic binding
partners. Importantly, this can be reverted by the addition of a BH3 mimetic, which then
allows BIM to exert its pro-apoptotic function (Fig. 6¢).

Discussion

Immortalized ER* human breast cancer cell lines have been the tool of choice for studying
the biology of this particular subtype as most tumors arising in genetically engineered mouse
models are ER-negative [32]. PIK3CA is by far the most frequently mutated gene in human
luminal ER* breast cancers and several Pik3ca-mutant mouse models have been developed.
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These models develop mammary tumors with mixed histology that do not resemble human
luminal cancers, are variably positive for ER expression, and occur after a long latency and
usually at incomplete penetrance [33-36]. This is in agreement with the spectrum of tumors
and the pattern of ER expression that we have observed in our Pik3ca’"2047R knockin mouse
model. Here on the other hand, we show that estrogen supplementation using slow-release
17p-estradiol pellets reduced tumor latency, increased penetrance, and resulted in
exclusively ER* mammary tumors. Since tumors in our model arise long after the releasing
action of the pellets has ceased, we hypothesize that supraphysiological levels of estrogen
favor the initial steps of tumorigenesis in ER* cells, which are then transformed and give rise
to ER + tumors before estrogen levels return to normal.

Several studies have indicated that inhibition of the PI3K pathway can increase the efficacy
of antiestrogen therapy in ER™ cells by enhancing ER function and dependence [15]. We too
have observed an induction of ER in FR-1 cells after treatment with BYL719, although it did
not render the cells responsive to fulvestrant. Mouse FR-2 and human MCF7-FR and T47D-
FR cells that developed acquired resistance after long-term treated with fulvestrant were also
minimally affected by the combined treatment. Interestingly, short- and long-term estrogen-
deprived cells that retained ER expression but not those that lost it were sensitized to
fulvestrant treatment after PI3K inhibition [14], indicating that PI3K inhibition may not be
able to restore sensitivity to antiestrogen therapy when tumor growth is no longer dependent
on estrogen.

Circumventing cell death is critical for tumor establishment and may underpin resistance to
anticancer therapies [37]. Several studies have shown that inhibition of cell growth and
induction of cell death are not always coupled when inhibiting the PI3K pathway [14]. This
is in agreement with our observations in BY L719-treated P/K3CA- mutant human and
mouse cells. The Bcl-2 family of proteins controls the mitochondrial pathway of apoptosis
[38] and the PI13K pathway is a critical regulator of several Bcl-2 family members.
Importantly, upregulation of Bcl-2 anti-apoptotic members [39] or downregulation of Bcl-2
pro-apoptotic members [40] have been previously suggested to drive resistance to kinase
targeted therapies. Here we show that PI3Ka inhibition induces the pro-apoptotic Bcl-2
family member Bim, possibly by relieving the Akt mediated inhibition of FoxO3a, a well
validated regulator of Bim expression in multiple cell systems [41, 42], but surprisingly fails
to trigger apoptosis. We propose that this is due to the available pool of anti-apoptotic Bcl-2
family members and/or the induction of some of these proteins in a context-dependent
manner, which can bind to and neutralize Bim. Interestingly, it has been previously shown
that PI13K inhibition in certain PIK3CA and HER2 mutant breast cancer cells led in an ERK-
dependent upregulation of BIM through P-REX1, which resulted in apoptosis in a fraction
of the total population of these cells [43]. We too have observed a mild induction of
apoptosis in response to treatment with BYL719 in some PIK3CA-mutant cells. However,
addition of ABT263 was clearly effective at augmenting the apoptotic effects of BYL719 in
all the PIK3CA-mutant cell lines that we tested (Fig. 5a).

Our knockdown experiments and the comparable efficacy of several BH3 mimetics against
different Bcl-2 anti-apoptotic members suggest that Bim induction is critical for the activity
of these compounds. Indeed, Bim can bind with high affinity to all anti-apoptotic BCL-2
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family members [31, 44] and blockade of any of these proteins could relieve some portion of
Bim inhibition. Of note, in a panel of over 500 human cancer cell lines high expression of
Bim can predict sensitivity to ABT263 [45], which is in line with our observation that Bim
induction correlated with increased efficacy of BH3 mimetics. Given the promising clinical
activity of small molecule inhibitors targeting anti-apoptotic BCL-2 family members [46—
49] and the fact that they were well tolerated these inhibitors could be suitable combinatorial
partners with PI3K inhibition. In line with this, in the 315T PDX model, where AKT was
found to be activated, triple therapy with ABT-737, a PI3K/mTOR inhibitor (PKI-587) and
tamoxifen further augmented tumor response in vivo, when compared to ABT-737 and
tamoxifen [50]. Moreover, our data show that combination of BYL719 and ABT263 was
more effective at killing tumor cells than normal cells, and animals treated with these
compounds showed no evidence of toxicity, suggesting that the toxicity profile may be
manageable in people. Further studies are needed to assess their efficacy, as well as whether
there will be a therapeutic window for such combinations in the clinic.

Materials and methods

Histological analysis and immunohistochemistry

Mouse mammary glands and tumors were fixed overnight in 10% buffered formalin and then
dehydrated and embedded in paraffin. Paraffin blocks were sectioned at 5 um and stained
with hematoxylin and eosin. Immunophenotyping was performed with primary antibodies
against CK5 (Covance, #AF 138), CK14 (Covance, #PRB-155P), CK18 (Abcam, #ab668)
and ERa (Santa Cruz Biotechnology, sc-542). ERa and CK immunostaining was scored as
follows: 0, no staining; 1 +, weak staining; 2+, focally strong (<15% of cells); 3+, strong in
>15% of cells.

Immunofluorescence

Cells growing in 48-well plates were fixed for 15 min in cold 4% PFA in PBS. Cells were
then washed twice (5 min) with cold PBS and incubated with blocking solution (5% horse
serum and 1% Triton-X in PBS) for 1 h. Cells were then incubated O/N at 4 °C with the
following primary antibodies prepared in blocking solution (CK5 1:50, CK14 1:300, CK18
1:300 and ERa 1:100 from Santa Cruz Bio-technology sc-543). The next day cells were
washed twice (5 min) with cold PBS and then incubated with the following secondary
antibodies prepared in blocking solution (Alexa Fluor 488 goat anti-rabbit from
ThermoFisher Scientific #A-11034 at 1:1000 and Alexa Fluor 568 goat anti-mouse from
ThermoFisher Scientific #A-11031 at 1:1000). Cells were then washed twice (5 min) with
cold PBS and incubated with DAPI 1:10,000 in PBS for 10 min in the dark. Cells were then
washed twice (5 min) with cold PBS and stored at 4 °C in the dark.

Proliferation and apoptosis assays
Experiments were carried out in 96-well plates in triplicates. A total of 1-3 x 102 cells per
well were grown in the presence of 1 uM of BYL719 (Stand Up To Cancer) and ABT263
(Selleckchem), or 0.1 uM of fulvestrant (Selleckchem), ABT199 (Selleckchem), A1155463
(MedChem Express) and A1210477 (Selleckchem). Cells were then monitored for 3-4 days
using the IncuCyte live cell imaging system (Essen BioScience, Ann Arbor, MI, USA),
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which was placed in a cell culture incubator operated at 37 °C and 5% CO2. Cell confluence
was determined using calculations derived from phase-contrast images. For measurement of
cell death DRAQ?7 (Cell Signaling # 7406) at 1.5 pM was included in the medium and
apoptotic red counts were measured in IncuCyteTM FLR automated incubator microscope.

RNA interference

Statistics

For Bim knockdown experiments MISSION® Lentiviral Transduction Particles against
Bcel2l 11 (Clone ID: TRCN0000009692) and non-target control particles were purchased
from Sigma-Aldrich and used according to the manufacturer’s instructions. Briefly, ~10°
cells were transduced with the viral particles at a MOI = 20 along with a final concentration
of 8 pg/mL polybrene. Cells were selected with puromycin at 1 pg/mL for 7 days and then
used immediately for signaling and cell growth analysis. For ERa. knockdown experiments
siRNA for the mouse £SR1 was purchased from Qiagen. Cells were transfected using
Lipofectamine (Invitrogen 11668—019) and knockdown was confirmed at 48 h. Scrambled
SiRNA was used as a control.

Student #tests were used to test means between groups. Two-way ANOVA was used to test
different treatment groups and Bonferroni’s test to correct for multiple comparisons. Kaplan-
Meier cumulative tumor-free survival curves were plotted and compared pairwise by the
Mantel-Cox Log-rank test using GraphPad Prism 6 software. Mouse treatment studies were
designed to use the minimum number of mice required to obtain informative results
(meaning quantitative data amenable to statistical analysis) and sufficient material for
subsequent studies. No specific statistical tests were used to predetermine the sample size;
our previous experience with subcutaneous tumor models and pilot experiments provided
guidance about the adequate number of mice that would provide significant results.
Typically, we employed experimental cohorts of at least seven mice. No mice were excluded
from the studies.

In vivo treatment study

Approximately 8-week-old female C57BL/6J mice were injected subcutaneously with 1 x
108 FR-1 cells in the right flank and 8-week-old female athymic nude mice, implanted with
time release pellets (0.72 mg 17p-estradiol/60 days; Innovative Research of America), were
injected with 3 x 108 MCF7-FR cells in the right flank. Females bearing tumor grafts were
randomized in groups of 7-8 mice per group when tumor volumes reached ~100 mms3.
Animals were treated daily with BYL719 at 20 mg/kg (dissolved in 0.5% CMV) and/or
ABT263 at 60 mg/kg (dissolved in Ethanol:PEG 400:Phosal 50 G at 10:30:60, respectively)
by oral gavage. Tumor size was measured using calipers and tumor volume was calculated
as follows: (long measurement x short measurement?) x 0.5. Tumor sizes were recorded
every three days over the course of the studies. Animal body weights were measured before
and after the end of the treatment. Pharmacodynamic studies were performed on tumors
after three days of treatment. Experiments involving mice were performed according to
Mount Sinai School of Medicine Institutional Animal Care and Use Committee-approved
protocols.
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Fig. 1.

Estrogen supplementation enhances the emergence of ER* mouse mammary tumors driven
by Pik3cal1947R g Kaplan-Meier plots of tumor occurrence detected by palpation in control
Wap©™ (n =12) mice and in two cohorts of Pik3ca’2047R female mice, with (H1047R + E2;
n =9) or without (H1047R, n =19) the presence of estrogen-releasing pellets. P value was
calculated using the Mantel-Cox Log-rank test. b Representative sections showing H&E
staining and CK5, CK14, CK18, and ERa immunostaining in an estrogen-treated
adenocarcinoma that was used to derive the FR-1 tumor cell line. Scale bars, 50 um. c ER
immunostaining score of mammary tumors in the H1047R and H1047R + E2 cohorts. Each
dot represents a different tumor. P value was calculated using a two-tailed Student’s #test
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Fig. 2.

Mouse ER*/Pik3ca1047R cells vary in their response to hormonal therapies. a Phase-
contrast images and immunofluorescence for CKs 5, 14, and 18 in mouse cells. b mRNA
was isolated from FR-1 cells and primers flanking the H1047R Pik3ca mutation hotspot
were used to PCR amplify and sequence the region of interest. ¢ Western blot analysis in
FR-1 cells treated with fulvestrant for the indicated time points. d Effects of fulvestrant on
cell growth. Results are shown as percent confluence and represent the average + SD of
three technical replicates. *P< 0.001, **P<0.0001. P value was calculated using two-way
ANOVA
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P13Ka inhibition fails to induce cell death despite Bim upregulation in FR-1 cells. a Cells
were treated with 1 uM BYL719 for the indicated time points and protein levels were
analyzed through western blot. b Cells were treated with the indicated concentrations of
BYL719 plus either DMSO or 100 nM of fulvestrant and growth was measured after 2 days
of treatment. Results represent the average of three replicates. c Cells were treated with
either DMSO or 1 pM BYL719 in the presence of 1.5 yM DRAQ?7 for the indicated time
points. Apoptotic red counts were calculated using the IncuCyte FLR object counting. Data
were normalized to confluence and represent the average + SD of three technical replicates.
d Quantitative RT-PCR for the indicated genes was performed using mRNA from cells that
were treated with either DMSO or 1 uM BYL719 for 6h. Results were normalized to actin
and error bars indicate + SD of three technical replicates. Two-tailed Student’s test was
performed to compare DMSO versus BYL719. */£<0.05, **P<0.001. e Cells were treated
with the indicated concentrations of BYL719 for 24 h and protein levels were analyzed
through immunoblot. f Cells were treated with either DMSO or 1 uM BYL719 for the
indicated time points and protein levels were analyzed through immunoblot
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Fig. 4.
Combination of BH3 mimetics and PI3Ka inhibition induces cell death. a FR-1 cells were

treated with DMSO, 1 uM BYL719, 1 uM ABT263, 100 nM fulvestrant or their
combinations for the indicated time points and cell growth was calculated using calculations
derived from phase-contrast images. Results represent the average = SD of three technical
replicates. *~<0.0001. P value was calculated using two-way ANOVA. b FR-1 cells were
treated as before and apoptotic red counts were calculated after 2 days of treatment. Results
represent the average +SD of three technical replicates. **£<0.001. Pvalue was calculated
using an unpaired two-tailed Student’s #test. c FR-1 cells were treated as before for 24 h and
protein levels were analyzed through immunoblot. d FR-1 cells were treated with 1 pM
BYL719 and 100 nM fulvestrant plus 1 uM ABT263 or 0.1 uM ABT199, A1155463, or
A1210477 for the indicated time points and cell growth was calculated as before. Results
represent the average + SD of three technical replicates. *~<0.0001. P value was calculated
using two-way ANOVA. e FR-1 cells were transduced with either a scrambled or an anti-
Bim shRNA and indicated protein levels were analyzed through immunoblot 24 h after
treatment with either 1 uM BYL719 or DMSO. f Growth inhibition data were derived from
calculations of confluence based on phase-contrast images of FR-1 cells transduced with
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either a scrambled or an anti-B/m shRNA and treated with either 1 uM BYL719 or DMSO
after 3 days of treatment. Results represent the average + SD of three technical replicates
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Fig. 5.

ABT263 enhances the efficacy of PI3Ka inhibition in PIK3CA-mutant cells. a Human
breast cancer cells were treated with DMSO, 1 uM BYL719, 1 uM ABT263 or their
combination. Apoptotic red counts were calculated after 2 days of treatment. Results
represent the average + SD of three technical replicates. *£ < 0.05, **£<0.001. Adjusted P
value was calculated using two-way ANOVA and Bonferroni’s test for multiple
comparisons. b Expression of indicated genes in cells treated for 6 h with 1 uM BYL719 or
DMSO. Results were normalized to actin and error bars indicate + SD of three technical
replicates. *P < 0.05. Pvalue was calculated using a two-tailed Student’s ztest. c Cells were
treated as above and cell growth is presented as percent confluence. Results represent the
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average of three technical replicates. Fold growth <1 represents reduction of cell confluence
at the end of the experiment. d-f Same as a-c using early passage tumor-derived breast
epithelial cells from three different patients. *~<0.05, **P<0.001. Adjusted P value was
calculated using two-way ANOVA and Bonferroni’s test for multiple comparisons. n. s non-
significant
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Fig. 6.

AIgT263 enhances the efficacy of BYL719 in vivo. a Tumor growth data from FR-1
allografts treated with the indicated compounds or vehicle control for 12 days. Number of
mice per arm (1) is shown in parentheses. b FR-1 allografts were treated for 3 days with the
indicated compound, at which point tumors were harvested and snap frozen. Levels of
indicated proteins were assessed through western blot for two different animals per
treatment group. ¢ Schematic representation of cell death induction model with the
combined use of PI3Ka inhibition and BH3 mimetics
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