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Purpose: Previous studies have shown that the PI3K/Akt/mTOR-pathway is activated in up to
70% of breast cancer brain metastases, but there are no approved agents for affected patients.
GDC-0084 is a brain penetrant, dual PI3K/mTOR-inhibitor that has shown promising activity in a
preclinical model of glioblastoma. The aim of this study was to analyze the efficacy of PI3K/
mMTOR blockade in breast cancer brain metastases models.

Experimental methods: The efficacy of GDC-0084 was evaluated in P/IK3CA-mutant and
PIK3CA-wildtype breast cancer cell lines and the isogenic pairs of PIK3CA-wildtype and -mutant
(H1047R/+) MCF10A cells in vitro. In vitro studies included cell viability and apoptosis assays,
cell cycle analysis and Western blots. In vivo, the effect of GDC-0084 was investigated in breast
cancer brain metastasis xenograft mouse models and assessed by bioluminescent imaging and
immunohistochemistry.

Results: In vitro, GDC-0084 considerably decreased cell viability, induced apoptosis and
inhibited phosphorylation of Akt and p70 S6 kinase in a dose-dependent manner in PIK3CA-
mutant breast cancer brain metastatic cell lines. In contrast, GDC-0084 led only to growth
inhibition in PIK3CA-wildtype cell lines in vitro. In vivo, treatment with GDC-0084 markedly
inhibited the growth of PIK3CA-mutant, with accompanying signaling changes, and not P/IK3CA-
wildtype brain tumors.

Conclusion: The results of this study suggest that the brain-penetrant PI3K/mTOR-targeting
GDC-0084 is a promising treatment option for breast cancer brain metastases with dysregulated
PI3K/mTOR signaling pathway conferred by activating P/IK3CA mutations. A national clinical
trial is planned to further investigate the role of this compound in patients with brain metastases.

Keywords
brain metastases; breast cancer; PI3K-inhibition; GDC-0084

Introduction

Brain metastases are the most common intracranial neoplasm in adult cancer patients and are
associated with significant morbidity and mortality (1, 2). Advances in systemic therapies
and neuroimaging modalities, earlier tumor detection, and longer survival of cancer patients
have contributed to an increased incidence of brain metastases (2, 3). Despite the use of
multidisciplinary treatment approaches including surgery, stereotactic radiosurgery (SRS)
and/or whole-brain radiation therapy (WBRT), the median survival of affected patients still
remains poor, ranging from 4-18 months (4, 5). As breast cancer accounts for the most
common malignancy in women worldwide (6) and the second most frequent primary tumor
causing brain metastases (7), the management of affected patients is a growing challenge.

Recent studies have shown that activation of the phosphatidylinositol 3-kinase (PI3K)
pathway occurs in up to 70% of patients with breast cancer brain metastases (BCBM) (8-
10). Oncogenic alterations in phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha (PIK3CA) lead to enhanced activation of the PI3K/protein kinase B (Akt)/
mammalian target of rapamycin (mTOR) pathway, which has been shown to promote the
development, progression, and treatment resistance of various cancer types, including
HER2-positive breast cancer(11). Inhibition of this crucial pathway presents an appealing
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strategy for the treatment of BCBM. Although numerous inhibitors targeting this pathway
have been developed in recent years, there are no FDA-approved PI3K inhibitors for the
treatment of brain metastases (12, 13). PI3K/Akt/mTOR-pathway inhibitors that have been
investigated to date have either shown only modest uptake in the brain (14) or have mainly
been tested for their efficacy in the context of primary brain tumors (15-19), breast cancer
(20) and brain metastases arising from other primary histologies (21-23).

The blood-brain barrier (BBB) poses an additional challenge for drug administration in the
central nervous system (CNS), as treatment of brain metastases necessitates compounds
which are optimized to cross this biologic barrier (22, 24). A PI3K-inhibitor that can
effectively penetrate the BBB and achieve metabolic stability within the brain presents a
promising approach for the treatment of patients with P/IK3CA-mutant BCBM. GDC-0084
is a dual PI3K/mTOR inhibitor that is specifically optimized to cross the BBB, achieve good
metabolic stability within the brain, has low efflux ratios (25) and has recently been shown
to achieve significant tumor growth inhibition in preclinical models of glioblastoma and
cutaneous squamous cell carcinoma (cSCC) (26, 27). The role of GDC-0084 in brain
metastases has not been investigated. To that end, our aim was to investigate the efficacy of
this inhibitor in PIK3CA-mutant (MT) and -wildtype (WT) BCBM /n vitroand in vivo.

We used human metastatic breast cancer cell lines that were PIK3CA-mutant (JIMT-1 BR-3
(PIK3CA C420R) (28); MDA-MB-361 (PIK3CA E545K) (29)) and PIK3CA-wildtype
(MDA-MB-231 BrM2, BS-004). The isogenic non-tumorigenic epithelial breast cell lines
MCF10A (parental, PIK3CA-WT) and PIK3CA (H1047R/+) MCF10A (heterozygous
knockin of PIK3CA-kinase domain activating mutation, P/IK3CA-MT) were also used in in
vitro validation experiments. The human epidermal growth factor receptor (HER?2) positive
and estrogen and progesterone receptor (ER/PR) negative cell line JIMT-1 BR-3 (HER2+,
ER/PR-) was kindly provided by the laboratory of Dr. Patricia Steeg (National Cancer
Institute, Bethesda, Maryland) and the cell line MDA-MB-231 BrM2 (HER2-, ER/PR-) was
a generous gift from the laboratory of Dr. Joan Massagué (Memorial Sloan Kettering Cancer
Center, New York City, New York). MDA-MB-361 (HER2+, ER/PR+) was purchased from
ATCC. BS-004 (HER2+, ER/PR+) was derived from a patient’s excised breast cancer brain
metastasis. The patient provided written consent. The study was reviewed and approved by
the human subjects institutional review board (IRB) of the Dana-Farber Cancer/Harvard
Cancer Center, and the research performed in accordance with the Declaration of Helsinki.
The epithelial breast cell lines MCF10A (HER2-, ER/PR-) and PIK3CA (H1047R/+)
MCF10A (HER2-, ER/PR-) were purchased from Horizon Discovery. JIMT-1 BR-3, MDA-
MB-231 BrM2 and BS-004 cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin-amphotericin B. MDA-MB-361 was cultured in L15 supplemented with 20%
fetal bovine serum (FBS) and 1% penicillin-streptomycin-amphotericin B. The isogenic
pairs MCF10A and PIK3CA (H1047R/+) MCF10A were cultured in DMEM/F-12 including
2.5 mM L-glutamine and 15 mM HEPES, supplemented with 5% horse serum, 10 pg/mL
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insulin, 0.5 pg/mL hydrocortisone, 0.1 pg/mL cholera toxin and 0.2ng/mL EGF (30). The
PIK3CA mutation status of all cancer cell lines was confirmed via whole-exome sequencing.

All cell lines were confirmed to be mycoplasma-free and were tested throughout the course
of the experiments every month (PCR Mycoplasma Detection Kit, abm).

Viral vectors and transduction of cell lines

Cell lines were engineered to express Firefly luciferase and mCherry (FmC) by transduction
with the lentiviral construct LV-pico2-Fluc-mCherry (pLV-FmC), which was kindly provided
by Khalid Shah (Brigham and Women’s Hospital; Boston, MA)/Dr. Andrew Kung (Dana
Farber Cancer Institute; Boston, MA). JIMT-1 BR-3 and MDA-MB-231 BrM2 cells were
transduced at a multiplicity of infection (MOI) of 2 in media containing Polybrene (8
pg/mL; EMD Millipore; Burlington, MA) for 48 hours. Cells were selected with puromycin
(7 pg/mL) for 3 days, visualized by fluorescence microscopy for mCherry to confirm
successful transduction, and then sorted for mCherry expression using fluorescence-
activated cell sorting (FACSAria Cell-Sorting System, BD Biosciences).

PI3K/Akt/mTOR-pathway inhibitor

To investigate blockade of the PI3K/Akt/mTOR-pathway, the dual PI3K/mTOR-inhibitor
GDC-0084 was used. GDC-0084 was kindly provided by Genentech. The inhibitor was
added at concentrations ranging from 0.25umol/l up to 10pumol/I to cell culture medium with
cells plated at 50-70% confluency in /n vitro studies. Controls were incubated with 0.1%
DMSO. The dose of GDC-0084 was chosen based on other preclinical studies in brain
tumors with PI3K/Akt/mTOR-inhibitors (21, 31). GDC-0084 was diluted in DMSO for /n
vitro studies and in a combination of 0.5% methylcellulose and 0.2% Tween 80 for /n vivo
studies.

Cell viability and apoptosis assays

Cells were plated in triplicates for cell viability assays and in quadruplicates for apoptosis
assays at a density of 5000 cells per well on a 96-well plate. Cell lines were treated with
GDC-0084 the next day in concentrations ranging from 0.25umol/l to 10umol/I for 10 hours
(apoptosis assays) and 72 hours (cell viability assays). Controls were incubated with 0.1%
DMSO. After treatment, cells were lysed using the Caspase-Glo 3/7 (Promega, apoptosis
assays) or the CellTiter-Glo (Promega, cell viability assays) reagent. The luminescence
generated by these reagents is proportional to the Caspase 3/7-activity or the amount of
viable cells respectively, and was read using a Synergy HT multi-detection microplate reader
(BioTek). The percentage of Caspase 3/7 or viable cells was calculated relative to DMSO-
incubated controls.

Cell cycle analysis

Cells were plated in triplicates at a density of 3.5x10° in 60mm well plates and treated with
GDC-0084 (control, 1uM, 2.5uM, 5uM, 7.5uM and 10uM) the next day for a total of 72
hours. Afterwards, floating and adherent cells were harvested, washed with PBS and fixed in
ice-cold 70% ethanol for 24 hours. Subsequently, cells were washed with PBS again. Fixed
cells were stained using the Propidium lodide Flow Cytometry Kit (ab139418, abcam) with
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200ul of propidium iodide (PI) staining solution (500ul 20X propidium iodide and 50pl

200X RNAse in 9.45ml PBS) and incubated at 37°C in the dark for 30 minutes. The cell
cycle analysis was conducted using the BD LSRII and BD FACSDiva Software Version:
8.0.1 (BD Biosciences) and analyzed using FlowJo software version 10 (LLC, Ashland

Oregon).

Western blots

Cells were plated in triplicates in 60mm well plates at a density of 3.5x10° cells and treated
with GDC-0084 (control, 1uM, 2.5uM, 5uM, 7.5uM and 10uM) the next day for a total of 6
hours. Afterwards, cells were harvested and lysed in radioimmunoprecipitation (RIPA)
buffer (Thermo Fisher Scientific) containing protease and phosphatase inhibitor cocktails
(Roche). 20ug of protein per lane was separated by 4-15% SDS-PAGE (BioRad) and then
transferred to polyvinylidene difluoride membranes (BioRad) by electroblotting. Membranes
were blocked with 5% nonfat dry milk in TBST (20 mM Tris pH7.5, 150 mM NacCl, 0.1%
Tween20) for 1 hour at room temperature and then incubated with primary antibodies (pAkt
(Ser473) #4060, Akt #9272, p-p70 S6 Kinase (Thr389) #9205, p70 S6 Kinase #2708, p-
p44/42 MAPK (Erk1/2) (Thr202/Tyr204) #4370, p-MEKZ1/2 (Ser217/221) #9154, p-p90RSK
(Ser380) #11989, p-MSK1 (Thr581) #9595, B-Actin #3700, all from Cell Signaling
Technology) at 4°C overnight. Membranes were washed with TBST and incubated with
horseradish peroxidase-conjugated secondary antibodies (anti-rabbit IgG (H+L), HRP
conjugate and anti-mouse IgG (H+L), HRP conjugate, both from Promega) for 1 hour at
room temperature. Thereafter, membranes were washed again in TBST and signals were
visualized with an ECL blotting substrate (Thermo Fisher Scientific). Blots were analyzed
using Image Lab (BioRad) and cropped in Adobe illustrator software version CC 2018 (San
José, CA).

Animal studies

All in vivo mouse experiments were approved by the Institutional Animal Care and Use
Committee (IACUC) at Massachusetts General Hospital.

Stereotactic intracranial tumor implantation—A total of 32 animals were analyzed
for imaging (8 animals per cohort) and a total of 4 animals in a separate cohort were
analyzed for immunohistochemistry. Prior to surgery, 8-week old female athymic nu/nu
mice (Charles River Laboratories, Wilmington, MA) were anesthetized with pentobarbital
(i.p. injection, 40-70 mg/kg). Anesthetized mice were placed into a stereotactic apparatus
and the head was stabilized by the ear bars. After opening the skin over the skull, Bregma
was identified, and a total of 10x10% JIMT-1 BR-3 cells or 7.5x10* MDA-MB-231 BrM2
cells in 4pl Hanks’ Balanced Salt Solution (HBSS) were stereotactically implanted into the
right striatum (2mm lateral from Bregma, 2.5-mm deep) with a Hamilton syringe. We chose
these two cell lines because they have similar growth patterns and doubling times.
Afterwards, the skull was sealed with bone wax and the wound was sutured. Postoperatively,
all mice were provided carprofen (MediGel CPF, 2-0z cup, Clear H,0, Portland, ME) for a
total of 3 days.
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Bioluminescent imaging and analysis of tumor burden—Seven days after the
surgical procedure, mice were imaged for the first time via bioluminescent imaging (BL1I).
Dynamic imaging was performed to assess their initial tumor burden. Before undergoing this
imaging procedure, mice were anesthetized with isoflurane and injected with 4.5mg D-
luciferin diluted in 300ul PBS. Ten minutes after injection of luciferin, up to five animals at
a time were imaged on the Spectral Ami HTX (Spectral Instruments Imaging, Tuscon, AZ).
Luminescent exposure times of 60s, 1s and 0.5s at 5 min. intervals were chosen until the
peak luminescent signal from the whole mouse body was reached. The tumor burden was
analyzed by subtracting the background signal from the signal above the mouse’s cranium
and measured in total flux (p/s) with the software Aura version 2.2.1.0 (Spectral Instruments
Imaging, Tuscon, AZ). Figures were generated with the software Amira version 5.3.2
(Thermo Fisher Scientific, Houston, TX) using the binning 2, 0.5s exposure and background
subtracted image. To ensure accurate measurement of tumor burden throughout the entire
study, mice received a baseline dynamic BLI scan 7 days post tumor inoculation. Mice
harboring intracranial tumors with a similar tumor burden and a minimum flux of
10.000.000 p/s in JIMT-1 BR-3 tumors and of 400.000 p/s (flux) in MDA-MB-231 BrM2
tumors were selected for further experiments. Mice were subsequently randomized to
GDC-0084 or sham treatment, which was initiated the day after (day 8 post implantation).
BLI-based tumor burden on day 7 (pre-treatment) was not statistically different between the
GDC-0084 treatment and sham groups. Afterwards, BLI was performed on a weekly basis
until the end of the study at 35 days post-intracranial tumor implantation to monitor tumor
growth in all mice, as measured by flux (p/s). Due to the large magnitude of the total
flux(p/s) values, all data were logyg-transformed prior to analysis. The primary endpoint of
this study was the difference in tumor burden measured in total photon flux (p/s) between
the cohorts that received GDC-0084 vs. sham over a period of 35 days. This period was
chosen in order to avoid reductions in BLI-signals due to necrosis and therefore, an
underestimation of the actual tumor burden as a result (32).

Treatment and monitoring—The dual PI3K/mTOR-inhibitor GDC-0084 was
administered daily via oral gavage (15 mg/kg) for a total of 28 days. Mice randomized to
treatment received 15mg/kg GDC-0084 diluted in 0.5% methylcellulose and 0.2% Tween 80
per day, mice randomized to sham received a weight-adapted dose of 0.5% methylcellulose
and 0.2% Tween 80 daily. Mice were monitored daily following stereotactic intracranial
tumor injection and sacrificed at = 20% weight loss, the onset of neurological symptoms or
at the end of the study which was no later than 35 days post-implantation. In the separate
mouse cohort that was analyzed for immunohistochemistry, brains were harvested 14 days
after intracranial tumor cell implantation and after 7 daily dosings.

Immunohistochemistry

Mouse brains were fixed in 10% formalin for 24 hours and subsequently embedded in
paraffin. For immunohistochemistry, 5um thick sections were deparaffinized. Manual
staining was conducted for pAkt and pS6 ribosomal protein. For pAkt and pS6 ribosomal
protein staining, sections were treated with sodium citrate (pH=6) and heated for 10 minutes
for antigen unmasking. Sections were blocked with TBST/5% normal goat serum (NGS) and
incubated in the following primary antibodies overnight: pAkt ((Ser473) #4060, 1:50) and
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pS6 ribosomal protein ((Ser235/236) #4858, 1:400, both from Cell Signaling Technology).
The next day, sections were alternately washed in TBS and TBST and then incubated with
the secondary antibody SignalStain Boost IHC Detection Reagent (HRP, Rabbit, #8114, Cell
Signaling Technology) for 30 minutes at room temperature. Afterwards, slides were stained
with DAB (Dako) and counterstained with hematoxylin. Automated staining was conducted
for p-p44/42 MAPK and pMEKZ1/2. Sections were treated with pre-diluted cell conditioning
solution (CC2, Ventana), heated for 64 minutes and blocked in inhibitor CM (Ventana).
Sections were incubated with the primary antibody p-p44/42 MAPK (Erk1/2) ((Thr202/
Tyr204) #4370, 1:500) or p-MEK1/2 ((Ser221) #2338, 1:50, both from Cell Signaling
Technology) for 36 minutes and then with the secondary antibody OmniMap anti-Rb HRP
(Multimer HRP, Ventana) for 12 minutes. Sections were then stained with DAB (Dako),
counterstained with bluing reagent (Ventana) and post-counterstained with hematoxylin.

Statistical analysis

Results

Statistical analysis was conducted with GraphPad Prism version 7 (GraphPad Software, La
Jolla, CA) and SAS 9.4 (SAS Institute Inc., Cary, NC) for the mixed effects models. Graphs
were cropped with the Adobe Illustrator software version CC 2018 (San José, CA).
Evaluation of the efficacy of GDC-0084 /n vivo was calculated by autoregressive linear
mixed models. The outcome data of the treatment cohorts (GDC-0084 vs. sham), measured
in total flux (p/s), were first log10-transformed. Differences between the treatment cohorts
over time were assessed using linear mixed effects models, with an autoregressive
covariance structure within mouse. Log10-transformed fold-changes in flux were the
dependent variable in the mixed model. Independent predictors were treatment, time, and
their interaction. A p-value of <0.05 was considered statistically significant in our analysis.

The dual PI3BK/mTOR-inhibitor GDC-0084 inhibits cell proliferation and phosphorylation of
Akt and p70 S6 kinase in PIK3CA-mutant breast cancer cell lines

We used metastatic P/IK3CA-mutant and P/K3CA-wildtype BCBM cell lines to investigate
the anti-tumor efficacy of GDC-0084. We first performed /n vitro assays to assess the
survival of adherent PIK3CA-MT and P/IK3CA-WT cell lines in response to increasing
concentrations of GDC-0084.

GDC-0084 led to a considerable decrease in the proportion of viable cells (80-95%) after 72
hours of treatment in PIK3CA-MT cell lines (JIMT-1 BR-3, MDA-MB-361), whereas a
more modest decrease in viable cells (40-60%) was observed in PIK3CA-WT cell lines
(MDA-MB-231 BrM2, BS-004; Fig. 1A).

To determine whether this effect was mediated by apoptosis, Caspase-Glo 3/7 assays were
conducted. The dual PI3K/mTOR-inhibitor robustly increased Caspase 3/7-activity in
JIMT-1 BR-3 and MDA-MB-361 cells after 10 hours of treatment, but no such effect was
seen in the MDA-MB-231 BrM2 and BS-004 cell lines (Fig. 1B).

Consistent with these findings, GDC-0084 also strongly inhibited phosphorylation of Akt
and p70 S6 kinase in a dose-dependent manner in both PIK3CA-MT cell lines over a
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treatment course of 6 hours (Figure 1C). In contrast, no significant changes in
phosphorylation of Akt and p70 S6 kinase were observed in response to increasing
concentrations of GDC-0084 in the PIK3CA-WT cell lines over the same treatment
duration.

We next used isogenic PIK3CA-MT and PIK3CA-WT epithelial breast cell lines to
determine whether activating mutation of P/K3CA confers sensitivity to GDC-0084.
GDC-0084 substantially decreased the proportion of viable cells (90-95%) in PIK3CA-MT
(H1047R/+) MCF10A cells compared to the PIKZCA-WT MCF10A cells (60-65%) after 72
hours of treatment (Fig. 2A). Correspondingly, GDC-0084 greatly increased Caspase 3/7-
activity in the PIK3CA-MT (H1047R/+) MCF10A cell line, whereas a weaker effect was
seen in the PIK3CA-WT parental cell line MCF10A (Fig. 2B). The highest apoptotic signal
was obtained after 24 hours of treatment.

Previous studies have demonstrated that inhibition of components of the PI3K/Akt/mTOR-
pathway can lead to compensatory upregulation of the Ras/Raf/MAPK signaling cascade in
cancer cells (33, 34). In order to test whether dual PI3K/mTOR-pathway might affect
activation of the MAPK-pathway in the context of BCBM, we assessed phosphorylation of
p44/42 MAPK (Erk1/2), MEK1/2, p90RSK, and MSK1 by Western blots. We did not
observe any significant differences in expression levels of p-p44/42 MAPK (Erk1/2), p-
MEK1/2, p-p90RSK, and p-MSK1 between P/IK3CA-MT (Supplementary Fig. 1A) and -
WT BCBM cell lines (Supplementary Fig. 1B). Additionally, there was also no detectable
change in expression of p-p44/42 MAPK (Erk1/2), p-MEK1/2, p-p90RSK, and p-MSK1 in
response to treatment with GDC-0084 compared to sham in PIK3CA-MT and -WT cells.

Thus, GDC-0084 selectively inhibited the PI3K/Akt/mTOR-pathway and induced apoptotic
cell death in PIK3CA-MT cell lines.

GDC-0084 induces apoptosis in PIK3CA-mutant breast cancer cells but not PIK3CA-
wildtype breast cancer cells

To further investigate the reduction in cell viability in PIK3CA-MT cell lines, cell cycle
analysis with Pl-staining was conducted on all BCBM cell lines. In both cell lines harboring
PIK3CA mutations, treatment with GDC-0084 for 72 hours yielded a dose-dependent
increase in the sub-G1-phase (apoptotic cells) to approximately 70% in JIMT-1 BR-3 (Fig.
3A and C) and 80% in MDA-MB-361 (Fig. 3C and Supplementary Fig. 2A). For MDA-
MB-231 BrM2 (Fig. 3B and C), a mild trend towards an increase in the G1-fraction was
observed, indicative of growth inhibition. GDC-0084 did not induce noticeable changes in
cell cycle phases in BS-004 (Fig. 3C and Supplementary Fig. 2B). This corroborates our /n
vitro findings that GDC-0084 selectively induces apoptosis in PIK3CA-MT cell lines.

GDC-0084 significantly inhibits growth of PIK3CA-mutant tumors in a patient-derived
xenograft brain metastasis model

In order to investigate whether GDC-0084 can effectively inhibit tumor growth in the brain
in vivo, we orthotopically implanted either a PIK3CA-MT, trastuzumab-resistant (35) cell
line (JIMT-1 BR-3) or a control PIK3CA-WT cell line (MDA-MB-231 BrM2) into the right
striatum of female nude mice.
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Over the course of the treatment period (28 days), GDC-0084 was well tolerated and no
adverse toxicities were observed. In the PIK3CA-MT JIMT-1 BR-3 model, BLI of tumor
volume seven days after the initiation of treatment demonstrated GDC-0084-mediated
growth inhibition of tumors, while sham-treated tumors rapidly grew (Fig. 4A). Throughout
the duration of the study, GDC-0084 achieved highly significant inhibition in JIMT-1 BR-3
intracranial tumors (mixed effect model, p=0.0004 for effect of treatment; p=0.0005 for
effect of time).

In contrast, no therapeutic benefit of GDC-0084 was noted in the PIK3CA-WT MDA-
MB-231 BrM2 xenograft model. Intracranial tumors continued to grow rapidly over time in
both the sham and GDC-0084 cohorts (Fig. 4B). Accordingly, no significant differences
between the two treatment cohorts were detected (p=0.80) and bioluminescent flux
increased over time regardless of treatment (p< 0.0001).

GDC-0084 inhibits PIBK/Akt/mTOR signaling in PIK3CA-mutant breast cancer in the brain

To assess whether GDC-0084 inhibited downstream molecular components of the PI3K/Akt/
mTOR-pathway in mouse brains, expression of pAkt and pS6é ribosomal protein was
evaluated with immunohistochemistry. In PIK3CA-MT JIMT-1 BR-3 tumors, diminished
immuno-staining of both pAkt (Ser473) and pS6 ribosomal protein (Ser235/236) was
observed in the mouse brains treated with GDC-0084 as compared to those of the sham-
cohort (Fig. 5). This reduction in signal intensity was consistent with the phosphorylation
inhibition seen in GDC-0084-treated PIK3CA-MT cell lines in vitro, and corroborates the
observed tumor growth inhibition /n vivo. In mice harboring PIK3CA-WT MDA-MB-231
BrM2 intracranial tumors, pAkt (Ser473) positivity was sparse, which was not altered by
GDC-0084, and strong pS6 ribosomal protein was only slightly diminished by GDC-0084
treatment (Fig. 5). Collectively, systemic treatment with GDC-0084 potently inhibited
PI3K/Akt/mTOR-pathway signaling and tumor growth in intracerebral xenografts generated
with PIK3CA-MT breast cancer cells. In order to evaluate if dual PI3K/mTOR-blockade
results in pro-survival activation of the Ras/Raf/MAPK-pathway as reported previously (33,
34), expression of p-p44/42 MAPK (Thr202/Tyr204) and pMEK1/2 (Ser221) was assessed
with immunohistochemistry. In PIK3CA-MT JIMT-1 BR-3 intracranial tumors, pMEK1/2
was negative in both treatment and sham cohorts, and p-p44/42 MAPK was comparably
positive in both cohorts (Supplementary Fig. 3). PIK3CA-WT MDA-MB-231 BrM2 brain
tumors were negative for both p-p44/42 MAPK and pMEK1/2 regardless of treatment
(Supplementary Fig. 3). In summary, we did not detect compensatory activation of the
Ras/Raf/MAPK-pathway after treatment with GDC-0084 /n vivo, in accordance with our /in
vitro results.

Discussion

Up to 50% of patients with HER2-positive breast cancer will develop brain metastases
during their course of disease (36). To date, few effective targeted treatment options are
available for patients with BCBM. Genomic studies of matched brain metastases and
primary tumors (9, 10) as well as immunohistochemical analyses (8), have shown that the
PI3K/Akt/mTOR-pathway is upregulated in up to 70% of brain metastases in affected breast
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cancer patients. Targeting this pathway might represent a promising treatment option. To this
end, we investigated the anti-tumor efficacy of the dual PI3K/mTOR-inhibitor GDC-0084,
which has been shown to cross the BBB and to achieve good metabolic stability in the brain
(25). A phase-1 trial on GDC-0084 in patients with progressive or recurrent high-grade
glioma was recently completed (NCT01547546) with FDG-PET data showing that
GDC-0084 is able to cross the BBB in humans and achieves a homogeneous distribution in
the brain. Furthermore, 18.5% (5/27) of evaluable patients showed a metabolic partial
response (37).

Phase-I1 trials are currently evaluating the efficacy of the PI3K-inhibitor buparlisib in
patients with BCBM (NCT02000882) and in melanoma brain metastases (NCT02452294).
The mTOR-inhibitor everolimus was recently assessed in combination with vinorelbine and
trastuzumab in the treatment of HER2-positive, progressive breast cancer brain metastases
(NCT01305941) and yielded low intracranial response rates (4%) (38). Similarly,
preliminary results of a recent phase Ib/I1 single-arm trial (NCT01783756) showed that the
combination of everolimus, lapatinib and capecitabine for the treatment of HER2-positive
breast cancer with brain metastases resulted in a 27% response rate in the brain after 12
weeks of treatment, highlighting the need for better therapies in this setting (39).

However, recent preclinical studies indicate that more favorable response rates can be
achieved with dual inhibition of PI3K and mTOR (40), which further emphasizes the
potential therapeutic advantages of GDC-0084. GDC-0084 has not been investigated in brain
metastases patients to date.

We demonstrated /n vitro that GDC-0084 induced apoptosis selectively in PIK3CA-MT
BCBM cell lines at different magnitudes that corresponded to the extent of inhibition of
molecular downstream targets of mTOR. These results were further validated with an
isogenic epithelial breast cell line harboring a PIK3CA mutation. These findings are in line
with a recent study in ¢cSCC, which demonstrated that GDC-0084 dose-dependently
decreased cell viability, increased caspase 3 and caspase 9 activity and the proportion of
cells in the GO/1 phase, and decreased the proportion of cells in the S- and G2M-phase (26).

In a patient-derived brain metastasis mouse model, we demonstrated that 15mg/kg/day of
GDC-0084 administered orally significantly inhibited tumor growth in a trastuzumab-
resistant, PIK3CA-MT cell line model and not a PIK3CA-WT cell line model. PI3K-
pathway inhibition within the brain was confirmed with immunohistochemistry by reduction
in signal intensity for pAkt and pS6 ribosomal protein in the PIK3CA-MT tumors treated
with GDC-0084. These results are in accordance with previous /in vivo results of GDC-0084
in a glioblastoma (27) and in a cSCC (26) model, which showed that GDC-0084
significantly reduced tumor volumes and resulted in reduced phosphorylation of downstream
targets of the PI3K pathway (26, 27). Of note, mice in the cSCC study received a higher
dose of either 25 or 50mg/kg/day of GDC-0084 (26).

We investigated whether inhibition of the PI3K/Akt/mTOR-pathway may cause a
compensatory upregulation of the Ras/Raf/MAPK-signaling cascade, as it has been
previously shown (33, 34) and we did not observe GDC-0084-induced changes in the

Clin Cancer Res. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ippen et al.

Page 11

Ras/Raf/MAPK- pathway signaling in both responsive and non-responsive breast cancer
models.

In summary, our findings highlight that the effect of GDC-0084 is genotype-selective,
leading to a significant response in treated P/IK3CA-MT breast cancer cell lines compared to
WT. These results are of substantial translational relevance, particularly with regard to
BCBM patients with resistance to HER2-directed treatment approaches (41). Recent
preclinical data suggest that activation of the PI3K/Akt/mTOR-pathway, including
mechanisms like HER3 activation and PTEN loss is a frequent mediator of drug-resistance
towards HER2-targeted agents in the brain (41, 42). Combined PI3K and mTOR-pathway
blockade has been shown to overcome these resistance mechanisms (40) and may therefore
present a promising treatment approach in affected patients in the future.

Our data therefore underscore the importance of brain-penetrant agents targeting the
PI3K/Akt/mTOR-pathway. The experimental results from this study provide valuable
preclinical support for the therapeutic efficacy of GDC-0084 in BCBM patients with
dysregulated PI3BK/mTOR signaling pathway. In future studies, in vitro and in vivo models
in different genetic contexts will help identify additional biomarkers of response to PI3K
inhibition. Although our preclinical results suggest a promising treatment option for affected
patients with GDC-0084 as a single agent, there is an urgent need to explore combinatorial
targeted treatment approaches to further improve intracranial tumor control and
consequently, overall survival in breast BCBM patients. These findings warrant further
validation in clinical trials in order to explore the therapeutic benefit of GDC-0084 in
patients. A national multi-center trial is planned to evaluate the efficacy of GDC-0084 in
brain metastases harboring P/IK3CA mutations (Alliance study A071701).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational relevance:

Although substantive efforts have been undertaken to optimize multidisciplinary
treatment approaches for patients with breast cancer brain metastases, patients still have a
dismal overall survival. In recent years, genomic studies have tremendously improved our
understanding of actionable molecular targets in patients with breast cancer brain
metastases. The PI3K/Akt/mTOR-pathway has been shown to be upregulated in a
majority of affected patients. However, there are still no approved systemic agents
targeting this pathway to date, and drug administration in the central nervous system is
complicated by the inherent properties of the blood-brain barrier. In this study, we
demonstrate that the brain-penetrant dual PI3K/mTOR-inhibitor GDC-0084 significantly
inhibits tumor growth in a preclinical model of P/IK3CA-mutant breast cancer brain
metastasis. The results of our study therefore suggest that GDC-0084 might be a
promising treatment strategy for patients with P/K3CA-mutant breast cancer brain
metastases and warrant further validation in clinical trials.
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Figurel.

The dual PI3BK/mTOR-inhibitor GDC-0084 selectively reduces cell viability and induces
apoptosis in the PIK3CA-mutant cell lines JIMT-1 BR-3 and MDA-MB-361 compared to
the PIK3CA-wildtype cell lines MDA-MB-231 BrM2 and BS-004

A, CellTiter Glo cell viability assays after 72 hours of treatment and B, Caspase 3/7 Glo
apoptosis assays after 10 hours of treatment of the breast cancer brain metastases cell lines
JIMT-1 BR-3, MDA-MB-361, MDA-MB-231 BrM2 and BS-004 in increasing
concentrations with the dual PI3K/mTOR-inhibitor GDC-0084. Percentage of growth
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inhibiton is compared to 0.1% DMSO-incubated controls. Error bars represent SEM of cells
seeded in triplicates and treated with the same dose. C, Western blot analysis of pAkt
(Ser473), Akt, p-p70 S6 Kinase (Thr389) and p70 S6 Kinase in JIMT-1 BR-3, MDA-
MB-361, MDA-MB-231 BrM2 and BS-004 cell lines treated with GDC-0084 in increasing
concentrations for a total of 6 hours. B-Actin was used as a loading control. Western blots
are representative of three independent experiments per cell line.
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Figure 2.

GI?)C—0084 significantly decreases cell viability and induces apoptosis in the PIK3CA-
mutant epithelial breast cell line PIK3CA (H1047R/+) MCF10A compared to the isogenic
PIK3CA-wildtype parental epithelial breast cell line MCF10A.

A, CellTiter Glo cell viability assays after 72 hours of treatment and B, Caspase 3/7 Glo
apoptosis assays after 24 hours of treatment of the epithelial breast cell lines PIK3CA
(H1047R/+) MCF10A and MCF10A in increasing concentrations with the dual PI3K/
mTOR-inhibitor GDC-0084. Percentage of growth inhibiton is compared to 0.1% DMSO-
incubated controls. Error bars represent SEM of cells seeded in triplicates and treated with
the same dose.
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Figure3.

GI?)C—0084 induces apoptosis in the PIK3CA-mutant cell lines JIMT-1 BR-3 and MDA-
MB-361 and growth inhibition in the PIK3CA-wildtype cell lines MDA-MB-231 BrM2 and
BS-004. The four breast cancer brain metastases cell lines were treated in increasing
concentrations with GDC-0084 for 72 hours, stained with propidium iodide (PI) and
underwent subsequent cell cycle analysis on the LSRII.

The cell cycle for A, JIMT-1 BR-3 and B MDA-MB-231 BrM2, treated in increasing
concentrations of the inhibitor is displayed as a histogram. Each phase of the cell cycle
(<G1, G1, S, G2M) is gated on the histogram. C, Dose-dependent percentages of phases of
the cell cycle were assessed in three independent experiments for each cell line (JIMT-1
BR-3, MDA-MB-361, MDA-MB-231 BrM2 and BS-004) and displayed in a vertical bar
graph. All calculations are relative to 0.1% DMSO-incubated controls. Error bars represent
SEM of each phase of the cell cycle. See Supplementary Fig. 2 for cell cycle analysis for
MDA-MB-361 and BS-004.
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Figure 4.
GDC-0084 inhibits tumor growth in the brain in vivo. Tumor growth was analyzed via

bioluminescent imaging (BLI) and quantified as log10-transformed fold-change of total flux
[p/s]. Imaging was performed 7 days after intracranial injection of tumor cells (pre-
treatment) and every 7 days thereafter until the 35" day post-injection. GDC-0084
significantly inhibited tumor growth compared to sham-treatment in the mouse model using
A, the PIK3CA-mutant cell line JIMT-1 BR-3 (A). No benefit was detected in the treatment-
cohort compared to sham controls in B, the PIK3CA-wildtype MDA-MB-231 BrM2 model.
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Error bars represent SEM of log10-transformed total flux fold change values. Representative
BLI-images for treated and control mice of each model at the last day of imaging (A,
JIMT-1 BR-3 and B, MDA-MB-231 BrM2) are shown on right. See Supplementary Fig. 3
for changes in the flux for the individual animals over time.
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Figureb.
Photomicrographs illustrating pAkt (Ser473) and pS6 ribosomal protein (Ser235/236)

expression in mouse brains harboring either JIMT-1 BR-3 or MDA-MB-231 BrM2
intracranial tumors, stratified by treatment with sham or GDC-0084. Staining for pAkt and
pS6 ribosomal protein was considerably weaker in PIK3CA-mutant (JIMT-1 BR-3) tumors
treated with GDC-0084 compared to sham. No clear differences in staining intensity were
found in PIK3CA-wildtype tumors (MDA-MB-231 BrM2) regardless of treatment.
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