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Abstract

Background. Activating mutations in the pathway of phosphatidylinositol-3 kinase (PI3K)/Akt/mammalian target
of rapamycin (mTOR) occur in 43-70% of breast cancer brain metastasis patients. To date, the treatment of these
patients presents an ongoing challenge, mainly because of the lack of targeted agents that are able to sufficiently
penetrate the blood-brain barrier. GDC-0068 is a pan-Akt inhibitor that has shown to be effective in various preclin-
ical tumor models as well as in clinical trials. The purpose of this study was to analyze the efficacy of GDC-0068 in
a breast cancer brain metastases model.

Methods. In in vitro studies, antitumor activity of GDC-0068 was assessed in breast cancer cells of
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA)-mutant and PIK3CA-wildtype
breast cancer cell lines using cell viability and apoptosis assays, cell cycle analysis, and western blots. In vivo, the
efficacy of GDC-0068 was analyzed in a PIK3CA-mutant breast cancer brain metastasis orthotopic xenograft mouse
model and evaluated by repeated bioluminescent imaging and immunohistochemistry.

Results. GDC-0068 decreased cell viability, induced apoptosis, and inhibited phosphorylation of proline rich Akt
substrate 40 kDa and p70 S6 kinase in a dose-dependent manner in PIK3CA-mutant breast cancer brain metastatic
cell lines compared with PIK3CA-wildtype cell lines. In vivo, treatment with GDC-0068 notably inhibited the growth
of PIK3CA-mutant tumors and resulted in a significant survival benefit compared with sham, whereas no effect was
detected in a PIK3CA-wildtype model.

Conclusions. This study suggests that the Akt inhibitor GDC-0068 may be an encouraging targeted treatment
strategy for breast cancer brain metastasis patients with activating mutations in the PI3K pathway. These data pro-
vide a rationale to further evaluate the efficacy of GDC-0068 in patients with brain metastases.
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1. GDC-0068 induces apoptosis in PIK3CA-mutant breast cancer brain metastatic cell

lines in vitro.

2. In a PIK3CA-mutant metastasis xenograft model, GDC-0068 resulted in an overall
survival benefit.

Importance of the Study

Despite the fact that multidisciplinary treatment
approaches for patients with brain metastases have
been optimized in recent years, patients still face a
poor overall survival. Next-generation sequencing
techniques have identified new molecular targets that
potentially present new treatment options for brain
metastases patients. Somatic genetic alterations in
the PI3K pathway, including PIK3CA mutations, are
present in approximately 40-70% of all patients with
breast cancer brain metastases. Therefore, inhibition of

Brain metastases account for the most common brain
tumors in adult cancer patients and represent a devastating
complication of systemic cancer.” The incidence of brain
metastases is rising, which has been attributed to refined
neuroimaging techniques and improved systemic therapies,
which have led to an earlier detection of these lesions and
a prolonged overall survival of cancer patients, respec-
tively."? Current therapeutic options for patients with brain
metastases include whole-brain radiation therapy, sur-
gical resection, and stereotactic radiosurgery.’ Although a
number of improvements have been made in recent years
to optimize multidisciplinary treatment strategies, affected
patients still face a poor median overall survival, ranging
from 3 to 18 months.3* Breast cancer has the second
highest propensity to metastasize to the brain® and is the
most common primary tumor in female cancer patients.®
Therefore, the treatment of patients with breast cancer brain
metastases (BCBM) is becoming an increasing challenge
that requires effective therapeutic strategies.

Unfortunately, effective targeted treatment options
for BCBM patients are still limited, as patients with brain
metastases are frequently excluded from clinical trials.”
Furthermore, penetration of the blood-brain barrier
presents a significant challenge for effective treatment of
brain metastases, and there is still an urgent unmet need
for compounds that are able to cross this physiologic
barrier.®

In recent years, significant progress has been made in
identifying underlying genetic drivers of brain metastases
with next-generation sequencing techniques.” The
phosphatidylinositol 3-kinase (PI3K) pathway is activated
in 43-70% of patients with BCBM.*"" Activating mutations
in phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic

the PI3K/Akt/mTOR pathway is a promising therapeutic
strategy. However, most targeted agents are not able to
penetrate the blood—brain barrier. In this study, we dem-
onstrate that the pan-Akt inhibitor GDC-0068 achieves
significant tumor growth inhibition in a PIK3CA-mutant
xenograft model and results in a significant overall
survival benefit. To this extent, Akt inhibition with
GDC-0068 might be a promising treatment option in
patients harboring PIK3CA mutations. Clinical trials are
warranted for further validation of these results.

subunit alpha (PIK3CA) result in an activation of the PI3K/
protein kinase B (Akt)/mammalian target of rapamycin
(mTOR) pathway, which is associated with cell prolifera-
tion, cancer progression, and treatment resistance across
a variety of tumor types.'? Despite the fact that many PI3K/
Akt/mTOR-directed compounds have been developed over
the last decade, there are no FDA-approved inhibitors
targeting this pathway for BCBM patients at present.'3

The ATP-competitive, selective pan-Akt inhibitor
GDC-0068 (ipatasertib)'® has already shown promising
antitumor activity in preclinical models as well as in clin-
ical trials across various cancer types.'®2' However, the
efficacy of this compound has not been investigated in
the setting of BCBM thus far. As an effective blockade of
the PIBK/Akt/mTOR pathway represents a rationale treat-
ment strategy in BCBM patients with activating PIK3CA
mutations, the purpose of this study was to evaluate the
efficacy of GDC-0068 in a preclinical BCBM model in vitro
and in vivo.

I
Materials and Methods

Cell Lines

In this study, we used the following human metastatic
breast cancer cell lines: PIK3CA-mutant (MT) MDA-MB-361
(PIK3CA E545K; HER2+, ER/PR+)?%; JIMT-1 BR-3 (PIK3CA
C420R; HER2+, ER/PR-)?3; MDA-MB-453 (PIK3CA H1047R),*
and PIK3CA-wildtype (WT), MDA-MB-231 BrM2 (HER2-,
ER/PR-); BS-004 (HER2+, ER/PR+). JIMT-1 BR-3 was a gen-
erous gift from the laboratory of Dr Patricia Steeg (National
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Cancer Institute, Bethesda, Maryland), and MDA-MB-231
BrM2 was kindly provided by the laboratory of Dr Joan
Massagué (Memorial Sloan-Kettering Cancer Center, New
York City). MDA-MB-453 and MDA-MB-361 were purchased
from American Type Culture Collection (ATCC). BS-004 was
derived from a patient’s breast cancer brain metastasis with
written consent. The cell lines JIMT-1 BR-3, MDA-MB-231
BrM2, and BS-004 were cultured in Dulbecco’s modi-
fied Eagle’'s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin-
amphotericin B. MDA-MB-453 was cultured in L15
supplemented with 10% FBS and MDA-MB-361 was cul-
tured in L15 supplemented with 20% FBS and 1% penicillin-
streptomycin-amphotericin B. To validate the in vitro
experiments, we used the isogenic non-tumorigenic ep-
ithelial breast cell lines MCF10A (parental, PIK3CA-WT;
HER2-, ER/PR-) and PIK3CA (H1047R/+) MCF10A (hetero-
zygous knockin of PIK3CA kinase domain activating muta-
tion, PIK3CA-MT, HER2-, ER/PR-), which were purchased
from Horizon Discovery. MCF10A and PIK3CA (H1047R/+)
MCF10A were cultured in DMEM/F12 including 2.5 mM
L-glutamine and 15 mM HEPES (4-(2-hydroxyethyl)-1-
piperazine ethanesulfonic acid), supplemented with 5%
horse serum, 10 ng/mL insulin, 0.5 pg/mL hydrocortisone,
0.1 pg/mL cholera toxin, and 0.2 ng/mL epidermal growth
factor (EGF).?® For drug permeability assays, colorectal ad-
enocarcinoma Caco-2 cells (clone C2BBe1) were obtained
from ATCC. Cells were maintained in DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin. The PIK3CA
mutation status of all cancer cell lines was confirmed
via whole-exome sequencing. Every month, all cell
lines were confirmed to be mycoplasma free and were
tested throughout the course of the experiments (PCR
Mycoplasma Detection Kit, abm).

The study was reviewed and approved by the human
subject institutional review board of the Dana-Farber
Cancer/Harvard Cancer Center, and the research performed
in accordance with the Declaration of Helsinki.

Viral Vectors and Transduction

For in vivo experiments, the cell lines of MDA-MB-361 and
MDA-MB-231 BrM2 were engineered to express Firefly
luciferase and mCherry (FmC) by transduction with the
lentiviral construct LV-pico2-Fluc-mCherry (pLV-FmC). The
construct was kindly provided by Khalid Shah (Brigham
and Women's Hospital) and Dr Andrew Kung (Dana Farber
Cancer Institute). Cells were transduced at a multiplicity
of infection of 2 in media containing Polybrene (8 ng/mL;
EMD Millipore) for 48 hours. Cells were selected with pu-
romycin (7 pg/mL) for 3 days. To confirm successful trans-
duction, cells were visualized by fluorescence microscopy
for mCherry and afterward sorted for mCherry expression
using fluorescence-activated cell sorting (FACSAria Cell-
Sorting System, BD Biosciences).

Akt Inhibitor

The Akt inhibitor GDC-0068, kindly provided by Genentech,
was used to investigate inhibition of the PI3K/Akt/mTOR

pathway. GDC-0068 was dissolved in dimethyl sulfoxide
(DMSO) for in vitro studies and in a solution of 0.5%
methylcellulose and 0.2% Tween 80 in water for in vivo
experiments. In in vitro experiments, the compound was
added at concentrations ranging from 0.25 pmol/L up
to 10 pmol/L to cell culture medium with cells plated at
50-70% confluency. Controls were incubated with 0.1%
DMSO.

Cell Viability and Apoptosis Assays

Cell lines were plated in triplicates for cell viability and
apoptosis assays at a density of 5000 cells per well on a
96-well plate. The next day, cells were treated with GDC-
0068 in concentrations from 0.25 ymol/L to 10 umol/L for
10 hours for apoptosis assays and 72 hours for cell via-
bility assays. Controls were incubated with 0.1% DMSO.
After treatment, cells were lysed by using the CellTiter-
Glo (Promega, cell viability assays) or the Caspase-Glo
3/7 (Promega, apoptosis assays) reagent. The reagents
generate a luminescent signal proportional to the
number of viable cells or the caspase-3/7 activity, respec-
tively. Luminescence was analyzed using a Synergy HT
multidetection microplate reader (BioTek). The percentage
of viable cells or caspase-3/7 was calculated relative to
DMSO-incubated controls. Half-maximal inhibitory con-
centration (IC,), the drug concentration needed to achieve
50% inhibition, was calculated by using a 9-parameter
curve analysis of the results of a total of 3 independent
cell viability assay experiments. For cell lines in which 50%
inhibition was not achieved, the highest concentration of
GDC-0068 (10 umol/L) is displayed.

Cell Cycle Analysis

Cells were plated in triplicates at a density of 2.5 x 10% in
6-well plates and treated with GDC-0068 (control, 1 uM,
2.5 pM, 5 uM, 7.5 pM, and 10 uM) the next day for 72 hours.
Floating as well as adherent cells were then harvested,
washed with phosphate-buffered saline (PBS), fixed
in ice-cold 70% ethanol, and stored at 4°C for 24 hours.
After equilibrating at room temperature, fixed cells were
washed with PBS and afterward stained with 200 pL of
propidium iodide solution (500 pL 20x propidium iodide
and 50 pL 200x RNAse in 9.45 mL PBS; Propidium lodide
Flow Cytometry Kit [ab139418, Abcam]) and incubated at
37°C in the dark for 30 minutes. Cell cycle analysis was
conducted using the BD LSRIl and BD FACSDiva Software
v8.0.1 and subsequently analyzed using FlowJo software
v10 (LLC).

Western Blots

All cell lines were seeded in triplicates in 100 mm well
plates at a density of 2.5 x 108 cells and treated with GDC-
0068 (control, 1 pM, 2.5 uM, 5 pM, 7.5 uM, and 10 uM) the
following day for a total of 6 hours. Adherent cells were
then harvested and lysed in radioimmunoprecipitation
buffer (Thermo Fisher Scientific) containing protease
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and phosphatase inhibitor cocktails (Roche). A total of
20 pg of protein per lane was separated by 4-15% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
(BioRad) and 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 NaCl, 0.1% Tween 20) for 1 hour at
room temperature and afterward incubated with pri-
mary antibodies: phosphorylated proline rich Akt sub-
strate, 40kDa (p-PRAS40) (Thr246) #13175, PRAS40 #2691,
p-p70 S6 kinase (Thr389) #9205, p70 S6 kinase #2708,
p-actin #3700 (all from Cell Signaling Technology) at 4°C
overnight. Membranes were then washed with TBST and
incubated with horseradish peroxidase (HRP)-conju-
gated secondary antibodies (anti-rabbit imunoglobulin
G [H+L], HRP conjugate and anti-mouse imunoglobulin
G [H+L], HRP conjugate, both from Promega) for 1
hour at room temperature. Afterward, membranes
were washed in TBST. Signals were visualized with an
electrochemiluminescence blotting substrate (Thermo
Fisher Scientific). Blots were analyzed with the software
Image Lab (BioRad) and cropped in Adobe lllustrator soft-
ware (version CC 22.1).

Drug Permeability Assays

Caco-2 cells (clone C2BBe1) were seeded on collagen-
coated 12-well plates. On day 22, transepithelial electrical
resistance measurements were conducted prior to the ex-
periment. Monolayers were equilibrated in transport buffer
(Hank’s Balanced Salt Solution supplemented with 15 mM
D-glucose and 10 mM HEPES, pH 7.4) for 10 minutes at 37°C
with 5% CO2 and 95% relative humidity. The dose solutions
containing GDC-0068 (52.4 nM), atenolol (100 uM), digoxin
(5 M), and minoxidil (10 pM) were prepared in transport
buffer containing 100 uM lucifer yellow. Dose solutions
were added to the donor chambers and transport buffer
was added to all receiver chambers in triplicate. Aliquots of
200 pL were taken from the receiver chamber and replaced
with fresh assay buffer at 2 and 30 min, and 200 pL without
replacement at 60 minutes. Aliquots were taken from the
donor chamber before and after the incubation (0, 30, and
60 min) without replacement. All permeability samples
were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS).

The apparent permeability (Papp) and percent recovery
were calculated as follows:

Papp = (dCr /dt) x Vr/(A x CN)

Percent Recovery = 100 x ((Vr x Crfinal) + (Vd x Cdfinal))/(Vd x CN)

where dCr/ dt is the slope of the cumulative concentration
in receiver compartment versus time (uM/s),

Vr is the volume of the receiver compartment (1.5 mL for
A-to-B, 0.5 mL for B-to-A),

Vd is the volume of the donor compartment (1.5 mL for
A-to-B, 0.5 mL for B-to-A),

A is the area of the cell monolayer (1.13 cm2 for 12-well
Transwell).

CN is the nominal concentration of the dosing solution
(uM),

Crfinal is the cumulative receiver concentration at the
end of the incubation (uM),

Cdfinal is the concentration of the donor at the end of the
incubation (uM), and

Efflux ratio is defined as [Papp (B-to-A)] / [Papp (A-to-B)].

Animal Experiments

Stereotactic intracranial tumor implantation

All animal experiments were approved by the Institutional
Animal Care and Use Committee at Massachusetts
General Hospital. For MDA-MB-361 tumors, a total of
16 mice were analyzed for imaging (8 animals per co-
hort) and an additional 4 mice in a separate cohort were
analyzed for immunohistochemistry. For MDA-MB-231
BrM2 tumors, a total of 19 mice were analyzed for im-
aging (9 mice for placebo, 10 mice for treatment). Eight-
week-old female athymic nu/nu mice (Charles River
Laboratories) were anesthetized with pentobarbital (i.p.
injection, 40-70 mg/kg). The toe-pinch reflex was used to
confirm the depth of anesthesia in all animals prior to sur-
gery. Anesthetized mice were placed into a stereotactic ap-
paratus, with their heads stabilized by ear bars. The skin
over the skull was opened, bregma was identified, and a
total of 1.5 x 10®5 MDA-MB-361 or 75 x 10* MDA-MB-231
BrM2 cells in 4 uL Hank’s Balanced Salt Solution were
stereotactically implanted into the right striatum (2 mm
lateral from bregma, 2.5 mm deep) using a Hamilton sy-
ringe. Subsequently, the burr hole was sealed with bone
wax and the wound was sutured. All mice were provided
carprofen postoperatively (MediGel CPF, 2-oz cup, Clear
H,0) for a total of 3 days.

Dynamic bioluminescent imaging and assessment of
tumor burden

Seven days after intracranial tumor cell injection, mice re-
ceived a dynamic bioluminescent imaging (BLI) baseline
scan to assess their initial tumor burden. Prior to imaging,
mice were anesthetized with isoflurane and injected with
4.5 mg D-luciferin in 300 pL PBS. Ten minutes after the
luciferin injection, up to 5 animals at a time were imaged
on the Spectral Ami HTX (Spectral Instruments Imaging).

We chose exposure times of 60 s, 1s, and 0.5 s at 5-min
intervals until the peak luminescent signal from the whole
mouse body was reached. Tumor burden was measured in
total flux (p/s) and analyzed by subtracting the background
signal from the bioluminescent signal above the mouse’s
cranium with Aura software v2.2.1.0 (Spectral Instruments
Imaging). Figures were generated with ImageJ 1.52k soft-
ware (National Institutes of Health) using the binning
2, 0.5 s exposure and background subtracted image and
a log10 transformation of the data measured in total
flux (p/s).

After the assessment of initial tumor burden, mice were
randomized to GDC-0068 or sham treatment by a third-
party person. Treatment was initiated the day after initial
imaging (8 days post tumor cell implantation). BLI was
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performed on a weekly basis until 77 days post intracranial
tumor implantation to monitor tumor growth in all mice, as
measured by flux (p/s). The primary endpoint of this study
was defined as the tumor burden reflected by BLI in the
cohorts receiving treatment with GDC-0068 and sham at
the last day of imaging (77 days post tumor injection). The
secondary endpoint was overall survival at the end of the
study.

Treatment and monitoring

GDC-0068 was administered daily via oral gavage at a
dose of 100 mg/kg until the date of death of the last control
mouse. Mice randomized to treatment received 100 mg/
kg GDC-0068 diluted in 0.5% methylcellulose and 0.2%
Tween 80 per day, and mice randomized to sham received
a weight-adapted dose of 0.5% methylcellulose and 0.2%
Tween 80 daily. Following intracranial tumor implanta-
tion, all mice were monitored daily and sacrificed at >20%
weight loss and/or the onset of neurological symptoms.

Immunohistochemistry

Mouse brains were fixed in 10% formalin for 24 hours and
embedded in paraffin thereafter. Five-micrometer-thick
sections were deparaffinized for immunohistochemistry.
Manual staining was conducted for p-S6 ribosomal pro-
tein. 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
and incubated overnight with p-S6 ribosomal protein
((Ser235/236) #4858, 1:400, Cell Signaling Technology).
Sections were then alternately washed in TBS and TBST
and incubated with the secondary antibody SignalStain
Boost IHC Detection Reagent (HRP, Rabbit, #8114, Cell
Signaling Technology) for 30 minutes at room tempera-
ture. Slides were stained with 3,3’-diaminobenzidine (DAB;
Dako) and counterstained with hematoxylin.

Automated staining was conducted for p-PRAS40
(Thr246). Sections were treated with pre-diluted cell
conditioning solution (CC2, Ventana), heated for 62
minutes, and blocked in inhibitor conditioned medium
(Ventana). Sections were incubated with the primary an-
tibody p-PRAS40 (Thr246) #13175, 1:100, 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

Statistical analysis was conducted with GraphPad Prism
v7 for in vitro data and a log-rank test was implemented
for survival analysis. SAS 9.4 was used for the mixed
effects models for in vivo experiments. Graphs were
cropped with the Adobe lllustrator software (vCC 2018).
The efficacy of GDC-0068 in vivo was evaluated by
autoregressive linear mixed models. For the statistical
analysis, bioluminescent data (measured in total flux

[p/s]) were first log10 transformed. Linear mixed effects
models with an autoregressive covariance structure
within mice were conducted to compare the treatment
cohorts and their signaling changes over time. In this sta-
tistical model, previously log10-transformed fold changes
in flux were the dependent variable, while independent
predictors were time, treatment, and the interaction
of both. A P-value of <0.05 was considered statistically
significant.

Results

In cell viability assays, GDC-0068 potently decreased
cell viability in the PIK3CA-MT breast cancer brain met-
astatic cell line MDA-MB-361 and the breast cancer
cell line MDA-MB-453 after 72 hours of treatment
(IC;, = 2.83 umol/L and (IC,,: 0.322 umol/L, respectively)
in a dose-dependent manner (Figure 1A). In contrast,
only a minor reduction was observed in PIK3CA-WT cell
lines, MDA-MB-231 BrM2, and BS-004, at doses up to
10 umol/L (Figure 1A). JIMT-1 BR-3 carrying PIK3CA C420R
responded slightly better but modestly to GDC-0068
(Figure 1A). Apoptosis assays were used to assess the un-
derlying effect of GDC-0068 on BCBM cell lines. In line with
the cell viability results, GDC-0068 robustly and modestly
increased caspase-3/7 activity in the PIK3CA-MT BCBM
cell lines MDA-MB-361 and JIMT-1 BR-3, respectively, in
a dose-dependent manner. However, there was no signif-
icant increase in caspase-3/7 activity in the 2 PIK3CA-WT
BCBM cell lines in response to GDC-0068 (Figure 1B).The
highest caspase-3/7 signal was obtained after 10 hours of
treatment in increasing concentrations of GDC-0068. GDC-
0068 led to a dose-dependent phosphorylation inhibition
of PRAS40, a direct substrate of Akt kinase, and further
downstream p70 S6 kinase in a dose-dependent manner
in PIK3CA-MT BCBM cell lines over a treatment course of
6 hours (Figure 1C).The Akt pathway signaling was partic-
ularly sensitive to GDC-0068-induced inhibition in PIK3CA
E545K MDA-MB-361. In comparison, no considerable
changes in phosphorylation were observed in PIK3CA-WT
BCBM cell lines treated in increasing concentrations with
GDC-0068 (Figure 1C).

In order to validate if the effect of GDC-0068 is geno-
type selective, cell viability and apoptosis assays were
performed in the isogenic, non-tumorigenic epithelial
breast cell lines PIK3CA-MT (H1047R/+) MCF10A and
parental MCF10A. After 72 hours of treatment, GDC-
0068 significantly decreased cell viability in PIK3CA-MT
(H1047R/+) MCF10A (IC,,: 0.825pmol/L) in contrast to
MCF10 PIK3CA-WT cells (Figure 2A). Consistent with the
in vitro findings in BCBM cell lines, treatment with GDC-
0068 in increasing concentrations resulted in a marked
increase of caspase-3/7 activity in PIK3CA (H1047R/+)
MCF10A cells, but no such response was observed in
MCF10A parental cells (Figure 2B). In these isogenic pairs,
the highest apoptotic signal was observed after 24 hours
of treatment.

In order to elucidate the biologic effect of GDC-0068 on
the cell cycle, propidium iodide staining with subsequent
cell cycle analysis was conducted in all BCBM cell lines
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Fig. 1

The effect of GDC-0068 in PIK3CA-mutant and PIK3CA-wildtype breast cancer brain metastatic cell lines in cell viability and apop-

tosis assays and western blots. (A), Cell viability after 72 hours and (B) apoptosis assays after 10 hours of treatment of the breast cancer brain
metastatic cell lines MDA-MB-361, JIMT-1 BR-3, MDA-MB-231 BrM2, and BS-004 and the breast cancer cell line MDA-MB-453 in increasing
concentrations with GDC-0068. Percentage of growth inhibition is compared with 0.1% DMSQ-incubated controls. Error bars represent SEM of 3
independent experiments. (C) Western blot analysis of 3 independent experiments for PRAS40, p-PRAS40 (Thr246), 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-0068 in the illustrated concentrations

for a total of 6 hours. 3-actin was used as a loading control.

after 72 hours of treatment with the compound. A dose-
dependent increase in the sub-G1 fraction (apoptotic
cells) with an accompanying decrease of the G1-, S-, and
G2M-phase populations was observed in both PIK3CA-MT
BCBM cell lines, MDA-MB-361 and JIMT-1 BR-3 (Figure 3A
and Supplementary Figure 1A). Only a minor increase in
the sub-G1-phase population was seen in the PIK3CA-WT
cell line MDA-MB-231 BrM2 (Figure 3B), whereas no sig-
nificant changes in cell cycle were observed in BS-004
(Supplementary Figure 1B).

In permeability assays, digoxin, the positive control for
P-glycoprotein efflux had an efflux ratio of 13.1. The Ato B
Papp of GDC-0068 (0.55 x 10-% cm/s) was similar to that of
the low permeability marker atenolol (A to B Papp 0.24 x
108 cm/s) and much lower than the high permeability
marker minoxidil (A to B Papp 5.9 x 106 cm/s). GDC-0068
had an efflux ratio of 43.4, suggesting it may be a substrate
of one or more efflux transporters present in Caco-2 cells.
The A to B and B to A recovery for GDC-0068 were com-
plete (101% and 99.8%, respectively).

To further evaluate the antitumor activity of GDC-0068
in BCBM, the efficacy of this compound was investigated
in an intracranial PIK3CA-MT (MDA-MB-361) BCBM tumor
model, as well as a PIK3CA-WT model (MDA-MB-231 BrM2)
in vivo. GDC-0068 was administered via oral gavage at a

dose of 100 mg/kg daily until the date of death of the last
mouse in the placebo group. Treatment was well tolerated
and no adverse events were observed over the entire
course of treatment. In the PIK3CA-MT MDA-MB-361 BCBM
tumor model, GDC-0068 resulted in a significant inhibition
of tumor growth measured by BLI in treated mice, whereas
in contrast, sham-treated tumors continued to grow more
rapidly (Figure 4A-C. No differences in tumor growth and
survival were detected in MDA-MB-231 BrM2 intracra-
nial tumors over the course of treatment (Supplementary
Figure 2). Treatment with GDC-0068 led to a significant in-
hibition in the MDA-MB-361 tumor bearing mice compared
with sham (mixed effect model, effect of treatment at day
77: P < 0.0001) (Figure 4B). Furthermore, treatment with
GDC-0068 resulted in a significant survival benefit (log-
rank test, P=0.0008), with a median survival of 109 days in
treated mice versus 82.5 days in mice receiving sham treat-
ment (Figure 4D).To evaluate GDC-0068-induced phospho-
rylation inhibition of PI3K/Akt/mTOR pathway downstream
targets, expression of p-PRAS40 and p-S6 ribosomal
protein was analyzed with immunohistochemistry. In ac-
cordance with the previous in vitro and in vivo results,
GDC-0068 treated tumors in MDA-MB-361 tumor bearing
mice revealed reduced immunostaining of p-S6 ribosomal
protein compared with tumors of the sham cohort (Figure
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Fig.2 GDC-0068 results in genotype-selective antitumor activity in isogenic epithelial breast cell lines. (A) Cell viability assays after 72 hours and
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PIK3CA (H1047R/+) MCF10A and MCF10A. Percentage of growth inhibition is calculated relative to 0.1% DMSO-incubated controls. Error bars

represent SEM of triplicates treated with the same dose of GDC-0068.

4E), but no such effect was seen in the PIK3CA-mutant cell
line MDA-MB-231 BrM2 (Supplementary Figure 2).

Taking everything into account, GDC-0068 effectively
inhibited downstream molecular targets of the PI3K/
Akt/mTOR pathway in a genotype-selective and dose-
dependent manner, led to a marked inhibition in tumor
growth, and resulted in a significant survival benefit in
PIK3CA-MT BCBM tumor bearing mice.

Discussion

In the last decade, the identification of actionable ge-
netic driver mutations of metastatic brain disease has re-
vealed molecular targets that open up new treatment
strategies for affected BCBM patients.’® Genomic as well
as immunohistochemical studies have shown that activa-
tion of the PI3K pathway is present in 43-70% of all BCBM
patients.®"" Therefore, effective inhibition of the PI3K/Akt/
mTOR pathway appears to be an appealing treatment op-
tion, which we were recently able to demonstrate in a

preclinical model of BCBM.2® The ATP-competitive pan-Akt
inhibitor GDC-0068 has been reported to achieve encour-
aging antitumor activity in a variety of preclinical cancer
models and clinical trials,'®2" but has not been evaluated
previously in a preclinical intracranial tumor model. A single
center, proof-of-concept phase | trial is currently recruiting
glioblastoma patients to investigate the combination of
atezolizumab in combination with ipatasertib (GDC-0068)
(NCT03673787), but there are no clinical trials evaluating the
efficacy of this compound in BCBM patients at present.

In our study, we demonstrated that GDC-0068 selectively
induced apoptosis in PIK3CA-MT BCBM cell lines in vitro
in a dose-dependent manner.These findings are consistent
with the degree of inhibition of molecular downstream
targets of Akt as demonstrated in western blots. The
genotype-selective effect of this compound was validated
in an isogenic non-tumorigenic breast cell line with and
without a PIK3CA mutation. Furthermore, although in vitro
permeability assays showed that GDC-0068 might be sub-
ject to one or more efflux transporters in Caco-2 cells, we
showed that treatment with GDC-0068 led to significant
inhibition of tumor growth and overall survival benefit in

1407



http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz105#supplementary-data

1408

Ippen et al. Akt inhibition in breast cancer brain metastases

A
MDA-MB-361
80 - 80 — 100 Control |
@ - @ 80 l
8 o 604 8, 60 <G1 2
5 & 5 @ 60 S G2M
oS —|_ o £ —_—
92 40+ 5 40+ -
=) £06 40
8L o 8 c
o c 4 e-= 2904
g K3 20
0 T T T T T T 0 T T T T T T O
A A\
S » S » » » 0 50K 100K 150K
FITIT T RSN PR P ey
& NPT PP & NPT 2T v
80 - 80 — 1004 10 uM |
2 @ 80
g, 601 8 o 60— <G1 &4 .
5 @ 5 S 60 G2M
[} E o —t
25 40+ DS 40 -
P = 40
S 2 Scod [T
8 K 20
0 e 0 e ! B m— — 0
A A 0 50K 100 K 150 K
S N S o
S N N N (N QN N N (N N NN PE-Cy5-A
S A AP S AT Y 9T, 0% 0 y
B
MDA-MB-231 BrM2
80 - 80 — 1004 Control
° o ]
8 g 601 g 9 60 —
5 8 5 g L _
$2 404 $a 40 =T
85 8-
cy c O
g 2 — = 8 c
5= 204 5 20 —
) - )
0 T T T T T T 0 T T T T T T
> N & N S > & N O D 0 50 K 100K 150K
SEFOIPOIPN NN I T T I
N Q - 5
BN A S S A APV PE-Cy5-A
80 - 80 — 1007 10pM.
(=D 2 807 <G1 Iz
g 601 8 g 60 & S Gom
53 52 60
56 404 o= 40
=4 =) - __ 407
[T [ —_
ST 20 Sc 20+ T
o) o) 201
o I—_'_—|—~ T T T a
0 L T 1 T 1 0 —_ 0
> & O NN S & N Q& Q! N 0 50K 100K 150K
00{‘\\5 \Q {7:0\} 9_)\} /\(D\} \QQ c)o{\\k \\} qfo\} GJQ ,\(’JQ \QQ PE-Cy5-A
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phase of the cell cycle (<G1, G1, S, G2M) is gated on the histogram. Percentages of phases of the cell cycle were assessed in 3 independent

experiments. Error bars represent SEM.

mice harboring PIK3CA-MT intracranial tumors, but notin a
PIK3CA-WT mouse model. This is in line with other studies
that have shown disruption of the blood-brain barrier

in the setting of brain metastases in animal models.?’
Inhibition of molecular downstream targets was validated
by decreased staining for p-S6 ribosomal protein in
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PIK3CA-MT BCBM tumors treated with GDC-0068. Of note,
among the PIK3CA-MT cell lines in this study, MDA-MB-361
was more sensitive to GDC-0068 compared with JIMT-1
BR-3inin vitro assays.This effect could be explained by the
different genetic contexts of these cell lines, as the PIK3CA
E545K mutation in MDA-MB-361 is a well-documented
activating mutation, while JIMT-1 BR-3 harbors a PIK3CA
C420R mutation.?® These different alterations might have
distinct impacts on downstream signaling activation of this
pathway. Also, we cannot exclude the possibility that the
activity of other pathways that cross-talk with the PI3K/Akt/
mTOR pathway may influence the sensitivity to treatment
with GDC-0068.

Various clinical trials are currently investigating the
efficacy of GDC-0068 as a single agent or in combina-
tion in patients with various tumor types such as pros-
tate cancer (NCT01485861, NCT03072238, NCT03673787,
NCT03840200), breast cancer (NCT03424005, NCT03280563,
NCT03395899, NCT03337724, NCT02162719, NCT03800836,
NCT03840200), ovarian cancer (NCT03840200), glioblas-
toma (NCT03673787), cancer of unknown primary site
(NCT03498521) or in advanced solid tumors in general
(NCT01362374, NCT03673787). Recently, a phase | study
on GDC-0068 reported radiographic stable disease as a
preliminary antitumor activity in 30% of patients with di-
verse solid tumors who had previously progressed on
prior therapies.?! Moreover, interim results of the dou-
ble-blind placebo-controlled randomized FAIRLANE trial
(NCT02301988) investigating neoadjuvant GDC-0068 plus
paclitaxel for early triple-negative breast cancer revealed
favorable radiographic response rates for the combination
of GDC-0068 and paclitaxel.?®To date, there is no clinical re-
sponse data in patients with brain metastases.

A previous preclinical study by Lin et al. assessing GDC-
0068 in multiple in vitro and in vivo tumor models re-
ported that this compound is particularly potent in tumors
harboring genetic alterations such as loss or decreased ac-
tivity of phosphatase and tensin homolog (PTEN), mutations
or amplifications of PIK3CA and HERZ2 overexpression,
which was validated in isogenic PTEN-knockout MCF10A
cells.”® Furthermore, the authors demonstrated an orally
administered dose of 100 mg/kg GDC-0068 daily in tumor
models, with these genetic profiles resulting in response
rates ranging from tumor growth inhibition to even regres-
sion. In contrast, mutations in the oncogenes BRAF and
KRAS were found to be associated with resistance to treat-
ment with GDC-0068."8 These results are in line with our in
vitro and xenograft studies of PIK3CA-MT BCBM models,
showing the favorable response of the BCBM cell line
MDA-MB-361 (PIK3CA-MT, HER2+; BRAF-WT, KRAS-WT)
and the resistance of the PIK3CA-WT cell line MDA-MB-231
BrM2 (HER2—; BRAF-MT, KRAS-MT%),

Collectively, our preclinical data support continued in-
vestigation of the highly selective, ATP-competitive pan-
Akt inhibitor GDC-0068 as a possible therapeutic option in
brain metastases patients. Future studies are also needed
to explore GDC-0068 in combination with other targeted
therapies. Upregulation of compensatory pathways like
extracellular signal-regulated kinase activation and phos-
phorylation of human epidermal growth factor receptor 3
(HER3) following GDC-0068 treatment has been reported in
studies by Yan et al, evaluating the downstream targets of

xenografts and patient samples of refractory solid tumors.5'
Furthermore, concomitant blockade of EGF receptor, HER3,
and the PI3K pathway has recently demonstrated superior
antitumor activity in a triple-negative breast cancer model.??
These results are in line with previous studies investigating
PI3K/Akt/mTOR inhibitors,?>3334 suggesting a promising
combinatorial approach with compounds targeting those
pathways subject to compensatory upregulation.

Nevertheless, GDC-0068 has shown encouraging tumor
growth inhibition as a single agent with a significant sur-
vival benefit in our study. Therefore, further validation of
GDC-0068 is warranted in clinical trials in BCBM patients
with PI3K pathway alterations.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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