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Abstract

Aim: Metastasis to the brain has become a major limitation to the life expectancy and quality of life for many patients
with breast cancer. Unfortunately, other than radiation and palliative treatments with trastuzumab, and pertuzumab,
no effective therapy for brain metastases is currently available. This study seeks to identify novel gene targets and
pharmaceutical Intervention against breast cancer brain metastasis.

Methods: The detailed methods applied to this study, including comparative RNA sequencing and bioinformatics
analysis of sequence data, ingenuity pathway analysis, protein-protein interaction analysis, high throughput screening
of clinical and pre-clinical drugs, cell viability and proliferation assay, toxicity and apoptosis assay using fluorescence-
activated cell sorting, real-time PCR, western blotting, statistical analysis of data.

Results: The study reveals critical roles for SRC, ERBB2, PIK3CA, and GABA in the proliferation and survival of breast
cancer brain metastatic (BBM) cells and showed that SRC- and ERBB2-mediated activation of PIK3-AKT/mTOR
signaling regulates BBM cell survival. Selective inhibition of these candidate genes alone or in combination induces
robust apoptosis in BBM cells

Conclusion: The findings of this study provide a rationale for further preclinical evaluation of SRC-targeting regimens
in combination with ERBB2 inhibitors and/or GABA agonists to target breast cancer brain metastasis.

Keywords: Breast cancer, brain metastasis, human epidermal growth factor receptor 2, ERBB2, SRC, astrocytes,
PI3KCA
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INTRODUCTION

Brain metastases represent a significant clinical challenge for the treatment of patients with human
epidermal growth factor receptor 2 (HER2)-positive breast cancer. Although modern multimodality
therapies have improved the survival of patients with primary breast cancer and systemic metastases, the
overall median survival of patients with brain metastases is dismally less than one yearh’z]. Furthermore,
as the brain represents a “sanctuary site” for HER2+ metastases, and has comprised a larger proportion
of relapse sites over time'™". Despite this increasing incidence, there is no current consensus on therapy
for those with intracranial progression[s’ﬁ]. Current clinical options for HER2+ brain metastases patients
are limited to trastuzumab (anti-HER2 monoclonal antibody) treatment in conjunction with whole-brain
radiotherapy or stereotactic radiosurgery[7], neither of which clinically effective in treating life-threatening
brain metastases that often lead to severe cognitive complications.

The poor prognosis of breast cancer brain metastatic (BBM) patients with local therapies underscores the
need for better systemic treatments. Over the last few years, preclinical and clinical progress in the treatment
of BBM has led to novel hypotheses for improving therapeutic outcome. The limited efficacy of trastuzumab
against BM is often attributed to an inadequate penetration through the BBB". Lapatinib, a small molecule
kinase inhibitor of epidermal growth factor receptor (EGFR) and HER2, was evaluated in BCBM due to
its ability to better penetrate the BBB than trastuzumab'™*”. The success of lapatinib and capecitabine in
preventing brain metastasis led to its inclusion in patients with established brain metastases. New generation
ErbB family inhibitors neratinib and afatinib are more potent and specific than lapatinib, showed significant
responses in limited cases of BBM"". The downstream HER2 signaling inhibitors including the PI3K
inhibitor BKM120 and the mTOR inhibitor everolimus were evaluated to overcome de novo or acquired
resistance to anti-HER2 therapy. Indeed, targeting the HER2 family member HERS3, critical for HER2
downstream signaling, enhances the efficacy of HER2-targeted therapies in preclinical models of BBM'"*",

Recent clinical findings described the efficacy of antibody-based therapy in BBM. Upon treatment
Bevacizumab and trastuzumab-DM1 adequately accumulate in brain metastatic lesions to exert positive
effect™"7. Antibody-chemotherapy conjugate such as ado-trastuzumab emtansine (T-DM1) was approved
for the treatment of HER2-positive breast cancer due to its higher efficacy over lapatinib and capecitabine
in patients with disease progression after trastuzumab'"*. As T-DM1 targets acquired or microenvironment-
mediated activation of Her2 independent signaling pathways, this agent would be expected to be effective in
such patients.

Using RNA sequencing (RNA-seq) analysis of primary HER2+ breast cancer and HER2+ breast to brain
metastatic tumor resections, along with normal breast and normal brain tissues, we demonstrated that
SRC- and ERBB2-mediated regulation of PI3K-AKT/mTOR signaling plays a critical role in BBM cell
proliferation[w]. Inhibition of SRC, ERBB2, and downstream kinases induced robust apoptotic cell death.
In parallel experiments, we conducted a high throughput screening of 1650 clinical and preclinical drug
candidates and found that activation of GABA signaling using a GABA agonist induces apoptosis in the
breast to brain metastatic cells.

Interestingly, it has been shown that the SRC family of non-receptor tyrosine kinases is critical for both
HER2+ and triple-negative breast cancer”. SRC activation maximizes the HER2: HER3 interaction and
serves as a convergent point of multiple downstream signals, including the PI3K-AKT/mTOR pathway, thus
regulating cell Viability[zo’m. Similarly, activation of GABA signaling negatively regulates not only neural
stem cells but also embryonic and cancer stem cells™™. GABAergic breast to brain metastatic cells rely
on GABA as an energy source, and activation of GABA signaling prevents cell proliferation directly or by
blocking the supply of GABA to the invading cells. This collective evidence suggests that inhibiting HER2
and simultaneous targeting SRC and/or GABA is a promising strategy for the treatment of breast cancer
brain metastasis.
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METHODS

Patient consent and tissue processing

De-identified archival and fresh tumor tissue samples were collected from consented patients undergoing
resection of primary breast or breast to brain metastases, in accordance with a City of Hope Institutional
Review Board (IRB)-approved protocol (#05091).

RNA isolation and sequencing

The flash frozen patient tissue samples were subjected to total RNA preparation using an RNeasy Mini Kit
(Qiagen), according to the manufacturer’s instructions, eluted in 50 uL of RNase/DNase-free water, and
the initial concentration and purity assessed on a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE). Prior to sequencing, RNA quality was assessed by microfluidic capillary
electrophoresis using an Agilent 2100 Bioanalyzer and the RNA 6000 Nano Chip kit (Agilent Technologies,
Santa Clara, CA). Sequencing libraries were prepared with the TruSeq RNA Sample Prep Kit V2 (Illumina,
San Diego, CA), according to the manufacturer’s protocol with minor modifications. Briefly, ribosomal
RNA was removed from 500 ng of total RNA using a RiboZero kit (Illumina) and the resulting RNA was
ethanol precipitated. Pellets were re-suspended in 17 uL of Elute/Prime/Fragment Mix (Illumina) and
first-strand cDNA synthesis performed using DNA polymerase I and RNase H. cDNA was end repaired,
3’ end adenylated, and universal adapter ligated followed by 10 cycles of PCR using Illumina PCR Primer
Cocktail and Phusion DNA polymerase (Illumina). Libraries were purified with Agencourt AMPure XP
beads, validated with the Agilent 2100 Bioanalyzer, and quantified with Qubit (Life Technologies). Libraries
were sequenced on an Illumina Hiseq 2500 with single-end 40-bp reads. Raw sequences were aligned to
the human genome assembly (version 19, GRCh37.p13) using Tophat v2 and RefSeq gene expression levels
were counted using HTseq-count. The genes expression counts were normalized using the trimmed mean of
M-values method implemented in the Bioconductor package “edgeR.” The differential expression analysis,
clustering analysis, and pathway analysis were conducted using the DAVID online annotation tool and
Ingenuity Pathway Analysis (IPA) to determine tissue-specific gene signatures and signaling pathways. The
gene expression data of candidate genes was confirmed by real-time PCR.

Breast cancer brain metastasis cell cultures

HER2+ tumor samples were acquired from patients undergoing resection of the breast to brain metastases
in accordance with a City of Hope IRB-approved protocol (IRB #05091). A portion of each specimen was
cultured in DMEM-F12 (Life Technologies) supplemented with 10% fetal bovine serum, 1% glutamax, and
1% antibiotic-antimycotic(Life Technologies) in collagen-coated T75 flasks (Life Technologies) to derive low-
passage primary cell lines COH-BBM1 (BBM1) and COH-BBM2 (BBM2).

High throughput screening of therapeutic candidates

The Lopac 1280 compound library (Sigma), DiscoveryProbe Neuronal Signaling Library (ApexBio),
and clinical drugs targeting primary breast cancer and CNS tumors (Cayman Chemical) were obtained
commercially. All the compounds of the two libraries are in preclinical or clinical candidates. Over 50%
compounds of the library target neural disorders. The compounds were dissolved in DMSO at concentrations
of 100 pmol/L. For the initial screening, BBM1 cells were grown in 96-well plates (10000/well) and treated
with the compounds at a final concentration of 1 pmol/L (n = 3 per treatment). Control cells were treated
with DMSO only. The viability of the cells was measured at 48 and 72 h post-treatment by using a CellTiter-
Glo® Luminescent Cell Viability Assay kit (Promega). The compounds that suppressed BBM1 cell viability
by at least 70% compared to the control were selected for secondary screening in both BBM1 and BBM2 cells
lines. The compounds that showed consistent toxicity of both BBM1 and BBM2 cells over a period of 10 days
were assessed for toxicity against BBM1 cells but not astrocytes.

To analyze cell type-specific toxicity, human astrocytes and BBM1 cells were grown overnight prior to
treatment with 1 pmol/L of the active compounds (n = 6). Control cells were treated with DMSO only. The
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viability of the cells was measured at 48 and 72 h post-treatment using the CellTiter-Glo” Luminescent Cell
Viability Assay kit. Compounds that showed at least two-fold greater toxicity against BBM1 cells compared
to astrocytes cells were further analyzed for their concentration-dependent effects on BBM1 cells. For
concentration-dependent toxicity, cells were treated with 0, 31.2, 62.5, 125, 250, 500, 1000 nmol/L final concentration
of the compounds (n = 8). The viability was measured at 72 h post-treatment. The data normalization
compared to control and IC_, determination was done using GraphPad Prism 7.

Real-time PCR and Western blot analysis

Total RNA from astrocytes and BBM1 and BBM2 cells was extracted using Trizol (Invitrogen) and treated
with RNase-free DNase (Qiagen), according to the manufacturer’s instructions. To analyze gene expression,
cDNA was synthesized using an iScript reverse transcription kit (Bio-Rad). Real-time PCR quantification
was conducted using gene-specific primers and SYBR Select Master Mix (Applied Biosystems) using a CFX
real-time PCR system (Applied Biosystems). Control PCR reactions were conducted using glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and/or actin-specific primers. PCR data was analyzed using the CFX
manager (Bio-Rad).

For Western blot analysis, total cell lysates were prepared in protein lysis buffer (50 mmol/L Tris-HCI, pH 7.5;
100 mmol/L NaCl; 1% Triton X-100; 1 mmol/L EDTA; 1 mmol/L EGTA, 50 mmol/L B-glycerophosphoran,
1 mmol/L dithiothreitol, 1 mmol/L phenylmethanesulfonyl fluoride; 2 mmol/L sodium orthovanadate, 10 pg/mL
aprotinin; 10 pg/mL leupeptin; and 10 ug/mL pepstatin A) by incubating cells for 20 min at 4 °C, followed
by centrifugation (15000 x g, 15 min, 4 °C). Protein extracts were analyzed by using antibodies specific
to ERBB2; phosphorylated ERBB2 (pERBB2); Protein kinase B (AKT); phosphorylated AKT (pAKT)
were obtained from Millipore; Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit, Alpha
(PIK3CA), phosphorylated PIK3CA (pPIK3CA); SRC Proto-Oncogene (SRC); phosphorylated SRC (pSRC);
MYC Proto-Oncogene (MYC); Mammalian Target of Rapamycin (mTOR); phosphorylated mTOR (pmTOR);
procaspase3 and cleaved caspase 3 were obtained from Cell Signaling. Actin and o-tubulin antibodies were
also obtained from Cell Signaling.

Apoptosis analysis

Apoptosis induction in treated and control cells was measured using Annexin V-FITC staining followed by
FACS analysis. In brief, cells were treated with the compounds 24 to 48 h prior to fixing in 4% PFA. Control
cells were treated with vehicle alone. The cells were immunostained with Annexin V-FITC (Invitrogen)
followed by PI (Life Technology) and analyzed using BD FACSAria Flow Cytometer (BD Biosciences). The
experimental control cells were stained with IgG with or without PI.

Statistical analysis

Verification of RNA-seq data was done with real-time PCR in at least three biological replicates to confirm
reproducibility and repeated at least twice. Results are expressed as the means+SEM. Unless otherwise
stated, the two groups comparisons analyses were performed by using Mann-Whitney U tests in GraphPad
Prism® 7.0 (GraphPad Software Inc., La Jolla, CA, USA). P<0.05 was considered to be statistically significant.

RESULTS

Breast cancer brain metastases display a unique brain-like transcription profile

Primary HER2(ERBB2)+ breast cancer tissue (PT) and HER2+ breast to brain metastatic tissue (MT)
collected from the consented patients, along with normal breast (nBreast) and normal brain (nBrain) tissues,
were subjected to RNA-seq analysis. Hierarchical clustering of the normalized expression data of 20,257
transcripts revealed that, whereas PT shows transcriptome similarity with nBreast tissue, MT exhibits a
brain-like transcription profile [Figure 1A and B]. IPA of the 367 MT-specific revealed ERBB2 signaling as a
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Figure 1. RNA-Seq analysis of two primary breast tumors (PT1-2), one normal breast tissue sample (nBreast), three breast to brain
metastatic tumors (MT1-3), and one normal brain tissue sample (nBrain). A: Heatmap comparison of gene expression in each group,
presented as log2-normalized fragments per kilobase of transcript per million mapped reads (FPKM). Colors indicate relatively low (blue)
or high (red) gene expression; B: the principal component analysis (PCA) of log,-normalized FPKM values, showing similarities and
differences between sample groups; C: protein-protein interactions of selected genes overexpressed in metastatic tissue (MT) samples
compared to all other groups; D: real-time PCR quantification of genes overexpressed in different samples (7 = 3, £ < 0.05). Error bars
indicate SEM

major canonical pathway overexpressed in MT [Supplementary Figures 1 and 2]. Protein-protein interaction
analysis of the MT-specific genes revealed ERBB2/PI3K/AKT/mTOR as a potential major regulator of the
breast to brain metastatic cell survival and proliferation [Figure 1C]. Similarly, KEGG pathway analysis
projected ERBB2, PIK3-Akt/mTOR, and neurotrophin signaling as major pathways associated with MT-
specific genes [Supplementary Figure 2].

Based on IPA, followed by protein-protein interaction and KEGG pathway analyses, we focused on a set of
10 genes that showed at least two-fold overexpression in MT tissue compared to all other groups and may be
important for the proliferation of BBM cells.

To confirm the expression of these genes, we synthesized gene-specific primers and performed real-time
PCR analysis of RNA extracted from MT (MT1-3), PT (PT1-2), and nBrain tissue [Figure 1D]. To further
confirm the expression of these MT-specific genes, we cultured two BBM tissue-derived low-passage
cell lines, BBM1 and BBM2, along with human reactive astrocytes. Both BBM cell lines showed distinct
morphological differences compared to astrocytes [Figure 2A]. The real-time PCR analysis of extracted RNA
showed significant (P < 0.05) upregulation of MT-specific genes, except for NRG2 and PIK3CG, in BBM cells
compared to astrocytes [Figure 2B].
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Figure 2. A: Bright field images of human Astrocytes and breast cancer brain metastasis 1 (BBM1) and 2 (BBM2) cells showing
morphological differences between cell lines. Scale bars = 100 umol/L; B: real-time PCR analysis of genes enriched in Astrocytes and
BBM (BBM1 and BBM?2) cells (7 = 3, P < 0.05). Error bars indicate SEM

Disruption of ERBB2 and the PIK3/AKT/mTOR signaling pathway induces apoptosis in BBM cells
Bioinformatics analysis of our sequence data, published data, and previous findings from our lab indicate
MT-specific ERBB2-mediated activation of the PI3K-AKT/mTOR pathway [Figure 3A]. We found expression
of ERBB2, PIK3CA, and MYC was 20, 8 and 4 fold, higher in HER2+ MT tissue compared to PT, indicating
the potential function of the neural microenvironment in substantially increasing their expression. To
confirm the function of ERBB2 on PI3K-AKT/mTOR signaling, we treated BBM1 cells with 50 nmol/L of
the ERBB2 inhibitor Lapatinib or the PIK3CA inhibitor Idelalisib for 48 h. Western blot analysis of total
protein extracts showed that Lapatinib and Idelalisib inhibited phosphorylation of ERRB2, PIK3CA, AKT,
and mTOR [Figure 3B]. To confirm the effects of the inhibitors on cell viability, BBM1 cells were treated
with various concentrations (0, 31.2, 62.5, 125, 250, 500, 1000 nmol/L) of Lapatinib and Idelalisib, as well as
inhibitors of AKT (AZD5363) and mTOR phosphorylation (Rapamycin). Our analysis showed that treatment
with each of the inhibitors suppressed cell viability [Figure 3C]. Lapatinib induced the highest inhibition of
BBM1 cell proliferation with an IC,  value of 25.1 nmol/L at 72 h post-treatment.

Drug screen indicates that SRC, ERBB2, and GABA signaling pathways play critical roles in
BBM1 cell proliferation

To identify novel clinical or preclinical drug candidates to target breast cancer brain metastasis, we
performed a high throughput screening of 1,650 compounds. Preliminary screening was done by treating
BBM1 cells with 1 pmol/L of each compound for 72 h. We identified 105 compounds that showed robust
toxicity (at least 70% inhibition) against BBM1 cells [Figure 4A].

In a secondary screening, we analyzed the consistency and stability of the compounds against two HER2+
BBM cell lines (BBM1 and BBM2). Cells were treated with 50 nmol/L of each compound and analyzed over
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Figure 3. Disruption of ERBB2 and PI3K-AKT/mTOR signaling suppresses BBM cell survival. A: Schematic depicting the ERBB2/MYC/
AKT and PI3K-AKT/mTOR signaling pathways that affect BBM cell proliferation; B: cells were treated with ERBB2 (Lapatinib) and PI3K
(ldelalisib) inhibitors at a final concentration of 100 nmol/L for 48 h. Total protein lysates from were analyzed using antibodies specific
to ERBB2, pERBB2, PIK3CA, pPIK3CA, AKT, pAKT, MYC, mTOR, and pmTOR. Tubulin was used as a loading control; C: BBM1 cells
were treated with pharmaceutical inhibitors of ERBB2 (Lapatinib), PI3K (ldelalisib), AKT (AZD5363), and mTOR (Rapamycin) at final
concentrations 0, 31.2, 62.5, 125, 250, 500, 1000 nmol/L. Control cells were treated with DMSO only. The viability of the cells at 72 h
post-treatment is shown. The ICy, values of the compounds are in the bottom right of each plot

10 days. We identified 35 compounds that showed robust toxicity towards both BBM1 and BBM2 cell lines,
throughout the study period [Supplementary Figure 3].

Further screening was done to identify compounds with BBM cell-specific toxicity using both BBM1 and
human reactive astrocytes cells. We identified 12 compounds that were at least two-fold more toxic towards
BBM1 cells than toward astrocytes [Figure 4B and C]. Finally, we analyzed concentration-dependent
toxicity and identified 6 compounds that showed linear concentration-dependent suppression of BBM1
cell viability. IC,  analysis revealed that Doxorubicin, a DNA-binding chemotherapeutic agent for multiple
cancers, was the most toxic compound towards BBM1 cells. The SCR inhibitor (AC-93253; IC_ = 85 nmol/L)
and GABA receptor agonist (Isoguvacine; IC_, = 99.2 nmol/L) showed greater toxicity than the Wnt agonist
(CID11210285), sirtuin (SIRT) inhibitor (JDF00244), and leucine-rich repeat kinase-2 (LRRK2) inhibitor
(GSK2578215A), which had IC_ values ranging from 183 nmol/L to 304 nmol/L [Figure 4D]. Consistent with
the drug screening data, our RNA-seq analysis indicated relatively higher expression of SRC in MT cells
compared to nBrain and nBreast but not to PT [Supplementary Figure 4].

Combinatorial inhibition of ERBB2 with an SRC or PIK3CA inhibitor or a GABA agonist induces
robust apoptosis in BBM1 cells

Bioinformatics analysis showed that SRC1 is an upstream regulator of ERBB2 and its targets, MYC and
PIK3CA, and an activator of PI3K-AKT/mTOR signaling [Figure 5A], indicating that SCR1 potentially plays
a critical role in BBM cell survival and proliferation. To confirm this function of SRC, we treated BBM1 cells
with different inhibitors specific to SRC and its downstream targets for 48 h. Apoptosis analysis showed that
these inhibitors induced robust apoptosis in BBM1 cells [Figure 5B]. Further confirmation of apoptosis was
obtained via Western blot analysis of procaspase3 and cleaved caspase3 proteins in the treated cells [Figure 5C].

Consistent with the RNA-seq data, our compound screening results indicated that SRC-mediated activation
of the PIK3-AKT/mTOR pathway plays a critical role in BBM cell survival and proliferation. To confirm the



Page 8 of 14 Ansari et al. J Cancer Metastasis Treat 2019;5:20 | http://dx.doi.org/10.20517/2394-4722.2018.68

A B
150+ o e 120+
~— - : ~
2] >, o
= 3 % L o
8 i 8260
= S ®© 30
> =S @ "
O‘ T T T O T T
0 500 1000 1500 Astrocytes BBM1
Compounds Cell lines
C
= ) Astrocytes
S 100+ == BBM1 B
8 : I & 1 & T [
()]
o 50 -
KL
> -
: i 11 ;
% 0 l_ T T I. Ii I- T T II ll
© 2 $ 2 5§ § 5 @3gs % 3 %I 3
T 5 & =5 2 5 8§88 § 44 ¢ 8§ o
) = b = © =] a8 = > 0 9 (= O
© & 2 5§ & 5 ¢ 8 3 K 2 o0 uw
= o A 3 < - b i - <
o o A 541
D O 1G]
. Doxorubicin =150, AC-93253 = 150 Is;%ugacl:\lﬂne
< (27.6 nM) R " iodide (85 nM) S (99.2nM)
Z1 P S 100 e g 100 e
Ke) 5 = 4 = J
5 0 4 2 50 / 8 90 /
= f= K 3= s
€ ol— — < 9 ol o £ 0 -
0 1 2 3 0 1 2 3 0 1 2 .3
Concentration Concentration Concentration
(log1o) (logso) (logyo)
~ . CID —= 150 JDF00244 — 150 GSK2578215A
S 11210285 i (183.5 nM) 3 (304) nM
g 1001 (210 nM) * 5 E
3 50- 3 5
E O ./.r ' E E
0 1 2 3 0 1 2 3
Concentration Concentration Concentration
(logo) (logo) (logyo)

Figure 4. Screening of clinical and preclinical drugs to identify novel candidates targeting breast cancer brain metastases. A: Preliminary
screening of 1,650 compounds for their efficacy against BBM1 cells. BBM1 cells were grown overnight prior to treatment with the
compounds at a final concentration 1 umol/L for 48 or 72 h (7 = 2). The percentages of viable cells in each treatment group relative to
viable control cells treated with DMSO are shown for data collected after 72-h treatment. Compounds that suppressed viability below 70%
compared to control (107 total, separated by a dashed line) were selected for secondary screening using both BBM1and BBM2 cells lines; B,
C: tertiary screening of the active compounds based on cell type-specific effects. Human astrocytes and BBM1 cells were grown overnight
prior to treatment with the 35 active compounds identified in the secondary screening at a final concentration of 1 umol/L for 48 or 72 h (n
= 6). The percentages of viable cells relative to viable control cells treated with DMSO are shown for data collected after 72-h treatment;
C: relative viability of BBM1 cells treated with compounds (12) that reduced BBM1 cell viability by at least two-fold compared to that of
astrocytes at a concentration of 1 umol/L for 72 h; D: concentration-dependent effects of six potent active compounds. BBM1 cells were
grown overnight prior to treatment with the compounds at final concentrations ranging from 0, 31.2, 62.5, 125, 250, 500, 1000 nmol/L (7 =
8). The viability of the cells at 72 h post-treatment is shown. The IC50 values of the compounds are shown in parenthesis
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SRC-mediated activation of PIK3/AKT/mTOR signaling, we treated BBM1 cells with 100 nmol/L of AC93253
for 48 h, followed by Western blot analysis of the total protein extract. Our analysis showed that inhibition
of SRC leads to inhibition of PIK3CA and mTOR phosphorylation [Figure 5D]. As our analysis indicated
that SRC is an upstream regulator of ERBB2 and the PIK3-AKT/mTOR pathway in BBM1 cells and that
inhibition of both SCR and ERBB2 induces BBM1 cell death, we analyzed the combined effect of SRC and
ERBB2 inhibitors on BBM1 cell viability. We treat the cells with 50 nmol/L of AC93253 and 50 nmol/L of
Lapatinib, separately and in combination, for 48 h. Our analysis showed robust inhibition of BBM1 cells
in the presence of either inhibitor alone, however, the effect was greatest in presence of both [Figure 5E].
Similar to combinatorial SRC/ERBB2 treatment, concurrent inhibition of ERBB2 and PIK3CA showed a
significant additive inhibitory effect on BBM1 cell survival [Figure 5E].

We also evaluated the combinatorial treatment of ERBB2 and SRC inhibitors with a GABA agonist.
BBM1 cells were treated with either 100 nmol/L of Isoguvacine alone or in combination with Lapatinib
or AC93253 for 48 h. Cell viability and apoptosis analyses showed that the combination of Isoguvacine
with both Lapatinib and AC93253 induced higher inhibition of cell viability compared to independent
treatments [Figure 6A and B]. Our analysis showed that the expression of GABA receptors and subunits was
significantly higher in nBrain compared to PT, MT, and nBreast [Figure 6C, Supplementary Figure 5].

DISCUSSION

Brain metastases are the most common and complicated central nervous system disease in adults. The
incidence of brain metastases is increasing due to both improved diagnosis and increased cancer patient
survival through advanced systemic treatments. Outcomes of patients remain disappointing and treatment
options are limited, usually involving multimodality approaches of radiation and palliative chemotherapy.
Brain metastases represent an unmet clinical challenge in caring for solid tumor, especially in breast cancer,
where the incidence of brain metastases are frequent and that result in impaired quality of life.

BBMs are common in patients with the HER2-positive and TNBC breast cancer subtypes, and the natural
course of BBM is strongly influenced by the biology of the primary tumor subtype. Although the biology of
BBM according to tumor subtypes is still poorly understood, recent breakthroughs have been achieved in
the identification of specific mediators of BBM and in the development of preclinical models for therapeutic
studies. However, the use of established cell lines and comparative analysis of unrelated tissue samples
often identify factors that eventually fail to represent as a key regulator in preclinical and clinical stage. To
overcome this issue we obtained both primary and metastasis tissue from same individual patients (PT1/
MT2 and PT2/MT2). Due to the inherent difficulty in the procurement of such tissue pairs we have used
limited numbers of tissue samples. Our RNA-seq analysis revealed that ERBB2-mediated activation of
PIK3CA and its downstream AKT/mTOR pathway plays a critical role in the survival and proliferation of
breast to brain metastatic cells. Inhibition of ERBB2 or its downstream targets suppresses BBM cell viability
to different degrees. The critical function of ERBB2 in HER2+ primary and metastatic breast cancer has been
well established, and the ERBB2 inhibitor Lapatinib and trastuzumab have been used as chemotherapeutic
agents targeting HER2+ breast cancer . In addition, our earlier studies revealed the contribution of neural
factors, such as the astrocyte-secreted brain-derived neurotrophic factor, in the activation of HER2-TrkB
signaling that leads to AKT1 activation and BBM1 cell proliferation®. Several studies have also reported
mutations and/or copy number changes in PIK3CA in hormone receptor-positive breast cancers™”". Indeed,
targeting PIK3-AKT/mTOR signaling to inhibit breast cancer has been evaluated extensively, and there is
phase I to III preclinical trial data demonstrating that inhibition of this pathway leads to regression of solid
tumors and breast cancer'”””

Recent gene expression analyses of BBM samples identifed cyclooxygenase (COX)-2, EGFR ligands, and a
sialyltransferase, as mediators of cancer cell passage through the BBB"". In contrast to COX-2 and EGFR,
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Figure 5. Inhibition of BBM1 cell proliferation by combinatorial treatment with the ERBB2 inhibitor Lapatinib and inhibitors of the
PI3K-AKT/mTOR signaling pathway. A: Schematic depicting the functions of SRC, ERBB2, and PIK3CA in activating PIK3-AKT/mTOR
signaling-mediated cell proliferation; B: effect of inhibition of SRC kinase, ERBB2, and PIK3-AKT/mTOR signaling on apoptosis induction
in BBM1 cells. Cells were treated with inhibitors of SRC (AC-93253), ERBB2 (Lapatinib), MYC (10058-F4b), PIK3CA (ldelalisib), and
AKT (AZD5363) at a final concentration of 100 nmol/L for 48 h. Control cells were treated with DMSO alone. Apoptosis induction was
measured using Annexin V-FITC staining followed by FACS analysis; C: cells were treated with inhibitors (100 nmol/L) for 48 h, and total
protein extracts were subjected to Western blot analysis using antibodies against ProCaspase3 (inactive) and cleaved Caspase3 (active).
Tubulin was used as loading control; D: selective inhibition of the SRC kinase with AC-93253 disrupts PIK3-AKT/mTOR signaling. Cells
were treated with AC-93253 (100 nmol/L) for 48 h, and total protein lysates from the cells were analyzed using antibodies specific to
SRC, pSRC, PI3K, pPI3K, mTOR, and pmTOR. Tubulin was used as loading control; E: effect of the ERBB2 inhibitor Lapatinib alone and in
combination with SRC, PIK3CA, MYC, and AKT inhibitors on BBM1 cell viability. Cells were treated with 50 nmol/L Lapatinib alone or in
combination with AC-93253, Idelalisib, 10058-F4b, or AZD5363 at a final concentration of 50 nmol/L. The percentages of viable cells in
each treatment group relative to viable control cells treated with DMSO are shown for data collected after 48 h. Error bars indicate SEM (n

=3,"P<0.05; P <0.01)
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Figure 6. Inhibition of BBM1 cell proliferation upon treatment with a GABA agonist alone and in combination with ERBB2 or SRC
inhibitors. A: BBM1cells were treated with GABA agonist Isoguvacine, AC-93253, and/or Lapatinib at final concentrations of 100 nmol/L.
The percentages of viable cells in each treatment group relative to viable control cells treated with DMSO are shown for data collected
after 48 h (n = 3, < 0.05). Error bars indicate SEM; B: the induction of apoptosis was measured using Annexin V-FITC staining followed
by FACS analysis. Control cells were treated with DMSO alone; C: hierarchical clustering based on the expression GABA receptors and
subunits in primary breast cancer (PT1-2), breast to brain metastatic tumor tissue (MT1-3), normal breast tissue (nBreast), and normal
brain tissue (nBrain). Low expression (blue), high expression (red)

which are also linked to other organ metastases, aberrant expression of STS GALNACS specifically mediated
BBM, potentially by enhancing adhesion circuating cells to the CNS endothelium. Similarly, using larger
cohort of patient samples metastasis suppressor KISS1 a prognostic marker for increased risk of breast cancer
progression was identified”™”. These concurrent genomic analysis indicates that an effective molecular target
for complete remission of BBM is yet to be identified.

Supporting the RNA-seq data, our parallel screening of clinical and preclinical drug candidates identified
ERBB2, PIK3CA, and their downstream targets as critical regulators of BBM cell proliferation. We identified
SRC as an upstream regulator of ERBB2, PIK3CA, and MYC. Inhibition of each of SRC and ERBB2 alone or
in combination with a GABA agonist-induced robust apoptosis in BBM1 cells.

The previous study also demonstrated that SRC is hyperactivated in brain-seeking breast cancer cells and
that SRC activation promotes tumor cell extravasation into the brain parenchyma via permeabilization of
the blood-brain barrier™". Indeed, the preclinical study showed that SRC and SRC family kinases mediate
intracellular signaling pathways that control key biologic/oncogenic processes in glioblastoma[m. In addition
to neurotransmission and regulation of secretion, GABA through GABAA receptors negatively regulates
proliferation of neural stem cells™. GABAergic signaling and its control over proliferation have also
emerged as critical in brain tumors .,

Indeed, previous studies from our group showed that human breast cancer metastases to the brain display
GABAergic properties in the neural niche and metabolize GABA as an energy source™”. Consistent with
previous findings on the inhibitory effects of GABA signaling on neural and embryonic stem cells™**, our
findings indicate that the attenuation of GABA signaling is potentially associated with the rapid proliferation

of tumor cells in the brain. The activation of GABA signaling potentially reverses the availability of GABA as
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an energy source for GABAergic BBM cells, leading to suppression of viability and proliferation. Our results
indicate that combinatorial treatment with a GABA agonist and SRC or ERBB2 inhibitors is a potentially
effective therapeutic approach targeting BBM. Finally, consistent with the drug screening data, aberrant Wnt
signaling is a hallmark of many cancers. Dysregulation of canonical and non-canonical Wnt signaling was
reported in triple-negative breast cancer™™"”. No previous studies have shown any relationship of SIRT and
LRRK2 with HER2+ breast cancer brain metastasis. In conclusion, we have identified both molecular targets
and active clinical/preclinical inhibitors to target breast cancer brain metastasis. In our future studies, we
will evaluate the efficacy of these inhibitors in animal models in vivo.

CONCLUSION

The study reveals critical roles for SRC, ERBB2, PIK3CA, and GABA in the proliferation and survival of
BBM cells and showed that SRC- and ERBB2-mediated activation of PIK3-AKT/mTOR signaling regulates
BBM cell survival. Selective inhibition of these candidate genes alone or in combination induces robust
apoptosis in BBM cells. In addition, the finding revealed that agonist-mediated activation of GABA signaling
in combination with inhibition of SRC/ERBB2 signaling acts as an effective strategy to inhibit BBM cell
proliferation. In future studies, we will analyze BBM cell-specific toxicity of the lead candidates alone or in
combinations using larger numbers of BBM, primary breast cancer and glial cell lines. We will identify the
candidates or combination with significantly higher BBM cell selective toxicity for preclinical evaluation
using animal models. In conclusion, the findings of this study provide a rationale for further preclinical
evaluation of SRC-targeting regimens in combination with ERBB2 inhibitors and/or GABA agonists to target
breast cancer brain metastasis.
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