1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Cancer Ther. Author manuscript; available in PMC 2020 July 13.

-, HHS Public Access
«

Published in final edited form as:
Mol Cancer Ther. 2019 February ; 18(2): 399-412. d0i:10.1158/1535-7163.MCT-18-0710.

Cooperative effect of oncogenic MET and PIK3CA in an HGF-
dominant environment in breast cancer

Shuying Liul2", Shungiang Li3, Bailiang Wang?, Wenbin Liu2, Mihai Gagea®, Huigin
Chenl®, Joohyuk Sohnl, Napa Parinyanitikull, Tina Primeau®, Kim-Anh Do®, George F.
Vande Woude®, John Mendelsohn’, Naoto T. Uenol, Gordon B. Mills2, Debu Tripathyl”, Ana
M. Gonzalez-Angulol:2

1Department of Breast Medical Oncology, The University of Texas MD Anderson Cancer Center,
Houston, TX, USA

2Department of Systems Biology, The University of Texas MD Anderson Cancer Center, Houston,
TX, USA

3Section of Breast Oncology, Department of Internal Medicine, Washington University in St. Louis,
St. Louis, MO, USA

“Department of Veterinary Medicine and Surgery, The University of Texas MD Anderson Cancer
Center, Houston, TX, USA

SDepartment of Biostatistics, The University of Texas MD Anderson Cancer Center, Houston, TX,
USA

6Laboratory of Molecular Oncology, Van Andel Institute, Grand Rapids, MI, USA

"Department of Genomic Medicine, The University of Texas MD Anderson Cancer Center,
Houston, TX, USA

Abstract

There is compelling evidence that oncogenic MET and PIK3CA signaling pathways contribute to
breast cancer. However, the activity of pharmacological targeting of either pathway is modest.
Mechanisms of resistance to these monotherapies have not been clarified. Currently commonly
used mouse models are inadequate for studying the HGF-MET axis because mouse HGF does not
bind human MET. We established human HGF-MET paired mouse models. In this study, we
evaluated the cooperative effects of MET and PIK3CA in an environment with involvement of
human HGF /n vivo. Oncogenic MET/PIK3CA synergistically induced aggressive behavior and
resistance to each targeted therapy in an HGF-paracrine environment. Combined targeting of MET
and PI3K abrogates resistance. Associated cell signaling changes were explored by functional
proteomics. Consistently, combined targeting MET and PI3K inhibited activation of associated
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oncogenic pathways. We also evaluated the response of tumor cells to HGF-stimulation using
breast cancer patient-derived xenografts (PDXs). HGF-stimulation induced significant
phosphorylation of MET for all PDX lines detected to varying degrees. However, the levels of
phosphorylated MET are not correlated with its expression, suggesting that MET expression level
cannot be used as a sole criterion to recruit patients to clinical trials for MET-targeted therapy. All
together, our data suggests that combined targeting of MET and PI3K could be a potential clinical
strategy for breast cancer patients, where phosphorylated MET and P/K3CA mutation status
would be biomarkers for selecting patients who are most likely to derive benefit from these co-
targeted therapy.

Introduction

PIK3CA mutations are present in 30%-40% of hormone receptor-positive breast cancers
representing about 15%-20% of HER2-positive breast cancers (1-3). Hyperactivation of
PI3K promotes escape from hormone dependence in estrogen receptor—positive human
breast cancer (4,5). Pharmacological targeting of PI3K has mostly been tested in
combination with hormonal therapy and showed modest benefit with about a 2-month
improvement in disease-free survival (6,7). However, progression in most patients
underscores the need to improve upon single pathway blockade. P/IK3CA and ¢c-MET
(MET) are frequently co-aberrant in different types of cancer, including breast cancer which
is associated with worse survival compared with either aberration alone, although it is not
known if this represents a biclonal phenomenon (8, 9). Upregulation of MET was also
observed in recurrent tumors in a PIK3CA-H1047R inducible mouse model, suggesting that
MET is involved in resistance to PI3K-targeted therapy (10).

Upregulation of the tyrosine kinase oncogene MET has been reported in different types of
cancer (11-13, http://resources.vai.org/Met/Index.aspx). A meta-analysis of 6010 cases and
a review of 8281 cases of breast cancer patients exhibited a correlation of overexpression of
MET in breast cancer with higher histologic grade and significantly poorer clinical outcomes
(14,15). However, targeting MET has not shown the anticipated efficacy, with short-lived
responses in about 10% of patients using the VEGFR2/MET inhibitor, cabozantinib (16,17).
The underlying mechanism is not well known. We found that a high level of phospho-MET
is associated with higher risk of recurrence in breast cancer patients (18). We also identified
MET-T1010I, a germline functional single-nucleotide polymorphism (SNP) in 2% of breast
cancer patients with metastatic disease. The frequency of MET-T1010I in patients with
metastatic breast cancer was twice that in the general population (19). Compared to
overexpression of wild-type (WT) MET, MET-T1010I significantly induces cells invasion
both /n vitroand /n vivo.

Hepatocyte growth factor (HGF)/scatter factor, the only known ligand for MET (20, 21), is
produced and secreted mainly by stromal cells and acts primarily on cells of epithelial
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origin, although some cancers derived from epithelial cells, such as breast cancer, express
both HGF and MET (22-26). Increased HGF levels are observed in the serum of patients
with breast cancer, which and is associated with progression of the disease (27-29).
However, currently used mouse models are inappropriate for studying the HGF-MET axis
because mouse HGF does not bind human MET. We recently developed an HGF-MET
paired breast cancer mouse model, in which human HGF is expressed as a transgene in mice
with severe combined immunodeficiency background (hHGF Tg/SCID) (30) while variants
of human MET genes are expressed in orthotopic xenografts. Using the model, we
demonstrated that ME7-T10101 or MET overexpression of WT MET induces tumor growth
and progression in an hHGF-overexpressed environment (19).

In this study, we generated and used orthotopic xenograft models expressing variants of
human MET and PIK3CA in the hHGF Tg/SCID mice to evaluate the cooperative oncogenic
effect of MET and PIK3CA and their response to the targeted therapies in breast cancer with
HGF-overexpression.

Materials and Methods

Generation of recombinant lentiviruses expressing WT or mutant PIK3CA genes

The lentiviral constructs expressing PIK3CA variants (pLenti6/V5-DEST/PIK3CA-WT,
pLenti6/V5-DEST P/IK3CA-E545K, pLenti6/V5-DEST P/IK3CA-H1047R, and the control,
pLenti6/\VV5-DEST/Lac Z) were gifts from Dr. G. Wu (Karmanos Cancer Institute, Detroit,
MI; ref. 31) and were used to make lentiviruses and establish stable cell lines expressing
various types of PIK3CA with the ViraPower Lentiviral Expression System (Invitrogen,
Carlsbad, CA) following the manufacturer’s instructions. Lentivirus-containing supernatants
were collected after 48 hours, filtered and used to infect MCF-10A cells. Selection began 48
hours after infection with 10ug/ml blasticidin (Invitrogen) for two weeks. The stable cell
lines expressing variants of P/IK3CA were also used to establish cell lines with co-expressing
PIK3CA and MET genes.

Generation of lentiviruses expressing WT MET or MET-T1010I

We designed, and GeneArt synthesized, constructs expressing Flag epitope-tagged full-
length human MET and MET-T1010I that locate the juxtamembrane (19, Supplementary
Fig. S1A). The gene cassette (Supplementary Fig. S1B) was transferred into a lentiviral
vector, pLVX-tdTomato-N1 (Clontech, Mountain View, CA). The lentiviruses expressing
WT METor MET-T10101 were used for transduction of HCC1954 cells or MCF-10A-
derived cells expressing variants of P/IK3CA genes (19). To ensure that the majority of the
cells were only infected with one aimed gene-carrying virus, we optimized conditions to
achieve ~20-30% transduction efficiency in the titering assay, and then performed the
experiment with 3-4 times more cells than infecting viral particles. Selection began 48 hours
after infection with 1 pg/ml puromycin for 2 weeks. Expression of exogenous MET fusion
protein was detected with Td Tomamo fluorescence (Supplementary Fig. S1C) and Western
blot analysis (Supplementary Fig. S1D)
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The cell lines used in the studies were from MDACC Characterized Cell Line Core at the
University of Texas MD Anderson Cancer Center. All cell lines were authenticated by
fingerprinting using short tandem repeat testing and were verified to be free of mycoplasma
contamination regularly by the Characterized Cell Line Core.

MCF-10A and HCC1954 were grown at 37°C in humidified 5% CO2. The MCF-10A cells
were maintained in Dulbecco Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12;
Thermo Fisher Scientific, Waltham, MA) supplemented with 5% horse serum (Invitrogen,
Carlsbad, CA), 20 ng/ml epidermal growth factor (EGF) (PeproTech, Rocky Hill, NJ), 10
ug/ml insulin (Sigma-Aldrich, St. Louis, MO), 100 ng/ml cholera toxin (Sigma-Aldrich), 0.5
pg/ml hydrocortisone (Sigma-Aldrich), 100 units/ml penicillin, and 100 pg/ml streptomycin.
The HCC1954 cells were maintained in Roswell Park Memorial Institute medium
supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 pg/ml
streptomycin. Cells were frozen at early passages and used for less than 4 weeks in
continuous culture.

Onartuzumab (METMAD), a monovalent, humanized, anti-MET monoclonal antibody
(Genentech, South San Francisco, CA,; ref. 32), was used following the manufacturer’s
instructions. For /n vivo studies, onartuzumab (10 mg/kg, intraperitoneal injection) was
administered twice weekly. MET tyrosine kinase inhibitor (TKI) tepotinib [EMD1214063;
ref. 33; EMD Serono, Rockland, MA), PI3Ka/8 TKI pictilisib [GDC-0941; ref. 34;
Genentech) and class 1 PI3K/mTOR TKI apitolisib [GDC-0980; ref. 34; Genentech) were
dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO) and stored at
—-20°C. The stocked solution was further diluted to an appropriate final concentration upon
use. For in vitro studies, DMSO in the final solution was 0.1% (v/v). For /n vivo use,
pictilisib at 100 mg/kg (in 100 pl of 5% DMSO) was given daily by oral gavage. All drugs
were provided by the companies. Human recombinant HGF was purchased from R&D
Systems (Minneapolis, MN).

Clonogenic assay

In total 1000 cells were seeded in 60-mm dishes in growth medium for 11 days. For
inhibitory assays, after attaching on the dish, cells were treated for 2 days with drugs in
variable combinations as indicated. Then, the drugs were washed away, and cells were
allowed to grow in growth medium for 11 days. The cells were rinsed with PBS, followed by
staining with 0.25% crystal violet/20% ethanol. Quantitative analysis of the total number
and size of clones was performed with AlphaView SA software (Cell Biosciences). Dose-
response curves and synergistic index were analyzed using CalcuSyn software (Biosoft,
Ferguson, MO), following the manufacturer’s guide. Combination Index (ClI) < 1, =1, and
>1 indicate synergism, additive, and antagonism, respectively.

Cell growth assay

The MCF-10A-derived cells were seeded in triplicate at the density of 2 x 104 per well in
12-well plates in low-serum medium (2.5% horse serum) lacking EGF, insulin, and
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hydrocortisone with a supplement of HGF (40 ng/ml) for 3 days. Cells were trypsinized and
counted each day with an automated cell counter and cell analyzer, Cellometer Vision
(Nexcelom, Lawrence, MA).

Cell growth inhibition assays

HCC1954-derived cells were seeded in triplicate at a density of 2000 cells per well in 96-
well plates in complete growth medium and were allowed to attach for 24 hours. The
medium was changed to low-serum medium (5% FBS) for overnight culture, followed by
the addition of serial dilutions of pictilisib or apitolisib. Growth inhibition was determined
using the CellTiter-Blue viability assay according to the manufacturer’s protocol (Promega,
Madison, WI). Each experiment was repeated three times. Cell growth was calculated as [( 7
= To)/(C-Tp)] % 100, with 7; as the readout on day 0, 7 as the readout of the treated on day
3, and Cas the readout of the control on day 3. Growth inhibition of 50% (GI50) was
analyzed using Prism 7.

Morphogenesis assay

In total 4 x 103 cells were resuspended in modified growth medium (2.5% horse serum and
5 ng/ml EGF) containing 2% growth factor reduced Matrigel (BD Biosciences, Franklin
Lakes, NJ), supplemented with HGF (40 ng/ml) and seeded onto Matrigel matrix in eight-
well chamber slides (BD Bioscience), with or without variable treatment as indicated.
Medium with drugs was replaced every 3 days. Photographs of representative fields were
taken as indicated. Acini were photographed and counted in 10 randomly chosen fields and
expressed as means of triplicates, representative of three independent experiments.

In vitro invasion assay

In vitro cell invasion was analyzed with 24-well Biocoat Matrigel invasion chambers with 8-
pum polycarbonated filters (Becton Dickinson, Franklin Lakes, NJ). Briefly, MCF-10A—
derived cells were starved for 20 hours in serum-free DMEM/F12 with all growth factors
withdrawn. A total of 1 x 10° cells in 0.6 ml of serum-free medium were inoculated into the
upper chamber, and 0.75 ml of serum-free medium containing HGF (40 ng/ml) and
fibronectin (5 pg/ml) was added to the lower chamber. For invasion-inhibition assays, drugs
or vehicle was added to both the upper and lower chambers. The cells were allowed to pass
through the Matrigel at 37°C, 5% CO,, for 22 hours. Non-invasive cells on the upper surface
of the filter were removed by wiping with a cotton swab. The cells that penetrated through
the pores of the Matrigel to the underside of the filter were stained with 0.25% crystal violet
in 20% methanol for 30 minutes. Invasive cells were photographed and counted in 10
random fields. We tested the HCC1954-derived cells using the same method but used
Roswell Park Memorial Institute medium instead of the DMEM F12.

Establishment of HGF-MET paired mouse model and targeted therapies in vivo

The hHGF Tg/SCID mice (30) were bred in a room specifically for SCID mice. Female
mice at 6 weeks of age were used for experiments. All animal studies were carried out under
Animal Care and Use Form-approved protocols. HCC1954-derived cells expressing
endogenous P/IK3CA-H1047R and exogenous WT MET or MET-T10101 genes with
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exponential growth were collected. After being washed with phosphate-buffered saline
(PBS), the cells were resuspended in PBS and injected into the mammary fat pads of the
mice (1 x 107 cells in 150 pl) for tumor formation assays, or 8 x 106 cells for drug tests, per
mouse). For drug tests, 3 days after implantation, the mice were randomized to treatment
with vehicle, pictilisib, onartuzumab, or their combination. Tumor sizes were measured with
calipers twice weekly. Tumor volume was calculated with the formula V= 2/2.
Differences in tumor volume between groups were analyzed using two-way analysis of
variance (ANOVA). At the end of the experiment, mice were sacrificed with CO,. The
tumors were harvested and then were cut and flash-frozen in liquid nitrogen for signal
testing or fixed in 10% neutral-buffered formalin for paraffin embedding. Xenograft tumors
and all the organs of each mouse were subjected to double-blind histopathologic analysis by
a veterinary pathologist.

Establishment of stable cell lines using patient-derived xenograft

We selected seven lines from a panel of 23 PDXs from different subtypes of breast cancer
patients (35) to represent a spectrum of MET expression levels. To detect response to HGF,
we established stable cells for each PDX line by maintaining their growth in Dulbecco
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12; Thermo Scientific, Waltham,
MA) supplemented with 10% fetal bovine serum (FBS), 20 ng/ml epidermal growth factor
(EGF; PeproTech, Rocky Hill, NJ), 10 pg/ml insulin (Sigma-Aldrich), 100 ng/ml cholera
toxin (Sigma-Aldrich), 0.5 pg/ml hydrocortisone (Sigma-Aldrich), 100 units/ml penicillin,
and 100 pg/ml streptomycin.

Immunoprecipitation and Western blot analyses

Cells were washed twice with cold phosphate-buffered saline and lysed in ice-cold lysis
buffer (36). After the cellular protein concentration was tested, the cell lysates with equal
amount of protein were immunoprecipitated with anti-V5 (Invitrogen). Immunocomplexes
were collected on Protein A/G plus-conjugated agarose beads (Santa Cruz Biotechnology).
The immunocomplexes or cell lysates were separated by SDS-PAGE, and followed by
Western blot to detect the specific expression (36). Quantitative analysis of the bands was
performed with AlphaView SA software.

Reverse phase protein array (RPPA)

MCF-10A~derived cells expressing variants of P/IK3CA and/or MET genes were treated
with or without PI3K inhibitors and/or MET antibody or MET inhibitor, followed by
stimulation with 10% FBS or HGF (40 ng/ml) for 30 minutes. The cell lysis was prepared
and analyzed by RPPA as described previously (36-38). The antibodies used for RPPA and
Western blot are listed in Supplementary Table S1.

Statistical analyses

The data from clonogenic assays, invasion assays, and cell growth and inhibition assays
were analyzed with one-way ANOVA. Tumor growth curves were analyzed with two-way
ANOVA. The RPPA data were analyzed as previously described (36-38) and followed by
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further analysis with one-way ANOVA to compare different groups. All other statistical tests
were performed using Prism (GraphPad Software, La Jolla, CA).

Expression of oncogenic MET genes along with endogenous mutation of PIK3CA induces
aggressive behavior in breast cancer cells

To study the effect of exogenous oncogenic MET genes on survival ability of tumor cells
with endogenous PIK3CA-H1047R, the most common PIK3CA mutation in breast cancer,
we performed clonogenic assays using HCC1954 cells transfected with WT MET or MET-
T10101 (Supplementary Fig. S1) as shown in Fig. 1A. Compared with control cells
transfected with empty vectors, both WT MET and MET-T10101 showed a significant
increase in colony formation in growth medium supplemented with HGF (40 ng/ml) (P<
0.001 each, Fig. 1B). We next tested cell invasive activity /n vitro. Cell invasion induced by
HGF and fibronectin was significantly and dramatically increased by MET-T1010I
expression and modestly but still significantly increased by WT MET expression (P< 0.001
and P<0.01, respectively) (Fig. 1C, D).

We next explored the effect of oncogenic MET and PIK3CA in vivo. The HCC1954-derived
cells with or without expression of aberrant MET along with endogenous P/IK3CA-H1047R
were tested. Tumor size was largest in the MET-T10101 group, smallest in the vector control
group, and in between in the WT MET group (P < 0.05) (Fig. 1E). Once tumors formed in
the MET-T1010I group, they grew rapidly. All tumors from the ME7-T10101 group, and
three of the five tumors from MET-WT group showed marked invasion of adjacent tissues
(Fig. 1F). Tumor invasion grade was highest in the MET-71010/ group (P < 0.05), lowest in
the vector group, and in between in the WT MET group (Fig. 1G).

MET aberrations confer cell resistance to PI3K-targeted therapy

Our /n vitroand in vivo studies showed that dysregulation of HGF-MET signaling induces
aggressive biologic behavior in breast cancer cells with endogenous oncogenic PI3KCA-
H1047R. These findings led us to investigate whether the MET genotype affects response to
PI3K inhibitors. We tested proliferation of the HCC1954-derived cells treated with pictilisib,
a pan class | PI3K inhibitor, using cell growth inhibition assays. The control cells transfected
with empty vector exhibited the highest sensitivity to pictilisib (concentration for 50%
growth inhibition [G150] = 331 nM), while the cells transfected by WT MET (GI50 = 494
nM) or MET-T1010 (G150 = 898 nM) showed greater resistance to pictilisib (Fig. 1H). Cells
transfected with MET were also resistant to apitolisib, a dual PI3K/mTOR inhibitor (Fig.
11).

Combined targeting of MET and PI3K inhibits growth and invasion of tumor cells and
xenografts with exogenous aberration of MET and endogenous PIK3CA-H1047R

To test whether co-targeting of MET and PI3K would increase therapeutic efficacy on cell
survival, we performed colony formation assay. The HCC1954-derived cells expressing
exogenous MET-T10101 and endogenous P/K3CA-H1047R were treated with variable
doses of pictilisib and the MET TKI tepotinib. The dose-effect curve (Fig. 2A) and the
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combination index (Table 1) from the synergy analyses exhibited synergistic interactions.
The combination of tepotinib and pictilisib significantly increased the inhibitory effect than
each of them alone (P < 0.0001 vs. tepotinib and £< 0.05, < 0.01 vs. pictilisib, respectively,
Fig. 2 B, C).

Cell invasion assays showed that targeting PI3K with pictilisib or targeting MET with its
antibody onartuzumab inhibited cell invasion (P < 0.001 each); however, the combination of
pictilisib and onartuzumab significantly increased the inhibitory effect (< 0.01 vs. pictilisib
and £<0.001 vs. onartuzumab, Fig. 2D and E).

To assess effects of targeting PI3K and MET in a human HGF-containing
microenvironment, we used hHGF Tg/SCID mice. The mean of serum human HGF
concentration of the mice was 1.148 ng/ml (Supplementary Fig. 2), consistent with previous
study (30). The levels of HGF in the mice are similar with that in breast cancer patients (27—
29). We established xenografts in the mice by orthotopic transplantation of the HCC1954-
derived cells expressing PIK3CA-H104R/WT MET or PIK3CA-H104R/MET-T1010l.
Three days after implantation, mice were randomly assigned to treatment with vehicle,
pictilisib, onartuzumab, or their combination. Pictilisib or onartuzumab alone significantly
inhibited growth of xenografts with MET-WT/PIK3CA-H1047R (P < 0.0001 each), and the
combination of pictilisib and onartuzumab did not further increase the inhibitory effect (Fig.
2F). However, in mice with xenografts expressing MET-T10101/PIK3CA-H1047R, pictilisib
or onartuzumab alone again inhibited growth of the tumors (P < 0.0001 each); however, the
combination of pictilisib and onartuzumab further induced tumor regression (£ < 0.0001 vs.
onartuzumab alone; £< 0.01 vs. pictilisib alone; Fig. 2G).

Expression of oncogenic MET and PIK3CA transforms mammary epithelial cells

To examine whether concurrent aberration of MET and PIK3CA transform mammary
epithelial cells, we established MCF-10A cells stably expressing WT PIK3CA, PIK3CA-
E545K, or PIK3CA-H1047R as well as MCF-10A cells expressing WT MET or MET-
T10101. We then further transfected each PIK3CA-variant line to express WT MET or
MET-T1010l. Expression of PIK3CA and MET was confirmed (Supplementary Fig.
S3A,B). Without stimulation, mutant P/K3CA-transformed cells exhibited constitutive
activation of PI3K and STAT3 pathways, while co-expressing MET-T10101 further
increased this activation, as indicated by increased phosphorylation of AKT and STAT3
(Supplementary Fig. S3B). Without stimulation, all the cells exhibited low baseline of
phosphorylation of MAPK. However, after stimulation with HGF, MET-transformed cells
showed significantly increased the level of phospho-MAPK, with MET-T1010I stronger
than WT7-MET. Co-transfection with PIK3CA genens did not further increase the level
(Supplementary Fig. S3C).

Oncogenic MET and PIK3CA cooperate in promoting cell proliferation and abnormal
morphogenesis of mammary acini

MCF-10A non-tumorigenic mammary epithelial cells can grow only in an optimal growth
medium supplemented with 5% horse serum, EGF, insulin, and hydrocortisone. The EGF
requirement can be overcome by exogenous expression of mutant P/K3CA-E545K and
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PIK3CA-H1047R (31, 39), a molecular criterion of oncogenes (39). To explore whether
aberrations of MET cooperate with mutant P/K3CA on cell proliferation, we cultured the
cells transformed with PIK3CA-E545K (Fig. 3 A) or / PIK3CA-H1047R (Fig. 3B) alone or
co-transformed with WT MET or MET-T1010l in a suboptimal environment with decreased
horse serum medium (2.5%), devoid of all growth factors (EGF, insulin, and
hydrocortisone), and provided with a supplement of HGF (40 ng/ml). In this poor culture
environment, cells with expression of PIK3CA-E545K alone (E545K/vector) or PIK3CA-
H1047R alone (H1047R/vector) exhibited only modest proliferation. In contrast, concurrent
expression of MET-T10101 or WT MET with PIK3CA-E545K (Fig. 3A) or with PIK3CA-
H1047R (Fig. 3B) significantly increased cell proliferation (£< 0.001 vs. mutant P/IK3CA
expression alone each).

We next evaluated the effect of concurrent aberration of MET and mutant P/K3CA genes on
mammary acinar morphogenesis using the MCF-10A—derived cells. Expression of mutant
PIK3CA increased cell proliferation in three-dimensional culture and mildly changed the
structure of acini. However, overexpression of WT MET or expression of MET-T1010I
induced significant abnormal structures with obvious cell scattering. The effect of MET-
T1010I was stronger than overexpression of WT MET (Fig. 3C).

Oncogenic MET and PIK3CA act coordinately in inducing cell survival and invasion

We next examined whether expression of MET7-T1010I or overexpression of WT MET with
mutant P/K3CA coordinately affects cell survival using clonogenic assays. Cells were
seeded at low density in a suboptimal growth environment (Materials and Methods). Co-
expression of different MET genotypes and PIK3CA-E545K in MCF-10A cells significantly
increased colony formation (P < 0.001; Fig. 3D, E). These findings were recapitulated with
PIK3CA-H1047R (Fig. 3F, G).

To determine whether expression of MET-T1010I or overexpression of WT MET and
expression of mutant P/K3CA coordinately affect cell invasion, we performed invasion
assays by seeding MCF-10A—derived cell lines expressing these variants (as indicated) in
invasion chambers (Fig. 3H, I). Since WT P/K3CA does not induce cell invasion, we used
cells expressing WT P/IK3CA as controls. Compared with WT P/IK3CA, PIK3CA-E545K or
PIK3CA-H1047R enhanced cell invasion ability (P< 0.01 and £ < 0.001, respectively). Co-
expression of WT MET with PIK3CA-E545K, but not with PIK3CA-H1047R, mildly
increased invasion ability (P< 0.01 and P> 0.05, respectively). However, co-expression of
MET-T10101 with the PIK3CA variants markedly increased invasion (£ < 0.0001 each).

Combined targeting of MET and PI3K reverses the aggressive behavior of cells
transformed with MET and PIK3CA variants

To explore whether combined targeting of MET and PI3K could inhibit the cell growth or
scatter induced by aberrations of MET and PIK3CA, we seeded MCF-10A—derived cells
expressing MET-WT/PIK3CA-H1047R or MET-T10101/PIK3CA-H1047R in modified
growth medium (2.5% horse serum and 5 ng/ml EGF) containing 2% growth factor-reduced
Matrigel supplemented with HGF (40 ng/ml). The cells were treated with PI3K inhibitor
pictilisib and/or either MET antibody onartuzumab or MET inhibitor tepotinib. Targeting
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PI3K or MET alone inhibited growth of the acini. However, targeting both PI3K and MET
further increased the inhibitory effects (< 0.0001 vs. pictilisib and vs. onartuzumab) in
cells expressing PIK3CA-H1047R/MET-T10101 (Fig. 4A, B), and cells expressing
PIK3CA-H1047TR/IMET-WT exhibited a similar pattern (Fig. 4C, D). These findings were
repeated in cells expressing PIK3CA-E545K/MET-T10101 (Supplementary Fig. S4A). The
enhanced inhibition due to combined targeting was further confirmed using another PI3K
inhibitor, apitolisib (Supplementary Fig. S4B).

We next tested whether targeting MET and PI3K would also inhibit cell invasion, again
using MCF-10A—derived cells expressing PIK3CA-H1047R/MET-T10101 (Fig. 4E, F) or
PIK3CA-E545K/MET-T10101 (Fig. 4G, H). The invasion assays showed a similar pattern to
that seen in cell growth assays. Pictilisib (0.25 pM), MET antibody onartuzumab (1.5 pM),
or MET inhibitor tepotinib (2.5 uM) alone inhibited invasion at various levels. However, the
combination of pictilisib with onartuzumab or tepotinib markedly inhibited invasion (P <
0.0001 vs. pictilisib and vs. onartuzumab/tepotinib). These findings were recapitulated using
apitolisib (Supplementary Fig. S4C, D).

Cooperative oncogenic effect of MET and PIK3CA on cellular signaling pathways in an
hHGF-enriched microenvironment

Our in vitroand /n vivo studies showed that oncogenic MET and PIK3CA act synergistically
to induce aggressive cell behavior in an hHGF-enriched microenvironment. To elucidate the
oncogenic signaling that leads to this aggressive behavior, we assessed functional
proteomics using RPPA. The MET-T10101/PIK3CA-H1047R-expressing MCF-10A—derived
cells received stimulation with HGF (40 ng/ml) or 10% FBS after overnight serum
starvation. Unsupervised hierarchical clustering revealed that conditions without stimulation
(control) formed a cluster at the left of the dendrogram. The cluster at the right comprised
two sub-clusters representing stimulation with HGF and with (Fig. 5A). As expected, both
HGF and FBS activated a wide range of oncogenic pathways, including PI3K-AKT and
RAS-MEK-MAPK pathways, to varying degrees. However, compared with FBS, HGF more
markedly activated the Ras-Raf-MAPK pathway, as indicated by increased levels of p-
MAPK (P< 0.001) and p-MEK1 (P < 0.001), increased phosphorylation of Y-box binding
protein 1 (YB1, YBX1) and 4EBP-1 (EIF4AEBP1) (P< 0.01 and P< 0.05, respectively), and
increased expression of B-cell lymphoma 2-related protein Al (Bcl2Al; < 0.05) (Fig.
5B).

Combined targeting of MET and PIK3CA abrogates cancer-associated signaling induced
by HGF compared with that induced by FBS

We next examined molecular response to targeting MET and/or PI3K in an environment
with or without HGF involvement by RPPA. MCF-10A—derived cells with expression of
PIK3CA-H1047R/MET-T10101 were treated with PI3K inhibitor pictilisib and/or MET
antibody onartuzumab with or without stimulation with HGF (40 ng/ml) or 10% FBS (Fig.
6A). In contrast to targeting MET with onartuzumab, targeting PI13K with pictilisib showed a
more pronounced effect on signaling induced by FBS, due to a considerable reduction in
phosphorylation of AKT, MDM2, Bcl2A1, PRAS40, P70S6, S6, Bad, NDRG1, GSK3a/B,
and 4EBP1. However, onartuzumab had a stronger inhibitory effect on HGF-induced
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signaling than pictilisib did, as indicated by decreased phosphorylation levels of MAPK,
MEK1, YB1, PKCBIl, MDM2, Bcl2A1, Bad, and S6. Combined targeting of MET and
PI13K increased the inhibitory effect on several HGF-induced oncogenic pathways, as
indicated by further decreases in phosphorylation levels of MAPK, PKC § Il, MDM2,
P70S6, S6, GSK3a/p, and 4EBP1, compared with that in cells treated with single agents.
However, the targeting of MET with onartuzumab did not increase the inhibitory effect on
FBS-induced oncogenic signaling compared with that of pictilisib alone. The findings were
repeated using the MET inhibitor tepotinib instead of onartuzumab (Fig. 6B) and using
apitolisib instead of pictilisib (Supplementary Fig. S5A, B). A dendrogram based on
unsupervised hierarchical clustering shows the effect of targeting MET and/or PI3K on
signaling induced by HGF (Fig. 6C). As expected, targeting PI3K with pictilisib
significantly inhibited phosphorylation of AKT. Compared with targeting PI3K, targeting
MET with onartuzumab significantly inhibited phosphorylation of MAPK, MEK1, S6, YB1,
and Bcl2A1. However, combined targeting of MET and PI3K further increased the
inhibitory effects compared with targeting of either alone as indicated by dramatic decrease
in phosphorylation of the downstream molecules S6 and 4EBP1. Using tepotinib instead of
onartuzumab yielded the same pattern (Fig. 6D). MCF-10A derived cells with expression of
MET-Y1253D/PI3KCA-H1047R exhibited similar response to pictilisib and /or tepotinib
(Supplementary Fig. S6).

We further assessed MET/PI3K—-associated downstream molecules by Western blot (Fig.
6E). Consistent with the data from RPPA, stimulation with HGF markedly increased
phosphorylation of MET and activated its downstream pathways RAS-MEK-MAPK, PI3K-
AKT, and STAT3. As expected, PI3K inhibition with pictilisib blocked the PI3K-AKT and
STAT3 pathways, but not the MAPK pathway. Targeting MET with onartuzumab or
tepotinib completely inhibited phosphorylation of MET and significantly inhibited
phosphorylation levels of c-Raf, MET, MAPK, P70S6K, S6, MDAMZ, and YBL1. Targeting
MET also inhibited phosphorylation of STAT3, AKT, 4EBP1, and Bad. The combined
targeting of both MET and PI3K further increased the inhibitory effect.

High expression of MET is not equivalent of activation of MET, while HGF is one of key
factors that determine activation of MET in breast cancer

Our RPPA data revealed that HGF not only regulated activation of MET signaling but also
affected the response of cells to MET/PI3K-targeted therapies. To further identify factors
affect activation of MET signaling in breast cancer, we chose 8 PDXs (WHIM2, WHIM3a,
WHIM3b, WHIM13, WHIM21, WHIM22, WHIM27, and WHIM31) to represent different
levels of MET expression. After establishing PDX-derived stable cell lines using the PDXs,
we treated the cells with or without HGF for 20 minutes. MET and phospho-MET were
guantified with Western blotting (Fig. 7A). As expected, the lines showed varying
expression levels of MET; in order from highest to lowest expression were WHIM22,
WHIM31, WHIM2, WHIM21, WHIM3a, WHIM3b, and WHIM13, while MET expression
was hard to detect in WHIM27. Stimulation with HGF slightly decreased the level of MET
in each line, possibly owing to ligand-dependent internalization and degradation. As
expected, stimulation with HGF induced significant phosphorylation of MET for each line
(P < 0.0001, respectively). The responses to HGF among the lines exhibited massive
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difference. However, intriguingly, there was no correlation between the levels of phospho-
MET and its expression except in the MET-negative line, as indicated the lines in order from
highest to lowest phosphorylation: WHIM3a, WHIM3b, WHIM31, WHIM13, WHIM22,
WHIM21, WHIM2, and WHIM27 (Fig. 7B).
Discussion

In this study, we demonstrate that aberrant MET and PIK3CA mutations coordinately induce
aggressive cell behavior in an HGF-enriched microenvironment by broadly activating
oncogenic pathways. Our preclinical findings could explain the clinical reports that
concurrent dysregulation of oncogenic MET and PIK3CA is associated with worse
recurrence-free survival in patients with breast cancer, while P/IK3CA mutation status alone
is not (3,7). We also provided direct evidence that combined targeting of both MET and
PI3K abrogates resistance to individual targeted therapies.

By systematically analyzing oncogenic signaling, we demonstrated that concurrent
expression of oncogenic MET and PIK3CA synergistically activates multiple oncogenic
signals, including RAS-MEK-MAPK, STAT3, and PI3K-AKT pathways in an HGF-
enriched environment, and further markedly increases activation of Y-box binding protein 1
(YB1) that induces progression and metastasis of different types of cancer through
angiogenesis, resistance of cell death, tumor-promoting inflammation, and evasion of
immune destruction (40-42). Targeting PI3K significantly inhibits the PI3K-AKT pathway,
while targeting MET dramatically inhibits the MAPK pathway and also inhibits the PI3K-
AKT pathway. However, the combination of targeting PI3K and MET dramatically further
inhibited their downstream molecules as indicated by phosphorylation of p70S6K, S6,
4EBP-1, suggesting these substrates represent a convergence for combinatorial blockade of
the MET and PI3K pathways is an HGF- enriched microenvironment.

Despite that targeting MET has yielded exciting results in preclinical studies, clinical trials
of MET inhibitors have been. Immunohistochemical MET positivity has been used as a
criterion to recruit patients in clinical trials for MET or HGF targeted therapy (43, 44). In
this study, we assessed the response to HGF-stimulation in multiple PDX lines with variable
degrees of MET expression. MET expression did not correlate with MET signaling
activation. Thus, MET expression level alone may not be an idea qualifier for MET-targeting
in a clinical trial.

Elevation of HGF was found in serum/plasma of patients with different types of cancer (20—
24) and cancer tissue microenvironment (45-47). Higher serum HGF level is associated with
therapy resistance and poorer prognosis in multiple types of cancer (22, 48-50). As the only
known ligand of MET, HGF is necessary for MET activation, especially for WT MET, so
tumoral/microenvironment assessment may be important for preclinical and clinical studies.
Even this may not be sufficient because our data exhibited that the response of different
tumor cells to HGF is extremely variable. Thus, activated phospho-MET is a potential
biomarker for optimizing therapies for targeting MET signaling and improving treatment
efficacy in individual breast cancer patients.
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In summary, using two- and three-dimensional /n vitro models and an HGF-MET paired
mouse model, we demonstrate that oncogenic MET and P/K3CA cooperatively contribute to
breast cancer in an HGF-dominant environment. Combined targeting of MET and PI3K is a
rational strategy that merits clinical testing for breast cancer with concurrent aberrations of
the HGF-MET axis and PI13K pathway. In multiple PDX lines, MET expression did not
predict MET pathway activation. HGF in microenvironment is basic necessary for MET
activation, but variable responses to HGF are cross tumor models. Thus, the levels of MET
phosphorylation and its downstream signaling are potential predictive or qualifying
biomarkers for therapeutic purposes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of breast cancer cells with endogenous PIK3CA-H1047R and
exogenous MET.

HCC1954 cells, with endogenous PIK3CA-H1047R, were transfected by WT MET or MET-
T1010I genes as indicated. A. The clonogenic assay was performed as described in Material
and Methods. The HCC1954-derived cells were seeded in triplicate at a density of 1000 cells
in 60-mm dishes in Roswell Park Memorial Institute medium supplemented with 5% FBS
and 40 ng/ml HGF. The dishes were scanned on day 10. B. Quantitative analysis of the total
number of clones was performed with AlphaVIEW SA software. Data are mean + standard
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deviation of triplicates, representative of two independent experiments (***, £< 0.001 vs.
control cells, ANOVA). C. An invasion assay was performed as described in Materials and
Methods. The HCC1954-derived cells that penetrated Matrigel to the underside of the filter
were photographed and counted in 10 random fields. D. Data are mean + standard deviation
of triplicates, representative of two independent experiments (**, £< 0.01, ***, £<0.001
vs. control cells, ANOVA). E. A total of 1 x 10’ HCC1954-derived cells were injected into
the mammary fat pads of hHGF Tg/SCID female mice. Each group consisted of 5 mice.
Tumor volume was calculated with the formula V = /2/2. Differences in tumor volume
between groups were analyzed using ANOVA (*, P< 0.05, vs. control group). F.
Hematoxylin and eosin staining for histologic images from a representative tumor from
MET-transfected groups show tumor invasion (black arrows) to adjacent skeletal muscle
(pink). G. Data show grade of tumor invasion (*, £< 0.05 vs. control group, ANOVA). H, I.
The HCC1954-derived cells were seeded in 96-well plates (2000 cells per well) in complete
growth medium and were incubated at 37°C for 24 hours. The medium was changed to low-
serum medium (2% FBS). Cells were incubated overnight, followed by the addition of serial
dilutions of pictilisib (H) or apitolisib (I) in variable combinations for 72 hours. Growth
inhibition was determined (details in Materials and Methods). The data are mean + standard
deviation of triplicates, representative of two independent experiments (*, < 0.05; **, P<
0.01; ***, £<0.001 vs. control).
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*#g

Figure 2. Effect of targeting PI3K and/or MET in HCC1954-derived cells in vitro and in vivo.
The HCC1954-derived cells were treated as indicated with PI3K inhibitor pictilisib and/or

either MET TKI tepotinib or MET antibody onartuzumab and then tested for cell survival
and invasion (as described in Figure 1 and Material and Methods). The combined effect of
tepotinib and pictilisib with variable doses on colony formation was analyzed with CalcuSyn
Dose Effect Analyzer (detail see Materials and Methods). A. Dose effect. B. Colony
formation assay with tepotinib (variable doses) combined with pictilisib (fixed dose) C.
Quantitative analysis of the area of total clones was performed with AlphaVIEW SA
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software. Data are mean + standard deviation of triplicates, representative of two
independent experiments (*, £< 0.05; ***, < 0.0001 vs. vehicle; #, P<0.05, ##, P<0.01,
###, P<0.001 vs. pictilisib, ANOVA). D. Invasion assay (pictilisib 0.25 uM, onartuzumab
1.5 uM). E. Data are mean + standard deviation of triplicates, representative of two
independent experiments (***, £< 0.001 vs. control cells, ANOVA). /n vivo studies,
HCC1954-derived cells with expression of MET-WT/PIK3CA-H1047R (F) or MET-
T1010l/PIK3CA-H1047R (G) were implanted into mammary fat pad of h(HGF Tg/SCID
female. Three days later, the mice were randomized to treatment with vehicle, onartuzumab
(10 mg/kg, intraperitoneal injection, twice weekly), pictilisib (100 mg/kg in 100 pl of 5%
DMSO, daily by oral gavage), or their combination. Tumor sizes were measured with
calipers twice weekly. Tumor volume was calculated with the formula V= /?/2. Data were
analyzed with two-way ANOVA (*, < 0.0001 vs. vehicle; §, £< 0.0001 vs. onartuzumab
alone; #, P<0.01 vs. pictilisib alone)
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Figure 3. Characterization of breast epithelial cells transfected with oncogenic PIK3CA with
MET.

MCF-10A—derived cells co-transfected with various MET genotypes and P/IK3CA-E545K
(A) or PIK3CA-H1047R (B) were seeded in 12-well plates in triplicate with a density of 2 x
104 per well in 2.5% horse serum with withdrawn EGF, insulin, and hydrocortisone,
supplemented with HGF (40 ng/ml) for 3 days. Cells were counted each day. Data are mean
+ standard deviation of triplicates, representative of two independent experiments (*, P<
0.05; **, P<0.01; *** P<0.001 vs. control cells, ANOVA). C. Effects of MET aberrations
on mammary acinar morphogenesis were tested as described in material and Methods.
MCF-10A cells transfected with P/IK3CA-H1047R and various MET genes were
resuspended in modified growth medium (2.5% horse serum and 5 ng/ml EGF) containing
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2% Matrigel supplemented with HGF (40 ng/ml). Representative field images of acini were
taken on day 8; original magnification, x40. The clonogenic assay was analyzed as
described in Materials and Methods. The MCF-10A—derived cells (D, F) were seeded in
triplicate at a density of 1000 cells in 60-mm dishes in DMEM/F12 medium supplemented
with 2.5% horse serum and 40 ng/ml HGF. The dishes were scanned on day 10. Quantitative
analysis of the total number of clones was performed with AlphaVIEW SA software (E, G).
Data are mean + standard deviation of triplicates, representative of two independent
experiments (**, P< 0.01; ***, < 0.001, vs. cells transfected with mutant A/K3CA alone,
ANOVA). Cell invasion /n vitrowas analyzed as indicated in Materials and Methods. The
MCF-10A—derived cells were induced to invade with HGF (40 ng/ml) and fibronectin (5 pg/
ml). H. Cells invading through Matrigel were photographed at x 100 magnification. 1. Data
are mean + standard deviation of triplicates, representative of two independent experiments
(***, P<0.001; **** p<0.0001 vs. vector, ANOVA).
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Figure 4. Effects of combined targeting of PI3K and MET on cell growth in Matrigel or invasion
in MCF-10A derived cells.

A total of 4 x 103 MCF-10A—-derived cells expressing PIK3CA-H1047R/MET-T10101 (A)
or PIK3CA-H1047RIMET-WT genes (C) were resuspended in modified growth medium
(2.5% horse serum and 5 ng/ml EGF) supplemented with HGF (40 ng/ml) and 2% growth
factor reduced Matrigel and treated with various drugs as indicated. The medium was
exchanged every 3 days. Photographs (x40) of representative fields were taken on day 7.
The figures shown are mean =+ standard deviation of triplicates, representative of two
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independent experiments (*, < 0.01; **, < 0.001; ***, < 0.0001 vs. vehicle, ANOVA)
(B, D). The MCF-10A~derived cells expressing PIK3CA-H1047R/MET-T1010I (E) or
PIK3CA-E545K/MET-T10101 (G) were starved for 20 hours in serum-free DMEM-F12
lacking EGF, insulin, and hydrocortisone. A total of 1 x 10° cells were inoculated into the
upper chamber. pictilisib, onartuzumab, or tepotinib alone or in combinations as indicated
were added into both the upper and lower chambers. HGF and fibronectin were added in the
lower chamber as the inducer. Invasive cells were photographed and counted in 10 random
fields. The figures shown are mean + standard deviation of triplicates, representative of two
independent experiments (***, £< 0.0001 vs. vehicle, ANOVA) (F, H).
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Figure 5. Cooperative oncogenic effect of MET and PIK3CA on cellular signaling pathways in an
environment with or without HGF.

PIK3CA-H1047R/MET-T1010I-expressing MCF-10A—derived cells were starved overnight
followed by stimulation with HGF (40 ng/ml) or 10% FBS for 30 minutes. Cell lysates were
subject to RPPA as described in Materials and Methods. A. Data are presented in a matrix
format: each row represents an antibody target and each column a sample. In each sample,

the ratio of the abundance of the molecule to its median abundance across all samples is

represented by the color of the corresponding cell in the matrix (see the scale for expression
levels). B. The RPPA data were further analyzed (as described in Materials and Methods)
(mean = standard deviation; P value based on the log2 data).
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Figure 6. Cellular signaling response to targeting of MET and/or PIK3CA in an environment
with or without HGF.

PIK3CA-H1047R/MET-T1010I-expressing MCF-10A—derived cells were starved overnight
followed by treatment with or without drugs for 6 hours and then were stimulated with HGF
(40 ng/ml) or 10% FBS for 30 minutes. Cell lysates were subject to RPPA as described in
Materials and Methods (mean + standard deviation; P value based on the log2 data). A. Cells
were treated with pictilisib (P) or onartuzumab (O) alone or their combination (P+0O) before
stimulation with HGF or FBS. B. Cells were treated with pictilisib (P) or tepotinib (T) alone
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or their combination (P+T) before stimulation with HGF or FBS. C. Cells were treated with
pictilisib and/or onartuzumab followed by stimulation with HGF. Data are presented in a
matrix format: each row represents a sample and each column an antibody target. There are
four sub-clusters as indicated from top to bottom: vehicle, onartuzumab, pictilisib, and their
combination. Red represents high and green represents low activation. D. Using tepotinib
instead of onartuzumab. E. A portion of the RPPA data was validated by Western blot.
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Figure 7. Characterization of HGF/MET axis in patients-derived xenografts
A. MET protein expression and activation by stimulation with HGF in PDXs. The cell lines

from the PDX received starvation for over night by withdrawing serum and all growth
factors, including insulin, EGF, and hydrocortisone, followed by stimulation with or without
HGF (40 ng/ml) for 20 minutes. Cell lysis was collected and assessed expression and
phosphorylation of MET with Western blotting. B. Quantitative densitometric analysis of the
density was performed with AlphaView SA software.
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Combination index (CI)

Tepotinib (uM)  Pictilisib (uM) Cl

0.625 0.25 0.804
1.25 0.25 0.63
1.25 0.5 0.431
1.25 1.0 0.101
25 0.25 0.635
5.0 0.25 0.179
10.0 0.25 0.048
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