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Abstract

Background. Aberrant MET receptor tyrosine kinase (RTK) activation leads to invasive tumor growth in different
types of cancer. Overexpression of MET and its ligand hepatocyte growth factor (HGF) occurs more frequently in
glioblastoma (GBM) than in low-grade gliomas. Although we have shown previously that HGF-autocrine activation
predicts sensitivity to MET tyrosine kinase inhibitors (TKIs) in GBM, whether it initiates tumorigenesis remains
elusive.

Methods. Using a well-established Sleeping Beauty (SB) transposon strategy, we injected human HGF and MET
cDNA together with a short hairpin siRNA against Trp53 (SB-hHgf.Met.ShP53) into the lateral ventricle of neonatal
mice to induce spontaneous glioma initiation and characterized the tumors with H&E and immunohistochemistry
analysis. Glioma sphere cells also were isolated for measuring the sensitivity to specific MET TKls.

Results. Mixed injection of SB-hHgf.Met.ShP53 plasmids induced de novo glioma formation with invasive tumor
growth accompanied by HGF and MET overexpression. While glioma stem cells (GSCs) are considered as the
tumor-initiating cells in GBM, both SB-hHgf.Met.ShP53 tumor sections and glioma spheres harvested from these
tumors expressed GSC markers nestin, GFAP, and Sox 2. Moreover, specific MET TKIs significantly inhibited tumor
spheres’ proliferation and MET/MAPK/AKT signaling.

Conclusions. Overexpression of the HGF/MET axis along with p53 attenuation may transform neural stem cells
into GSCs, resulting in GBM formation in mice.These tumors are primarily driven by the MET RTK pathway activa-
tion and are sensitive to MET TKIs. The SB-hHgf.Met.ShP53 spontaneous mouse glioma model provides a useful
tool for studying GBM tumor biology and MET-targeting therapeutics.

Key Points

e We demonstrate that HGF/MET overexpression along with Trp53 inhibition induces
spontaneous glioma in mice.

e We established an HGF/MET-driven glioma mouse model for studying GBM biology.
e We show that HGF/MET-driven GBMs are sensitive to MET inhibitors.
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Importance of the Study

Elevated HGF/MET axis provokes RAS/RTK/PI3K
pathway activation, the leading signaling alter-
ation in primary GBM. MET overexpression is
a marker of the “mesenchymal” subtype and
also is required for GSC maintenance and
its invasive repopulation. While HGF or MET
transgenic mice were shown to initiate liver
or breast cancers, a glioma phenotype has not
been reported, raising the question of whether
the HGF/MET axis may drive glioma initiation.
Here, we show that overexpression of HGF and

Glioblastoma (GBM), WHO grade IV glioma, is the most
common primary brain tumor. It has a bleak prognosis be-
cause tumor cells invade into the normal tissue of the central
nervous system (CNS) without a clear margin for surgical re-
section, resulting in early recurrence.! Overall, GBMs account
for 15% of all primary brain tumors with median survival
time as short as 9-12 months, and the 5-year survival rate is
only about 5%.%2 Using in silico analysis, the Cancer Genome
Atlas (TCGA) has established comprehensive genomic pro-
files that classified GBM into 4 molecular subtypes. While the
“classical” signature represents a more proliferative pheno-
type, a “mesenchymal” signature is indicative of a more inva-
sive phenotype; both are associated with poor prognosis and
short survival time.*® Theoretically, within the heterogeneous
GBM, a subset of poorly differentiated yet highly self-renewing
glioma cells, termed glioma stem cells (GSCs), have invasive
and tumorigenic properties and are responsible for therapeutic
resistance.®’ To date, GSCs have been isolated from primary
GBMs or patient-derived xenograft (PDX) models to facilitate
our understanding of GBM invasiveness and its vulnerability
to chemo- and radiation therapy.

Aberrant MET pathway activation is one of the major
mechanisms leading to RAS/RTK/PI3K pathway alteration,
which occurred in 88% of primary GBM.8 Overexpression of
MET and its ligand hepatocyte growth factor (HGF) occurs
more frequently in primary GBM than in low-grade glioma
and is associated with poor prognosis.®'® Genomic charac-
terization further shows that MET overexpression is a marker
of the “mesenchymal” phenotype, the most invasive type
of GBM with the shortest survival time.*™ In addition to pri-
mary GBM, recent studies have reported significant enrich-
ment of MET-exon-14-skipping (METex14), PTPRZ1-MET (ZM)
fusion, and MET amplification in secondary GBM, among
which the co-occurrence of METex14 and ZM reached 14%
of cases and is associated with poor prognosis.'>'® Although
secondary GBM has a much better prognosis than primary
GBM and constitutes only 5% of all GBMs, overexpressing
the METex14-ZM fusion transcript in U87MG cells induced a
more invasive phenotype, supporting MET as a therapeutic
target in secondary GBM.'® Notably, MET activation is essen-
tial in maintaining GSC's stem-like phenotype.''> Blocking
the MET pathway depletes GSCs in PDX models,'® supporting
the rationale of targeting MET in GBM."'%'8 Since MET inhibi-
tors are being evaluated in clinical trials in different types of

MET, along with Trp53 inhibition, induces spon-
taneous glioma in mice. Moreover, the GSCs
derived from these tumors are sensitive to
MET and MEK inhibitors.These results not only
provide the evidence that HGF/MET elevation
may transform NSCs into GSCs, resulting in
GBM initiation and progression, but also sug-
gest that HGF-autocrine GBMs are primarily
driven by the MET RTK pathway that may be
inhibited by MET or MEK inhibitors.

cancer, including GBM, understanding the role of the HGF/
MET axis in gliomagenesis and progression may accelerate
the development of MET-targeted therapy.

Genetically engineered mouse models are widely used to
study human diseases. Using the Sleeping Beauty (SB) trans-
poson system, Wiesner et al.” were able to show that injecting
mixed oncogene-coding plasmids such as NRAS, EGFR vlll,
and AKT may induce de novo glioma growth in mice with
phenotypes resembling human GBM pathology. The em-
bedded luciferase reporter in the SB constructs further allows
the use of real-time bioluminescence imaging (BLI) to monitor
tumor growth, providing a useful tool for studying MET onco-
genic activation mediated glioma initiation and progression.
Using TCGA dataset analysis, we previously showed that HGF
and MET expression levels correlate in primary GBM tumor
specimens and that overexpression of HGF and MET oc-
curred in approximately 30% of GBM patients.?° Using GBM
PDX models, we further profiled an HGF genomic signature
that may facilitate the identification of GBMs that are suitable
for treatment with MET inhibitors.2’ However, whether HGF-
autocrine activation directly leads to glioma formation has not
been tested. In this study, we show that the overexpression
of HGF and MET using SB transposon technology induces
glioma formation in the murine brain. We also show that iso-
lated GSCs from these tumors propagate HGF-autocrine acti-
vation and are sensitive to MET inhibitors.

Materials and Methods
Plasmid Vectors

Plasmids pT2/C-Luc/PGK-SB100 (the SB transposase
expression plasmid coding luciferase as the reporter
gene), pT/CAGGS-NRASV12 (a construct coding a mu-
tant NRAS), and pT2/shP53/GFP4 (a short hairpin siRNA
against Trp53 constructed with green fluorescent pro-
tein) were created as previously described.?? To construct
human HGF and MET coding plasmids, the full-length
human HGF or MET cDNAs were PCR amplified from
pPMOG or MG-pRS24 plasmids (provided by Dr George
Vande Woude, Van Andel Research Institute) with the pri-
mers engineered with SnaBl and Xbal compatible enzyme
sites (Fspl and Avrll). The hHGF and hMET cDNAs were
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Sleeping Beauty (SB) transposon-mediated HGF/MET transfection and real-time imaging in mice. (A) The SB expression vector uses

the phosphoglycerate kinase (PGK) promoter to regulate SB transposase expression. The same plasmid backbone also harbors the firefly luciferase
(FLuc) as a reporter regulated by the CAG promoter. Neonatal mice were injected with plasmids coding hHGF, hMET, and Shp53-GFP along with the
backbone vector to initiate tumor growth in the brain. (B) Real-time, noninvasive bioluminescent imaging of tumor growth with SB-hHgf.Met.Shp53
mouse model. (C) Survival of SB-hHgf.Met.Shp53 and SB-hHgf.Met.NRas.Shp53 mice (survival time = 130.5 vs 88 days, P=.0032).

further cloned into the pENTR1 Gateway vector using
SnaBl and Xbal and then moved to the PT3.5-CAGG-DEST
plasmid by an LR Clonase reaction (Invitrogen) as de-
scribed previously.?® The SB constructs are summarized
in Figure 1A. The primers are as follows: hMET forward—
NNNTGCGCAGCCACCATGAAG GCCCCCGC; hMET re-
verse—NNNCCTAGGCTATGATGTCTCCCAGAAGG; hHGF
forward—NNNTGCGCAGCCACCATGTGGGTGACCAAAC;
hHGF reverse—NNNCCTAGG CTATGACTGTGGTACC.

Animal Models, Plasmid Injections, and
Bioluminescence Imaging

FVB/N strain mice were purchased from the Charles River
Corporation and breeding pairs were monitored each
day at the Vivarium of the Van Andel Research Institute
(VARI). Given previous observations that neonatal mice

are tolerant to human neoantigen delivered within 24 h
of birth and that glioma penetrance in mice is reduced in
mice older than 3 days, only neonatal mice with age less
than 2 days were used for the studies.?? Mixed plasmid in-
jection is described in Supplementary Methods. Athymic/
nude mice were used for testing glioma initiation and
tumor growth inhibition using isolated glioma sphere
cells, which is also described in Supplementary Methods.
All studies involving animals were approved by the VARI
and East Tennessee State University (ETSU) Institutional
Animal Care and Use Committees.

Immunohistochemistry Staining of GBM
Orthotopic Tumors

At the time of necropsy, mouse brains with tumors were
dissected, fixed with 10% neutral buffered formalin
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(Sigma-Aldrich), and embedded into paraffin blocks for
H&E and immunohistochemistry (IHC) staining using
standard clinical techniques in the ETSU pathology labora-
tory (Supplementary Methods).

Cell Lines and Drugs

The SB-026 and SB-033 neurospheres were generated
from mouse 26 and mouse 33, respectively, which re-
ceived SB-hHgf.Met.ShP53 plasmid injections. To establish
SB-026 and SB-033 spheres, tumor tissues were excised
and isolated using accutase (Invitrogen) and grown in
the DMEM/F12 serum-free medium supplemented with
B27 (Invitrogen), EGF (20 ng/mL, R&D), bFGF (20 ng/mL,
R&D), and 1% penicillin and streptomycin (Invitrogen). To
eliminate the possible clonal selection effect by EGF or
bFGF, both growth factors were withdrawn from the cul-
ture medium after sphere cells started to passage. M114
cells (NIH3T3 cells stably transfected with mouse Met and
mouse Hgf)?* were grown in DMEM (Invitrogen) supple-
mented with 10% FBS.V-4084 and SGX523 are specific MET
tyrosine kinase inhibitors (TKls). V-4084 was kindly pro-
vided by Vertex Pharmaceuticals. SGX523, EGFR inhibitor
erlotinib, and MEK inhibitor PD0325901 were purchased
from Selleck. All compounds were dissolved in DMSO at
0.01 M and aliquots were stored at —80°C until use.To treat
cells in vitro, stock solutions were serially diluted using cul-
ture medium at the indicated concentrations.

Immunofluorescent Staining

SB-026 and SB-033 cells were seeded at 5000 cells per well
in chamber slides (Lab-Tek) for neurosphere formation.
Antibodies and staining are described in Supplementary
Methods.

RT-PCR and Western Blot Analysis

Total RNA extraction, PCR primers and analysis, Western
blotting, and antibodies are all described in Supplementary
Methods.

Cell Proliferation Assay

Cells were seeded into a 96-well plate at 5x10° cells per
well and grown for 48 h at 37°C followed by treatment
with V-4084 or SGX523 at the indicated concentrations.
Triplicate wells were used for each concentration. After an
additional 5 days, cell proliferation was determined using
the CellTiter 96 aqueous (MTS) assay (Promega). After
MTS reagent was added into each well and incubated for
another 3 h at 37°C, the number of viable cells was meas-
ured by the absorbance (OD = 490) using a microplate
reader (BioTek).

Statistical Analysis

Survival time was graphed using Prism 5 software
(GraphPad Software) and analyzed by log-rank test (P <

.05). The therapeutic efficacy of small molecule inhibitors
was analyzed using the Student’s t-test (P < .05) as previ-
ously described.?®

Results

Overexpression of HGF and MET Induces
Spontaneous Glioma Growth in Mice

Using the SB transposon system, Wiesner et al.?2 have pre-
viously shown that mixed injection of oncogene-coding
plasmids into the lateral ventricle of neonatal mice in-
duced spontaneous glioma formation. For this study,
a modified SB vector (pT2/C-Luc/PGK-SB100) with en-
hanced transposase expression was used to test whether
overexpression of HGF and MET induces glioma forma-
tion in mice. Given that p53 inhibition alone or in combi-
nation with EGFRvIII did not induce gliomas in mice,?? we
used pT2/ShP53/GFP4, a plasmid with a small hairpin RNA
against pb3 that is linked to co-expression of green fluo-
rescence protein (GFP), to enhance the oncogenic activity
of HGF/MET axis (Figure 1A).58 This SB vector coinjected
with an empty transposon and pT2/ShP53/GFP4 did not
induce glioma in mice (Supplementary Table 1). To per-
form the injection, plasmids pT2/C-Luc/PGK-SB100, pT3.5/
CAGGS-huHgf, pT3.5/GAGGS-huMet, and pT2/ShP53/
GFP4 were mixed at 1:1:1:1 ratio (ng/ug) and intracerebrally
injected into FVB/N neonatal mice (n = 14). All mice were
subjected to BLI at 24 h post-injection as an indication for
transient plasmid uptake and once every month thereafter
for tumor initiation and growth (Figure 1B). After excluding
4 mice that died of post-surgical hydrocephalus or signif-
icant weight loss, 8 out of 10 remaining mice (80%) de-
veloped lethal glioma growth with median survival time
at 130.5 days (SB-hHgf.Met.ShP53, Figure 1C). Given that
RTK/RAS/PI3K signaling accounts for the top pathway al-
teration in GBM, and that MET activates RAS as part of its
downstream signaling,® we tested whether overexpression
of NRAS along with HGF/MET axis may accelerate glioma
tumor growth. With 2 independent injections, a total of
11 mice were analyzed, and all grew tumors with a me-
dian survival time that is significantly shorter than HGF/
MET/ShP53 mice (Figure 1C, SB-hHgf.Met.NRas.ShP53 vs
SB-hHgf.Met.ShP53, 88 vs 130.5 days, P=.0032).

SB-hHgf.Met.ShP53 Mice Grow Invasive Glioma
Expressing GSC Markers

To characterize the SB-hHgf.Met.ShP53 tumors, we first
sectioned the paraffin-embedded tumor blocks for his-
tology analysis using H&E staining. We show tumor cells
infiltrating into normal parenchyma without a clear border,
demonstrating an invasive phenotype (Figure 2A-C).
A high density of tumor cells accumulating around the
blood vessels were also seen, showing a peri-vascular
tumor growth (Figure 2B, squared and Figure 2C, arrowed).
We also observed geographic necrosis in tumor sections
(Figure 2D, arrowed) with nearby neoangiogenesis
(Figure 2D, arrowed in red). Actual microvascular pro-
liferation (endothelial), however, was not impressive.
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Figure 2. Characterization of SB-huHgf.Met.Shp53 mouse model. (A—C) Representative images demonstrating the invasive nature. Low and high
magnifications to show the infiltrative tumor borders with growth in the perivascular space (A and B). (C) Higher magnification of the area shown
in the square in B. Arrows indicate the tumor cells around the blood vessels. (D-F) Representative images showing GBM hallmarks such as geo-
graphic necrosis (arrow) and neovasculature formation at the edge of necrosis (arrows in red); (E) mitoses are relatively numerous (arrows); and (F)

gianttumor cells and giant tumor nuclei are also common (arrows).

While microvascular proliferation is commonly present in
GBM, the cellular anaplasia, mitotic activity, and intrinsic
tumor necrosis are sufficient for the diagnosis of GBM.?¢
Additional GBM hallmarks also illustrated include mitoses
(Figure 2E) and tumor giant cells (Figure 2F).

We then performed IHC staining to analyze the HGF
and MET expressions in these tumors. We show that
SB-hHgf.Met.Shp53 tumors overexpress MET in tumor
cells as compared with the surrounding normal brain
cells, demonstrating an infiltrative border (Figure 3A). At
the higher magnification, we show a high expression of
MET localized at the tumor cell membrane, however, with
overall expression varying from low to high within the tu-
mors (Figure 3A), suggesting a heterogeneous nature of
these tumors. HGF was also overexpressed in tumor cells
relative to the normal tissues, showing a cytoplasmic loca-
tion (Figure 3A).

Since MET is reported to play an essential role in
maintaining GSC properties,'*'® we further stained
SB-hHgf.Met.ShP53 tumors with glial fibrillary acid pro-
tein (GFAP), nestin, and Sox Il, the neural stem cell (NSC)
or progenitor cell markers indicating self-renewal and
pluripotency (Figure 3B). We show that all 3 markers were

expressed in the tumor sections.These results suggest that
overexpression of HGF/MET may transform NSCs and pro-
genitor cells into GSCs, which leads to GBM formation.?’

Characterization of GSCR9/met Cells

With IHC staining, the SB-hHgf.Met.Shp53 tumors showed
tumor-specific expression of nestin and Sox 2, but a hetero-
geneous expression of GFAP, a marker for astrocytes, which
was more evident in some apparent reactive astrocytes than
tumor cells (Figure 3B GFAP, arrowed).To confirm the GFAP ex-
pression in tumor cells, 2 neurosphere cell lines (SB-026 and
SB-033) were generated from SB-hHgf.Met.ShP53 tumors
and characterized for expression markers. Both SB-026 and
SB-033 spheres expressed strong GFP (Figure 4A), indicating
sufficient uptake of the ShP53/GFP plasmid. Since we did not
generate wild-type p53 glioma spheres from this study, the
levels of p53 suppression in SB-026 and SB-033 were tested
by RT-PCR, showing a significant reduction as compared with
M114 cells,?* the normal mouse fibroblast cells overexpressing
mouse Hgf/Met (Figure 4B). Both Western blot (Figure 4C) and
confocal analysis (Figure 4D) confirmed the expression of
GFAP, nestin, and Sox 2 in SB026 and SB033 spheres, ruling
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Figure 3.

B

IHC analysis of HGF/MET expression and NSC markers in SB-hHgf.Met.Shp53 glioma mouse model. (A) Representative images of MET

and HGF expression in SB-hHgf.Met.ShP53 tumors as determined by IHC staining. (B) Representative images of NSC marker expression including
Nestin, GFAP (arrows point to cells with obvious similarity to reactive-type astrocytes, but likely represent neoplastic cells) and Sox2 in tumor

sections as determined by IHC staining.

out reactive astrocytes as the only source of GFAP expression
in SB-huHgf.Met.Shp53 tumors. Importantly, on intracranial in-
jection, both SB-026 and SB-033 cells initiate glioma growth in
nude mice. SB-026 sphere-derived intracranial tumors propa-
gate GBM histological hallmarks including infiltrative border,
perivascular tumor growth, and necrotic center. Mitoses and
giant cells are also shown (Supplementary Figure 1).These re-
sults indicate that HGF-autocrine activation of MET RTK is the
driving force that transforms NSCs into GSCs to initiate glioma
growth in these mice.

SB-026 and SB-033 Are Sensitive to Specific
MET TKIs

Using GBM and HCC models, we previously reported that
tumor cells overexpressing both HGF and MET often prop-
agate an HGF-autocrine activation of MET RTK, indicating

sensitivity to MET TKils.20225 To test whether this applies
to SB-026 and SB-033, we treated these cells with V-4084
and SGX523 for 5 days and monitored spheroid forma-
tion. We show that both V-4084 and SGX523 at 0.1-1 uyM
significantly reduced the size of SB-026 and SB-033 spher-
oids (Figure 5A). The 5-day survival rate of SB-026 and
SB-033 after V-4084 and SGX523 treatment was quanti-
fied using MTS assay, with erlotinib (an EGFR inhibitor)
and PD-325901 (a MEK inhibitor targeting MAPK down-
stream from MET) tested for comparison (Figure 5B and
C). We show that V-4084 and SGX523 at 0.1 uM and higher
concentration significantly inhibited SB-026 (V-4084 vs
SGX523: 61.7% vs 51.9%, P < .001) and SB-033 (V-4084 vs
SGX523: 55.2% vs 55.1%, P < .001) proliferation. In con-
trast, erlotinib (1 uM) only marginally inhibited SB-026 and
SB-033 (15% and 11%, respectively, P < .05), suggesting
a nonspecific targeting. Notably, PD-0325901 inhibited
both SB-026 and SB-033 at 0.01 uM (51.1% and 62.6%,
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Characterization of neurospheres derived from SB-huHgf.Met.Shp53 tumors. (A) Representative image showing SB-026 and SB-033

forms tumor spheres that are GFP positive. Scale bar refers to 400 pm. (B) p53 mRNA levels in SB-026, SB-033, and M114 cells as determined by
RT-PCR. (C) HGF, MET, GFAP, Nestin, and SOX2 expression levels in SB-026 and SB-033 as determined by Western blot. (D) GFAP, Nestin, and SOX2
expression levels in SB-026 and SB-033 as shown by confocal microscopy. Scale bar refers to 100 pm. A “No primary” control was included to indi-

cate the background staining due to secondary antibody alone.

respectively, P<.001), showing a higher efficacy than MET
TKls. At the protein expression level, both SB-026 and
SB-033 expressed HGF, MET, and p-MET, demonstrating an
HGF-autocrine activation of MET. Both V-4084 (Figure 5D
and E) and SGX523 (Figure 5F and G) treatment signif-
icantly inhibit MET/MAPK/AKT signaling regardless of
additional HGF stimulation. We further tested whether
V-4084 inhibited SB-033 tumor growth in vivo. While an in-
itial single dose of V-4080 at 30 mg/kg for 8 days showed
marginal inhibition, increasing dosing to 60 mg/kg for
an additional 3 days significantly inhibited SB-033 tumor
growth in mice (Supplementary Figure 2, 1595 vs 647 mm?,
P < .05). While the non-orthotopic model is limited by the
lack of the appropriate microenvironment for tumor growth
and therefore may not reproduce the therapeutic effi-
cacy or pharmaceutical kinetics precisely, mechanistically,

these results indicate that the HGF/MET axis is the driving
force in SB-026 and SB-023 tumor growth and that
targeting MET/MAPK signaling will be effective for treating
HGF-autocrine GBMs.

Discussion

Aberrant HGF/MET signaling activation is known to promote
cancer initiation and malignant progression.?82% Genetically
engineered mouse models have been widely used to test the
tumor initiation role of HGF/MET in different cancer types.
Previously, overexpression of HGF alone resulted in signif-
icant liver enlargement and triggers hepatocellular aden-
omas and/or carcinomas in mice.3%3' Knocking in mutant Met



https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa067#supplementary-data

Qin et al. HGF/MET overexpression induces GBM in mice

SGX523

Ctl
» SB026 . ;

B D
SB026 HGF (100ng/ml) HGF (100ng/ml)
120 <Viss V4084 (M) O 0.1 1 0 0.1 1 SGX523(uM) o 01 1 0 0.1 1
== Erlotinib
< 100 e s P-MET e pMET —— —
@ 80 VET RS e MET o= om oo o o = =
= 60 D-AKT Mo e p-AKT == e
ER TSR ——— Vel D
3 20 P-MAPK S S p-MAPK &% &
o MAPK SSssEsamEs VAPK TESSESssemEs
0 001 01 1 10 B-Ctin W (-actin S — -
Drugs concentration (uM)
C SB033 E HGF (100ng/mi) G JHIGF (100ng/mb),
120 Ty, V4084 (uM) 0 01 1 0 01 1SGX523(uM) 0 0.1 1 0 0.1 1
= Erlotinib
® 100 ~ pooseseor P-MET e - p-MET . —
I VET R e e
© —
g p-AKT s - p-AKT [ |
g 40 AKT S i e o AKT N s g e =
]
@ 20 p-MAPK = p-MAPK &% ==
0

0 001 01 1 10
Drugs concentration (uM)

MAPK SR SSEmEs T
Bractin N———————

MAPK 0 gy v =

Bractin N sy -

Figure 5. MET inhibitors suppress HGF-autocrine neurosphere formation. (A) Representative images of SB-026 and SB-033 tumor spheres forma-
tion under V-4084 and SGX523 treatment. SB-026 and SB-033 cells were cultured in a 96-well plate for various treatments as indicated. Triplicates
were used for each treatment. Images were taken at 5 days after treatment under a light microscope. Scale bar = 200 um. (B and C) Quantification
of SB-026 and SB-033 spheroid formation assay as described in A. After treating SB-026 (B) and SB-033 (C) cells with V-4084 or SGX523 at indicated
concentrations, cell proliferation at day 5 was measured using the MTS assay as described in the Methods section. Survival rate (%) = Absorbance
(0D = 490) of treated cells/Absorbance (0D = 490) of control untreated cells x 100%. Data represent the average of 2 independent assays. A short
bar refers to the standard deviation. (D and E) Specific MET inhibitor V-4084 at indicated concentrations inhibits MET, MAPK/AKT pathways in
SB-026 and SB-033 spheres as shown by Western blot. (F and G) Specific MET inhibitor SGX523 at indicated concentrations inhibits MET, MAPK/

AKT pathways in SB-026 and SB-033 spheres as shown by Western blot.

in mice induced diverse mammary carcinomas mimicking
human basal breast cancer.3? Overexpression of Met alone or
in combination with beta-catenin is sufficient for developing
hepatocellular carcinoma.3334 However, none of these mouse
models showed brain tumor phenotypes. Although HGF/
MET expression in human primary brain tumors is found to

increase with the grade of malignancy®® and is a prognostic
marker of short survival time in GBM,'© whether the HGF/
MET axis directly triggers brain tumor formation has not been
tested. In this study, we show that overexpression of HGF/
MET, along with p53 suppression, induced de novo glioma
formation in mice. These tumors infiltrate the brain and the
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perivascular spaces, are mitotically active, and show intrinsic,
geographic necrosis and neoangiogenesis, pathological hall-
marks that recapitulate human GBM histology. These results
suggest that expression of HGF or MET is not sufficient for
initiating brain tumors, while a co-expression of both ligand
and receptor especially preconditioned with loss of function
of tumor-suppressor genes is likely required. Although the
SB-based gene transfer has the potential to cause insertional
mutagenesis, the tumors developed in this model did not
likely result from randomized mutations for 2 reasons: (1) the
negative control plasmids did not induce any glioma in mice
(Supplementary Table 1) and (2) the SB033 tumors are sensi-
tive to V-4084, a MET-specific inhibitor, demonstrating a level
of MET dependency (Supplementary Figure 1).

During normal CNS development, NSCs are prima-
rily located in the hippocampus and subventricular zone.
These are undifferentiated precursor cells defined by their
capacity for self-renewal and multipotency, which may
further amplify into multi-lineage progenitor cells and dif-
ferentiate into neurons, astrocytes, and oligodendrocytes
to populate the nervous system. However, GSCs within a
brain tumor may arise from normal NSCs or neural progen-
itor cells that harbor genetic alterations such as mutations
and oncogene overexpression.’3837 Previous studies have
shown that loss of Pten in combination with p53 converted
neural and glioma stem cells into glial tumors.383% While
p53 suppression, alone or in combination with EGFR vlil,
is insufficient to induce glioma formation in mice, injecting
plasmids encoding NRAS, EGFRVIIl, and AKT along with
p53 inhibition into the neonatal mice subventricular zone
induces de novo glioma formation.?? In this study, we de-
livered the SB transposon coded plasmids into the lateral
cerebral ventricle, a method with a demonstrated capacity
of transfecting cells that are enriched in the subventricular
zone where NSCs reside.?? Although the exact “cell of or-
igin” of the glioma initiation in this model remains elu-
sive, we observed NSC markers nestin, GFAP, and Sox
2 expression?’ in both SB-hHgf.Met.ShP53 tumors and
SB-026, SB-033 spheres. More importantly, both cell lines
initiated tumor growth in mice. Therefore, we propose that
intracerebroventricular injection of SB-hHgf.Met.ShP53
plasmids into neonatal mice may initiate HGF-autocrine
activation in NSCs and progenitor cells, transform these
cells into GSCs, and ultimately, initiate glioma growth and
progression in these mice (Figure 6). MET activation is es-
sential in maintaining GSC’s stem-like phenotype.'*'® The
fact that MET TKIs V-4084 and SGX523 and MEK inhibitor
PD-0325901 significantly inhibited SB-026 and SB-033 pro-
liferation in vitro and tumor growth in vivo support the
application of targeting MET/MAPK signaling pathway for
treating gliomas with HGF/MET overexpression. Because
MET-targeted inhibitors are all designed to block the ATP
binding in the MET RTK domain rather than blocking MET
binding to HGF, our results only demonstrate a MET de-
pendency in this model. However, whether the tumors are
driven by an HGF-autocrine activation remains undeter-
mined. Therefore, it would be necessary to further test the
tumors for sensitivity to anti-HGF or anti-MET neutralizing
antibodies to further distinguish the HGF dependency.?

While we show in this study that overexpression of
HGF/MET induces gliomagenesis, it is not clear whether
HGF or MET alone may be sufficient. Specifically, MET

amplification occurs in approximately 4% of GBM patients.?
Although early studies have not reported that HGF or MET
transgenic mouse models develop glioma as a pheno-
type, 303134 it is possible that the dose of HGF or MET trans-
genes in previous models was not high enough to initiate
tumors in the brain. Since the SB transposon system allows
for the quantification of the concentration of plasmid DNA
for injection, it is worthwhile to apply injections to deliver a
higher dose of human HGF or MET, either alone or in com-
bination with deletions of glioma suppressor genes, such
as TP53, PTEN, or NF1.5 Such studies may elucidate how
ligand-independent MET activation may regulate GBM
initiation and progression (Figure 6). With the SB trans-
poson system as a tool, another important application is
to study how HGF-autocrine activation may crosstalk with
other tumor-driver genes or suppressor genes in deter-
mining the therapeutic response to anticancer treatments.
We have shown that introducing NRAS into the HGF/MET/
ShP53 axis may accelerate glioma growth and significantly
shorten the survival time of the animals (Figure 1C). Thus,
future studies may test how other GBM core pathway com-
ponents, such as p53 and RB signaling pathways, may reg-
ulate HGF/MET axis in gliomagenesis and progression.®
Recently, CRISPER/cas9 has become a powerful technology
for gene editing. Combining the use of CRISPER/cas9 and
SB approaches has been shown to be an effective approach
in screening for tumor-driver genes and therapeutic targets
for functional validation.*® Future studies may use CRISPR/
cas9 to improve this SB-hHgf.Met.ShP53 mouse model in
multi-target gene delivery as a better system for studying
brain tumor biology and therapeutic strategies.

In conclusion, using a well-established SB transposon
strategy, we demonstrate that mixed injection of plasmid
DNAs coding human HGF and MET, along with microRNA-
mediated siRNA against p53, results in de novo glioma
formation in mice. These tumors show invasive pheno-
types that resemble human GBM pathology. Moreover, the
neurospheres isolated from SB-hHgf.Met.Shp53 tumors ex-
pressed human HGF and MET along with NSC markers in-
cluding nestin, GFAP, and Sox 2 and are sensitive to specific
MET TKis. These results suggest that HGF-autocrine activa-
tion may transform NSCs into GSCs that ultimately lead to
GBM initiation. Successful targeted therapy relies on clini-
cally relevant preclinical models. MET inhibitors are being
evaluated in clinical trials against multiple cancer types in-
cluding brain tumors.?84! Although MET-targeted therapy
in GBM patients has not been successful, a recent clinical
trial has shown that a combination of MET and VEGFR in-
hibitors (onartuzumab plus bevacizumab vs placebo plus
bevacizumab) significantly improved both progression-free
survival and overall survival in the mesenchymal subtype
of recurrent GBM patients with high HGF expression.*?This
result supports our previous findings that HGF is a predic-
tive marker for MET-targeted therapy and that developing
biomarker analysis for patient stratification is necessary in
future clinical trials targeting MET.2%2' While our previous
studies have used immune-compromised mice bearing
human GBM cell lines or PDXs, the SB-hHgf.Met.ShP53
mouse glioma model provides an immune-competent mi-
croenvironment for studying GBM tumor biology and MET-
targeting therapeutics and will be of value for studying
cancer immunotherapy against malignant glioma.
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Proposed mechanism of MET RTK alteration induced gliomagenesis and therapeutics. During normal neurogenesis, neural stem cells

are primarily located in the hippocampus and subventricular zone where they proliferate into multi-lineage progenitor cells and differentiate into
mature neural cells. When preconditioned with loss of function of tumor-suppressor genes, such as TP53 mutation, MET oncogenic activation such
as HGF-autocrine activation may transform NSCs or progenitor cells into GSCs, which ultimately lead to glioma initiation. While these tumors are
primarily driven by MET RTK signaling and are sensitive to MET-targeting therapy, the extensive clinical literature indicating the accumulation of
many other molecular abnormalities in clinically evident infiltrating gliomas (especially glioblastoma) likely requires consideration of combining
MET-targeting therapy with other targeted therapies to overcome resistance and recurrence.
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