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Abstract

Protein tyrosine phosphatase receptor zeta 1 (PTPRZ1) is a transmembrane tyrosine phosphatase
(TP) expressed in endothelial cells and required for stimulation of cell migration by vascular
endothelial growth factor A1g5 (VEGFA1g5) and pleiotrophin (PTN). It is also over or under-
expressed in various tumor types. In this study, we used genetically engineered Ptorz1~~
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and Ptorz1** mice to study mechanistic aspects of PTPRZ1 involvement in angiogenesis

and investigate its role in lung adenocarcinoma (LUAD) growth. PtprzZ~~ lung microvascular
endothelial cells (LMVEC) have increased angiogenic features compared to Piprz1*"* LMVEC,
in line with the increased lung angiogenesis and the enhanced chemically induced LUAD growth
in Ptorz1™'~ compared to PtorzI** mice. In LUAD cells isolated from the lungs of urethane-
treated mice, PTPRZ1 TP inhibition also enhanced proliferation and migration. Expression of
beta 3 (B3) integrin is decreased in Ptorz1~ LMVEC, linked to enhanced VEGF receptor 2
(VEGFR?2), c-Met tyrosine kinase (TK), and Akt kinase activities. However, only c-Met and Akt
seem responsible for the enhanced endothelial and cell activation /n vitro and LUAD growth

and angiogenesis in vivoin Plorz1™'~ mice. A selective PTPRZ1 TP inhibitor, VEGFA165 and
PTN also activate c-Met and Akt in a PTPRZ1-dependent manner in endothelial cells, and their
stimulatory effects are abolished by the c-Met TK inhibitor (TKI) crizotinib. Altogether, our data
suggest that low PTPRZ1 expression is linked to worse LUAD prognosis and response to c-Met
TKIs and uncover for the first time the role of PTPRZ1 in mediating c-Met activation by VEGFA
and PTN.
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Introduction

Protein tyrosine phosphatase receptor zeta 1 (PTPRZ1) is a transmembrane tyrosine
phosphatase (TP) with high expression in fetal cells or during embryonic development,
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and low systemic expression in the adult [1]. PTPRZ1 expression is significantly altered in
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several types of cancer. It is overexpressed in glioblastoma stem cells, seems to be important
for glioblastoma growth [1, 2], and contributes to resistance to temozolomide [3]. Similarly,
in neuroendocrine small-cell lung carcinoma, overexpression of PTPRZ1 seems to promote
tumor progression [4]. On the other hand, in prostate cancer [5] and osteosarcoma [6],
PTPRZ1 expression is decreased and inversely correlates with cancer progression. In ovarian
cancer, the decreased PTPRZ1 expression seems to be related to resistance to cisplatin [7].
In lung adenocarcinoma (LUAD), based on TCGA data, PTPRZ1 gene expression inversely
correlates to patient overall survival [8]; however, there are no data on the role of PTPRZ1 in
LUAD growth in vitro or in vivo.

PTPRZ1 ligands are pleiotrophin (PTN), midkine, fibroblast growth factor 2, interleukin-34,
and vascular endothelial growth factor A (VEGFA). In most cases, ligand binding to
PTPRZ1 has been reported to inactivate its TP activity, leading to the activation of numerous
downstream signaling molecules, such as Src family kinases and phosphoinositide 3-kinase
(reviewed in [1, 8]). PTPRZ1 is expressed in endothelial cells /n vitro and is required for
both PTN- and VEGFA65-induced cell migration [9, 10]. It also mediates the stimulatory
effect of VEGFA 145 on cell surface nucleolin localization [10] and its inhibitory effect on
PTN expression [11]. Both these activities seem to be independent of VEGF receptor 2
(VEGFR?2) [10, 11], suggesting that PTPRZ1 warrants further investigation as a potential
novel target that will contribute to overcoming the resistance to the existing anti-angiogenic
therapies that inhibit the interaction or the signaling of VEGFA through VEGFR2 [12], thus
improving patient survival.

In the present work, the role of PTPRZ1 expression in physiological angiogenesis, as well
as in LUAD angiogenesis and growth was studied 7 vivo, using genetically engineered
Ptorz1™!~ and Ptorz1*"* mice. Endothelial cells isolated from the lungs of these mice

were used to study mechanistic aspects of the involvement of PTPRZ1 in endothelial cell
functions /n vitro. LUAD cells isolated from the lungs of urethane-treated mice were used to
study the role of PTPRZ1 on their proliferation and migration /n vitro. Our data suggest that
PTPRZ1 deletion significantly enhances endothelial cell functions and angiogenesis through
decreased P3 integrin expression and activation of c-Met and Akt. Our data uncover for the
first time a role of PTPRZ1 in mediating c-Met activation, highlight the role of PTPRZ1

in PTN- and VEGFA-induced c-Met activation and signaling in endothelial cells, suggest a
potential role of PTPRZ1 in LUAD growth and show evidence for the antiangiogenic effects
of existing c-Met TK inhibitors (TKIs). They also propose the potential use of PTPRZ1 as a
prognostic and predictive biomarker for LUAD patients that could benefit from c-Met TKIs.

2. Materials and Methods

2.1 Mice

The Piorz1~!~ mice (SV129/B6 strain) were produced by Dr. Sheila Harroch, Institut
Pasteur, France [13] and were kindly provided to us by Dr. Heather Himburg and Prof.

John Chute at UCLA, USA. The animals were bred at the Centre for Animal Models of
Disease at the University of Patras, Greece (EL13B1004), in a controlled environment of 12
h light/dark cycles and food/water consumption ad /ibitum. Ptorz1™'~ mice have no obvious
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phenotype related to general development, behavior, breeding, or survival compared to the
corresponding PtorzI** mice, as previously reported [13].

2.2 Cell culture

For lung microvascular endothelial cell (LMVEC) isolation, 2-5 mice were humanely
euthanized between 3-8 weeks of age by exposure to CO,, levels greater than 70% for 5
min. The lungs were immediately harvested, minced in 1 ml DMEM, and incubated in
DMEM containing 0.2% Gibco® Collagenase Type | (ThermoFisher Scientific; #17018029)
for 4 h at 37°C. The cell-tissue suspension was serially filtered through 140 um and 60

um filters, the filtrate was centrifuged at 500 g for 5 min at room temperature (RT) and

the cell pellet was resuspended and cultured [14]. Endothelial cells were purified using
Dynabeads™ CD31 Endothelial Cell (Thermo Fisher Scientific; #11155D), following the
manufacturer’s instructions, and purity was verified by Griffonia simplicifolia staining,

as described below. HUVEC were isolated as previously described [9, 10]. LMVEC and
HUVEC were cultured in DMEM low glucose supplemented with 15% fetal bovine serum
(FBS), 150 g/ml endothelial cell growth supplement, 5 units/ml heparin sodium, 100
units/ml penicillin/streptomycin, and 2.5 pg/ml amphotericin B.

Primary lung adenocarcinoma cells from FVVB mice (FULA cells) were generated as
described elsewhere [15, 16]. Briefly, FVB mice received repetitive intraperitoneal urethane
injections and were observed for 9 months for true lung adenocarcinoma to develop. Mice
developed large tumors that were harvested under sterile conditions, minced, passed through
a 100 pm-strainer, and cultured separately in DMEM high glucose containing 10% FBS,
100 units/ml penicillin/streptomycin, and 2.5 pg/ml amphotericin B. These cells were fully
characterized for their malignant nature /n vitroand in vivo [16]. All cells were maintained
at 37°C, 5% CO,, and 100% humidity. All experiments were performed with mycoplasma-
free cells.

2.3 Proliferation assay

LMVEC were plated in 48-well plates (1.5 x 10* cells/well) and at different time points
after plating, cells were harvested by trypsin and counted using a hemocytometer. The
selective PTPRZ1 TP inhibitor MY10 (10 uM) [17], the VEGFR2 specific inhibitor SU1498
(10 pM, Santa Cruz Biotechnology, Inc., #sc-474570) or the c-Met inhibitor crizotinib (1
UM, TargetMol, Boston, MA, USA,; #T1661) were added in the culture medium 24 h after
plating. HUVEC were plated in 48-well plates (2.5 x 10* cells/well) and 24 h after plating,
serum-starved overnight, and then treated with VEGFA 65 (10 ng/ml) in the presence or
absence of crizotinib for 24 h.

2.4 Migration assay

We used 24-well micro chemotaxis chambers (Corning, Glendale, AZ, USA; #3422) with
uncoated polycarbonate membranes with 8 pm pores. The bottom chamber was filled

with 0.6 ml of serum-free medium containing 0.25% bovine serum albumin (BSA) in the
presence of the tested agents or the corresponding solvent. Harvested cells were resuspended
at a concentration of 10° cells/0.1 ml serum-free medium containing 0.25% BSA, loaded in
the upper chamber of the transwell, and the whole transwell system was incubated for 4 h at
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37°C. Filters were fixed with Carson's phosphate-buffered paraformaldehyde for 10 min and
stained with 0.33% toluidine blue solution. The cells that migrated through the filters were
quantified in a blinded manner at the entire area of each filter by direct measurement on a
light microscope (Optech Microscope Services Ltd.) [9, 10].

2.5 Invitro Matrigel assay

Growth factor reduced Matrigel ™ (BD Matrigel™ Basement Membrane Matrix Growth
Factor Reduced; BD Biosciences, San Jose, CA, USA; #354234) was added (0.05 ml) in
each well of 96-well plates at 4°C and was left at 37°C for 1 h to solidify. LMVEC (2

x 10% cells in 0.1 ml of medium) were added in each well in the presence of the tested
agents or the corresponding solvent. The tubes formed after 4 h of incubation at 37°C were
photographed under an inverted Olympus IMT-2 microscope (Olympus Corporation, Japan)
using a C-B3 camera (Optica Microscopy, Italy). The total length of the tube network was
quantified in the total area of the wells using ImageJ, as previously described [9].

2.6 Immunofluorescence

Cells were fixed with 4% formaldehyde in PBS pH 7.4 for 10 min and permeabilized

with PBS containing 0.1% Triton. Following blocking with PBS containing 3% BSA

and 10% FBS for 1 h at RT, cells were incubated with a) mouse anti-PTPRZ1 (BD
Biosciences; #610180) antibody at a 1:250 dilution followed by fluorescent 594 anti-mouse
1gG secondary antibody (Molecular Probes, Carlsbad, CA) used at 1:500 dilution, or b)
lectin solution (Rhodamine Griffonia simplicifolialectin 1, Vector Laboratories, Burlingame,
CA, USA; #RL-1102) 1:800 in PBS pH 7.4 for 1 h at RT in the dark, followed by three
washes with PBS. Nuclei were stained with Drag5 (Biostatus Limited, Leicestershire, UK;
#DRS1000) at a final concentration of 3.3 uM in PBS pH 7.4, and cells were mounted with
Mowiol 4-88 (Sigma-Aldrich, St. Louis, MO, USA; #81381) and visualized at RT with a
Leica SP5 (40x objective) confocal microscope.

2.7 Proximity ligation assay (PLA)

Cells. 4 x 10* or 1.2 x 10 LMVEC or HUVEC were seeded per coverslip in a 24-well
plate or per well in a 12-well slide (Ibidi, #81201), respectively. When cells reached 80%
confluency, they were either processed directly, treated with SU1498 (10 uM) or crizotinib
(1 pM) for 2 h, or serum-starved for 16 h and then treated with SU1498 or crizotinib for
30 min and stimulated with MY10 (10 uM), VEGFA 145 (10 ng/ml) or PTN (100 ng/ml)
for 10 min. Following fixation with 4% formaldehyde in PBS for 10 min at RT and
permeabilization with 0.05% Triton X-100 in PBS for 5 min at RT, /n-situ PLAS were
performed with the following assay Kits from Navinci (Uppsala, Sweden): Naveni pY Met
for detection of tyrosine-phosphorylated c-Met, and Naveni pY VEGFR2 for detection of
tyrosine-phosphorylated VEGFR2, according to the manufacturer’s instructions. 77ssues:
Four pum thick LUAD tissue sections were deparaffinized in xylene and rehydrated in graded
ethanol series (100%, 96%, 80%, 50%), followed by treatment with sodium citrate buffer
(pH 6.0) for antigen retrieval. Tissue sections were permeabilized with 0.4% Triton X-100
in PBS supplemented with 1% FBS for 20 min (2 x 10 min) at RT. /n-situ PLA for the
detection of tyrosine-phosphorylated c-Met was performed using Naveni pY Met. In both
cells and tissues, nuclei were stained with Drag5, as above. Cells/tissue sections were
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mounted with Mowiol 4-88 and visualized at RT with Leica SP5 (40x objective) confocal
microscope.

2.8 RNA isolation, RNA sequencing, and bioinformatics analysis

Total RNA was extracted from LMVEC using the NucleoSpin RNA Plus kit (Macherey-
Nagel, Clonetech, CA, USA; # 740984.50). RNA concentration, purity, and integrity

were estimated by using a Thermo Scientific™ NanoDrop™ One Microvolume UV-Vis
Spectrophotometer, agarose gel electrophoresis, and the Agilent 2100 Bioanalyzer system.
RNA from three independent isolations of the Ptprz1*/* and the Ptprz1™~ LMVEC was
used for RNAseq analysis by Novogene Co., Ltd using an lllumina NovaSeq 6000 platform.
Novogene also performed the bioinformatics analysis. For more details see Supplementary
Methods. The sequencing coverage and quality statistics for each sample are summarized in
Table S1.

2.9 RNA interference

LMVEC were grown to 40% confluence in a medium without antibiotics. Transfection was
performed in serum-free medium for 4 h using annealed RNA for B3 at the concentration of
33 nM (Santa Cruz Biotechnology, Inc., #s¢-35677) in FBS-containing medium without
antibiotics and Lipofectamine® RNAIMAX (Thermo Fisher Scientific; #13778075) as
transfection reagent. Double-stranded negative control SiRNA (Ambion, Austin, TX, USA)
was used in all experiments. Cells were incubated for another 48 h in a serum-containing
medium and fixed, lysed, or serum-starved before further experiments.

2.10 Urethane-induced carcinogenesis

The mice were sex, weight (17-20 g), and age (6 weeks) matched. No gender effect

was observed. Lung carcinogenesis was chemically induced by 8 consecutive weekly
intraperitoneal (i.p.) injections of freshly dissolved urethane (ethyl carbamate; Sigma-
Aldrich; #U2500) at 1 g/kg in 0.9% NaCl [18, 19]. Crizotinib was dissolved in 30%
PEG300, 5% DMSO, and 0.9% NaCl (solvent). Mice received weekly i.p. injections of
crizotinib (25 mg/kg) or the solvent for 11 consecutive weeks, starting on week 3 after

the first urethane injection. Crizotinib or solvent injections were performed one day after
each urethane injection. At the end of the experiments, mice were humanely sacrificed by
excessive CO, and head decapitation, in compliance with the Guide for the Care and Use
of Laboratory Animals, and the lungs were extracted, filled with 10% formalin, and left
overnight to be fixed. The tumors were counted blindly by two independent researchers
and the diameter of each tumor was assessed using a Stemi DV4 stereoscope (Zeiss; Jena,
Germany) with a micrometric scale incorporated into one eyepiece and an Axiocam ERc5s
camera for photographs (Zeiss, Jena, Germany). Each tumor was considered as a sphere
and its volume was calculated by using the equation &3/6. Tumor volume per animal was
calculated by averaging individual tumor volumes per animal. Tumor burden was calculated
as the sum of the tumor volumes per animal [19].
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2.11 Histology/Immunohistochemistry

The lungs and tumors were fixed with 10% formalin and were paraffin-embedded. Four

um thick lung sections were cut and stained with eosin/hematoxylin (H&E). The tumor
stage was scored in a blinded manner on a scale of 1 to 5, based on predetermined criteria,
with 1 indicating the less advanced tumor phenotype [20]. For immunohistochemistry, the
sections were deparaffinized, treated with EDTA for antigen retrieval, blocked with 2% BSA
in PBS pH 7.4 for 15 min at RT, and incubated with the anti-macrophage primary antibody
anti-rabbit macrophage concentrate mouse monoclonal, clone RAM11 (Agilent, Santa Clara,
CA, USA; #M0633) at 1:50 dilution, the anti-PCNA rabbit polyclonal antibody (Abcam,
Cambridge, UK; #ab2426) at 1:80 dilution, or the anti-PTPC rabbit polyclonal antibody
(Santa Cruz Biotechnology, #sc-25432) at 1:50 dilution, overnight at 4°C, followed by the
Envision detection kit (Dako, #K4065). Hematoxylin was used for counterstaining. Photos
were obtained under a microscope (Optech Microscope Services Ltd., Thames, UK) at 4,

10, 20, or 40x objectives. When needed, the number of stained and total cells per field was
counted blindly by 2 different researchers in 2-3 different fields from each animal and results
are expressed as the percent of stained cells per field.

In the case of staining tissue sections with Griffonia simplicifolia, following
deparaffinization, the sections were washed three times with PBS pH 7.4, blocked with

2% BSA in PBS for 15 min at RT and incubated with a lectin solution diluted 1:200 in

PBS, for 1 h at RT in the dark, followed by 3 washes with PBS. Nuclei were stained with
Drag5 as described above and samples were mounted with Mowiol 4-88 and visualized at
RT with Leica SP5 (63x objective) confocal microscope. The lectin-positive endothelial cells
per field were quantified in 2-4 different fields from each animal using ImageJ, normalized
with the tissue area and expressed as the vascularized area in arbitrary units (AU) [21].

2.12 Western blot analysis

Total protein cell/tissue lysates were analyzed by SDS-PAGE and transferred to PVDF
membranes (Amersham™ Hybond® P Western blotting membranes, #GE10600023 or
Porablot PVDF membrane, Macherey-Nagel, # 741260). Membranes were incubated with
Tris-buffered saline (TBS), pH 7.4, with 0.05% Tween (TBS-T) containing either 5% non-
fat dry milk or 3% BSA for 2 h at RT, washed 3 times with TBS-T, incubated with primary
antibodies for 16 h at 4°C under continuous agitation, washed 3 times with TBS-T, and
finally incubated with HRP-conjugated secondary antibodies (1:5000) for 1 h at RT. Primary
antibodies used were mouse anti-PTPRZ1 (1:500, BD Biosciences; #610180), rabbit anti-
phospho-Akt (Ser 473) and rabbit anti-Akt (1:1000, Cell Signaling Technology; #9271

and #9272), rabbit phospho-p44/42 MAPK and p44/p42 MAPK (1:1000, Cell Signaling
Technology, #9101 and 9102), mouse anti-VEGFA (1:1000, Santa Cruz Biotechnology,
#sc-7269), mouse anti-VEGFR2 (1:1000, Santa Cruz Biotechnology, #sc-6251), rabbit anti-
VEGFR2 (1:1000, Cell Signaling Technology, #9698), rabbit phospho-VEGF Receptor 2
(Tyr1175) (1:500, Cell Signaling Technology, #2478), mouse anti-p3 integrin (1:1000, Santa
Cruz Biotechnology, #sc-365679), mouse anti-Met (1:1000, Santa Cruz Biotechnology,
#sc¢-8057), rabbit anti-vinculin (1:1000, Santa Cruz Biotechnology, #sc-5573) and mouse
anti-beta actin (1:2000, Santa Cruz Biotechnology, #sc-58673). The HRP-conjugated
secondary antibodies used were mouse anti-rabbit IgG-HRP (Santa Cruz Biotechnology,
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Inc.; #sc-2357), m-lgGx BP-HRP (Santa Cruz Biotechnology, Inc.; #sc-516102), anti-mouse
IgG (Cell Signaling Technology; #7076), or anti-rabbit 1gG (Cell Signaling Technology;
#7074). Detection of immunoreactive bands was performed using the SuperSignal West Pico
PLUS detection kit (Thermo Fisher Scientific, #34577). The protein levels that corresponded
to each immunoreactive band were quantified using ImageJ.

2.13 Statistical Analysis

Unless otherwise indicated, data are expressed as mean + SD from at least three independent
assays performed in duplicates or triplicates. Student’s unpaired t-test or one-way ANOVA
analysis were performed to compare values between two or more two groups, respectively.
Bullets in graphs represent independent assays (/n vitro) or different mice (in vivo).

3. Results

3.1 PTPRZ1 deletion enhances angiogenic properties of LMVEC in vitro and

physiological angiogenesis in vivo
LMVEC from Ptprz1”~ and Ptorz1*/* mice were isolated, cultured, and tested for
endothelial cell markers and PTPRZ1 expression (Fig. 1A). Proliferation (Fig. 1B),
migration (Fig. 1C), and tube formation on Matrigel (Fig. 1D) were found to be significantly
increased in Ptprz1~~ compared to Ptorz1*/* LMVEC. Basal phosphorylation levels of
Akt at Ser 473 are also increased in Piorz1”~ LMVEC, while ERK1/2 phosphorylation is
not different between Ptprz1™~ and Ptorz1*/* LMVEC (Fig. 1E). Significantly enhanced
angiogenesis was also observed in Pfprz1~~ compared to the Ptorz1*/* lungs in vivo (Fig.
1F). In the same line, radial sprouting of the vascular plexus is significantly higher in
Ptorz1™~ compared to Pfprz1*/* retinas (Fig. S1); there is no significant difference in the
endothelial tip cell density.

3.2 PTPRZ1 deletion enhances lung carcinogenesis and angiogenesis in vivo

Urethane was administered following the experimental timeline shown in Fig. 2A. Mice
were sacrificed at week 24 unless they died earlier. The first interesting observation was
that urethane-treated Pzorz1~~ mice had a significantly decreased survival compared to the
Ptorz1*”* mice (Fig. 2B). In line with the decreased survival, the number of tumors per lung
(Fig. 2C-D), tumor diameter and volume (Fig. 2E), as well as tumor burden per lung (Fig.
2F), were found significantly increased in the Ptprz1”~ compared to the Ptorz1*/* mice.
Histological evaluation in H&E-stained paraffin-embedded lungs showed the presence of
non-invasive, low-grade, yet fully developed adenocarcinomas in both groups. Nuclei were
normal with mild to moderate atypia in some cells (Fig. 2G). Ptorz1~~ tumors have an
increased number of PCNA-positive proliferating cells (Fig. 2H), increased angiogenesis
(Fig. 21), and significantly more macrophages compared to the Ptprz1*/* tumors (Fig. S2).
No difference in the number of macrophages between Ptorz1™~and Ptorz1*/* normal

lungs was observed (Fig. S2). In the same mouse model of lung carcinogenesis [18, 22],
PTPRZ1 expression is decreased in LUAD cells compared to adjacent normal lungs (Fig.
S3A) or compared to lungs of saline- and urethane-treated mice obtained at one-week
post-treatment, or to primary mouse tracheal epithelial cells (Fig S3B). PTPRZ1 expression
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in urethane-treated Pzorz1** lungs is observed in bronchial epithelial cells and cancer cells
(Fig. 2J).

3.3 Transcriptomic analysis of Ptprz1*/* and Ptprz1~~ LMVEC

To identify genes that may be involved in the enhanced angiogenic activities of Ptprz1~/~
LMVEC, RNA sequencing analysis was performed, using total RNA isolated from Ptorz17~
and Prorz1** LMVEC. A pairwise comparison of gene expression of Ptorz1™~ RNA against
Ptorz1*”* RNA identified several transcripts as differentially expressed in the Venn diagram
(Fig. S4A and Table S2). Twenty-six genes were significantly changed (adjusted P value
<0.05), with 9 being upregulated and 17 downregulated, as shown by the Volcano plot

in Fig. S4B and the heat map of cluster analysis in Fig. S4C. The fold changes and the
identity of these 26 genes are shown in Fig. S4D. Gene Ontology (GO) enrichment analysis
categorized seven of the differentially expressed genes ( 76x2, Tbx20, HandZ, Pitx2, Ctsh,
Hpgd, and Thsd7a) as linked to angiogenesis and tube formation (Fig. SAE). The Piprz1
gene does not show up in Fig. S4D, possibly because the strategy used to generate this
knockout was to replace one exon in the opposite direction to PfprzI gene transcription

[13]. PTPRZ1 is not expressed in PiorzI™~ mice [13], lungs (Fig. 2J and Fig. S5), or
LMVEC (Fig. 1A), verified by our routine genotyping of the inbred mice. Besides these 26
genes, several more genes may be significantly affected by PTPRZ1 deletion, having P<0.01
although the adjusted P values are not <0.05 (Table S2). We focused on /fgb3which encodes
B3 integrin and has a log2 fold change value of —0.847 in Ptorz1™~ compared to Ptorz1**
LMVEC, P=0.008, and adjusted P=0.91. We found that the protein levels of B3 integrin

are significantly decreased in Pfprz1™~ compared to Piprz1** LMVEC (Fig. 3A). To test
whether the decreased B3 integrin expression in Pzorz17~ LMVEC may be linked to their
enhanced angiogenic properties, we down-regulated B3 integrin expression by siRNA (Fig.
3B) and found that it results in a significant enhancement of LMVEC growth (Fig. 3C) and
migration (Fig. 3D). In agreement, B3 overexpression in LMVEC significantly inhibits their
migration, with a mild but statistically significant inhibitory effect on their proliferation (Fig.
S6).

3.4 VEGFR2 and c-Met are activated in Ptprz1™~ LMVEC but only c-Met inhibition
abolishes their enhanced angiogenic activities

Previous studies have shown that endothelial cells from B3 integrin knockout mice

have increased expression of VEGFR2, which is responsible for the observed enhanced
angiogenesis following stimulation by VEGFA g5 [23]. Although our RNAseq data did not
show alterations in VEGFR2 mRNA levels (Table S2), we found that VEGFR2 protein
levels are increased in Prorz1™~ compared to Ptorz1*/* LMVEC (Fig. S7A). VEGFA
protein levels are also increased (Fig. S7B), resulting in a significantly enhanced VEGFR2
tyrosine phosphorylation in Ptprz1~~ compared to Ptorz1*/* LMVEC (Fig. S7C). The
specific VEGFR2 inhibitor SU1498 abolished VEGFR2 tyrosine phosphorylation (Fig. S7C)
and decreased both the proliferation and migration of Pfprz17~and Ptorz1*/* LMVEC.

It did not, however, abolish the difference in the proliferation and migration potential of
Ptorz1™~ compared to Piorz1** LMVEC (Fig. S7D and E), suggesting that VEGFR?2 is

not indispensable for the enhanced angiogenic properties of Ptorz1™~ compared to Ptorz1*/*
LMVEC.
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It was recently shown that B3 loss in mural cells leads to c-Met activation [24]. We,
therefore, looked for c-Met activation in Ptorz17~ LMVEC and found that c-Met tyrosine
phosphorylation, but not c-Met mMRNA or protein levels, is significantly enhanced in
Ptorz1™~ compared to Ptprz1** LMVEC (Table S2 and Fig. 3E and F) and the difference is
abolished by crizotinib (Fig. 3F), a small molecule c-Met TKI [29]. SU1498 does not affect
c-Met tyrosine phosphorylation (Fig. S8A) and crizotinib does not affect VEGFR2 tyrosine
phosphorylation in either Ptorz1™~ or Ptorz1*/* LMVEC (Fig. S8B). Crizotinib also inhibits
Akt activation (Fig. 3G), proliferation (Fig. 3H), migration (Fig. 31), and tube formation

on Matrigel (Fig. 3J) in Piprz1™~ LMVEC, while it does not affect Prorz1*/* LMVEC.

The enhanced c-Met activation observed in Ptorz1™~ LMVEC seems to be related to the
decreased expression of B3 integrin since the downregulation of B3 in Ptorz1** LMVEC
increased tyrosine phosphorylated c-Met levels (Fig. S9).

3.5 Crizotinib abolishes the enhanced lung carcinogenesis and angiogenesis observed in
Ptprz1~~ mice

In the urethane model of lung carcinogenesis, starting at week 3 after the first injection of
urethane, mice were weekly injected i.p. with 25 mg/kg crizotinib or the solvent control,
for 11 weeks. Based on the decreased survival of the urethane-treated Ptorz1/~ mice
described above, in this set of experiments, we sacrificed the animals at week 19 (Fig.

4A). However, survival of the Prorz1™~ group was still impaired at 15 weeks after the first
urethane injection, an effect that was not observed in the group that received crizotinib

(Fig. 4B). The weight of the animals during the experiment was not affected (Fig. S10).
Crizotinib significantly decreased the number of tumors per lung (Fig. 4C and D), tumor
diameter and volume (Fig. 4E), and total tumor burden per lung (Fig. 4F) in Ptorz1™'~ mice,
with no effect in Porz1** mice. It also significantly inhibited the increased number of
PCNA-positive proliferating cells in Porz1™~ tumors (Fig. 4G). No significant histological
differences were observed between Ptorz1™~and Ptorz1*/* tumors, in the presence or
absence of crizotinib (Fig. 4H). Akt phosphorylation at Ser 473 (Fig. 41) and c-Met tyrosine
phosphorylation (Fig. 4J) were found to be significantly increased in Piprz1~~ compared to
Ptorz1*”* tumors and the difference was abolished by crizotinib. The latter also abolished
the enhanced angiogenesis observed in Ptprz1~~ compared to Ptorz1** tumors (Fig. 4K),
without affecting the preformed vessels in the adjacent normal lungs (Fig. S11). It also
abolished the enhanced macrophage recruitment in Pzorz2~/~ tumors (Fig. $12).

3.6 Inhibition of PTPRZ1 TP activity enhances in vitro angiogenesis through c-Met
tyrosine phosphorylation

To investigate whether the TP activity of PTPRZ1 was responsible for the regulation of

the angiogenic activities of endothelial cells, we used the selective PTPRZ1 TP inhibitor

MY 10 and found that it increases Ptorz1*/* LMVEC proliferation (Fig. 5A), migration (Fig.
5B), and tube formation on Matrigel (Fig. 5C), while it does not affect Ptorz1”~ LMVEC,
suggesting that the pharmacological inhibition of the PTPRZ1 TP activity mimics PTPRZ1
deletion. Crizotinib abolishes the stimulatory effect of MY 10 on Ptorz1*/* LMVEC
proliferation (Fig. 5D), migration (Fig. 5E), tube formation on Matrigel (Fig. 5F), and c-Met
tyrosine phosphorylation (Fig. 5G). Like its effect on Ptorz1** LMVEC, MY10 stimulates
migration (Fig. S13A), as well as c-Met and Akt activation (Fig. S13B and C) in HUVEC,
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all inhibited by crizotinib. Crizotinib also abolished the enhanced proliferation and migration
observed in MY-10-treated LUAD cells isolated from the lungs of urethane-treated mice
(Fig. S14).

3.7 VEGFA155 and PTN activate c-Met in endothelial cells

Based on the above and our previous data showing that VEGFA binds to and requires
PTPRZ1 to stimulate human endothelial cell migration [10], we tested whether VEGFA 145
activates c-Met. As shown in Fig 6A, VEGFA 145 significantly increases tyrosine
phosphorylation of c-Met in HUVEC and crizotinib abolishes VEGFA1g5-induced HUVEC
proliferation (Fig. 6B), migration (Fig. 6C), and Akt activation (Fig. 6D), suggesting that
c-Met activation is required for VEGFA signaling independently of VEGFR2. In support of
this, SU1498 does not affect VEGFAg5-induced Akt activation (Fig. S15A) and crizotinib
does not affect VEGFA65-induced VEGFR?2 tyrosine phosphorylation or ERK1/2 activation
(Fig. S15B and C). PTN, which competes with VEGFA for binding to PTPRZ1 [10], also
enhances c-Met tyrosine phosphorylation (Fig. 6E) and crizotinib abolishes PTN-induced
HUVEC migration (Fig. 6F). Involvement of PTPRZ1 in VEGFA- and PTN-induced c-Met
activation is also supported by the observation that both VEGFA g5 and PTN stimulate
migration of Prorz1*/* LMVEC but have no effect on the already enhanced Ptorz1~~
LMVEC migration (Fig. 6G). Similarly, in HUVEC, MY 10 stimulates cell migration and in
MY 10-stimulated HUVEC, PTN or VEGFA 45 have no effect (Fig. 6H).

4. Discussion

In the present work, in an animal model that mimics LUAD development in smokers,

we show that the decreased PTPRZ1 expression favors LUAD growth and angiogenesis
suggesting that PTPRZ1 expression may be added to the biomarkers for LUAD prognosis.
This is further supported by our observation that decreased PTPRZ1 expression leads to
decreased animal survival, in line with TCGA data showing that the decreased PTPRZ1 gene
expression is inversely correlated to patient overall survival [8]. Our IHC data, as well as
data from the Human Protein Atlas, show that PTPRZ1 gene expression in the adult lung is
mostly restricted to the club and respiratory cells (Single cell type - PTPRZ1 - The Human
Protein Atlas), which are important for chemically induced LUAD development [18]; our
data suggest that the decreased PTPRZ1 expression enhances club cell transformation to
LUAD cells. The presence of a PlprzI gene inactivating mutation or epigenetic silencing
might also be indicative of a worse LUAD prognosis and should be considered. Such
epigenetic event has been observed in colorectal tumors, where the Pfprz1 promoter is
hypermethylated compared to matched normal tissue, without any association between the
methylation status and other driver mutations or tumor localization [26].

Besides increased tumor growth, PTPRZ1 deletion leads to increased angiogenesis /n vivo
and enhanced endothelial cells’ proliferation, migration, and tube formation /n vitro, through
down-regulation of B3 integrin expression and activation of tyrosine kinase receptors. The
notion of enhanced angiogenesis and carcinogenesis due to decreased B3 integrin expression
is in line with several previous data showing an inhibitory role of B3 integrin in glioblastoma
cell migration [27], osteopontin-induced non-small cell lung cancer cell growth [28], and
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VEGFA-induced endothelial cell proliferation and migration [23]. It is also in line with the
enhanced tumor growth and angiogenesis observed in itgh3'~ mice [29] and the enhanced
c-Met-dependent tumor growth observed when expression of B3 is deleted in mural cells
[24]. One point that needs to be clarified by future studies is what happens when PTPRZ1 is
not deleted but its TP activity is inhibited, as is the case with MY10, PTN, and VEGFA1¢s5.
We have previously shown in endothelial cells that PTN and VEGFA g5 induce B3 Tyr773
phosphorylation and PTPRZ1 is required for this effect [10, 30]. To date, it is not known
whether this phosphorylation affects p3 stability. Under membrane-mimetic conditions, it
has been shown that B3 tyrosine phosphorylation perturbs its overall fold and modifies its
membrane embedding [31], which might mimic decreased B3 integrin expression. Further
studies are underway to elucidate this point.

The observation that PTN and VEGFA1gs5 stimulate migration of Ptorz1*/* LMVEC but

do not affect the already enhanced PzorzZ~~ LMVEC migration, suggests that the pathway
activated by VEGFA165 and PTN in ProrzI*/* LMVEC is already activated in Ptorz1™~
LMVEC. In the same line, neither PTN nor VEGFA g5 affects the migration of HUVEC

in the presence of the PTPRZ1 TP inhibitor, supporting the notion that the enhanced cell
migration caused by PTN or VEGFA 145 is due to the inhibition of PTPRZ1 TP activity. This
has been previously described for PTN [1, 8] but not for VEGFA. Downstream of PTPRZ1
TP inactivation, VEGFA 45 activates Akt, in line with previous data in ovarian cancer cells
showing that PTPRZ1 negatively regulates Akt kinase activity [6]. The VEGFA1g5-induced
Akt activation is not dependent on VEGFR2 TK activity but is abolished by the c-Met

TKI crizotinib, highlighting the significance of the interplay between PTPRZ1 and c-Met
for VEGFA signaling. Crizotinib does not affect phosphorylation and thus activation of
VEGFR2 or ERK1/2, suggesting that its effects on c-Met and Akt activation are selective
and that c-Met activation is required for VEGFA signaling and activities. On the other hand,
it is well known that inhibition of VEGFA binding to VEGFR2 inhibits VEGFA-induced
endothelial cell activation [12]. It seems, therefore, that binding of VEGFA to VEGFR2 and
PTPRZ1 activates VEGFR2 and c-Met, respectively, to activate endothelial cells. It is of
interest to study whether PTPRZ1 may mediate the effects of VEGFA in cancer cells that
do not express VEGFR2 and whether such a pathway may significantly affect cancer cell
growth and/or angiogenesis.

Besides mediating the stimulatory effects of VEGFA1g5 and PTN on endothelial cell
migration, cMet seems to also mediate LUAD growth and angiogenesis /n vivo, but only
when PTPRZ1 expression is downregulated. This is supported by the observation that

c-Met seems to be activated only in PzorzZ~ tumors and is inhibited in mice treated with
crizotinib, in line with the effect of crizotinib in LUAD growth and angiogenesis. In the
same line, cMet seems to mediate the enhanced proliferation and migration of the LUAD
cells /n vitro observed when the PTPRZ1 TP activity is inhibited. Ligand-independent c-Met
activation has been shown in a subset of LUAD patients and in that immunohistochemical
analysis, phosphorylated c-Met was correlated to phosphorylated Akt but not ERK1/2 [32],
in line with our data showing that phosphorylated Akt but not ERK1/2 is increased in
Ptorz1- LMVEC and LUAD. Our data propose the use of crizotinib or other c-Met TKIs in
LUAD patients with decreased PTPRZ1 expression, independently of other driver mutations,
favoring the exploitation of PTPRZ1 gene expression as a potential predictive biomarker

Int J Cancer. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kastana et al.

Page 13

for LUAD response to such drugs. It should be noted that although inhibition of c-Met by
crizotinib inhibits LUAD angiogenesis, it does not affect the vessels that were formed before
crizotinib administration in the Porz1~~ normal lungs, suggesting that c-Met inhibition
decreases new vessel formation but does not harm pre-formed vessels.

The fully developed adenocarcinomas in both Ptprz1™~and Ptorz1** lungs showed no
histological differences, but cell proliferation and macrophage recruitment were significantly
higher in Ptprz1™~ compared to Piprz1*/* LUAD. Proliferation is a well-described

activity downstream of c-Met activation [33], and the number of actively proliferating

cells in Ptorz17~ LUAD is decreased upon crizotinib administration, in line with the

effect of crizotinib on tumor number, size, and burden. Macrophages are significant for

the progression of urethane-induced LUAD in mice [34] and the increased number of
macrophages observed in the Ptorz1~~ tumors agrees with the increased tumor burden

and angiogenesis. The inhibitory effect of crizotinib suggests that the enhanced c-Met

TK activity may have a role in this recruitment, adding to the previously published
observation that c-Met activation contributes to shifting the M1 toward the pro-tumorigenic
M2 macrophage phenotype [35].

Collectively, our data suggest that PTPRZ1 deficiency results in decreased 3 integrin
protein levels and activation of c-Met and Akt, leading to endothelial cell stimulation,
angiogenesis enhancement, and LUAD growth. VEGFA, PTN, and a selective PTPRZ1

TP inhibitor, also activate c-Met and Akt in a PTPRZ1-dependent manner in endothelial
cells. The c-Met TKI crizotinib abolishes the stimulatory effects of PTPRZ1 deficiency /in
vitroand in vivo and of PTPRZ1 TP inhibition /n vitro (Fig. 61), supporting a potential
therapeutic benefit of c-Met TKIs for LUAD patients with low PTPRZ1 expression. Since
VEGFA binds to PTPRZ1 in a VEGFR2-independent manner [10, 11], our data also warrant
further investigation of the potential targeting of PTPRZ1 as an alternative therapeutic
approach in anti-VEGFA/VEGFR2-resistant angiogenesis.
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Fig. 1. PTPRZ1 deletion enhances LMVEC angiogenic activities in vitro and physiological lung
anglogeneslis in vivo.

(A) Left: LMVEC isolated from Ptorz1*/* and Ptprz1™~ mice stained with rhodamine-
conjugated Griffonia simplicifolialectin as a marker of mouse endothelial cells or with an
antibody specific for PTPRZ1 (red). Nuclei are stained with Drag5 (blue), and scale bars
correspond to 10 um. Right. Western blot analysis for PTPRZ1 in total protein extracts of
Ptorz1*”* and Piprz1™~ LMVEC. Vinculin is used as a loading control. (B) Numbers of
Ptorz1™~ and Piprz1*’* LMVEC at different time points after plating (mean + SD, n=6).
(C) Migration of Ptorz1™~ and Ptorz1*/* LMVEC using the transwell assay (mean + SD).
(D) Representative photos and quantification of the tube network formed by Porz1~/~ and
Ptorz1** LMVEC on Matrigel. Results are expressed as mean + SD of the percent tube
length compared to the Pforz1*/* cells (set as default 100%). (E) LMVEC whole cell
lysates were analyzed by antibodies against Akt phosphorylated at Ser473 (pAkt), total
Akt (tAkt), ERK1/2 phosphorylated at Tyr895 (pERK1/2), and total ERK1/2 (tERK1/2).
Representative Western blots are shown (n=3). Numbers denote the average fold change of
the ratio pAkt/tAkt or pERK1/2/tERK1/2 compared to Piorz1*/* LMVEC (set as default =
1). (F) Paraffin-embedded normal lung Ptorz1™~and Ptorz1** tissue sections stained with
rhodamine-conjugated Griffonia simplicifolialectin for endothelial cells (red). Nuclei are
stained with Drag5 (blue). Representative pictures are shown, and the scale bar corresponds
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to 50 um. Results are expressed as mean = SD of the vascularized area per field of lung
tissue in arbitrary units (AU).
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Fig. 2. PTPRZ1 deletion enhances lung carcinogenesis and angiogenesis in vivo.
(A) Schematic representation of the experimental timeline. (B) Kaplan-Meier plot of

Ptorz1™~ and Ptorz1** mice survival. Statistical analysis was performed by using the Log-
rank (Mantel-Cox) test. (C) Representative images of the lungs at the end of the experiment.
Arrows indicate tumors. The number of tumors per lung (D), tumor diameter and volume
(E), and total tumor burden per lung (F) are presented as mean + SD. (G) Representative
pictures from H&E-stained tumor tissue sections at 4x and 40x magnification. The arrows at
4x magnification point to tumors. Grading of urethane-induced tumors was estimated blindly
on a scale from 1 to 5, with 1 indicating the lowest grade. (H) Representative pictures

at 40x magnification of Pforz1™~and Prorz1** tumor tissue sections stained for PCNA
(brown) and counterstained by hematoxylin (blue). Results are expressed as mean + SD of
the percent number of PCNA stained (PCNA*) cells per field of tumor tissue. (1) Paraffin-
embedded Ptprz17~ and Ptorz1*/* LUAD tissue sections stained for endothelial cells (red)
and nuclei (blue). Representative pictures are shown, and the scale bar corresponds to 50
um. Results are expressed as mean + SD of the vascularized area per field of LUAD in
arbitrary units (AU). (J) Representative pictures at 10x magnification of urethane-treated
Ptorz1™~and Ptprz1*/* lung tissue sections stained for PTPRZ1 (brown) and counterstained
by hematoxylin (blue). Pforz1™~ lungs were used as a negative control.
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Fig. 3. Decreased Pz integrin expression and c-Met activation enhance LMVEC proliferation and

migration.

(A) LMVEC whole cell lysates were analyzed by antibodies against B3 integrin and vinculin
(used as a loading control). Representative Western blots are shown (n=3). Numbers denote
the average fold change of the ratio Bs/vinculin compared to Ptorz1** LMVEC (set as
default = 1). (B) LMVEC whole cell lysates following downregulation of B3 by sSiRNA were

analyzed using antibodies against B3 in

tegrin and p-actin. Representative Western blots are

shown (n=3). Numbers denote the average fold change of the ratio f3/p-actin compared
to the corresponding siNeg-treated LMVEC (set as default = 1). (C) Cell proliferation
following downregulation of B3 integrin. Results are expressed as mean + SD of the percent

number of cells compared to the corres
migration following downregulation of
siNeg, cells transfected with a negative

ponding control (set as default 100%). (D) Cell
B3 integrin. Results are expressed as mean + SD.
control siRNA,; sif3, cells transfected with SIRNA

for B3. (E) LMVEC whole cell lysates were analyzed by antibodies against c-Met and
vinculin (used as a loading control). Representative Western blots are shown (n=3). Numbers
denote the average fold change of the ratio c-Met/vinculin compared to Prorz1*/* LMVEC
(set as default = 1). (F) Formation of pTyr-c-Met complexes as evidenced by in situ PLA.

Cells were incubated with crizotinib (1

UM) or the corresponding solvent for 2 h and then

fixed and stained for tyrosine phosphorylated c-Met (pMet). Representative pictures are
shown. The scale bar corresponds to 10 um. The box plots indicate the median, mean, and

range of the detected signals (n = 8-10

image fields with 3-6 cells per image per sample

type, each sample run in triplicate). (G) Whole cell lysates of Ptprz1*/* and Ptorz17~
LMVEC cultured in the presence or absence of crizotinib were analyzed by antibodies
against Akt phosphorylated at Ser473 (pAkt) and total Akt (tAkt). Representative Western
blots are shown (n=3). Numbers denote the average fold change of the ratio pAkt/tAkt
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compared to untreated Prorz1** LMVEC (set as default = 1). (H) Number of Piorz1*/*

and Ptprz1™~ LMVEC cultured in the presence or absence of crizotinib (mean + SD, n=3).
Two-way ANOVA was used for statistical analysis. (1) Migration of Ptorz1™~and Ptorz1*/*
LMVEC in the presence or absence of crizotinib (mean £ SD). (J) Representative photos
and quantification of the tube network formed by Piorz17~and Ptorz1*/* LMVEC on
Matrigel, in the presence or absence of crizotinib. Results are expressed as mean + SD of the
percent tube length compared to the solvent-treated Pfporz1*/* cells (set as default 1009%).
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Fig. 4. Crizotinib decreases the enhanced carcinogenesis and tumor angiogenesis observed in
Ptprzl'/‘ mice.

(A) Schematic representation of the experimental timeline. (B) Kaplan-Meier plot of

the survival of the urethane-treated PtorzZ~'~ mice that received crizotinib or solvent.
(C) Representative images of the lungs at the end of the experiment. Arrows indicate
tumors. The number of tumors per lung (D), tumor diameter and volume (E), and total
tumor burden per lung (F) are presented as mean + SD. (G) Representative pictures at
40x magnification of Ptorz1™~and Ptorz1*/* tumor tissue sections stained for PCNA
(brown) and counterstained by hematoxylin (blue). Results are expressed as mean +

SD of the percent number of PCNA stained (PCNA™*) cells per field of tumor tissue.

(H) Representative pictures from H&E-stained tumor tissue sections at 10x and 40x
magnification. The arrows at the 10x magnification point to tumors. Grading of urethane-
induced tumors was estimated blindly on a scale from 1 to 5, with 1 indicating the
lowest grade. (1) Tumors and adjacent normal Piorz1~~and Ptorz1*/* lung tissue lysates
from animals treated with crizotinib or solvent were analyzed using antibodies for Akt
phosphorylated at Ser473 (pAkt) and total Akt (tAkt). Representative Western blots are
shown (n=3). Numbers denote the average fold change of the ratio pAkt/tAkt compared
with the adjacent normal Pzorz1** lung from mice treated with solvent (set as default =
1). (J) Paraffin-embedded LUAD tissue sections from animals treated with crizotinib or
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solvent are stained for tyrosine phosphorylated c-Met (red). Nuclei are stained with Drag5
(blue). Representative pictures are shown (n=3), and the scale bar corresponds to 50 um. (K)
Paraffin-embedded LUAD tissue sections from animals treated with crizotinib or solvent are
stained for endothelial cells (red) and nuclei (blue). Representative pictures are shown, and
the scale bar corresponds to 50 um. Results are expressed as mean + SD of vascularized area
per field of LUAD in arbitrary units (AU).

Int J Cancer. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kastana et al. Page 24

£

(B) (C) solvent MY10

P=0.2381

/e
- Plprz1m +solvent P=00012 DIPtprz1* .
Ptprz1*/* + MY10 = %

- Ptprz1”- + solvent P=0.0003 | 5
== Ptprz1”-+ MY10 Iy s
Q

400
MY10 ilrko.oom 300
P=0.0006 200 + [
i :
100 N k
Qo
0 &

solvent MY10

o

S

Number of cells x10°
N B O ®
S 8

°
Number of migrated cells

0 24 48 72
Time (h)

(D P=0.0201
P=0.0119 OPtprz1**

CPtprz1°-

~—

= solvent (E) P=0.0019
== MY10
== crizotinib ") P=0.0008 180

60 = MY10 + crizotinib 3 250  qgo] FE00071 | §
°
]] 2 200 = i
P<0.0001 s 140
E ]
5 100 S
20 § w0 F 1004 peq
80 [ |
0 E 0 solvent MY10

[ 24 48 72

Number of cells x10°

z
i my10: - + - +
F Tme () crizotinib: - - PO
solvent crizotinib (G)
3 5 solvent crizotinib
-
H pMet PLA
2
]
"
-
H
— 2 P<0.0001
* o ] P<0.0001
o iR = 30
*
o20
: T
- €
P=0.0002 @10
P=0.0005 g
160 o
= 440 = MY10: + +
£ > crizotinib: - - + +
2120 s
k)
100
2
~ 80
60
my10: - + : +
crizotinib: - - + +

Fig. 5. A selective PTPRZ1 TP inhibitor activates c-Met and enhances angiogenic activities of
PtprzL*/* LMVEC in a c-Met-dependent manner.

(A) Numbers of Ptorz17~and Ptorz1*/* LMVEC in the presence or absence of the PTPRZ1
TP inhibitor MY10 (10 pM) (mean £ SD, n=4). Two-way ANOVA was used for statistical
analysis. (B) Migration of Ptorz1™~and Ptprz1*/* LMVEC in the presence or absence of
MY10 (mean £ SD). (C) Representative photos and quantification of the tube network
formed by Ptorz17~and Ptprz1*/* LMVEC in the presence or absence of MY10 on
Matrigel. Results are expressed as mean + SD of the percent tube length compared to

the solvent-treated Pforz1** cells (set as default 100%). (D) The number of Piprz1**
LMVEC in the presence or absence of MY 10 and/or crizotinib (1 uM) (mean + SD, n=3).
Two-way ANOVA was used for statistical analysis. (E) Migration of Ptorz1*/* LMVEC in
the presence or absence of MY10 and/or crizotinib (mean = SD). (F) Representative photos
and quantification of the tube network formed by Piorz1*/* LMVECs on Matrigel, in the
presence or absence of MY10 and/or crizotinib. Results are expressed as mean + SD (n=3)
of the percent tube length compared to the solvent-treated Prorz1*/* cells (set as default
100%). (G) Formation of tyrosine phosphorylated c-Met (pMet) complexes as evidenced
by in situ PLA in Pforz1** LMVECs cultured in the presence or absence of MY 10 and
crizotinib. Representative pictures are shown. The scale bar corresponds to 10 um. The box
plots indicate the median, mean, and range of the detected signals (n = 8-10 image fields
with 4-6 cells per image per sample type, each sample run in triplicate).
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Fig. 6. VEGFA15 and PTN activate c-MET through PTPRZ1.

(A) Formation of tyrosine phosphorylated c-Met (pMet) complexes as evidenced by in

situ PLA in HUVEC cultured in the presence or absence of VEGFA 45 (10 ng/ml).
Representative pictures are shown. The scale bar corresponds to 10 um. The box plots
indicate the median, mean, and range of the detected signals (n = 8-10 image fields with
4-8 cells per image per sample type, each sample run in triplicate). (B) Number of HUVEC
in the presence or absence of VEGFA g5 and/or crizotinib (1 uM) for 24 h (mean + SD).
(C) Migration of HUVEC in the presence or absence of VEGFA45 and/or crizotinib.
Results are expressed as mean + SD of the percent number of migrated cells compared to
the solvent-treated cells (set as default 100%). (D) HUVEC were treated with VEGFA 145
and/or crizotinib and cell lysates were analyzed by antibodies against Akt phosphorylated at
Ser473 (pAkt), and total Akt (tAkt). A representative Western blot is shown (n=3). Numbers
denote the average fold change of the ratio pAkt/tAkt compared to untreated HUVEC

(set as default = 1). (E) Formation of tyrosine phosphorylated c-Met (pMet) complexes as
evidenced by in situ PLA in HUVEC cultured in the presence or absence of PTN (100
ng/ml). Representative pictures are shown. The scale bar corresponds to 10 um. The box
plots indicate the median, mean, and range of the detected signals (n = 8-10 image fields
with 4-8 cells per image per sample type, each sample run in triplicate). (F) Migration
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of HUVEC in the presence or absence of PTN and/or crizotinib. Results are expressed as
mean + SD of the percent number of migrated cells compared to the solvent-treated cells
(set as default 100%). (G) Migration of Ptorz1™~and Ptprz1*’* LMVEC in the presence
or absence of VEGFA g5 or PTN (mean = SD). (H) Migration of HUVEC in the presence
or absence of MY10, stimulated by VEGFA1g5 or PTN. Results are expressed as mean

+ SD of the percent number of migrated cells compared to the solvent-treated cells (set
as default 100%). (1) Schematic presentation of the pathway activated by PTPRZ1
deficiency or inhibition in endothelial cells and LUAD. Deficient PTPRZ1 expression
results in B3 integrin downregulation and activation of c-Met and Akt in endothelial and
LUAD cells, leading to activation of endothelial cells, angiogenesis, and LUAD growth
(left). VEGFA, PTN, and a specific PTPRZ1 TP inhibitor (MY 10) also activate c-Met and
Akt in endothelial cells (right). Crizotinib abolishes both LUAD growth and angiogenesis
due to low PTPRZ1 expression levels, and the stimulatory effects of VEGFA, PTN, and
MY 10 on endothelial cell activation. The figure was created with Biorender.
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