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ARTICLE INFO ABSTRACT

Keywords: The substitution R1032Q is the most frequent non-synonymous mutation of the vascular endothelial growth

VEGFR2 factor receptor 2 (VEGFR2) in cancer patients, classified as a loss-of-function variant. Here we characterize the

5?0329 ?Utam molecular bases of its role in cancer, demonstrating that it lacks significant activity and pro-oncogenic effects in
imerization

VEGFR2-negative tumor cells, while being able to sustain the tumorigenic potential of VEGFR2-positive cancer
cells. By implementing a cell model that allows expression of either VEGFR2%!%322 alone or in combination with
VEGFR2VT, we showed that the effects of mutated VEGFR2 are at least in part due to the ability of VEGFR2R1032Q
to form functional heterodimers with co-expressed VEGFR2VT that result in increased kinase activity and re-
ceptor phosphorylation. This was associated with reduced mobility of the receptor on the membrane, linked to its
translocation into detergent-resistant membrane (DRM) domains (e.g. lipid rafts), which showed alterations in
lipid compositions and structure. These data shed light on a novel oncogenic mechanism of activation of

Ligand-independent receptor hyperactivation
Membrane microdomains

VEGFR2, clarifying the paradoxical loss-of-function nature of the substitution R1032Q of VEGFR2.

Introduction

In recent years, the vascular endothelial growth factor receptor 2
(VEGFR2) has emerged as a central player of tumor progression,
involved in controlling both stromal and parenchymal tumor compart-
ments. VEGFR2 regulates the infiltration of immune cells, promotes
angiogenesis and sustains cancer cell proliferation, invasion, metabolic
rewiring and stemness [1-3]. On these bases, VEGFR2-targeted drugs,
including tyrosine kinase inhibitors (TKi), that had been originally
developed as anti-angiogenic drugs, are thought to exert
multi-compartment effects, also directly hampering tumor cell prolif-
eration and metastasization.

VEGFR2 is recurrently dysregulated in cancer cells. VEGFR2 dysre-
gulation occurs via gene amplifications, rare structural variants, de-
letions and point mutations. Among all VEGFR2 point mutations,

missense mutations are the most frequent ones. Increasing experimental
and clinical evidence corroborates that VEGFR2 missense mutations
alter tumor progression and response to therapeutics, including
VEGFR2-targeted TKi [4-9]. However, the exact molecular mechanism
by which those mutations alter receptor function and cancer progression
remains scarcely explored, while it may hide novel mechanisms of
activation of VEGFR2 with prognostic and/or therapeutic significance.

We recently demonstrated that R1051Q and D1052N substitutions of
VEGFR2 make the receptor constitutively active (i.e. gain-of-function)
[6]. On the other hand, a loss of function has been proposed for other
mutations, including the most frequent alteration of VEGFR2 found in
cancer patients, namely the R1032Q substitution [10]. A clear associa-
tion between cancer progression and VEGFR2 “loss-of-function” variants
exists, but the underlying mechanism has not been clarified yet.

RTKs that lack phosphotransferase activity play crucial roles in the
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regulation of RTK signaling. They can act as scaffolding proteins,
forming complexes with functional RTKs and regulating (i.e. promoting
or inhibiting) their dimerization, activation and signaling. Also, RTK
activation is regulated by ligand interaction and dimerization and by the
biophysical properties of lipidic membrane environment. Increasing
evidence highlights the critical contribution of membrane lipids in
modulating RTK activation, extending beyond their structural role to
that of dynamic regulators of receptor organization and function
[11-13]. In particular, lipid rafts are specialized and rigid membrane
domains that modulate RTK dimerization and dynamics. Indeed, the
recruitment in lipid rafts serves as an organizational scaffold for re-
ceptors and associated signaling molecules, supporting signaling
amplification and protein recycling [14-16]. On these bases, it could be
speculated that intrinsically inactive RTKs may affect the organization of
membrane lipid domains through their interaction with the lipid bilayer
regulating the membrane dynamics of co-expressed membrane proteins
(e.g. active RTKs). These considerations are crucial for the character-
ization of the R1032Q mutation in cancer patients, particularly given
that this alteration is detected in a heterozygous state (source: cBioPortal)
where both wild-type and mutant VEGFR2 co-exist and may influence
each other. To better elucidate these aspects, we performed a mecha-
nistic analysis of the effects of the R1032Q substitution on receptor
function. By comparing the effects of VEGFR2R1%32Q expression in
VEGFR2 negative vs VEGFR2 positive cancer cells we demonstrated that
it acquires pro-oncogenic activity in the presence of VEGFR2VT, while
retaining its loss-of-function nature in a VEGFR2" background. We also
implemented a cell model enabling the expression of VEGFR2R1032Q
alone or in combination with VEGFR2VT. Using this system, we noticed
that VEGFR2F%2Q forms functional dimers with wild-type VEGFR
leading to ligand-independent receptor activation and phosphorylation.
This aberrant activation is associated with a reduced membrane
mobility, redistribution into detergent-resistant membrane (DRM)
microdomains, and alterations of the DRM lipid composition. Altogether
our data clarify the role of the mutation R1032Q in cancer, suggesting
ligand-independent mechanisms of activation of VEGFR2.

Material and methods
Mutagenesis

pBE_ hVEGFR2 plasmid encoding for wild-type hVEGFR2
[NM_002253.2] and pBE_hVEGFR2K868M were kindly provided by Prof.
Kurt Ballmer-Hofer (Paul Scherrer Institut, PSI, Villigen, Switzerland).
pBE_hVEGFR2-YFP, and pBE hVEGFR2-mCherry were kindly provided
by Dr. Kalina Hristova (Johns Hopkins University, Baltimore, Maryland,
USA) [17]. pBE_hVEGFR2RlO32Q plasmid was generated using the
QuikChange Lightning Site-directed Mutagenesis Kit (Agilent Technol-
ogies, California, USA). To introduce the R1032Q point mutation the
following primers were used: forward 5-GGGACCTGGCGG
CACAAAATATCCTCTTATCG-3' and reverse 5-CGATAAGAGGATA
TTTTGTGCCGCCAGGTCCC-3. Similarly, pBE_hVEGFR2-YFP was
mutagenized to generate pBE_hVEGFR2R132Q_yFp,

Cell cultures

Human breast adenocarcinoma cell line MCF7 (purchased from
American Type Culture Collection - ATCC) was grown in DMEM sup-
plemented with 10 % FCS (Invitrogen, Massachusetts, USA) and peni-
cillin/streptomycin. Porcine aortic endothelial cells (PAECs) [18] were
cultured in DMEM supplemented with 10 % FCS and pen-
icillin/streptomycin. Human melanoma Sk-Mel-31 cells were provided
by the Memorial Sloan Kettering Cancer Center (MTA MSK00005207).
Sk-Mel-31 cells were grown in RPMI supplemented with 10 % FCS,
non-essential amino acids and penicillin/streptomycin. Sk-Mel-31 cells
were sequenced and found to express wild-type VEGFR2. MCF7 and
Sk-Mel-31 cells stably expressing VEGFR2WT or VEGFR2R1032Q were
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generated by transfection of pBE_hVEGFR2 or pBE_hVEGFR2R1032Q
plasmids using FUuGENE Transfection Reagent (Promega Corporation,
Wisconsin, USA), followed by selection with 0.5 mg/mL geneticin. Two
different transfections were performed and achieved similar VEGFR2
expression levels. All experiments were conducted with both cell pop-
ulations. Transfected cell lines were maintained in 0.5 mg/mL geneticin.
Chinese hamster ovary (CHO) cells were grown in Ham’s F-12 supple-
mented with 10 % FCS and penicillin/streptomycin. CHO cells were
transiently transfected with pBE_hVEGFR2 or pBE_hVEGFR2R1032Q
plasmids using polyethylenimine (PEI) transfection reagent (Poly-
sciences, Inc, Warrington, USA). Each experiment was repeated using at
least three different transfections. Cells were grown at 37°C, under a
humidified atmosphere, with 5 % CO,. Cells were checked monthly for
mycoplasma contamination.

Immunoprecipitation and Western-blot analyses

Cells were lysed in lysis buffer [50 mM Tris-HCI buffer (pH 7.4), 150
mM NaCl, 1 % Triton X-100, 1 mM NasVOy,, and protease inhibitors
(Merck Sigma, Germany)]. When indicated cells were stimulated for 10
minutes at 37°C with 30 ng/mL of recombinant VEGF-A (R&D Systems,
Minnesota, USA). Next, total lysates were separated by SDS-PAGE and
probed with anti-VEGFR2 (clone D5B1, 9698S, Cell signaling Technol-
ogy, Massachusetts, USA), anti-phospho-VEGFR2 (Tyr 1175) (MA5-
15170, Thermo Fisher Scientific, Massachusetts, USA), anti-FAK
(AHOO0502, Thermo Fisher Scientific), anti-Grb2 (Santa Cruz Biotech-
nology, Texas, USA), anti-Shp2 (Santa Cruz Biotechnology) or anti-Nck
(Santa Cruz Biotechnology) antibodies in a Western blot (WB). Alter-
natively, lysates were analyzed using a human phospho-receptor tyro-
sine kinase array kit (R&D Systems) following manufacturer’s
instructions. To verify the purity of isolated DRMs and DSMs (see
below), membrane fractions were separated by SDS-PAGE and probed
with anti-flotillin 1 (sc-25506, Santa Cruz Biotechnology) antibody. For
immunoprecipitation, 1 mg of total lysate was immunoprecipitated with
anti-total-phospho-tyrosine antibody (clone 4G10, 05-321 EMD Milli-
pore Corp. Massachusetts, USA) or anti-VEGFR2 (sc-6251 Santa Cruz
Biotechnology) and probed with anti-VEGFR2 antibody (clone D5B1,
96988, Cell Signaling Technology, Massachusetts, USA). Chemilumi-
nescent signal was acquired by ChemiDoc™ Imaging System (BioRad,
California, USA) and analysed with ImageLab software from BioRad.

2D and 3D proliferation and clonogenic assays

12 x 10° non-transfected MCF7 cells or VEGFR2"T or
VEGFR2R1032Q_expressing MCF7 cells were seeded in a 48 well plate in
DMEM/F12 2 % FCS and their growth was monitored after 72 hours. For
3D cell growth, 48 well plates were coated with 100 pl of Cultrex (15.51
mg/mL Cultrex BME, Biotechne, Minnesota, USA). 12 x 10° non-
transfected MCF7 cells or expressing VEGFR2WT or VEGFR2R!032Q
were seeded into Cultrex-coated wells in DMEM/F12 medium added
with 2 % FCS and 4 % Cultrex. Cells were grown at 37°C for 4 days to
allow MCF7 to grow and organize in spheroids. Spheroids were observed
under an inverted microscope (Zeiss Axiovert 200 M, Carl Zeiss, Ger-
many) and phase contrast snap photographs were digitally recorded.
Spheroid areas were measured with ImageJ software.

For 2D clonogenic assays, non-transfected Sk-Mel-31 cells or
expressing VEGFR2™T or VEGFR2R1932Q were seeded at a density of 1 x
102 cells/cm? and cultured in growth medium until visible colonies were
formed. Next, cells were fixed and stained with 0.1 % crystal violet/20 %
methanol and photographed. Cell growth area was measured by ImageJ
analysis software. For the 3D clonogenic assay, Sk-Mel-31 cells were
embedded at low density in soft agar gel. After 15 days cell colonies were
photographed, and the colony area was calculated by ImageJ analysis
software.
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FLIM/FRET analysis

To perform fluorescence lifetime imaging microscopy (FLIM), we
used pBE_hVEGFR2-YFP or pBE hVEGFR2R!32C.YFP as FRET donors
and pBE_hVEGFR2-mCherry as FRET acceptor. CHO cells were tran-
siently transfected with donor plasmid alone (for donor only control) or
co-transfected with both donor and acceptor plasmids (at DNA ratio of
1:1). The fluorescence lifetime of donor fluorophore without or with the
acceptor fluorophore was evaluated with a two-photon LSM880 laser-
scanning microscope equipped with a time-correlated single-photon
counting (TCSPC) module (PicoQuant, Germany). The donor was
excited at 860 nm using a picosecond pulsed with a Chameleon Vision II
laser at a 80 MHz repetition rate (Coherent Inc, California, USA). The
TCSPC decay curves were fitted using the SymphoTime 64 software
(PicoQuant). For each individual cell, the YFP-positive cell membrane
was selected as the region of interest, and the average lifetime within the
region of interest was determined. YFP has a mono-exponential decay
and in our experiment it showed a lifetime of approximately 2.3 ns,
consistent with previous reports [19,20]. In the presence of the
mCherry-tagged acceptor, we analyzed the data using a bi-exponential
decay fitting model. FRET efficiency was calculated using
amplitude-weighted average lifetimes (t) which accurately reflect donor
quenching due to FRET. The FRET efficiency (E) was then calculated
using the standard equation: E = 1—(tDA/tD) where t_D is the donor
lifetime in the absence of the acceptor, and t_DA is the average donor
lifetime in the presence of the acceptor.

VEGFR2 kinase and phosphorylation assays

Total lysates (1-2 mg) of CHO cells expressing untagged or YFP-
tagged VEGFR2R1932Q or VEGFR2WT were immunoprecipitated with
limiting amounts of anti-VEGFR2 antibody (sc-6251, Santa Cruz
Biotechnology) or with anti-GFP antibody (Abcam, UK) using ProteinA-
Sepharose beads (Cytiva, Massachusetts, USA). Where indicated,
VEGFR2-containing immunocomplexes absorbed onto ProteinA-
Sepharose (PtA) were incubated with 200 ug of whole lysate of
VEGFR2R'932Q. or VEGFR2WT-CHO cells, 100 mM ATP and 25 mM
MgCl, (kinase reaction buffer) for 45 minutes at 22°C. The kinase ac-
tivity of VEGFR2 adsorbed onto PtA was analyzed using ADP-Glo Kinase
Assay + KDR Kinase Enzyme System (Promega Corporation, Wisconsin,
USA). Briefly, VEGFR2 adsorbed onto PtA was incubated for 1 hour at
room temperature with poly (4:1 Glu, Tyr) peptide substrate and 50 uM
ATP in specific buffer. Then, ADP-glo assay was performed according to
the manufacturer’s instructions. Bioluminescent signal was measured
with the EnSight Multimode Plate Reader (PerkinElmer, Massachusetts,
USA). Alternatively, after incubation with lysates in kinase buffer, GFP-
immunocomplexes were analyzed by SDS-PAGE followed by anti-total-
phospho-tyrosine (clone 4G10, 05-321 EMD Millipore) Western blot.

Analysis of membrane receptor dynamics by fluorescence recovery after
photobleaching (FRAP)

Transfected cells were seeded at 5.0 x 10° cells/mL in p-slides (ibidi)
and analyzed using LSM880 confocal microscope equipped with an in-
cubation chamber (Carl Zeiss). When indicated cells were treated with
30 ng/mL of recombinant VEGF-A. Images were recorded with 2 % of
the intensity of the 514-nm line. YFP was bleached using 100-iteration at
100 % intensity of the 514-nm line in 2-3 regions of interest (ROIs)/cell
smaller than 2 % of the total cell area (~1 pm?) in the ring-like mem-
brane area and leading to 80 % reduction of YFP intensity. ROIs for the
analysis were selected specifically on cell membrane. Fluorescence re-
covery in bleached areas was followed for 4 minutes (1 image/0.5 min)
and analyzed using the FRAP tool of Zen black software (Carl Zeiss).
Data were corrected for back-ground and incidental bleaching measured
in independent ROIs. Then data were fitted using the follow formula:
I=IE-I1*exp(-t/T1). Diffusion Rate=1/thalf, were thalf is equal to
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(In0.5)*T1. The mobile fraction was instead determined by comparing
the fluorescence in the bleached region after full recovery (Foo) with the
fluorescence before bleaching (Fi) and just after bleaching (F0). The
mobile fraction R was defined as: R= (Foo- FO)/(Fi- FO) [20,21].

Detergent-resistant membranes isolation and lipid analysis

CHO cells expressing VEGFR2VT, both unstimulated and treated with
30 ng/mL of VEGF for 10 minutes at 37°C, cells expressing
VEGFR2R032Q and cells co-expressing VEGFR2WT and VEGFR2R1032Q
were harvested by scraping, washed with cold PBS and 0.4 mM Na3VO4
and centrifuged at 1300 g for 5 minutes at 4°C. Samples were lysed using
TNE-lysis buffer containing 1 % Triton X-100 and a complete protease
inhibition cocktail. The lipid rafts were isolated as detergent resistant
membranes (DRMs) on a sucrose density gradient as already described
[22] and, after ultracentrifugation, 11 fractions were collected.

For lipid analysis, 700 pL of each fraction was extracted by Folch
method with minor modifications. Total fatty acids (FAs) (saturated,
mono- and polyunsaturated) were determined as methyl esters (FAME)
using a Shimadzu (GC-2025, Japan) gas chromatograph equipped with a
flame ionization detector. A standard mixture containing all FAME was
injected for calibration, and TG C17:0 was added before sample
manipulation and used as internal standard. Sphingomyelin (SM) and
cholesterol (Chol) were quantified by HPLC system (Jasco, Japan)
equipped with an Sedex LT-ELSD detector (model 80LT, LTSedere,
France) and silica normal-phase LiChrospher Si 60 column (LiChroCART
250-4; Merck, Germany).

In vivo tumorigenesis

In vivo experiments approved by Italian “Ministero della Salute”
(authorization 266/2016-PR) were performed in accordance with na-
tional and European guidelines and regulations. Mice were obtained
from Envigo (Italy) and housed at the Mouse Facility of the Department
of Molecular and Translational Medicine of the University of Brescia.
Mice were housed in ventilated cage racks at 22-24°C, under a 12 h:12 h
light/dark cycle and with ad libitum access to food and water. NOD/Scid
mice were injected subcutaneously (s.c.) into the dorsolateral flank with
100 ul (1:1 PBS:Cultrex) containing 4 x 10° Sk-Mel-31-VEGFR2"T or Sk-
Mel-31-VEGFR2R1932Q cells, Tumor growth was followed over time and
tumor volume was measured with calipers and calculated according to
the formula V=(Dxd [2])/2, where D and d are the major and minor
perpendicular tumor diameters, respectively.

Immunofluorescence

Formalin-fixed paraffin-embedded (FFPE) tissue sections were
stained with anti-pVEGFR2 antibody (Tyr 951; sc-16628-R, Santa Cruz
Biotechnology). Antigen retrieval was performed in EDTA buffer solu-
tion (0.05 M and pH 8.0) at 95°C for 20 minutes before immunostaining.
Nuclei were counterstained with TO-PRO-3 iodide (T3605, Molecular
Probes, Oregon, USA). Images were captured using Axio Observer (Carl
Zeiss) equipped Apotome.2 and with Plan-Apochromatic 63X/1,4 Oil
DIC objective and analyzed by Zen software (Carl Zeiss).

Statistical analyses

Student’s t-test for unpaired data (2-tailed) was used to test the
probability of significant differences between two groups of samples.
One-Way ANOVA followed by Dunnett’s post-hoc test was used for
multiple comparisons. Differences were considered significant when p <
0.05. *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001.
Error bars in graphs represent the standard error of the mean (SEM).
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Results

The VEGFR2R1932Q exhibits a transition from loss-of-function to gain-of-
function effects in VEGFR2 negative vs VEGFR2 positive cells, enhancing
the tumorigenic ability of melanoma cells

A pan-cancer analysis of gene alterations shows that VEGFR2 is
recurrently mutated with a somatic mutation frequency of 2.3 %. The
somatic missense mutation R1032Q is the most frequently observed
variant (source: curated set of non-redundant studies as suggested by cBio-
Portal, https://www.cbioportal.org, February 2025). Although previ-
ously characterized as a loss of function mutation [10], VEGFR2R1032Q
paradoxically triggers tumor growth when expressed in a murine model
of colon cancer [5]. To further investigate its pro-oncogenic effects and
clarify this paradox, we examined the impact of VEGFR2R1032Q expres-
sion in VEGFR2™ vs VEGFR2" cell models. Thus, VEGFR2R1032Q a5
expressed in MCF7 breast cancer cells that express non-detectable levels
of endogenous VEGFR2 and in Sk-Mel-31 melanoma cells bearing basal
levels of endogenous wild-type VEGFR2. Isogenic cell lines transfected
with VEGFR2WT were used as controls (Fig. 1a).

In both cell lines, the expression of VEGFR2WT enhanced 2D cell
proliferation (Fig 1b and ¢). VEGFR2%1%32Q expression had negligible
effects on the 2D in vitro proliferation of MCF7 cells, while it signifi-
cantly increased the 2D in vitro proliferation of VEGFR2-positive Sk-Mel-
31 cells (Fig. 1b and c) and endothelial cells (Fig. SI). In 3D assays, the
expression of VEGFR2R1932Q exerted an inhibitory effect on the prolif-
eration of MCF7 cells compared to VEGFR2"T. On the contrary, it
strongly increased the growth of Sk-Mel-31 cells (Fig. 1d and e).

The effects of VEGFR2R1932C in VEGFR2-negative MCF?7 cells are in
line with the previously reported loss-of-function nature of the R1032Q
substitution in VEGFR2. On the other hand, although further confir-
mation on isogenic lines is necessary, the pro-proliferative impact of the
expression of VEGFR2R932Q jn VEGFR2-positive Sk-Mel-31 melanoma
cells support the hypothesis that mutated VEGFR2R!%32Q could promote
tumor growth when co-expressed with wild-type VEGFR2. Consistent
with this hypothesis, Sk-Mel-31-VEGFR2R1932Q cells demonstrated
enhanced tumorigenic capacity in a in vivo xenograft model (Fig. 1f).
Immunofluorescence analyses revealed higher VEGFR2 phosphorylation
in Sk-Mel-31-VEGFR2* %320 derived tumors (Fig. 1g) compared to
control tumors.

VEGFR2R1932Q,yEGFR2WT heterodimerization sustains receptor activity
and phosphorylation

As anticipated, the enhanced growth of Sk-Mel-31-VEGFR2R1032C.
derived tumors prompted us to investigate whether VEGFR2%1032C could
interact and affect co-expressed VEGFR2WT, potentially explaining the
increased receptor phosphorylation observed in Sk-Mel-31-
VEGFR2R%32Q_derived tumors. In order to verify this hypothesis, we
established a CHO cellular model expressing VEGFR2V' and
VEGFR2R1932Q a]one or in combination with VEGFR2WT. The expression
of untagged-, YFP-tagged- and mCherry-tagged-VEGFR2 variants
allowed us to specifically monitor the receptor variants.

In this model, when expressed singularly, VEGFR2VT exhibited a
basal phosphorylation, whereas VEGFR2R1%32Q was completely devoid
of phosphorylation at Tyr'”® (Fig. 2a) both in the absence or the pres-
ence of VEGF stimulation, confirming previous observations [10].
Moreover, VEGFR2R1032C regulted in the loss of receptor phosphoryla-
tion at any tyrosine residue, as demonstrated by the lack of total
phospho-tyrosine signal in VEGFR2-immunocomplexes (Fig. 2b). In
contrast, CHO cells which co-express YFP-tagged VEGFR2"T and un-
tagged VEGFR2R1932Q exhibited a significantly increased Tyr!!”®
VEGFR2 phosphorylation compared to cells expressing either the
YFP-VEGFR2YT/VEGFR2VT couple or YFP-VEGFR2"T alone. Of note,
the co-expression resulted in the phosphorylation of both untagged
VEGFR2M%32Q (Jower molecular weight) and YFP-VEGFR2"T (higher
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molecular weight), as demonstrated by WB analyses (Fig. 2¢). This data
demonstrated that, despite being a loss-of-function mutation,
VEGFR2R1%32Q remained competent for phosphorylation and able to
boost VEGFR2 activation when in the presence of VEGFR2VT. The
substitution R1032Q favored receptor dimerization with VEGFR2"T, as
evidenced by increased FRET efficiency between YFP-VEGFR2R!032Q
and mCherry-VEGFR2VT compared to the YFP-VEGFR2VT/mCherry--
VEGFR2™T pair, measured by FLIM/FRET experiments (Fig. 2d). This
enhanced interaction occurred in the absence of exogenous ligands and
was similar to the VEGF-induced dimerization of wild-type VEGFR2
couple.

Previous findings showed that VEGFR2R!932Q alone lacks significant
kinase activity [10]. To evaluate whether VEGFR2R1032Q ¢apn acquire
enzymatic activity upon dimerization with VEGFR2"", the kinase ac-
tivity of proteinA Sepharose (PtA)-adsorbed VEGFR2YT or
VEGFR2M %2 jmmunocomplexes was measured before and after incu-
bation with total lysates of VEGFR2V- or VEGFR2R!932% expressing
CHO cells. This incubation was performed to activate the adsorbed re-
ceptor by temporary receptor interaction. While the enzymatic activity
of PtA-absorbed-VEGFR2WT remained unchanged upon both incubation
with VEGFR2VT or VEGFR2R032Q lysates, the kinase activity of
PtA-adsorbed VEGFR2R!1%32Q immunocomplexes increased significantly
upon incubation with VEGFR2V-expressing CHO lysate (Fig. 2e). Also,
the phosphorylation levels of PtA-adsorbed YFP-VEGFR2VT or YFP--
VEGFR2R1032Q were analysed before and after incubation with total
lysates of VEGFR2VT- or VEGFR2R1032% expressing CHO cells. After 45
minutes of incubation, the phosphorylation of PtA-adsorbed YFP--
VEGFR2"T or YFP-VEGFR2R?32€ alone or incubated with the matching
lysates were low-to undetectable. In contrast, the reciprocal
co-incubation of VEGFR2WT and VEGFR2R'1%32Q Jed to significant re-
ceptor phosphorylation. These findings suggested that the mutant re-
ceptor can acquire kinase activity and that the co-expression of the two
forms promotes reciprocal phosphorylation, occurring possibly upon
receptor heterodimerization.

To characterize the recruitment of VEGFR2-associated intracellular
signaling molecules, VEGFR2 immunocomplexes were analyzed for the
presence of Shp2 phosphatase and Grb2 and Nck adaptor molecules. The
amount of co-precipitated Shp2 strongly decreases when the hetero-
couple is expressed, compared to cells expressing only VEGFR2WT.
Similarly, the co-expression leads to a decrease in co-precipitated Grb2
and Nck, pointing to a different signaling activity of the VEGFR2W!/
VEGFR2R1932Q heterodimers (Fig. 3). This abnormal activation of the
VEGFR2 is paralleled by the activation of several RTKs, including
VEGFR1 and VEGFR3, in Sk-Mel-31-VEGFR2R'932Q (Fig. SII). Alto-
gether, these data indicate that VEGFR2R'932Q, when co-expressed with
VEGFR2W?, can acquire tumorigenic activity, at least in part, by pro-
moting dimerization with the wild-type receptor, leading to enhanced
receptor kinase activity, phosphorylation and altered signaling.

VEGFR2R1932Q giters the mobility and localization of VEGFR2 within
membrane microdomains and modifies the membrane lipid composition

We previously demonstrated that membrane dynamics and VEGFR2
activity are interdependent [6,20]. To deepen the bases of the increased
activity of VEGFR2R1032Q/VEGFR2WT heterodimers, we investigated the
lateral membrane mobility of YFP-VEGFR2W! and YFP-VEGFR2R!1032Q
alone or co-expressed with VEGFR2VT and/or VEGFR2}1%%2Q, CHO cells
were transfected with YFP-VEGFR2"T or YFP-VEGFR2R'?*2Q and re-
ceptor membrane displacement was measured by fluorescence recovery
after photobleaching (FRAP) analyses. YFP-VEGFR2YT exhibited a
lateral diffusion rate of 0.020 while YFP-VEGFR2%!%32Q alone displayed
a significantly slower diffusion rate. A similar reduction in lateral
mobility was observed for YFP-VEGFR2WT following VEGF stimulation.
The co-expression of untagged VEGFR28'932€ did not affect the diffusion
of YFP-VEGFR2WT, and untagged VEGFR2"T did not significantly
modify the already low lateral mobility of YFP-VEGFR2R1932C (Fig. 4a
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Fig. 1. Proliferative effects of VEGFR2R!%%2Q expression in VEGFR2 negative vs VEGFR2 expressing cell models. a, Western blot (WB) analysis of total VEGFR2 levels
in MCF7 or Sk-Mel-31 cells. Total lysates of non-transfected (NT) cells and of cells transfected to express VEGFR2WT (WT) or VEGFR2%1932Q (R1 032Q) were analyzed.
FAK and a-tubulin levels were measured as loading controls. Images are representative of three independent experiments that gave superimposable results. b, 2D
MCF?7 cell proliferation. Mean cell number of three biological replicates. ¢, 2D Sk-Mel-31 cell proliferation. Mean covered area + SEM of N = 24 biological replicates
from three independent experiments. *, p < 0.05, **** p < 0.001, One-Way ANOVA followed by Dunnett’s post-hoc test. d, 3D anchorage-independent MCF7 cell
proliferation. Average size of N = 300-1200 cell aggregates from two independent experiments. Representative images, scale bar 200 pm. e, 3D anchorage-
independent Sk-Mel-31 cell proliferation. Average size of N = 114-142 cell colonies from two independent experiments. Representative microphotographs, scale
bar 200 pm. f-g, in vivo growth of Sk-Mel-31-VEGFR2"T and Sk-Mel-31-VEGFR2%!%32Q cells injected subcutaneously into the flank of NOD/SCID mice (N = 11-12).
Tumor volume after 35 days (f). Immunofluorescence analysis of pVEGFR2 (in green) in tumor FFPE sections at day 35 after implantation. TO-PRO-3 nuclei
counterstaining is shown in magenta. Scale bar, 20 pm (g). *, p < 0.05, **, p < 0.01,***, p < 0.005, **** p < 0.001, Student’s t-test.
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Fig. 2. VEGFR2R1%32C forms functional heterodimers with co-expressed VEGFR2W'. a, WB analysis of pVEGFR2 (Y1175) and total VEGFR2 levels in total lysates of
serum-starved CHO cells (NT) or expressing VEGFR2WT (WT) or VEGFR2R1032Q (R1032Q) in the absence or in the presence of 30 ng/mL VEGF. FAK levels were
measured as loading control. b, WB analysis using anti-VEGFR2 of total p-Tyr- (up) and Anti-VEGFR2 immunocomplexes (IP) (down) of serum-starved CHO cells
expressing VEGFR2VT or VEGFR2R1%%2Q or the kinase-dead mutant VEGFR2*®%®M (K868M) using antibodies anti VEGFR2. WB images are representative of three
independent experiments that gave superimposable results. ¢, WB analysis of phospho-VEGFR2 (Tyr1175), VEGFR2 and YFP in total lysates of serum-starved CHO
cells expressing YFP-tagged VEGFR2VT alone or in combination with untagged VEGFR2YT or VEGFR2R1%32Q or untagged VEGFR2R%32Q alone. Yellow arrowheads,
YFP-tagged VEGFR2. Black arrowheads, untagged VEGFR2. The densitometric quantification of 3 independent experiments is shown in the bar graph. d, FRET
efficiency of mCherry-VEGFR2WT-YFP-VEGFR2WT or mCherry-VEGFR2V-YFP-VEGFR2R1932Q couples expressed in CHO cells measured by FLIM. Representative
color-coded FRET efficiency images of cell membrane ROL FRET efficiency of the mCherry-VEGFR2Y'-YFP-VEGFR2"" couple treated with VEGF was used as control.
e, measurement of the kinase activity of PtA-adsorbed VEGFR2-immunocomplexes isolated from CHO cells expressing VEGFR2WT or VEGFR2R1932Q pefore (Ctrl) or
after the incubation with the total lysate of CHO cells expressing VEGFR2WT or VEGFR2R%32€ to induce receptor dimerization. f, phosphorylation levels of PtA-
adsorbed GFP-immunocomplexes isolated from CHO cells expressing VEGFR2VTOPP) or VEGFR2R1032Q(YFP) pefore (Ctrl) or after the incubation with the total
lysate of CHO cells expressing VEGFR2™" or VEGFR2R'932€ to induce receptor dimerization. *, p < 0.05; **, p < 0.01; ***, p < 0.005, One-Way ANOVA followed by
Eunnett’s post-hoc test.
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Fig. 3. Co-expression of VEGFR2"T-VEGFR2*%32Q alters the recruitment of intracellular signaling molecules. Total lysates of CHO cells transiently transfected with

VEGFR2"" or with VEGFR2"" 4 VEGFR2R'932Q were used to immunoprecipitate VEGFR2. a,immunoprecipitated fractions were analyzed by WB for the presence of
Shp2, Nck and Grb2. Non-adjacent lanes of the same blot. b, WB densitometry and statistical analysis of 2 independent experiments was performed. *, p < 0.05; **, p

< 0.01; Student’s t Test vs VEGFR2"™.

and SIII). In parallel, the fraction of immobile YFP-VEGFR2R1032Q a5
significantly higher compared to YFP-VEGFR2"T and similar to the one
of VEGF-stimulated YFP-VEGFR2"™. Also, the co-expression of untagged
VEGFR2"T reduced the immobile fraction of YFP-VEGFR2R1032Q, while
the co-expression of untagged VEGFR2R1%32Q did not affect the already
low immobile fraction of YFP-VEGFR2WT (Fig. 4b). To exclude possible
effects due to different VEGFR2 expression levels, we compared FRAP
results of cells with low vs high expression and found that both groups
(low vs high) display a similar trend across the conditions and are
consistent with the overall analysis (Fig. SIII).

The changes in receptor membrane mobility led us to hypothesize
that VEGFR2R1%32Q and the hetero-dimer may exhibit altered distribu-
tion at specific membrane microdomains compared to the wild-type
receptor alone. Thus, we next verified the localization of the
VEGFR2WT/VEGFR2R1032Q complex in membrane microdomains.
Detergent-resistant and detergent-soluble membrane (DRM and DSM
respectively) fractions were isolated on a sucrose-density gradient. The
DRM fractions (#5 and #6), confirmed by the presence of the lipid raft
marker flotillin-1 (Flot1), were not significantly affected neither by the
expression of VEGFR2 variants, nor by VEGF administration (Fig. 4). WB
analyses revealed that the majority of VEGFR2, regardless of mutation
status, was localized in DSM fraction #11 together with the early en-
dosome marker EEA1. In basal conditions, VEGFR2"T was homoge-
nously distributed across DRM and DSM fractions (#5-#10) while VEGF
stimulation induced its redistribution towards DSMs (#7-#10), in line

with a previous report [23]. Similarly, inactive VEGFR28%32Q alone

mainly localized in DSMs (#9-#10). In contrast, co-expression of
VEGFR2WT with VEGFR2RI932Q resulted in a marked re-localization of
total VEGFR2 towards DRMs (#5-#6). This data further confirm that a
productive interaction between VEGFR2VT and VEGFR2R1932Q occurs
and drives receptor translocation into lipid rafts.

To get insights into the activation mechanism of VEGFR2 hetero-
dimeric complex, we assessed the localization of phosphorylated
VEGFR2 in DRM vs DSM fractions by WB. As expected, VEGFR2R1032Q
alone remained unphosphorylated. Surprisingly, basally phosphorylated
VEGFR2WT was predominantly detected in fraction #10, while VEGF
stimulation and the co-expression of VEGFR2"T and VEGFR2R1032Q
promoted a shift of pVEGFR2 towards the early endosome compart-
ments (fraction #11), compatible with its rapid internalization
following activation (Fig. 5).

Since the lipid environment and the membrane stability of the re-
ceptor are very closely related we next analyzed the lipid composition of
the membrane fractions as well as of total extracts of these CHO cells.
The membrane lipid rafts, just like DRMs, are rich in saturated phos-
pholipids, cholesterol (Chol) and sphingolipids, especially sphingo-
myelin (SM), compared to DSMs.

Lipidomic analysis of total extracts revealed no significant changes
following expression of VEGFR2R'%32Q alone or in combination with
VEGFR2"T (Fig. 6a). The DRMs of CHO cells expressing VEGFR2R1032Q
displayed a membrane lipid composition similar to that of VEGFR2WT
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Fig. 4. The heterodimeric VEGFR2VT-VEGFR2R!932? complex displays altered lateral membrane mobility. Diffusion rate (a) and immobile fraction (b) of YFP-tagged
VEGFR2 variants (WTY™® or R1032QY™) alone or upon co-expression with untagged VEGFR2 variants as measured by FRAP analyses on the cell surface of transfected
CHO cells. Stimulation with 30 ng/mL of VEGF of CHO cells expressing YFP-VEGFR2"T was used as control. Data are shown as mean + SEM of 2 independent
experiments. Individual values of each replicate are shown. *, p < 0.05, ***, p < 0.005, One-Way ANOVA followed by Dunnett’s post-hoc test.
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Fig. 5. VEGFR2 distribution within membrane microdomains. Western blot analysis of the levels of flotillin 1 (Flotl), early endosome antigen 1 (EEA1), total
VEGFR2, and phospho-VEGFR2 (Tyr 1175) in DRM vs DSM membrane fractions of CHO cells expressing VEGFR2VT, VEGFR2*1%32Q or the couple VEGFRW'-

VEGFR2R932Q, CHO- VEGFR2WT was treated with 30 ng/mL of VEGF.

expressing cells. However, in cells co-expressing VEGFR2R!1032Q/
VEGFR2YT, we detected modest non-significant decreases of SFA, SM
and cholesterol in DRM-associated lipids compared to cells expressing
VEGFR2™T alone. These alterations mirrored the membrane lipid
changes induced by short-term (10 minutes) VEGF stimulation of
VEGFR2"T (Fig. 6b). The reduction in lipid raft-associated lipids upon
VEGFR2R1032Q /yEGFR2WT co-expression may sustain receptor signaling
in a ligand-independent manner, thereby supporting cancer growth.

Discussion

The R1032Q mutation is the most frequent alteration of VEGFR2 in
cancer. Here we clarified the paradoxically cancer-promoting function
of this inactivating mutation, providing new insights into how VEGFR2
operates in cancer.

The 1032 arginine residue of VEGFR2 corresponds to the second
conserved arginine of the catalytic loop of the tyrosine kinase domain
(HRDLAARN). This arginine forms a hydrogen-bond with the sidechain
of the aspartic acid that is important for the activation of the kinase
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in DRM vs DSM fractions of CHO cells expressing VEGFR2WT, VEGFR2R1932Q or the couple VEGFRWT-VEGFR2R!032Q treated with 30 ng/mL of VEGF or left untreated.

*, p < 0.05; **, p < 0.01, One-Way ANOVA followed by Dunnett’s post-hoc test.

domains [24]. Thus, it is not surprising that the substitution of this
arginine residue hampers the enzymatic activity abolishing the
auto-phosphorylation as showed by Kumar et al. [10] and corroborated
in our study.

The ability of kinases lacking auto-phosphotransferase activity,
either naturally or through mutational events, to activate intracellular
signaling and promote tumor progression has been described for
different enzymes. The human epidermal growth factor receptor 3
(HER3) and the BRAF (D594A) mutant are prototypical examples of
inactive kinases promoting breast cancer, lung adenocarcinoma, and
melanoma development [25-29]. These effects can occur through
different mechanisms which include forced or favored dimerization,
increased affinity for adaptors and second messengers, and conforma-
tional changes [30-33]. VEGFR2R%32€ fits in such a paradigm. Indeed,
intrinsically inactive VEGFR2R1%%22 has a pro-oncogenic effect in vitro
and in vivo which is mediated by its ability to dimerize with co-expressed
wild-type VEGFR2. This results in the acquisition of a significant kinase
activity, and receptor phosphorylation that is detectable also in tumor
xenografts derived from melanoma cells co-expressing VEGFR2R1032Q
and endogenous VEGFR2WT. Similarly, Toledo et al. [5] demonstrated
that the VEGFR2R1932Q expression boosts the tumorigenic capacity of
the VEGFR2-expressing colo-320 cancer cell line [34]. Of note, different
from the kinase-defective EGFRK7?1M [35], VEGFR2R1032Q jg phosphor-
ylated upon heterodimerization, reflecting the diversity of the mecha-
nisms by which intrinsically inactive RTKs can act.

Our results also highlight that the co-expression of VEGFR2W! and
VEGFR2R1032Q i5 gufficient to activate VEGFR2, even in the absence of
ligand binding. One possible explanation is that the VEGFR2R1032Q
/VEGFR2"T interaction induces conformational changes that activate
and trans-phosphorylate both receptors. On these bases, we speculate
that VEGFR2WT-VEGFR2R!1%32Q  djmerization may occur in cancer

patients with heterozygous VEGFR2, promoting tumor progression. In
this context, the presence of VEGFR2M%2Q i a given tumor could ac-
quire prognostic significance.

Mutations in the kinase domain of RTKs often affect receptor func-
tion beyond its catalytic activity. Changes in the aminoacidic sequence
and structure of the KD of VEGFR2 could alter its interactions with
binding partners, leading to the modification and/or loss/acquisition of
(new) functional features. For example, the R1032Q substitution could
impact on VEGFR2 interaction with the CD147/emmprin receptor,
which potentiates VEGFR2 activation in melanoma cells [36] or with
neuropilin-2, which modulates VEGFR2-mediated intracellular
signaling and drives the growth of neuroendocrine prostate cancer [37].
Our observations showed how the R1032Q mutation affects the VEGFR2
interactome (i.e. Shp2, Nck, Grb2) and modifies the phosphorylation of
other membrane RTKs. Noticeably, adaptor proteins (e.g. Grb2) can
modulate the lipid raft recruitment, clustering and activation of RTKs
(FGFR2, EGFR, etc.) [15,16]. Thus, the impact of the R1032Q mutation
on downstream effector recruitment could also explain the biological
effects of VEGFR281032CQ gbserved in the present study. In particular, the
decrease in the recruitment of the adaptor proteins Grb2 and Nck
detected in cells co-expressing VEGFR2F%2Q and VEGFR2VT could
explain the decrease in the immobile fraction of VEGFR2 as measured by
FRAP analysis. This interpretation is consistent with the increase in the
association of VEGFR2 with DRMs and suggests possible mechanisms
driving the clustering of VEGFR2 into specific membrane regions,
leading to its activation. Although these findings needs further verifi-
cation, we can conclude that this mechanism could underlie, together
with dimerization and trans-phosphorylation, the pro-tumorigenic role
of VEGFR2R1032Q,

Moreover, KD mutations can affect the response to TKi. In particular
the R1032Q mutation increases receptor sensitivity to the TKi
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cabozantinib and lenvatinib [7]. It remains to be defined how
VEGFR2R1%32Q /yEGFR2VT heterodimers respond to the different classes
of TKi, in order to determine and predict how the presence of the
R1032Q mutation in a given cancer patient could affect the response to
VEGFR2-targeted TKi. We can anticipate that the presence of the mu-
tation might increase the sensitivity to VEGFR2-targeted TKi, as shown
in a case report where a good clinical response to pazopanib treatment of
a patient with an advanced-stage of cutaneous cancer was demonstrated
[8].

Changes in the KD can also impact receptor interaction with mem-
brane lipids, and membrane dynamics. Membrane lipids regulate RTK
activation through direct interaction with the protein structure and by
modulating biophysical proprieties, e.g. changes in fluidity, hydration
and thickness, providing regulatory checkpoints for receptor function.
Both specific and non-specific lipid-protein interaction are crucial for
RTK signaling and are proposed to underlie oncogenic constitutive
activation of mutated RTKs in cancer [38,39].

During VEGFR2 activation, the transmembrane domain (TMD) ex-
poses the amino acids E764, T771 and F778 to plasma membrane lipid
interaction thus promoting an increase in KD phosphorylation [17], and
making the TMD essential for stabilizing the active conformation of
VEGFR2 KD. VEGFR2 co-localizes with cholesterol-rich membrane
microdomains such as lipid rafts and caveolae [40] where it functionally
interacts with raftlin [41], a protein necessary for lipid raft integrity.
Lipid rafts facilitate VEGFR2 dimerization [23] and, as a consequence,
lipid-raft disruption impairs VEGFR2 activity. However, upon activa-
tion, VEGFR2 is released from lipid rafts/caveolae to facilitate receptor
internalization or translocation into focal adhesion contacts [42]. These
data show how membrane lipid environment regulate VEGFR2 activity
and function. The R1032Q substitution in VEGFR2, when in the pres-
ence of VEGFR2VT drives the unphosphorylated total receptor towards
lipid rafts. This is in line with the decreased association with Grb2,
whose reduced expression was shown to facilitate FGFR2 dispersion into
DRMs [16]. Also, it suggests that VEGFR2R!032Q stabilizes the receptor
in these domains and may reduce receptor activity. However, we
demonstrated that co-expression of the two variants results in strong
receptor phosphorylation with significant amounts of phosphorylated
VEGFR2 localized in EEAl-positive membrane fractions. This behavior
suggests that the interaction with lipid-rafts play a central role in
VEGFR2 activation and oncogenic signaling, and reminds that of Kit
receptor [43]. Our results support the hypothesis that receptor hetero-
dimerization and trans-phosphorylation is one driver of these effects.
However, we cannot rule out a possible contribution of VEGFR2R1032..
dependent receptor clustering in DRM domains, which is known to
induce ligand-independent RTK activation [11]. Further studies are
necessary for a precise characterization of the membrane dynamics of
VEGFR2 and of lipid rafts (using single molecule tracking and Lyn-based
sensors) in the presence of the mutant receptor.

Additionally, RTKs can, in turn, influence the local lipid bilayer
environment by clustering raft-specific lipids such as gangliosides and
by regulating lipid metabolism, which control membrane fluidity and
microdomain formation [44]. These effects on membrane lipid compo-
sition rapidly follow the activation of RTK downstream signaling [45].
Changes in RTK-associated intracellular proteins can also modify the
lipid composition and chemical-physical properties of membrane
microdomains [16]. Here we show that the co-expression of
VEGFR2R10%2Q with the wild-type counterpart alters the lipid raft
composition, with a general decrease in raft-associated lipid (i.e. SFA,
SM and cholesterol) similar to the effects of VEGF stimulation. This
suggest that this lipid-raft dismantling, that could be mediated by en-
zymes (e.g. acid sphingomyelinase) activated downstream to VEGFR2
activation [45], may sustain ligand-independent VEGFR2 activation and
possibly other RTKs in order to promote oncogenic signaling and cancer
progression. Future studies will deepen how the R1032Q mutations
affect the interactions between VEGFR2 and membrane lipids to eval-
uate the opportunity of novel targets to block the oncogenic activation of
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VEGFR2.

The study of the pro-oncogenic mechanism of VEGFR acquires
greater translational importance when considering that the substitution of
the arginine at this given position within the KD recurs in multiple ki-
nases, including ERBB2, CHEK2, TGFBR1, FLT3, BRAF, FLT1, FGFR4,
FLT4 and TIE11%“®, Based on previous studies [46-48], we speculate that
mutations clustering at this position could affect the kinases with a
mechanism (inactivating and heterodimerization-dependent) similar to
the R1032Q mutation of VEGFR2. This is confirmed by scattered studies
showing that these mutations exhibit superimposable effects on enzyme
activity, all entailing kinase inactivation [49-51].

In conclusion, we have characterized a novel oncogenic activation
mechanism for VEGFR2 which could apply also to corresponding
uncharacterized cancer-associated mutants. This mechanism could
represent in the future a molecular target to halt the progression of those
tumors harboring these inactivating mutations of RTKs.

2R1 032Q
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