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Vascular endothelial growth factor receptor 2 (VEGFR2) activating mutations are emerging as important
oncogenic driver events. Understanding the biological implications of such mutations may help to pinpoint novel
therapeutic targets. Here we show that activated VEGFR2 via the pro-oncogenic R1051Q mutation induces
relevant metabolic changes in melanoma cells. The expression of VEGFR2R%1? Jeads to higher energy meta-
bolism and ATP production compared to control cells expressing VEGFR2W!. Furthermore, activated

VEGFR2R%1Q augments the dependence on glutamine (Gln) of melanoma cells, thus increasing Gln uptake and
their sensitivity to Gln deprivation and to inhibitors of glutaminase, the enzyme initiating Gln metabolism by
cells. Overall, these results highlight Gln addiction as a metabolic vulnerability of tumors harboring the acti-
vating VEGFR2R%%1Q mutation and suggest novel therapeutic approaches for those patients harboring activating

mutations of VEGFR2.

1. Introduction

Activation of receptor tyrosine kinases (RTKs) or activation of their
downstream intracellular effectors by point mutations or gene amplifi-
cations are typical hallmarks of cancer [1]. However, targeting these
alterations has been only partially successful in clinical oncology. New
therapeutic opportunities are now emerging and direct attention to the
metabolic features of cancer cells that are secondary to RTK alterations.
Similarly, targeting metabolic adaptations following KRAS mutations is
considered a promising approach to block the growth of KRAS-mutated
tumors [2]. It is therefore crucial to obtain a deep understanding of the
biological consequences of RTK alterations in order to reveal novel
therapeutic windows of intervention.

Metabolic rewiring is central to tumorigenesis. Various metabolic
adaptations, including increased energy metabolism (i.e. glycolysis and
oxidative phosphorylation, OXPHOS), are functional to sustain the
higher energetic and biosynthetic demands of tumor cells [3]. RTKs
govern cell metabolism, controlling the uptake of nutrients and regulate

the function of key enzymes, for example PKM2, thus directing different
carbon fuels into catabolic and anabolic pathways. Activation of RTKs
promotes glycolysis, OXPHOS, and nucleotide and lipid biosynthesis,
through the activation of the PI3K/Akt or Ras/B-Raf/MEK signaling
pathways. In addition, they regulate utilization of glucose (Glc) and
amino acids to sustain biosynthesis and TCA anaplerosis via Myc and HIF
transcription factors and mTOR kinase [4]. Recently, metabolic per-
turbations associated with oncogenic activation of RTKs have been
described. EGFR branches glycolysis to the serine synthesis, to synthe-
tize nucleotides and maintain redox balance, while FGFR activation
recycles lactate to sustain energy production via OXPHOS [5].
Vascular endothelial growth factor receptor 2 (VEGFR2) is a classical
RTK expressed in tumor cells, including gastric and ovarian cancer and
melanoma, where it regulates cell proliferation, motility, and stemness
[6-11], thus representing an attractive therapeutic target. Several
VEGFR2-selective tyrosine kinase inhibitors (TKi), including sorafenib,
sunitinib and apatanib, are used by oncologists or in clinical trials for the
treatment of various tumors ([12]; ClinicalTrials.gov). However, poor
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response and resistance often occur, manifesting the need for a better
stratification of patients to receive anti-VEGFR2 treatment and for the
identification of novel pharmacological strategies.

VEGFR2 mutations are emerging as important oncogenic driver
events and/or predictors of drug response in various cancer types.
Several point mutations of VEGFR2 are associated with poor prognosis
and/or altered response to targeted therapeutics. Among them, the
mutations D717V, G800D/R, G843D, S925F, R1022Q, R1032Q,
R1051Q and S1100F promote tumor growth in murine models [13,14],
L840F substitution induces therapy resistance in colon cancer patients
[14], while D717V, R961W, R1032Q, R1051Q and A1065T mutations
are associated with better response to TKi [13,15-17]. At the functional
level, R1032Q and S1100F substitutions entail a loss-of-function [18],
while the mutations N717V, R1051Q, D1052N and A1065T promote the
auto phosphorylation of VEGFR2, suggesting that they are activating
mutations [13,15]. On these bases, screening for VEGFR2 alterations
may help to stratify patients to receive anti-VEGFR2 drugs. Despite this,
our understanding of the biology of VEGFR2 mutations is poor,
compared to other RTKs.

Among all tumor types, melanoma depends on autocrine VEGEF/
VEGFR2 signaling [9], and the axis VEGF/VEGFR2 became a thera-
peutic target. Unfortunately, clinical evidence showed that targeting this
axis elicits only moderate effects on patient outcome, pointing that new
approaches are urgently required.

We recently identified the activating R1051Q mutation of VEGFR2
that creates a ligand-independent active receptor which drives mela-
noma progression [13]. Here we sought to investigate the metabolic
rewiring associated with this VEGFR2 activating mutation in melanoma
to identify potential new therapeutic targets. Functional analyses
revealed that hyper-activated VEGFR2 leads to relevant metabolic
changes, with increased glycolysis and OXPHOS, resulting in enhanced
glutamine (Gln) consumption and dependency. Our data describe for the
first time Gln addiction as a metabolic vulnerability of melanoma cells
harboring VEGFR2R'%1Q mutation. Relevant to this point, recent work
has shown that a subset of melanomas, classified as high-OXPHOS, can
be effectively targeted with the glutaminase inhibitor BPTES, encour-
aging the development of therapeutic strategies directed against mito-
chondria [19]. Our data further support the hypothesis that
metabolism-targeted drugs may be combined with classical chemo-
therapy to treat VEGFR2-mutated melanoma.

2. Material and methods

Cell cultures. Human melanoma a-melanotic Sk-Mel-31 cells
(expressing wild-type B-Raf, N-Ras and VEGFR2) were obtained from
the Memorial Sloan Kettering Cancer Center and were grown in RPMI
(ThermoFisher), supplemented with 10% FCS (Invitrogen), non-
essential amino-acids (ThermoFisher) and penicillin/streptomycin
(ThermoFisher) (growth medium). Cells were stably transfected with
pBE_ hVEGFR2 [NM_002253.2] or pBE_hVEGFR2M®C plasmids
(generated as described in Ref. [13]) to obtain Sk-Mel-31-VEGFR2"" or
Sk-Mel-31-VEGFR2R1951Q cell lines. Transfected cell lines were main-
tained in 0.5 mg/mL geneticin (ThermoFisher). Two independent
transfections resulted in similar levels of VEGFR2 expression and similar
biological phenotype. Cells were regularly checked for Mycoplasma
contamination by PCR.

Antibody array and Western blot analyses. Total lysates (50 pg)
from Sk-Mel-31-VEGFR2"T or Sk-Mel-31-VEGFR2R®1Q cells were
separated by SDS-PAGE and probed with specific antibodies. Chemilu-
minescent signal was acquired by ChemiDoc™ Imaging System (BioRad)
[20]. For mitochondrial complexes, lysates were run under
non-reducing conditions. Alternatively, 500 pg of total lysates were
incubated with the Human Phospho-Kinase Antibody Array (R&D Sys-
tems) according to manufacturer’s instructions. Chemiluminescent
signal was quantified by the open source ImageJ software (https://i
magej.nih.gov/ij/) and normalized on reference spots. Background
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correction was achieved by the “subtract background” command [21].

RT-PCR array. Two pg of total RNA were retro-transcribed with
rtStar™ First-Strand cDNA Synthesis Kit (Arraystar Inc, Rockville, MD -
USA). The expression of 373 transcripts encoding the enzymes or pro-
teins involved in cell metabolism was measured by NuRNA™ Central
Metabolism PCR array (Arraystar Inc) using SYBR® Green qPCR Master
Mix (Arraystar Inc) according to manufacturer’s instructions. Fold
change of 2722% was calculated using human_18S RNA as housekeeping
and Sk-Mel-31-VEGFR2VT cells as control. Gene symbols are derived
from the Human gene nomenclature committee (https://www.gene
names.org).

Bioinformatic analyses. Differentially expressed genes in SK-Mel-
31-VEGFR2R'%1Q cells versus SK-Mel-31-VEGFR2"” cells (<0.5 or >1.5
fold change) identified by the PCR array were analyzed by the gene list
enrichment analysis tool Enrichr (https://maayanlab.cloud/Enrichr/)
[22,23] using the MSigDB hallmark 2020 library. Enriched pathways are
sorted by the combined score ranking. Combined score is computed by
taking the log of the p-value from the Fisher exact test and multiplying
that by the z-score of the deviation from the expected rank.

Metabolic analyses. 4 x 10* cells were seeded in Seahorse XFe24
culture plates (Agilent Technologies) and incubated in a CO5 incubator
at 37 °C. Linifanib (Selleckchem) or vehicle (DMSO) were added when
indicated. After 18 h, cells were checked by microscope for confluence
and the medium was replaced with Agilent Seahorse XF base medium
DMEM (pH 7.4) added with 10 mM Glc (Merck Millipore), 1 mM sodium
pyruvate (ThermoFisher) and 2 mM GIn (ThermoFisher). Cells were
incubated for 1 h at 37 °C and subjected to Seahorse analyses as
described in Ref. [24]. Proton efflux rate (PER), oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) measurements
were performed at 6 min intervals (2 min mixing, 2 min waiting and 2
min measuring) using a Seahorse XFe24 Extracellular Flux Analyzer
(XFe Wave software). Seahorse XF Glycolytic Rate Assay Kit, Seahorse
XF Cell Mito Stress Test Kit and Seahorse XF Mito Fuel Flex Test Kit
(Agilent) were employed to measure glycolytic activity, mitochondrial
activity and mitochondrial fuel usage respectively following manufac-
turer’s instructions. All indicated parameters were calculated using the
Seahorse Report Generator (Agilent). At the end of each experiment cells
were lysed and total protein amount was calculated by Bradford assay
(BioRad). PER, OCR and ECAR data were normalized on total protein
micrograms and are expressed as pmol/min/pug or mpH/min/ug,
respectively.

Real-time measurement of ATP production was performed on 1 X
10° cells in growth medium with ATP Determination Kit (Molecular
Probes) following manufacturer’s instructions. Bioluminescent signal
was measured with EnSight Multimode Plate Reader (PerkinElmer).

14C_Gln uptake. Radioactive assay was run as previously described
[25]. Briefly, 1 x 10° Sk-Mel-31-VEGFR2"T and Sk-Mel-31--
VEGFR2R051Q cells were maintained in growth medium. Prior to the
analysis, cells were gently washed with PBS and medium was replaced
with uptake buffer solution (140 mmol/L NaCl, 20 mM HEPES/Na, 2.5
mM MgSO4, 1 mM CaCly, and 5 mM KCl, pH 7.4) containing 0.05
pCi/mL uniformly (U) radiolabeled [U-14C] Gln (PerkinElmer) for 15
min. Cells were subsequently washed for three times with PBS and lysed
with 0.1 M NaOH. Samples were collected into a scintillation vial and
counted on the scintillation counter. The radioactive signal was
normalized on total protein content.

Cell proliferation. 6 x 10° cells/cm? were cultured in growth me-
dium in the absence or the presence of indicated nutrients (Glc, Gln) or
antimycin A, CB-839 or 968 inhibitors (Selleckchem) for 6 days. Me-
dium was changed every second day. Cell number was evaluated by cell
counting or by crystal violet colorimetric assay (OD at 595 nm).

Statistical analyses. Statistical analyses were performed using Prism
6 (GraphPad Software). Student’s t-test for unpaired data (2-tailed) was
used to test the probability of significant differences between two groups
of samples. For more than two groups of samples data were analyzed
with a one-way ANOVA and corrected by the Dunnett’s multiple
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comparisons test. Differences were considered significant when p <
0.05, unless otherwise specified.

3. Results

3.1. The expression of VEGFR2819%1Q potentiates the PI3K/Akt/mTOR
signaling pathway in melanoma cells

In a previous report, we demonstrated that the expression of
VEGFR2M%51Q i Sk-Mel-31 human melanoma cells leads to the hyper-
activation of the PI3K/Akt pathway in tumor xenografts in mice [13]. To
better understand the pro-tumorigenic molecular signaling modulated
by the expression of activated VEGFR2 by R1051Q mutation in
Sk-Mel-31 cells, we performed a phospho-kinase antibody array analysis
of the cell extracts of VEGFR2R%IQ transfectants. Sk-Mel-31 cells
transfected with wild-type VEGFR2 (VEGFR2"T) were used as control to
exclude the effects consequent to the mere VEGFR2 overexpression
(Fig. 1A). Of note, VEGFR2WT expression did not have a significant
impact on Sk-Mel-31 cell behavior, when compared to parental cells
(data not shown). As anticipated, the expression of VEGFR2R1051Q 5.
creases the phosphorylation of various intracellular kinases. In keeping
with our previous in vivo observations, Sk-Mel-31-VEGFR2R1951Q cells
display a hyper-activated PI3K/Akt/mTOR signaling pathway with
increased levels of phospho-Akt and its targets phospho-GSK-3a/p,
phospho-AMPKa, phospho-CREB, phospho-p70 S6 kinase and
phospho-WNK (Fig. 1B).

The prominent role of the PI3K/Akt/mTOR pathway in the regula-
tion of cell metabolism [26] prompted us to investigate the impact of
VEGFR2 activation by R1051Q mutation on metabolic pathways in
Sk-Mel-31 cells. In the first instance, we analyzed by NuRNA™ Central
Metabolism PCR array the expression levels of 373 genes encoding en-
zymes and proteins involved in cell metabolism (Fig. 1C). A total of 94
genes were differentially expressed in VEGFR2R%1Q transfectants when
compared to VEGFR2"7 cells, defined as genes showing a drop out of
<0.5 or >1.5 fold change (Fig. 1D, top 10 up-/down-regulated genes are
shown; full list in Supplementary Table 1). To understand the mecha-
nism by which VEGFR2R%!Q alters tumor metabolism, gene set
enrichment analysis (GSEA) of PCR array data was performed by using
MSigDB library and Enrichr tool [22,23]. The results showed significant
enrichment of the OXPHOS pathway, with upregulated PDHX, CPT1A,
ACAA2, SDHC, ACATI1, PDP1, LDHA, PD4, PGDH, DLAT and down-
regulated ECH1, GOT2, ETFA, GLUD1, NNT genes. GSEA analysis
revealed also the alteration of fatty acid (FA) metabolism, cholesterol
homeostasis and glycolytic pathways, the latter characterized by the
upregulation of GOT1, AK3, LDHA, SLC16A3, SDHC and the down-
regulation of GOT2, PFKP, PDK3 genes (Fig. 1D-E; Supplementary
Table 2). Remarkably, the mTORC1 signaling pathway was also
enriched, further confirming the hyper-activation of the PI3K/Akt/m-
TOR pathway in Sk-Mel-31-VEGFR2R1951Q cells (Fig. 1E and F).

3.2. Glycolysis is enhanced in VEGFR2F%°1Q expressing melanoma cells

To elucidate how mutated VEGFR2MQ rewires the metabolic
pathways in melanoma cells, we analyzed the energy metabolism of Sk-
Mel-31-VEGFR2VT and Sk-Mel-31-VEGFR2R!1%51Q cells by Seahorse
technology. First, we took advantage of the Seahorse Glycolytic Rate
Assay which measures the proton efflux rate (PER) as a readout of the
cellular glycolytic activity-dependent (gPER) or mitochondrial/COs-
dependent (mPER) medium acidification. At the basal state, melanoma
cells expressing VEGFR2R1%51Q increase their overall PER (Fig. 2A and B)
when compared to cells expressing the wild-type receptor as a result of
an increase in both gPER and mPER (Fig. 2B). These observations
indicate that the expression of mutated VEGFR2 in melanoma cells in-
creases the channeling of pyruvate into lactate and that, besides
glycolysis, also OXPHOS is enhanced, as suggested by increased mPER.
In addition, to assess the maximal glycolytic capacity of the two cell
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types, PER was measured upon OXPHOS inhibition by antimycin A/
rotenone treatment. Under these experimental conditions, Sk-Mel-31-
VEGFR2R1051Q cells displayed a maximal glycolytic activity (Max gPER)
significantly higher as compared to Sk-Mel-31-VEGFR2VT cells
(Fig. 2C).

3.3. VEGFR2R9IQ oxpression increases oxidative phosphorylation

We further analyzed the oxygen consumption rate (OCR), an index of
OXPHOS, in Sk-Mel-31-VEGFR2M%%!Q and Sk-Mel-31-VEGFR2W" cells
by Seahorse Mito-Stress Test. As shown in Fig. 3A, VEGFR2R!051Q
expression leads to higher basal OXPHOS. Also, ATP-linked respiration,
measured following administration of the ATP synthase inhibitor oli-
gomycin, was higher in Sk-Mel-31-VEGFR2R10%1Q cells, as demonstrated
by the higher extent of OCR reduction. Next, the maximal OCR activity,
measured following the administration of the protonophore uncoupler
FCCP, was found significantly higher in Sk-Mel-31-VEGFR2R!%51Q cells
as compared to Sk-Mel-31-VEGFR2"" cells. Finally, the spare respira-
tory capacity, calculated as the difference between maximal and basal
respiration rate, is increased in Sk-Mel-31-VEGFR2%1%%1Q mutants.
However, the proton leak, that is the difference between oligomycin
inhibited OCR and rotenone/antimycin A (Rot/Ant-A) inhibited OCR,
and non-mitochondrial respiration, measured as Rot/Ant-A inhibited
OCR, do not differ in the two sublines. Moreover, the Mito-Stress test
confirmed that the basal glycolysis is increased in Sk-Mel-31-
VEGFR2R1051Q cells compared to Sk-Mel-31-VEGFR2"T as shown by the
higher levels of extracellular acidification rate (ECAR) (Fig. 3A and B).
In keeping with these data, the amount of ATP production was higher in
VEGFR2R1%%1Q transfectants when compared to control cells (Fig. 3C).
These results confirmed GSEA results (shown in Fig. 1E and F) and
indicate that constitutively active VEGFR2 signaling leads to increased
oxidative metabolism, in the presence of active glycolysis.

Previous observations had shown that the R1051Q mutation in-
creases the sensitivity of Sk-Mel-31-VEGFR2R1951C cells to the VEGFR2-
targeted TKi Linifanib. Indeed, Linifanib selectively blocks the growth of
tumors originating from Sk-Mel-31-VEGFR2RI951Q cells while exerting
no effect on Sk-Mel-31-VEGFR2VT cells [13]. As expected, Linifanib
induces a potent and dose-dependent decrease of basal and maximal
OCR in melanoma cells expressing VEGFR2R1%1Q, while negligible ef-
fects were observed in Linifanib-treated Sk-Mel-31-VEGFR2"T cells
(Fig. 3D and E). These data confirm that the metabolic rewiring occur-
ring in Sk-Mel-31-VEGFR2R1051Q cells directly depends on the intracel-
lular signaling downstream to mutated VEGFR2, and further confirm
that, although overexpressed, VEGFR2™" is not active in Sk-Mel-31--
VEGFR2™T cells. Remarkably, both cell lines express similar levels of
electron transport chain elements, ruling out the possibility that the
altered mitochondrial metabolism results from differences in the mito-
chondrial mass (Fig. 3F). Despite their different OXPHOS activity, the
two cell lines display comparable sensitivity to Antimycin A adminis-
tration in terms of survival (Fig. 3G).

3.4. VEGFR2R1051Q expression increases melanoma cell dependency on
glutamine

Oncogenic alterations often lead to altered metabolic reliance on
carbon sources in cancer cells. This has allowed to detect druggable
metabolic vulnerabilities for many cancer types [5]. To investigate
whether the expression of oncogenic VEGFR2R%1Q influences the
reliance on the three major carbon sources, we measured the specific
contribution of fatty acids (FA), Glc and GIn to mitochondrial respiration
by the Mito Fuel Flex Test. In a first set of experiments, we estimated cell
dependency on specific carbon sources by measuring the basal OCR
before and after addition of the specific inhibitors of the three target
pathways etomoxir, UK5099 or BPTES, respectively. Sk-Mel-31--
VEGFR2WT and Sk-Mel-31-VEGFR2R1051Q cells exhibit comparable
metabolic dependence on FA and Glc. On the other hand, the expression
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Fig. 1. Impact of VEGFR2R1%%1Q expression on melanoma cell metabolism. A: Western blot analysis of total VEGFR2 levels in parental and transfected Sk-Mel-
31-VEGFR2"T and Sk-Mel-31-VEGFR2*%1Q cells, B: Human Phospho-Kinase Antibody Array on Sk-Mel-31-VEGFR2"T and Sk-Mel-31-VEGFR2F1%1Q total cell
lysates. The heatmap shows the color-coded normalized protein levels of all detected proteins. One representative experiment out of three independent replicates that
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Fig. 2. Glycolysis in melanoma cells expressing VEGFR2%'%51Q, Seahorse
Glycolytic Rate Assay performed on Sk-Mel-31-VEGFR2"" and Sk-Mel-31-
VEGFR2R1%51Q cells. Cells were seeded in Seahorse XFe24 culture plates and
incubated in CO, incubator at 37 °C. After 18 h, the medium was replaced with
Agilent Seahorse XF base medium DMEM (pH 7.4) added with 10 mM Glc, 1
mM sodium pyruvate and 2 mM Gln. Cells were incubated for 1 h at 37 °C
before performing Seahorse measurements. Proton efflux rate (PER) was
measured over time before and after sequential addition of 0.5 pM Rotenone/
Antimycin-A (Rot/Anti-A) and 50 mM 2-deoxy-p-glucose (2DG). A: PER over
time. B: basal glycolytic and mitochondrial PER (gPER, mPER). C: maximal
glycolytic PER. Glycolytic and mitochondrial PER were calculated using the
Seahorse Report Generator. Data are the mean + SEM of three technical rep-
licates in one representative experiment out of three independent measure-
ments that provided similar results. **, p < 0.01, Student’s t-test versus Sk-Mel-
31-VEGFR2"™.

of VEGFR2R®IQ Jeads to a significant increase of the metabolic
dependence on Gln (Fig. 4A, white bars), pointing to Gln supply as a
metabolic requirement for sustaining energy production and, possibly,
cell growth in melanoma cells expressing oncogenic VEGFR2R1051Q,
Next, we analyzed the maximal ability of Sk-Mel-31 cells to oxidize a
specific substrate (termed “capacity”) by measuring the basal OCR
before and after the addition of selective inhibitors of the other two
pathways (i.e. UK5099/BPTES, BPTES/etomoxir, UK5099/etomoxir).
While the capacity for FA and Gln were similar in both cell lines, Sk-Mel-
31-VEGFR2R1031Q cells exhibit a reduced capacity for Gle (Fig. 4A). To
better understand this metabolic behavior, we analyzed the metabolic
flexibility, that is the relative ability of cells to switch OXPHOS from one
fuel to another, calculated as the difference between capacity and de-
pendency. Results demonstrated that Sk-Mel-31-VEGFR2R51Q cells
have a lower relative flexibility than cells expressing the wild-type
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receptor for all the three nutrients (Fig. 4A, grey bars), most probably
because they oxidize the substrates at a rate which is close to their
maximum potential already at the basal state. In addition, the maximal
Gle usage is reduced in Sk-Mel-31-VEGFR2R1%51Q cells, possibly due to
increased usage of Gln.

Altogether, these results suggest that melanoma cells expressing the
activated VEGFR2R%1Q become metabolically addicted to Gln.
Accordingly, the uptake of *C-Gln is significantly increased in Sk-Mel-
31-VEGFR2R1051Q (qis (Fig. 4B). Moreover, Gln deprivation strongly
hampers the basal OCR and slows down the cell proliferation of Sk-Mel-
31-VEGFR2R1951Q cells, exerting instead much milder effects on the
control cells. Under the same experimental conditions, Glc deprivation
selectively reduces the basal OCR of cells expressing mutated
VEGFR2M51Q suggesting that a significant amount of Glc is oxidized to
pyruvate to fuel cellular respiration in these cells. However, Glc with-
drawal completely abrogates the ECAR and stops the growth of Sk-Mel-
31 cells regardless if they express wild-type or mutant VEGFR2. This
suggests that VEGFR2R1%%1Q does not further increase the already high
glycolytic addiction of Sk-Mel-31 cells (Fig. 4C-E). In accordance with
Gln deprivation experiments, treatments with glutaminase-1 (GLS-1)
specific inhibitor CB-839 or the pan GLS-1/2 inhibitor 968 reduce with
higher potency the growth of VEGFR2R%51Q cells than that of Sk-Mel-
31-VEGFR2™T cells (Fig. 4F and G). On these bases, we concluded that
the activation of VEGFR2 via the R1051Q mutation induces strong
metabolic perturbations, increasing the uptake, consumption of and
dependence on Gln in melanoma cells.

4. Discussion

One hallmark of fast-growing cancer cells is a high glycolytic flux
with lactate production even in the presence of adequate amounts of
oxygen, defined as “Warburg effect”. Besides, cancer cells can rely also
on OXPHOS, even when glycolysis is highly active [27]. The metabolic
flexibility of cancer cells guarantees fast adaptation to changes in
nutrient availability [28].

Oncogenes orchestrate metabolic reprogramming that sustains ma-
lignant transformation and tumor progression [3,27]. Recently, RTK
alterations have been associated with various metabolic adaptations in
cancer cells. For example, the oncogenic activation of EGFR branches
glycolysis to the serine synthesis to synthetize nucleotides and maintain
redox balance, while FGFR activation recycles lactate to sustain energy
production via OXPHOS [5]. As concerns VEGFR2, little is known,
except that it regulates Glc uptake and lactate production in ovarian and
colorectal cancer [29,30], while it triggers mitochondrial biogenesis in
chemotherapy-exposed acute myeloid leukemia cells [31].

Here we exploited the mutation R1051Q of VEGFR2 as a model of
aberrantly activated VEGFR2. This alteration has been recently char-
acterized in our group as a gain-of-function mutation of the receptor.
Mutated VEGFR2R0%1Q js active even in the absence of ligands and
promotes tumor growth [13]. Based on the evidence that VEGFR2R1051Q
stimulates the PI3K/Akt/mTOR pathway in vivo, in the present study we
investigated more in depth the metabolic changes occurring in mela-
noma cells when mutated VEGFR2R'%1Q js expressed. In accordance
with the central role of the PI3K/Akt/mTOR pathway in metabolic
control [32], oncogenic VEGFR2R1951Q jnduces significant metabolic
changes, including increased glycolysis and OXPHOS.

Melanin regulates the metabolic behavior of melanoma cells [33].
However, Sk-Mel-31 cells are a-melanotic [34] and RT-PCR analysis
failed to demonstrate the presence of TYR transcripts in both parental
and VEGFR2 transfectants (data not shown), ruling out the possibility
that melanin levels may affect our observations. Future studies will
unveil possible interactions between VEGFR2 signaling and melanin
production in terms of metabolic adaptations.

VEGEF signaling in endothelial cells increases glycolysis by inducing
GLUT1 and the glycolytic enzyme 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase-3 (PFKFB3) [35,36]. Similarly, GSEA showed



E. Grillo et al. Cancer Letters 507 (2021) 80-88
- VESFRZ‘Q%MQ B
-0~ VEGFR2 = —~ — =
225 S 20; 307 . 267 * e, 26+
o 301 Oigom FCCP  RovAni-A = o 2 o = = = -
£ | | i % “ £ 151 £ 20 % 4 % %
£ g 15 S o g4 g4 g4
S = 810 = < < ns =
Q. o X
s 310 § §10- D21 824 2
o X 5 2 9] [ i = L
8 | 3 B % 5 1o b
— ' - 0 o s 0 20! 20 © 0-
0 30 60 90 S0 a0 S0 D Lo e OO
Time (min) PN N oS PN & &
P oS R ORI OB )
7 K S S %K 7
¥ N X RN ¥ RN
C D E F G
e VEGFR2T ' VECFR2 ¢ - VEGFR2' -& VEGFR2WT
-o- VEGFR2R1051Q -O- VEGFR2R1051Q -0~ VEGFR2R1051Q UQA(-:‘,rggé — | -O- \/EGFR2R1051Q
40 - F125] 125 =125
—~ L2 . 3 G ]
T & 5.0 5,0 SDHB |- | 2| e,
x < e R COX2 =
= 14 o NDUFBS8 =7 Y
2 20 O 751 g 751 g - %
= ) o * £ °] ﬁ@
o © J J
z " 3 % 2 8% e GAPDH w2 251
@ 25 25 <o S o
0 20 40 60 0 5 10 0 5 10 qu,rf@% 001 1 100
Time (min) Linifanib [uM] Linifanib [uM] qﬁ%e??“ AA[nM]

Fig. 3. OXPHOS in melanoma cells expressing VEGFR2R'%%1Q, A.B: Seahorse Cell Mito Stress Test performed on Sk-Mel-31-VEGFR2W" and Sk-Mel-31-
VEGFR2R1951Q cells, Cells were seeded in Seahorse XFe24 culture plates and incubated in CO, incubator at 37 °C. After 18 h, the medium was replaced with Agilent
Seahorse XF base medium DMEM (pH 7.4) added with 10 mM Glc, 1 mM sodium pyruvate and 2 mM Gln. Cells were incubated for 1 h at 37 °C before performing
Seahorse measurements. Oxygen consumption rate (OCR) was recorded over time before and after sequential addition of 1 pM oligomycin (Oligom), 0.5 pM FCCP
and 1 uM Rotenone/Antimycin-A (Rot/Anti-A) (A) to enable the measurement of basal, ATP-linked, maximal and spare respiratory capacity, and proton leak (B). In
parallel the extracellular acidification (ECAR) rate was recorded. Basal ECAR is shown. (B). At the end of the experiment, cells were lysed and total protein amount
was measured for data normalization. Data are the mean + SEM of three technical replicates in one representative experiment out of four independent measurements
that provided similar results. **, p < 0.01, Student’s t-test versus Sk-Mel-31-VEGFR2™T C: bioluminescence-based real-time detection of ATP production in living Sk-
Mel-31-VEGFR2"" and Sk-Mel-31-VEGFR2R1951C cells. Data are shown as mean -+ SEM of three independent experiments. *, p < 0.05, Student’s t-test versus Sk-Mel-
31-VEGFR2"". D-E: Seahorse measurement of basal (D) and maximal (E) OCR on Sk-Mel-31-VEGFR2"! and Sk-Mel-31-VEGFR2R!%1Q cells previously treated for 18
h with increasing doses of Linifanib or vehicle (ctrl). Linifanib treatment did not significantly affect cell density. At the end of the experiment, cells were lysed and
total protein amount was measured for data normalization. Data are shown as the average of normalized % of ctrl £ SEM of three independent experiments. *, p <
0.05, **** p < 0.001, one-way ANOVA corrected by the Dunnett’s multiple comparison test versus untreated cells. F: Western blot analysis of the indicated subunits
of electron transport chain complexes on total Sk-Mel-31-VEGFR2"" and Sk-Mel-31-VEGFR2R' %1€ cell lysates. GAPDH, loading control. G: cell proliferation in the
presence of increasing doses of Antimycin-A. Data are shown as mean + SEM of three independent experiments.

enrichment of the glycolysis pathway in Sk-Mel-31 cells expressing
activated VEGFR2R0%1Q, Of note, the observed glycolysis activation
suggests an increased flux of glucose 6-phosphate in the pentose phos-
phate pathway, providing cells with NADPH for the reductive anabolic
processes and ribose 5-phosphate for nucleotides biosynthesis. Also, the
augmented expression of LDHA paralleled by higher expression of
SLC16A3 (MCT4, the lactate shuttle) suggests that VEGFR2R!0%1Q jp.
creases the channeling of pyruvate to lactate, with the consequence of a
net increase in medium acidification (ECAR) and ATP production as a
result of increased glycolysis. Increased glutaminolysis may also
contribute to lactate increase in Sk-Mel-31 cells with VEGFR2R1931Q, a5
suggested by the overexpression of liver type glutaminase (GLS2), the
first enzyme required for Gln catabolism. The relevance of these mo-
lecular changes is supported by preclinical studies. LDHA has been
proposed as a therapeutic target for lung cancer treatment, demon-
strating that cancer-initiating cells are susceptible to its inhibition [37].
Similarly, we speculate that inhibition of LDHA may revert the “glyco-
lytic” effects of aberrant VEGFR2 activation. However, mutated
VEGFR2, despite being able to increase basal glycolysis, does not
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increase the glycolytic addiction of Sk-Mel-31 cells.

Sk-Mel-31 cells expressing VEGFR2R!%1Q exhibit also higher
expression of various OXPHOS genes and a much higher mitochondrial
respiration when compared to cells expressing wild-type VEGFR2. The
specific inhibitory effect of the TKi Linifanib on the oxygen consumption
of Sk-Mel-31-VEGFR2R19%1Q cells confirms that these metabolic changes
directly depend on aberrant VEGFR2 signaling. Increasing evidence
demonstrates that various cancers rely on OXPHOS [38]. In some cases,
reliance on OXPHOS arises following targeted therapy and correlates
with high aggressiveness, as it is the case for the blockade of the
BRAF/MEK pathway in melanoma [39]. On these bases, the anti-tumor
effects of various anti-OXPHOS approaches are currently being evalu-
ated. However, preliminary observations indicate that antimycin A ex-
erts a similar inhibitory effect on the proliferation of Sk-Mel-31 cells
regardless if they express mutated or wild-type VEGFR2.

PCR array analysis showed for the first time a direct connection
between VEGFR2 activation and FA metabolism. Indeed, several en-
zymes involved in FA beta-oxidation are overexpressed in Sk-Mel-31-
VEGFR2MO1Q cells, including ACADS, ACAA2, ACAT2 and the
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Fig. 4. Glutamine dependence in melanoma cells expressing VEGFR2R1051Q,

A: Seahorse Mito Fuel Flex Test performed on Sk-Mel-31-VEGFR2"" and Sk-Mel-

31-VEGFR?R1051Q cells. Cells were seeded in Seahorse XFe24 culture plates and incubated in CO- incubator at 37 °C. After 18 h, the medium was replaced with
Agilent Seahorse XF base medium DMEM (pH 7.4) added with 10 mM Glc, 1 mM sodium pyruvate and 2 mM Gln. Cells were incubated for 1 h at 37 °C before
performing Seahorse measurements. OCR was measured over time before and after sequential addition of target inhibitors. Percentage of fuel oxidation [i.e. fuel
(fatty acids, FA; glucose, Glc; glutamine, Gln) dependency and flexibility] was calculated using the Seahorse Report Generator. B: '*C-Gln uptake in Sk-Mel-31-
VEGFR2"T and Sk-Mel-31-VEGFR2R'%%1? cells. C-D: Seahorse measurement of basal OCR and ECAR on Sk-Mel-31-VEGFR2V" and Sk-Mel-31-VEGFR2R%*1€ cells in
the presence (ctrl) (2 mM) or the absence of Gln or Glc. E: cell growth curve of Sk-Mel-31-VEGFR2"! and Sk-Mel-31-VEGFR2R!%51Q cells cultured in low-Gln medium
(0.2 mM), low Glc (1 mM) or left untreated (ctrl) (Gln 2 mM, Glc 11 mM). F-G: cell proliferation of Sk-Mel-31-VEGFR2W" and Sk-Mel-31-VEGFR2R1%51Q cells cultured
in the absence or the presence of increasing doses of 968 or CB-839 glutaminase inhibitors. Data are shown as the mean of three independent experiments + SEM. *,
p < 0.05, **, p < 0.01, Student’s t-test versus Sk-Mel-31-VEGFR2"™" #, p < 0.05, ##, p < 0.01 Student’s t-test versus untreated (ctrl) Sk-Mel-31-VEGFR2R1051C,

carnitine-palmitoyl-transferase-1A and 2(CPT1A/2) which catalyze the
addition of carnitine to activated FA, necessary to shuttle FA into
mitochondria for f-oxidation. FA catabolism may increase in Sk-Mel-31-
VEGFR2R1951Q cells to meet an increased energy demand. Of note, the
overexpression of CPT1A predisposes colon cancer cells to a tumor-
promoting cross talk with adipocytes [40].

Metabolic dependencies on Gln and aspartate are increased in tumor
cells to fuel anabolic processes to support growth [41]. Gln, besides
providing nitrogen for the biosynthesis of nucleotides and amino acids,
sustains the tricarboxylic acid cycle (TCA) and mitochondrial OXPHOS.
In addition, Gln sustains lipids synthesis through the reductive carbox-
ylation of a-ketoglutarate giving rise to anabolic citrate that, in turn,
provides cytosolic acetyl-CoA for fatty acid assembly [42]. In this con-
dition, the citrate shuttle could provide a significant contribution to
NADPH production through malic enzyme, further sustaining the
reductive anabolic pathways required for cancer proliferation. Our data
highlighted that the expression of mutated VEGFR28!%51Q increases the
dependence on Gln to sustain cell respiration, possibly to produce ATP
and to fuel the TCA cycle for biosynthetic purposes. In accordance,
mutated VEGFR2 increases the uptake of Gln. To this regard, a recent

study has described the anti-tumor effects in melanoma of the potent
glutamine uptake inhibitor IMD-0354 further pointing to Gln as an
interesting target in melanoma [43].

Gln also contributes to nucleotide biosynthesis and to the mainte-
nance of redox balance [44]. Accordingly, VEGFR2R1951Q mpdulates the
expression of various enzymes of purine biosynthesis, including GART,
NME1, APRT, AMPD3, ADSS, ADSSL1, ATIC, PFAS and PPAT (Supple-
mentary Table 1). However, the role of activated VEGFR2RI%51Q in
regulating purine and redox metabolism via GIln remains to be
addressed.

Gln addiction is a hallmark of cancer cells, which often display
increased Gln catabolism. We observed an increase in GLS2 and aspar-
tate aminotransferase (GOT1) expression, suggesting that an increased
Gln catabolism occurs in Sk-Mel-31-VEGFR2R!%51Q cells when compared
to control cells. Accordingly, Gln withdrawal from the culture medium
markedly reduces the proliferation of melanoma cells expressing onco-
genic VEGFR2R1051Q_ of note, overexpression of GOTI in AML [45] and
high GOT1/GLUDI ratio in KRAS mutated tumors are associated with
poor prognosis [46]. High GOT1/GLUDI1 ratio couples GIln consumption
to the synthesis of non-essential amino acids to promote biosynthesis

86



E. Grillo et al.

and TCA anaplerosis [46]. We can speculate that Sk-Mel-31--
VEGFR2M951Q cells, in which GLUD1 is downregulated, may use Gln in a
similar way to fuel the TCA for biosynthetic purposes.

The understanding of metabolic reprogramming in cancer is key to
identify druggable metabolic vulnerabilities. Gln addiction is a prom-
ising therapeutic target [47] and CB-839, an inhibitor of the kidney
isoform of glutaminase (GLS1), has been evaluated in clinical trials ([48]
clinicaltrials.gov, ID: NCT02071862). Also, targeting GLS2 with the
pan-GLS 968 inhibitor blocks the growth of luminal subtype breast
cancer [49]. Remarkably, Gln dependence has been shown to be the only
metabolic defect to affect treatment and prognosis of cutaneous mela-
noma [50]. The selective effect of GLS inhibitors on the proliferation of
Sk-Mel-31-VEGFR2M%1Q cells supports the hypothesis that GLS may
represent a therapeutic target alone or in combination with TKi also in
tumors expressing VEGFR28 %1, To our knowledge, this represents the
first experimental evidence about a metabolic vulnerability of tumors
with oncogenic activation of VEGFR2. Additional cellular models as well
as in vivo experiments will help to confirm the translational potency of
our findings.

In summary, here we describe for the first time that aberrant VEGFR2
signaling, consequent to R1051Q mutation, directly induces a reshaping
of cell metabolism by increasing GIn uptake, usage, and dependence of
melanoma cells. This study expands the list of RTKs (and mutations)
which are worth attention in terms of potential predictors of response to
metabolism-targeted therapies and point to GIn metabolism targeting as
a promising strategy to treat tumors with mutated VEGFR2. Recently,
we and others have shown that the R1051Q mutation recurs on similar
residues across analogous RTKs [13,18]. Mutations clustered on corre-
sponding residues across different proteins with similar function have
been suggested to elicit similar biological effects on protein function
[51,52]. On these bases, we anticipate that metabolic changes similar to
those observed in VEGFR2R1%%1Q expressing cells may occur also in tu-
mors harboring analogous RTK mutations, thus representing novel tar-
gets for the development of precision therapeutics in oncology.
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