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Abstract
Abnormal glycolytic metabolism contributes to angiogenic sprouting involved in
atherogenesis. We investigated the potential anti-angiogenic properties of specific 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3) inhibitors in endothelial
cells (ECs).
ECs were treated with PFKFB3 inhibitors (named PA-1 and PA-2) and their effects on
metabolic and functional characteristics of ECs were investigated. The anti-glycolytic
compound  3-(pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO) was used as reference
compound.
PFKFB3 expression and activity (ICs, about 3-21 nM) was inhibited upon treatment with both
compounds. Glucose uptake and lactate export were measured using commercial assays
and showed a partial reduction up to 40%. PFKFB3 inhibition increased intracellular lactate
accumulation, and reduced expression of monocarboxylate transporters-1 (MCT1) and
MCT4. Furthermore, endothelial cell migration and proliferation assays demonstrated
significant reduction upon treatment with both compounds. Matrix- metalloproteinase (MMP)
activity, measured by gelatin zymography, and expression was significantly reduced (up to

25%). In addition, PA compounds downregulated the expression of VCAM-1, VE-cadherin,

VEGFa, VEGFR2, TGF-, and IL-1B, in inflamed ECs. Finally, PA-1 and PA-2 treatment



impaired the formation of angiogenic sprouts measured by both morphogenesis and
spheroid-based angiogenesis assays.

Our data demonstrate that the anti-glycolytic PA compounds may affect several steps
involved in angiogenesis. Targeting the key glycolytic enzyme PFKFB3 might represent an
attractive therapeutic strategy to improve the efficacy of cancer treatments, or to be applied
in other pathologies where angiogenesis is a detrimental factor.
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transporter; MitoC — mitomycin C; MMP — matrix metalloproteinase; NAD — nicotinamide
adenine dinucleotide; OXPHOS - oxidative phosphorylation; PPP — pentose phosphate
pathway; PA — phenoxindazole analogue; PFK-1 — 6-phospho-fructokinase-1; PFKFB3 — 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3; 3PO — 3-(pyridinyl)-1-(4-pyridinyl)-2-
propen-1-one; TGF-f — transforming growth factor beta; TNF-a — tumor necrosis factor
alpha; VE-cadherin — vascular endothelial cadherin; VEGF — vascular endothelial growth
factor; VEGFR2 - vascular endothelial growth factor receptor 2; VCAM — vascular cell
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Chemical compounds studied in this article.
3PO (PubChem CID: 5720233); PA-1 (PubChem CID: 118735790); and PA-2 (PubChem

CID: 118735791).

What is already known: Glycolytic modulation by inhibition of the enzyme PFKFB3 has
been shown to reduce angiogenesis.

What this study adds: Insight into the inhibitory effects of novel and specific PFKFB3
inhibitors on glycolysis, migration, and angiogenesis.

Clinical significance: Significant inhibition of angiogenesis with selective PFKFB3 inhibitors

could be a treatment of uncontrolled angiogenesis, and vasculogenesis.

1. Introduction
Angiogenesis is a highly dynamic and coordinated process consisting of the growth of new
blood vessels from existing vasculature and is triggered by pro-angiogenic factors, such as
vascular endothelial growth factor (VEGF), and an increased metabolism of endothelial cells
(ECs). This is required for the supply of oxygen and nutrients, removal of waste, and immune
surveillance. A balance between angiogenic and angiostatic factors regulates the growth and
regression of new sprouts [1]. In response to injury/oxygen deprivation or pathological
conditions, such as inflammation and tumor growth, ECs rapidly switch from a quiescent to a
highly migratory and proliferative state [2,3] as a result of release of VEGF and matrix
metalloproteinases (MMPs; in particular MMP-2 and MMP-9) [2,4]. Current therapies
targeting VEGF and its receptors are effective and safe, as demonstrated by the clinical use

of bevacizumab as first line treatment in many tumors [5,6]. However, some limitations are



still present due to the development of resistance and/or toxicity [7,8]. Therefore, alternative
anti-angiogenic strategies are needed. New anti-angiogenic approaches focused on the
inhibition of endothelial metabolism and glycolysis [3,9] are emerging as appealing
therapeutic strategies to treat pathological angiogenesis.

ECs have high glycolytic activity that is comparable to that of tumor cells. Out of this process,
85% of the total cellular ATP content is generated [10]. The conversion of fructose-6-
phosphate to fructose-1,6-bisphosphate is one of three rate-limiting steps regulated by 6-
phospho-fructokinase-1  (PFK-1). The  bifunctional enzyme  6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase-3 (PFKFB3) is a direct and powerful activator of PFK-1
[10]. Of all PFKFB isoenzymes, PFKFB3 is most abundantly expressed in ECs [11]. Recent
studies have shown the efficacy of partially reducing glycolysis, via PFKFB3 inhibition, as a
way to impair vessel sprouting and reduce tumor growth [10-13]. Specifically, PFKFB3 was
shown to be important for EC migration, proliferation and to be a powerful angiogenic
regulator [10,13]. Given its key role as a glycolytic activator, pharmacological inhibition of
PFKFB3 represents a promising anti-angiogenic strategy for targeting pathological
angiogenesis, overcoming resistance and insufficient efficacy of classic anti-angiogenic
therapies [13]. Although the anti-glycolytic compound 3-(pyridinyl)-1-(4-pyridinyl)-2-propen-1-
one (3P0O) has shown promising results against angiogenesis, at high concentrations it
compromises vascular barrier integrity [14] and has immunosuppressive functions [15]. In
fact, 3PO facilitates cancer cell intravasation and dissemination thus leading to metastasis
[14]. Furthermore, pharmacological activities of 3PO cannot be uniquely attributed to the
inhibition of PFKFB3 and there are no evidences of binding to the PFKFB3 kinase domain
[16,17]. Therefore, the development of selective inhibitors of PFKFB3, with low general
toxicity, is needed.

Herein we tested the anti-angiogenic potential of two phenoxindazole analogues (PA-1 and
PA-2) self-synthesized based on a previous paper by Boyd [16]. These compounds have a
greater potency in inhibiting PFKFB3, as compared to the most widely studied agents,

namely 3PO [12,13,16,18] and PFK15 [18].



Results presented here demonstrate the ability of these more potent and selective inhibitors
of PFKFB3 to block pathological angiogenesis in basal and inflamed conditions.
Furthermore, we also investigated the possible mechanism(s) of action of these compounds

in angiogenesis.

2. Results

2.1 Novel PFKFB3 inhibitors suppress PFKFB3 and affect lactate metabolism

The impact of pharmacological inhibition of the kinase activity of PFKFB3 on glycolysis levels
were assessed in both an EC line (EHEC) and in primary ECs (HUVEC), widely used for cell
based assays in the field of in vitro angiogenesis research [19]. In our study, key findings
were confirmed by using 3PO as a reference compound. In the first series of experiments,
we performed concentration-response studies to assess the most active nontoxic
concentration of all compounds able to induce functional changes in EC behavior such as
wound healing (Fig. Sla and Si1c). In the following experiments, the PA compounds were
tested at a nontoxic concentration of 20 uM with a viability value of minimum 90 percent.

The effectiveness of PA compounds (Fig. S1b) in suppressing PFKFB3 gene expression and
protein level were then evaluated. Treatment with the PA compounds resulted in a significant
reduction in PEFKFB3 mRNA levels in EHECs (Fig. 1a) that was confirmed by immunoblot
analyses of PFKFB3 protein levels (Fig. 1b). In contrast to these results, 3PO did not show
any inhibitory effect on PFKFB3 transcripts although we observed a slight decrease at a
protein level (Fig. 1a and 1b). These results were confirmed in human umbilical vein
endothelial cells (HUVEC: Fig. 1c and 1d).

An elevated lactate concentration represents a good indicator of the metabolic adaptation of
pathological angiogenesis and is actually correlated to clinical outcome in a variety of human
cancers [20,21]. PFKFB3 regulates high glycolytic activity in ECs. In order to assess the
metabolic effects of these PFKFB3 inhibitors on glycolysis we examined glucose uptake and

lactate transport after PA treatment. Following reduced PFKFB3 expression, PA-1 and PA-2
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treatment markedly reduced the export of lactate (Fig. 1e), without having an impact on the
intracellular levels of NAD+ and NAD+/NADH ratio (Fig. S1d). PA-2 was less effective, and a
similar effect was observed with 3PO (Fig. 1e). Interestingly, we detected also a marked
accumulation of lactate in EHECs upon treatment with both PA compounds, while the well-
established PFKFB3 inhibitor 3PO was less effective (Fig. 1f). PFKFB3 inhibition by PA
treatment also significantly decreased glucose uptake (Fig. 1g) in a dose-dependent manner.
Collectively, these results suggest a potent regulatory effect of these newly synthesized

compounds on glycolysis and lactate transport capacity in ECs.

2.2 PFKFB3 inhibition regulates lactate transport through modulation of MCT1 and
MCT4

The main controllers of lactate fluxes in ECs are the monocarboxylate transporters (MCT) 1
and MCT4. MCT1 is known to be mainly a lactate importer to fuel the Krebs cycle, but can
also act as an exporter, whereas MCT4 is known as a lactate exporter [22,23]. Therefore, we
analyzed whether the observed effects on lactate levels are due to an alteration of the
expression of MCT1 and/or MCT4. Expression analyses suggest that treatment with PA
compounds significantly affected the expression of both MCT1 (Fig. 2a and 2c) and MCT4
(Fig. 2b and 2d) in both EC lines. Analysis of MCT1 and MCT4 protein level was less
conclusive since treatment with PA compounds did not affect MCT1 levels (Fig. 2e and 2f),
while we observed a downregulation of MCT4 protein level (Fig. 2g). These results
collectively, suggest that PA compounds not only inhibit glycolysis by directly inhibiting
PFKFB3 expression, but also substantially potentiated this effect by indirectly regulating

lactate levels by modulating the expression of MCT1 and MCTA4.



2.3 PFKFB3 inhibitors interfere with key steps of inflammatory angiogenesis:
proliferation, migration and protease activity

Endothelial cell proliferation and migration are crucial steps in inflammation-induced
neovascularization. Previous studies already showed that PFKFB3 inhibition or knockdown
suppress EC migration and proliferation [11,13,24,25].

In line with these findings, we confirmed that treatment with the PA compounds is capable of
inhibiting EC proliferation (assessed by counting cell numbers) to a similar level (Fig. 3a)
without affecting cell viability (Fig. S1c). Furthermore, PFKFB3 suppression with PA
compounds impaired EC motility, as it reduced EC migration in a modified Boyden chamber
(Fig. 3b), and directional migration in the absence and presence of the mitomycin C (MitoC:
an inhibitor of cell proliferation) (Fig. 3c).

Notably, ECs treated with PA compounds expressed lower levels of endothelial activation
markers such as vascular cell adhesion molecule 1 (VCAM-1: Fig. 3d and 3e) and vascular
endothelial cadherin (VE-cadherin) (Fig. 3g and 3h). Western blotting confirmed that VE-
cadherin expression was significantly inhibited by PFKFB3 inhibition on a protein level,
although we did not observe any effect on VCAM-1 protein (Fig. 3f and 3i, respectively).
These experiments indicate that endothelial PFKFB3 inhibition represses adhesion
molecules production at a transcriptional level, which may cause an impaired migration. 3PO
behaved ambiguously by reducing VCAM-1 and VE-cadherin expression in EHECs (Fig. 3d
and 3h) but inducing VCAM-1 in HUVECs (Fig. 3e).

Due to the important role that MMPs (MMP-2 and MMP-9) have during angiogenesis [26], we
sought to investigate whether PA compounds are capable of regulating the expression and
activity of MMPs in ECs. As assessed by quantitative RT-PCR, we observed decreased
MMP-2 and MMP-9 mRNA levels upon treatment with PA compounds (Fig. 4a and 4b).
Alongside with these results, gelatin zymography revealed that treatment of ECs with PA
compounds significantly reduced MMP-2 and MMP-9 activity (Fig. 4c-e). 3PO had a similar

effect on the gelatinolytic activity (Fig. 4).



2.4 Novel PFKFB3 inhibitors impair angiogenic sprouting in vitro

Angiogenesis and inflammation are important hallmarks of several pathological situations
[27,28]. Mimicking the scenario occurring in a pro-angiogenic environment, we exposed ECs
to VEGF and FGF2 and examined whether PFKFB3 inhibition with PA compounds may
affect the capacity of ECs to induce the formation of capillary-like structures on matrigel. We
demonstrated that both PA-1 and PA-2 significantly impaired VEGF-induced endothelial
sprouting, as shown by the decreased number and length of master segments together with
a reduced number and surface area of formed meshes in HUVECs (Fig. 5a). Similar effects
were observed in EHECs, although these cell lines appear to be more sensitive to the
treatment with PA compounds (Fig. S2). With use of EC spheroids, the effect of these
PFKFB3 inhibitors was studied on vessel sprouting. As a critical regulator of vessel
outgrowth, PFKFB3 modulation by PA-1 and PA-2 treatment shortened the length of the
neovessels after 24 hours of incubation (Fig. 5b), while the effect of 3PO was less

pronounced.

2.5 PFKFB3 inhibition suppresses angiogenic phenotype of endothelial cells

The endothelial VEGFA/VEGFR?2 axis is the major pathway that regulates angiogenesis [29—
31]. We therefore investigated whether the anti-angiogenic activity of PA compounds is
regulated through this pathway. RT-PCR and western blot analysis revealed that PA-treated
ECs expressed reduced mRNA and protein levels of VEGFR2 (Fig. 6a and 6d, respectively)
and VEGFA (Fig. 6b and 6e).

The cytokine tumor necrosis factor (TNF)-a is a potent mediator of inflammation and
angiogenesis [32,33], as it has been demonstrated to activate VEGFR2 and downstream
signaling transduction molecules such as PI3K and AKT known to regulate EC motility and
angiogenesis [34,35]. Therefore, next, we identified the potential effect that PFKFB3
inhibition might have on the expression of important genes related to glycolysis, migration
and angiogenesis in TNF-stimulated ECs. Similarly, to previous observations, expression

analyses demonstrated that PA compounds inhibited TNF-a-mediated induction of PFKFB3,
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MCT1 and MCT4 in ECs (Fig. 6f). Moreover, VCAM-1 and VE-cadherin expression was
markedly reduced (Fig. 6f). Transforming growth factor beta (TGF-B) have been shown to
promote the expression of VEGF and protect ECs from apoptosis [36,37]. To this end, we
analyzed the expression of TGF- and observed a significant reduction upon PA treatment in
basal and inflammatory conditions (Fig. 6¢ and 6f, respectively). Together with this,
interleukin (IL)-1B expression was significantly inhibited in TNF-a activated ECs (Fig. 6f).

Taken together, these results indicate that PFKFB3 inhibition with PA compounds impairs
angiogenesis in basal and inflamed conditions by affecting the VEGF/VEGFR2 pathway and

interfering with crucial steps such as cell migration and proliferation.

3. Discussion

Since angiogenesis is essential in the pathophysiology of various diseases, such as cancer
[38] and atherosclerosis [39], several anti-angiogenic treatment strategies have emerged and
been applied in the clinic [40]. Traditional VEGF-targeted therapy, such as the monoclonal
antibody bevacizumab, often fails to render sustained responses with minimal increased
survival rate in treatment of several cancers due to the development of drug resistance [40—
43]. This underlines the need for novel anti-angiogenic therapeutic approaches with
fundamentally different mechanisms of action.

A new paradigm for treatment of pathological angiogenesis is by targeting EC metabolism
with an anti-glycolytic therapy through inhibition of the key metabolic enzyme PFKFB3 [44].
Mono- and combination therapy of the PFKFB3 inhibitor 3PO with VEGFR tyrosine kinase
inhibitor SU5416 significantly reduced pathological angiogenesis in models of ocular disease
and inflammatory bowel disease by partly lowering glycolysis (up to 40%) [13]. Through an
indirect inhibition of glycolysis, the metabolism of activated ECs can be normalized to a
guiescent state. This approach has shown no harmful consequences at a systemic level, as

opposed to direct and maximal inhibition of glycolysis (e.g. with 2-deoxyglucose) which



elicited cell death [45,46]. Hence, a moderate inhibition of glycolysis promises to be an
appropriate therapeutic strategy for aberrant angiogenesis.

As observed by others [16], we also confirmed that 3PO does not bind to PFKFB3 and does
not show any activity in a PFKFB3 kinase assay (IC50 > 100 uM) [47]. This, together with the
immunosuppressive effects of 3PO [15], suggests unidentified off-target effects of 3PO.
Therefore, we selected two highly specific and potent PFKFB3 inhibitors, with validated
PFKFB3 kinase binding activity [16] and studied their anti-angiogenic potential in ECs. PA-1
(ICs0 = 4 nM) and PA-2 (ICs, = 3 nM) show potent inhibitory activity in a PFKFB3 kinase
assay [16]. The PA compounds are very effective in inhibiting PFKFB3 activity and their 1Cx
is much lower than other known PFKFB3 inhibitors, such as PFK158 which has an ICsy of
137 nM [48].

ECs rely on glycolysis, both in resting and activated state, rather than oxidative
phosphorylation. As compared to macrophages, fibroblasts, cardiomyocytes and other
vascular cell types, ECs have a much higher level of glycolysis (85%) to generate energy.
PFKFB3, the most abundant isoenzyme in ECs, has a critical role in EC glycolysis.
Knockdown of PFKFB3 in ECs results in a decrease of glycolysis up to 40% [10].

We first reported that pharmacological blockade of PFKFB3 with PA analogues reduced
PFKFB3 levels. Consequently, glucose uptake and glycolysis were reduced up to 40%, while
the accumulation of intracellular lactate was enhanced. ECs cells co-express the lactate
transporters MCT1 (importer) and MCT4 (exporter) that can passively and bidirectionally
transport several monocarboxylate metabolites, such as lactate, pyruvate, D-(-
hydroxybutyrate and acetoacetate across the plasma membrane. Interestingly, it has been
demonstrated that MCT4 predominates over MCT1 for lactate export in highly glycolytic cells
[23,49]. Overexpression of MCTs has been associated with enhanced cell proliferation,
migration, invasion and angiogenesis and therefore they have been considered as promising
targets for cancer therapy [23]. We observed that glycolysis inhibition via PFKFB3 leads to
the accumulation of intracellular lactate, without causing intracellular acidification (data not

shown). Consistent with this, Noble et al. provided compelling evidence that the
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accumulation of intracellular lactate can further reduce the glycolytic rate via negative
feedback inhibition of the glycolytic enzyme phosphofructokinase-1 (PFK-1) [50]. This
enzyme is regulated by PFKFB3 and several metabolic products including ATP, H+, and
lactate [51,52]. Altogether, it is likely that the reduced glycolysis we observed in our study is
also sustained by a reduced expression of MCT1 and/or MCT4 that leads to an accumulation
of cytosolic lactate, as suggested also in other studies [53,54]. Further research is needed to
understand how lactate fluxes are regulated and if lactate metabolism interplays with other
essential vascular and inflammatory cells in pathological angiogenesis.

Endothelial cells show a preference for glycolytic energy production, that may prepare for
rapid sprouting and migration. In line with previous reports showing that PFKFB3 drives EC
proliferation and migration [10,11], we demonstrated that PFKFB3 inhibition with selective
inhibitors impaired angiogenic sprouting in ECs by reducing EC proliferation, migration, and
gelatinolytic activity. Alongside with this, the expression of EC adhesion molecules was
lowered. Hence, by rendering ECs to be less adhesive, PFKFB3 inhibition in these cells
hampers the development of sprouts [55,56].

Endothelial PFKFB3 also has an essential role in pathological conditions, as TNF-a, VEGF
stimulation, and hypoxia exposure highly induce PFKFB3 expression [10,51,57]. Moreover,
cytokines and growth factors are able to stimulate classical angiogenic signaling pathways,
such as the VEGF/VEGFR2 pathway [29,58]. To this end, we have studied whether PFKFB3
inhibition with PA compounds could interfere with the VEGF/VEGFR2 signaling pathway in
basal and inflammatory conditions. To mimic the vascular microenvironment in a pro-
inflammatory setting, we activated ECs with TNF-a. Our findings imply that PA treatment
impairs essential drivers of pathological angiogenesis including proliferation, migration, and
VEGFA/VEGFR?2 signaling.

Whether PFKFB3 inhibition could induce a switch in ECs to aerobic metabolism, i.e.
oxidative phosphorylation (OXPHOS), has not been studied yet. However, studies do
indicate a shift in tumor cells from glycolysis toward the NADPH-producing pentose

phosphate pathway (PPP) upon S-glutathionylation and demethylation of PFKFB3 that is
11



induced by high levels of reactive oxygen species [59,60]. Also, 3PO was shown to induce
PPP flux [13] which promotes the angiogenic progression [61,62]. Nicotinamide adenine
dinucleotide (NAD+)/reduced NAD+ (NADH) redox couple are important regulators of cellular
metabolism including glycolysis and mitochondrial OXPHOS. Limiting levels of NAD+
together with DNA damage can drop glycolysis low enough to cause cell death, even in free
access of glucose [63—-65]. Remarkably, loss of NAD+ homeostasis has been linked to
pathological conditions such as cardiovascular diseases, metabolic syndrome, and cancer
[66—68]. However, a recent study demonstrated that elevating NADH levels does not affect
angiogenic sprouting nor does it induce vessel formation in PFKFB3-silenced ECs [10]. Our
analysis of intracellular NAD+ levels indicated that endothelial PFKFB3 inhibition by PA
treatment maintained the NAD+/NADH ratio, necessary for cell viability and to maintain
physiological processes.

The development of anti-angiogenic agents is still an ongoing task. Standard PFKFB3
inhibitors, like 3PO and PFK15, have been the focus of several studies showing their
therapeutic effects. However, these compounds are poorly specific or may lead to cell death.
They are usually described to be active in the micromolar range, thereby necessitating
maximum doses in preclinical models [14,69]. PA-1 and PA-2 were disclosed by
AstraZeneca [16] and described to selectively inhibit lactate production by lung cancer cells.
Big advantages of these PA compounds are their higher specificity and their ability to inhibit
PFKFB3 activity and expression thus reducing glycolysis upstream of pyruvate formation.
Also advantageous is their effect on endothelial phenotype through the inhibition of other
glycolytic targets such as MCTs, together with adhesion and angiogenic molecules. For first
time, we revealed that exposure of ECs to PFKFB3 inhibition regulates MMP-2 and MMP-9
activity (and expression). Overall, this suggests multiple and overlapping mechanisms of
influence on angiogenesis by PA treatment.

PFKFB3 is highly expressed in atherosclerotic plaques [70]. One of the PA compounds has
been used as PET tracer in animal models of atherosclerosis. The fluorinated form of PA-1
showed to be highly stable in the blood circulation and to target PFKFB3 in plaques located
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in mouse aorta and brachiocephalic arteries [71]. Altogether, the potential of PA-1 as a
specific PFKFB3-targeted PET tracer has been successfully demonstrated for the detection
of atherosclerotic plagques [71]. Future in vivo evaluation of these compounds will provide
insights into their therapeutic activity and whether they qualify for clinical evaluation.

Inflammation and angiogenesis are important hallmarks of several diseases including
atherosclerosis, pulmonary hypertension, and cancer [72-74]. Since the effect of PFKFB3
inhibition is not limited to endothelial cells, monocytes/macrophages, smooth muscle cells
and T cells are most likely also affected [75-77]. Attenuation of an increased glycolysis in
many of these cell types is an effective strategy to slow their proliferation [15,76,78], and in
turn reduce tumor growth when applied to cancer models [15,18] or affect mechanisms of
vascular remodeling [76]. This study provides insight into the anti-angiogenic and anti-
inflammatory properties of PA compounds in endothelial cells, revealing a potential
therapeutic application of these highly selective PFKFB3 inhibitors to treat aberrant

angiogenesis and vasculogenesis.

4. Materials and Methods
4.1 Cell Culture

The human endothelial EA.hy926 cell (EHEC) line (ATCC CRL-2922) was cultured in
high glucose Dulbecco’s modified Eagle’s medium (DMEM; EuroClone) supplemented with
10% Fetal Bovine Serum (FBS), 2mM L-Glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 2% HAT supplement (Sigma Aldrich) [79,80]. Primary human umbilical
vein endothelial cells (HUVECs) were purchased from Lonza and grown in endothelial
growth medium (EBM™; Lonza) supplemented with (EGM™ SingleQuots™, Lonza), 10%
FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin and were used

between passage 3-6.
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4.2 Compounds

The PFKFBS3 inhibitor 3PO was purchased from Merck Millipore. The other two
PFKFB3 inhibitors, called phenoxindazole analogue 1 (PA-1) and analogue 2 (PA-2) were
described previously [16] and self-synthetized by us. The formal hames of the compounds
are listed below. All compounds were dissolved in dimethylsulphoxide (DMSO). EHECs were

treated with 20 uM 3PO, PA-1 and PA-2, while HUVECs were treated with 20 uM 3PO, 5 uM

PA-1 and 20 uM PA-2 for 24 hours. 20 uM of PA-1 was cytotoxic in HUVECS.

3PO 3-(3-pyridinyl)-1-(4-pyridinyl)-2E-propen-1-one

PA-1 (2S)-N-(4-{[3-cyano-1-(2-methylpropyl)-1H-indazol-5-yl]Joxy}phenyl)
pyrrolidine-2-carboxamide

PA-2 (2S)-N-[4-({3-cyano-1-[(dimethyl-1,2-0xazol-4-yl)methyl]-1H-indazol-5-

yl}oxy)phenyl] pyrrolidine-2-carboxamide

4.3 Viability assay: LDH

Cell viability was measured by using the CyQUANT LDH Cytotoxicity assay
(Invitrogen). EHECs were seeded in 96-well plates at an equal density and treated at
different concentrations of compounds for 24 hours. Following the manufacturer's

instructions, absorbance of the cellular supernatant was measured at 490 and 680 nm.

4.4 Lactate measurements

The levels of secreted lactate in EHECs were measured using the Glycolysis Cell-
Based Assay Kit (Cayman Chemical), and the intracellular lactate concentration were
measured with the L-Lactate Assay Kit (Cayman Chemical), following the manufacturer’s
protocol. Data were normalized to the protein concentration as quantified with the Pierce

BCA Protein assay kit (Thermo Fisher Scientific).
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4.5 NAD+ and NADH determination

Intracellular NAD+ and NADH levels were measured using the NAD/NADH assay kit
(Abcam; ab65348) according the manufacturer's protocol. Briefly, compound-treated
endothelial cells were harvested by scraping. Cells were washed with cold PBS, and after
centrifugation the pellet was used to extract total NAD/NADH. To detect NADH, samples
were then decomposed by heating at 60°C for 30 minutes and quickly cooling samples on
ice. Absorbance was measured at 450nM using a microplate reader to calculate the

concentration of NAD+ and NADH, and subsequently the NAD+/NADH ratio.

4.6 Glucose uptake

Glucose uptake was determined using the Glucose Uptake Cell-Based Assay Kit
(Cayman Chemical) following the manufacturer’s instructions. Briefly, EHECs were plated in
complete medium in 96-well plates. Cells were then washed with PBS and treated with
compounds for 24 hours in glucose-free medium (DMEM (GIBCO) supplemented with 10%
FBS, 1mM sodium pyruvate, 100 U/mL penicillin, and 100 pg/mL streptomycin; EuroClone),
followed by 2-Deoxyglucose (100ug/mL) incubation for 1 hour. Apigenin (50uM) and insulin
(100nM) were used as positive controls. After treatment, supernatant was removed and 100
ul of cell-based assay buffer was added to each well. 2-Deoxyglucose taken up by cells was
quantified with fluorescence filters at excitation and emission wavelengths of 485 nm and

535 nm, respectively.

4.7 Cell proliferation

EHECs were seeded in 35mm dishes in triplicate at an equal density. Next day, the
medium was replaced with DMEM containing 0.4% FBS to starve and synchronize the cells.
After 48 hours of starvation, ECs were treated with or without 20 uM 3PO, PA-1 or PA-2 in
culture medium for 24 hours. Cell numbers were counted using a counter analyzer (Beckman

Coulter, Life Scientific), and compared to time-point zero.
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4.8 In vitro directional migration (wound healing assay)

EHECs were seeded in a 12-well plate and grown to confluence. To evaluate the
responses in absence of proliferation, cells were pretreated with mitomycin C (1 pg/mL:
Sigma) for 24 hours. Monolayers were treated with or without the compounds in culture
medium for 24 hours. Immediately after addition of the treatments, a scratch was made on
the cell monolayer with a 200-uL pipet tip through the middle of the well. After the wounding,
images of the wounded area were captured of three to four random fields at Oh and 24h
using an inverted microscope (Axiovert 200; Carl Zeiss, 20x objective lens) equipped with a
digital camera. Quantification of the wound area was performed using ImageJ. All

experiments were performed in triplicate and repeated two to three times.

4.9 Chemotaxis

EHEC chemotaxis was assayed using a modified microchemotaxis Boyden chamber.
Polycarbonate filters (pore size: 8 puM; Transwell; Corning) were coated with 10 pg/mL
fibronectin (Sigma). Cells were starved for 24 hours in DMEM containing 0.4% FBS and
seeded at 10° cells/mL in the upper compartments together with the compounds. In the lower
compartment, wells were filled with medium with the chemoattractant, serum. Endothelial
cells were allowed to migrate toward 10% FCS for 18h at 37°C and 5% CO,. Migrated cells
were fixed and stained with the Diff-Quik staining set (Medion Diagnostics). Pictures were
taken from at least three random fields for each experimental group with an inverted
microscope (Axiovert 200; Carl Zeiss, 20x objective lens) equipped with a digital camera.
Chemotaxis was quantified by counting the number of stained cells that migrated to the lower

side of the filter. Stained cells without visible nucleus were excluded from the study.

4.10 Gelatin gel zymography
The effect of compounds on gelatinolytic activity was measured as previously

described [81]. Briefly, EHECs were seeded in 48-well plates and treated with or without
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3PO, PA-1 and PA-2 in culture medium without serum for 24 hours. Then, conditioned
medium was collected, and cell monolayers processed for evaluating cell protein content or
MRNA extraction. Aliquots of conditioned medium (30uL per lane) were run at 4°C on 7.5%
polyacrylamide gels containing 10% SDS and 1 mg/mL gelatin (Sigma-Aldrich) under non-
reducing conditions and without boiling. After electrophoresis, the proteins were renatured by
washing the SDS away in 2 washes with Triton X-100 (2.5%) at room temperature.
Hereafter, the gels were incubated overnight at 37°C in developing buffer (50 mM Tris-HCI,
pH 7.5 containing 10 mM CacCl,, 150 mM NaCl, and 1uM ZnCl,) to activate the gelatinases.
Gels were subsequently stained with a solution of Coomassie brilliant blue (0.1% Coomassie
R250 in 25% methanol, 7% acetic acid; Sigma-Aldrich) for 2 hours with gentle agitation,
followed by destaining (25% methanol, 7% acetic acid) until areas of gelatinolytic activity
appeared as transparent bands against a blue background. Finally, the gels were scanned
using Chemidoc MP Imaging System (Biorad) and quantified by densitometric analyses
using ImageJ software (National Institutes of Health). Values obtained were normalized to
protein content, using the Pierce BCA Protein assay kit (Thermo Fisher Scientific), and

expressed as a percentage of control.

4.11 Western blotting

Endothelial cells were treated with 3PO, PA-1 and PA-2 in culture medium for 24
hours. After an hour incubation, human TNF-a (10 ng/mL; Sigma, T0157) was added to
induce inflammation. For the preparation of total cell lysates, cells were washed in cold PBS
and lysed in ice-cold buffer composed of 50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 0.5%
Nonidet (NP-40), and protease inhibitors. Molecular mass marker (Sharpmass VI Prestained
Protein Marker, Euroclone S.p.A) and proteins were separated through 4-12% SDS-PAGE
gel. Proteins were then transferred on to a nitrocellulose membrane and blocked with buffer
containing 5% milk in 0.05% TBS-Tween. Membranes were probed with antibodies specific
for PFKFB3 (1:1000, Abcam, ab96699), VE-cadherin (1:1000, Cell Signaling, 2158S),
VEGFR2 (1:1000, Thermo Fisher Scientific, PA5-16487), MCT1 (Abcam ab85021, 1:1000),
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MCT4 (Proteintech 22787-1-AP, 1:1000), VCAM-1 (ab134047, 1:1000) and B-actin (1:1000,
Sigma, A2228) overnight at 4 °C. Next day, membranes were then incubated with goat anti-
mouse 680RD and goat anti-rabbit 800CW IRDye secondary antibodies (1:10000, LI-COR
Biosciences) for 1 hour at room temperature. Immunoreactive bands were detected by
acquiring images with Odyssey® (LI-COR Biosciences). Densitometric readings were

evaluated using the Image Studio Software.

4.12 RNA isolation and real-time RT-PCR

Endothelial cells were treated for 24 hours with or without 3PO, PA-1 or PA-2 in
culture medium. To induce inflammation, after an hour incubation with the treatment the cells
were stimulated with human TNF-a (10 ng/mL; Sigma, T0157). Total RNA was isolated using
the Direct-zol™ RNA MiniPrep Pus kit (Zymo Research) and cDNA was generated by
reverse transcription with the iScript gDNA Clear cDNA Synthesis Kit (Biorad), following the
manufacturer’s instructions. Real-time PCR was performed using iTaq™ Universal
SYBR® Green supermix (Biorad) with gene-specific forward and reverse primers in an ABI
PRISM 7000 Sequence detection system (Applied Biosystems). Relative gene expression

2-AACT

was converted using the method against the internal control large ribosomal

phosphoprotein PO. The primer sequences are listed in Table 1.
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Target gene Forward primer (5’ > 3’) Reverse primer (5’ > 3’)
RPLPO TCG ACA ATG GCA GCATCT AC ATC CGT CTC CAC AGA CAA GG
PFKFB3 GAT GCC CTT CAG GAA AGC CT GAA CAC TTT TGT GGG GAC GC
MCT1 CAC CGT ACA GCA ACT ATACG CAATGG TCG CCT CTT GTA GA
MCT4 GAG TTT GGG ATC GGC TAC AG CGG TTC ACG CAC ACA CTG
MMP-2 TCT GTG TTG TCC AGA GGC AA GCC TAA CAT CAT CAC TAG GCC A
MMP-9 GTA CTC GAC CTG TAC CAG CG AGA AGC CCC ACT TCT TGT CG
IL-1B ATG CAC CTG TAC GAT CAC TG ACA AGG ACATGG AGA ACA CC
TGF-p CAG CAACAATTC CTG GCG ATA AAG GCG AAAGCCCTC AATTT
VEGFA ACG AAA GCG CAA GAAATC CC GGA GGC TCCAGG GCATTAG
VEGFR2 ATG CAT CCT TGC AGG ACC AA GGTTTC CTG TGATCG TGG GT
VCAM GGA CCA CAT CTA CGC TGA CAA GAC TGT GAT CGG CTT CCC AG
VECADHERIN ACC AGG ACGCTTTCACCATT GGC TCA TGT ATC GGA GGT CG

Table 1. List of real-time PCR primer sequences

4.13 In vitro tube formation

The effects of 3PO, PA-1 and PA-2 on endothelial cell ability to form capillary-like
structures on basement membrane matrix was assessed in vitro, using the morphogenesis
assay. EHECs and HUVECs were grown till 80% confluency in complete culture medium and
serum starved overnight. Using pre-cooled tips and 96-well plates, 75 pL/well of liquid
matrigel (GFR Membrane Matrix; Corning #356230) was distributed and allowed to solidify at
37°C for at least 30 minutes. Endothelial cells were cultured on the matrigel at a density of
1.5-2 x 10° in DMEM/EBM2 medium containing 100 ng/mL VEGF and 100 ng/mL FGF2
alone or with 3PO or PA-1 or PA-2 each. Pictures were captured after six hours for HUVECs,
and 24 hours for EHECs using a Zeiss Microscope equipped with a Nikon camera (Axio
Observer Al, Zeiss, Germany), and quantified using ImagedJ software and the “Angiogenesis

Analyzer” tool.
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4.14 Spheroid-based sprouting angiogenesis

Endothelial spheroids were prepared as described [82]. Briefly, HUVECs were
suspended in growth medium containing 20% methocel (Sigma-Aldrich) and cultured as
hanging drops (approximately 400 cells/spheroid) for 24 hours to form spheroids. Next,
spheroids were resuspended in methocel containing 20% FBS and transferred to collagen
type | gels (Rat tail, Type I, Invitrogen) with a final concentration of 2.5 mg/ml and basal
culture medium supplemented with VEGF-A and FGF (final concentration 25 ng/ml;
Peprotech). After 24 hours, spheroids were fixed with 4% of paraformaldehyde.
Image analysis was done by quantifying the lengths of all sprouts of at least 8 spheroids per

condition that were measured by using a Fiji software as previously described [82].

4.15 Flow cytometry

HUVECs were treated with the three compounds, 3PO, PA-1 and PA-2 in culture
EBM-medium for 24 hours. Where after cells were detached, and cells were fixed, and
permeabilized with CytoFix/Cytoperm kit (BD Biosciences) accordingly to manufacturer. Cells
were washed and stained with PE-conjugated VEGFa (IC2931P, R&D Systems) for 30
minutes at 4°C. Fluorescence intensity was measured using a BD FACSCanto Il flow
cytometer. Experiments were performed on HUVECs activated with TNF-a (10ng/mL). Flow
data were analyzed with FlowJo (Treestar Inc.). VEGFa-positive cells were quantified by the

mean fluorescence intensity (MFI).

4.16 Data and statistical analysis
The presented data were derived from at least three independent experiments and
are expressed as mean + SEM. Statistical significance was estimated with Student's t test for

unpaired observations or ANOVA followed by the Bonferroni test when appropriate.
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Differences with values of P<0.05 were considered statistically significant. Statistical analysis

and graphical presentations were performed using GraphPad Prism 2016.
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Fig. 1 PA compounds reduce PFKFB3 expression and glycolysis in endothelial cells. (a, b)

Treatment with PA-1 and PA-2 reduced the mRNA and protein expression of PFKFB3 in

EHECs and in (c, d) HUVECSs. (e) Partial reduction of glycolysis (measured by extracellular

lactate production) by 3PO, PA-1 and PA-2 in EHECSs. (f) Simultaneously, intracellular lactate
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concentration was elevated (n=3). (g) Glucose uptake using 2-NBDG dye was inhibited after
PA treatment. Treatment EHEC: 20uM 3PO, PA-1 and PA-2. Treatment HUVEC: 20uM 3PO
and PA-2, 5uM PA-1. All experiments were performed at least three times. Data are

presented as mean = SEM, * P < 0.05, ** P < 0.01, ** P < 0.001.
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Fig. 2 Endothelial PFKFB3 inhibition reduce MCT1 and MCT4 expression. (a) RT-PCR
results show reduced expression of MCT1 and (b) MCT4 in EHECs as well as in (c, d)
HUVECs by PA-1 and PA-2. Western blot analysis of MCT1 showing no change of MCT1
protein levels in (e) EHECs and (f) HUVECs in presence of PA compounds. (g) MCT4
protein levels was reduced after PA-1 and PA-2 treatment. Treatment EHEC: 20uM 3PO,
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PA-1 and PA-2. Treatment HUVEC: 20uM 3PO and PA-2, 5uM PA-1. All experiments were
performed at least three times. Data are presented as mean £ SEM, * P < 0.05, * P < 0.01,

*** P <0.001.
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Fig. 3 PFKFB3 inhibition by PA-1 and PA-2 impairs endothelial cell proliferation and

migration. (a) PFKFB3 inhibition with PA-1 and PA-2 reduced EC proliferation. (b) Modified
Boyden chamber migration assay showing that PFKFB3 inhibition by the PA compounds
reduced endothelial migration. Representative phase-contrast images of migrated ECs upon
eosin & tiazine staining (scale bar: 20 um). (¢) Quantification of EC migration in scratch
wound assay showing reduced migration upon treatment with PA-1 and PA-2 in absence and
presence of MitoC. Representative images of MitoC-treated EC migration in scratch wound
assays showing reduced migration upon PFKFB3 inhibition by PA-1 and PA-2 (scale bar:
200 um). PA-1 and PA-2 reduced mRNA expression of migration-related gene: VCAM-1 in
(d) EHECs and (e) HUVECs. (f) At a protein level, no change was observed in VCAM-1
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levels in HUVECs. Gene expression of VE-cadherin treated with PA compounds in (g)
EHECs and (h) HUVECs. (i) Western blot analysis showed reduction of VE-cadherin in
EHECs upon PA treatment. Treatment EHEC: 20uM 3PO, PA-1 and PA-2. Treatment
HUVEC: 20uM 3PO and PA-2, 5uM PA-1. All experiments were performed at least three

times. Data are represented as mean + SEM, * P < 0.05, ** P < 0.01, *** P < 0.001, ### P <

0.001
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Fig. 4 PFKFB3 inhibition with PA-1 and PA-2 reduce gelatinolytic expression and activity in
endothelial cells. (a, b) gRT-PCR results showing reduction of MMP-2 and MMP-9 mRNA
levels in EHECs treated with PA-1 and PA-2. (c, d) Gelatin zymography analysis of
conditioned medium from EHECs showing reduction of MMP-2 and proMMP-9 activity upon
treatment with PA compounds. (e) Representative zymograms of the inhibitory effect of PA

compounds on gelatinolytic activity. Treatment EHEC: 20uM 3PO, PA-1 and PA-2. All
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experiments were performed at least three times. Data are presented as mean = SEM, * P <

0.05, * P <0.01, *** P < 0.001.
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Fig. 5 PFKFB3 inhibition with PA compounds suppress capillary-like structure formation and
vessel sprouting in vitro. (a) Morphometric analysis revealing reduced effect of PA-1 and PA-
2 on the total length of master segments, number of master segments, number of meshes,
and mesh area in HUVECs. Representative images showing suppressing effects of PA-1 and
PA-2 on in vitro sprouting by HUVECSs (scale bar: 200 pm), SFM = serum free medium, i.e.
negative control. (b) Morphometric quantification show that PA compounds reduced total
aortic sprout length (scale bar: 200 um). Treatment HUVEC: 20uM 3PO and PA-2, 5uM PA-

1. All experiments were performed at least three times. Data are presented as mean + SEM,

*P <0.05, * P<0.01, ** P <0.001.
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Fig. 6 Endothelial PFKFB3 inhibition with PA compounds act on the VEGFA/VEGFR2 axis in
basal and inflammatory conditions. gRT-PCR analysis revealing downregulation of
angiogenic genes (a) VEGFR2, (b) VEGFA and (c) TGF-g expression in EHECs treated with
PA-1 and PA-2. (d) Relative protein expression of VEGFR2 in EHECs showing reduction
upon treatment with PA-1 and PA-2. (e) By flow cytometry, a marked reduction of
intracellular VEGFA production was observed in HUVECs treated with PA-1. Representative
histograms show reduced VEGFA—positive ECs by PA-1 (orange) as compared to control
(grey). No change was observed in HUVECs treated with PA-2 (green). (f) Heatmap
indicating fold changes in expression levels of genes related to glycolysis, migration, and
angiogenesis upon treatment with PA-1 and PA-1 together with TNF-a in EHECs (left) and
HUVEC (right). Green color represents downregulation of mRNA levels. Treatment EHEC:
20uM 3PO, PA-1 and PA-2. Treatment HUVEC: 20uM 3PO and PA-2, 5uM PA-1. All
experiments were performed at least three times. Data are represented as mean + SEM, * P
<0.05,* P <0.01, * P <0.001
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Fig. S1 (a) Dose-range effects of PA-1 and PA-2 on endothelial wound closure. A
concentration of 20 pM PA-1 and PA-2 impaired wound healing function of EHECs. (b)
Chemical structures of PFKFB3 inhibitors: PA-1 and PA-2. (c) Dose-range effects of 3PO,
PA-1 and PA-2 on endothelial cell viability using LDH cytotoxicity assay. Cytotoxicity was
measured on the supernatant of compound-treated EHECs. (d) NAD+ concentration and
NAD+/NADH ratio were unchanged upon treatment with PA compounds. Treatment EHEC:
20uM 3PO, PA-1 and PA-2. Data are presented as mean = SEM. All experiments were

performed at least three times. * P < 0.05, *** P < 0.001

Fig. S2 PFKFB3 inhibition with PA compounds suppress formation of in vitro capillary-like
structures by endothelial cells. (a) Quantification of morphometric analysis of in vitro
angiogenesis assay showing reduction of several parameters upon treatment with PA-1 and
PA-2 in EHECs. (b) Representative images showing suppressing effects of PA-1 and PA-2
on in vitro sprouting by EHECs (scale bar: 200 um). Treatment EHEC: 20uM PA-1 and PA-2.
All experiments were performed at least three times. Data are presented as mean £ SEM, ***

P <0.001
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