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metabolically
demanding process, requiring the

ell division is a

production of large amounts of energy
and biomass. Not surprisingly therefore,
a cell’s decision to initiate division is co-
determined by its metabolic status and
the availability of nutrients. Emerging
evidence reveals that metabolism is not
only undergoing substantial changes dur-
ing the cell cycle, but it is becoming
equally clear that metabolism regulates
cell cycle progression. Here, we overview
the emerging role of those metabolic
pathways that have been best character-
ized to change during or influence cell
cycle progression. We then studied how
Notch signaling, a key angiogenic path-
way that inhibits endothelial cell (EC)
proliferation, controls EC metabolism
(glycolysis) during the cell cycle.

Introduction

Cell proliferation is an energetically
demanding process that requires the gen-
eration of large amounts of new proteins,
lipids and nucleic acids. Not surprisingly
therefore, a cell’s decision to enter the cell
cycle and to undergo duplication repre-
sents a formidable commitment that can
only be successful when sufficient
nutrients are available." Several non-pro-
liferating cells secure their metabolic needs
by preferentially using mitochondrial oxi-
dative phosphorylation (OXPHOS).” In
contrast, proliferating cells often have
high rates of glycolysis and produce abun-
dant glycolytic intermediates for the bio-
synthesis of macromolecules in the
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pentose phosphate and serine biosynthesis
pathway.” In addition to utilizing "aerobic
glycolysis”, proliferating cells also use glu-
tamine as fuel for the synthesis of biomass.

Cell division in mammals occurs in
distinct phases: the G; and G, phase
when cells grow and synthesize new bio-
mass, the S phase during which DNA is
replicated, and the M phase when cells
undergo mitosis, followed by cytokinesis.
Cells can also exit the cell cycle by becom-
ing quiescent and enter the G, phase. For
cell division to proceed, the different met-
abolic pathways must be temporally coor-
dinated so that sufficient energy and
nutrients are available for biomass synthe-
sis.* This explains the bidirectional cross-
talk between the cell cycle and cellular
metabolism.

Metabolic control of the cell cycle

Regulation of cell proliferation by
metabolism evolved in part to cope with
nutritional deprivation, explaining why
mechanisms arose to reduce cell growth
and arrest cell cycle progression in condi-
tions of starvation.” A key regulatory step
carly in the G; phase of the cell cycle is
the growth factor-dependent restriction
point, when cells commit to mitosis in the
presence of growth factors or conversely,
in the absence of growth signals, exit the
cell cycle and enter the Gy phase.® During
mid-to-late G, a nutrient-sensitive cell
growth checkpoint controls progression to
S phase, and enables the cell to complete
cell division, but only when sufficient
nutrients are available.®” Indeed, the cell
must prepare for division in G; by synthe-
needed for

sising  macromolecules,
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biomass duplication. Mitotically commit-
ted cells thus transiently upregulate the
glycolytic activator 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase 3
(PFKFB3) at the nutrient-sensitive check-
point (Fig. 1A), and blocking glycolysis or
reducing glucose availability impairs the
passage through this restriction point.>’
Glutamine breakdown is also essential for
progression to  S-phase but unlike
PFKFB3, it is also needed for the progres-
sion from the S to G,-M phase, which is
reflected by the high activity of glutamin-
asel (GLSI1), a rate-limiting enzyme of
glutaminolysis, in these phases of the cell
cycle (Fig. 1A).'° Whether this relates to
the use of glutamine for the production of
biomass, redox homeostasis and/or energy
requires further study.'' Furthermore,
there is increasing insight in the role of
mitochondria in cell cycle progression.

Recent evidence suggests that mitochon-
drial dynamics and morphology are coor-
dinated with cell cycle progression.
Indeed, at G,/S, mitochondria fuse with
each other to form an interconnected net-
work, while they become fragmented at
G,/M.'2 Mitochondrial fission enables
distribution of functional mitochondria
and mitochondrial genome (mtDNA),
which encodes subunits of complex I, I1I,
IV and V for OXPHOS, between mother
and daughter cells."*™ In addition,
mitophagy eliminates damaged mitochon-
dria after fission.'? Also, daughter cells
that receive fewer old mitochondria main-
tain stem cell traits.””

Lipids play an indispensable role in pro-
cesses like cell differentiation or organ mor-
phogenesis, and are intimately associated
with cell cycle progression. Apart from
being a component of cell membranes,

lipids are also mediators of signaling path-
ways, e.g. by affecting membrane proteins
or muldprotein complex assembly. Several
studies pointed to the fluctuations of differ-
ent classes of lipids during cell cycle pro-
gression. For instance, in macrophages, the
G; phase is characterized by rapid phos-
pholipid turnover, but during G,/M, phos-
pholipid metabolism ceases.'® In line with
these findings, the regulation of the lipi-
dome is tightly synchronized with the cell
cycle.'” Silencing of lipid biosynthetic
enzymes (including sphyngomyelin phos-
podiesterase 4, galactosylceramidase, diac-
ylglycerol O-acyltransferase 2) leads to cell
division defects and cytoskeletal changes in
interphase cells.'” Moreover, inhibition of
cholesterol biosynthesis results in cell cycle
In addition, the lipid
bilayers of the nuclear envelope and the
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Figure 1. Crosstalk between cell cycle regulators and cellular metabolism. (A) Transitions between phases of the cell cycle (G1, S, G2 and M) are orches-
trated by cell cycle activators and inhibitors. In particular, the transition from G1 to the S-phase is of high importance for the regulation of proliferation
and is controlled by cyclins (cyclinD), cyclin-dependent kinase (CDK) complexes, E2F family of transcription factors and the retinoblastoma protein (pRB)
family members and E3 ubiquitin ligases (see panels B and C). At late G1, a nutrient-sensitive cell growth checkpoint (labeled as R) controls progression
to S phase, and enables the cell to complete cell division, but only when sufficient nutrients are available. The glycolytic activator 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) is transiently upregulated at this checkpoint (symbolized by higher intensity red color). Similarly, glutami-
nolysis is also critical for G1-to-S transition and in addition is also important for S to G2-M progression (symbolized by higher intensity blue color reflect-
ing glutaminase1 (GLS1) activity). Furthermore, anaphase-promoting complex (APC/C) (purple) and Skp1/Cullin/F-box (SCF) (green) control the activities
of PFKFB3 and GLS1 during the different stages of the cell cycle. (B) In response to mitogens, signaling pathway kinases convey proliferative signals to
activate expression of cyclins. Enzymatically active complexes of cyclins and CDKs sequentially phosphorylate pRB family members. Binding of non-phos-
phorylated pRb to E2F prevents the transition from G1 to S-phase, induces cell quiescence and represses expression of genes involved in mitochondria
biogenesis and function. However, phosphorylation of pRB releases its binding from E2F and thus inhibitory function and allows entry into S-phase. Acti-
vation of E2F not only leads to transcription of genes involved in cell cycle progression (e.g., cyclin E) but also enzymes involved in glucose metabolism
(PFKFB). (C) Further crosstalk from the cell cycle back to metabolism is exemplified by the observation that APC/C, which is active during the M and G,
phase (indicated in the cell cycle scheme in panel A by a purple inner line) promotes the proteasomal degradation of PFKFB3 and glutaminase 1 (GLS1),
while the ubiquitin ligase SCF, active during G; and S phase (indicated in the cell cycle scheme in panel A by a green inner line), targets only PFKFB3.
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mechanical properties depending on the
stage of cell cycle, presumably to adapt to
the mechanical stress during cell division.'”

Many genetic changes that promote
cancer involve a dysregulation of cell cyle
progression at G1/S. However, the meta-
bolic regulating  progression
through the G; restriction points in healthy
cell types remain poorly defined. In the

next sections, we provide an overview of

changes

the crosstalk between molecular regulators
of the cell cycle and cell metabolism, and
vice versa. We also explored whether Notch,
a critical regulator of endothelial cell (EC)
growth and vessel sprouting,19 controls cell
cycle progression by influencing metabo-
lism (glycolysis) in ECs. ECs lining the
lumen of blood vessels are a prototypical
example of a cell type, able to switch plasti-
cally back and forward between quiescence
and proliferation, but a regulation of cell
cycle progression by metabolism in ECs
remains unknown. Rather than attempting
to provide an exhaustive survey of all avail-
able literature, we will explain principles by
illustrating examples.

Cell cycle regulators control cellular
metabolism

Adequate transition from the G; to S
phase is crucial for the control of cell pro-
liferation. Cyclins, cyclin-dependent kin-
ases (CDKs), E2F family of transcription
factors (E2F1-6) and the retinoblastoma
protein (pRB) family members (including
pRB, p130, pl07) are key regulators of
cell cycle progression. In early Gy, family
members of pRB bind to and inactivate
the E2F family of transcription factors. By
upregulating the expression of cyclins
(cyclin D, cyclin E), mitogenic signals
(e.g., growth factors) promote the assem-
bly of enzymatically active complexes of
cyclins and cyclin-dependent  kinases
(CDK) such as cyclin D/CDK4/CDK6
and cyclin E/CDK2, which sequentially
phosphorylate pRB family members and
thereby favor dissociation of the pRB/E2F
complex. Hyperphosphorylated pRB fam-
ily members no longer bind to E2F, allow-
ing E2F-mediated transcription of genes
that are required for S-phase progression
and DNA synthesis.”>' Recent publica-
tions have shed light on the involvement
of the CDK/pRB/E2F pathway in the reg-
ulation and orchestration of the metabolic
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changes cell
progression.

Notably, specific E2Fs can function

cycle

occurring  during

cither as activators or repressors of tran-
scription, thus cell cycle regulators can
have a dual role in modulation of meta-
bolic function. Many proliferating cells
induce glycolytic rates. These proliferat-
ing cells have increased active E2F lev-
els, and an E2F-binding site has been
identified in the promoter of a 6-phos-
phofructo-2-kinase/fructose-2,6-bisphos-

(PFKFB) isoenzyme,”**  an
activator  of glycolysis. A genome-wide
study revealed that the pRB/E2F complex
downregulates the expression of genes,
involved in mitochondrial biogenesis and
function and that loss of E2F4 releases the
repressive state of these genes (e.g., genes

phatase

encoding different subunits for cyto-
chrome ¢ or ferredoxin reductase).>*?> In
addition, the pRB/E2F1 complex has
been shown to suppress oxidative metabo-
lism and E2F1 deficient mice exhibit an
oxidative phenotype.”® In addition, the
expression of genes involved in mitochon-
drial function is increased in adipose spe-
cific pRB knock-out mice, implying that
pRB  represses mitochondrial activity
(Fig. 1B).”” E2F1 also blunts glucose oxi-
dation by suppressing the conversion of
pyruvate to acetyl-CoA via upregulating
the expression of pyruvate dehydrogenase
kinase (PDK4), an enzyme that controls
the activity of pyruvate dehydrogenase
(PDH).?® In line with this observation,
loss of E2F1 decreases expression of
PDK4 and enhances glucose oxidation.*®
Cyclin and CDK enzymes have been
also implicated in the regulation of cell
metabolism. Indeed, D-type cyclins, which
are induced as soon as the cell enters Gy,
regulate the metabolic machinery. How-
ever, their effect on cell metabolism remains
in part enigmatic and contextual. In cancer
cells, overexpression of cyclin D1 downre-
gulates the expression of hexokinase II
(HKII), a rate-limiting glycolytic enzyme,
and reduces mitochondrial activity, while
silencing of cyclin D1 causes opposite
effects,” together suggesting that cyclin D1
inhibits glycolysis. This activity of cyclin
D1 seems counterintuitive with respect to
its role in cell proliferation and the increased
glycolytic rate in proliferating cells. How-
ever, this study only determined the
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expression of glycolytic genes, without mea-
suring glycolytic flux. On the other hand,
in malignant tumors, HKII binds to the
voltage-dependent anion channel (VDAC),
the most abundant outer mitochondrial
membrane (OMM) protein, which medi-
ates the trafficking of metabolites across the
OMM.>*?? This interaction allows direct
access by HKII to ATP generated by mito-
chondrial ATP synthase, thereby accelerat-
ing phosphorylation of glucose and
subsequent funneling of glucose-6-phos-
phate along the glycolytic pathway; in
agreement, pharmacological disruption of
the HKII-VDAC interaction inhibits gly-
colysis.’®?®  Of note, cyclin D1 was
reported to compete with HKII for binding
to VDAG,” which could negatively affect
glycolysis. However, as none of the above
cyclin D1 studies directly measured glyco-
lytic flux, the precise effect of cyclin D1 on
glycolysis in cancer cells remains unknown.
Also, the HKII interaction with VDAC has
only been documented in cancer cells to
date.’** Whether and how cyclin D1 regu-
lates glycolysis in non-malignant cells and
has context-dependent  effects
remains unresolved to date.

similar

Ubiquitin ligases regulate metabolism
during the cell cycle

Regulation of cellular metabolism by
the cell cycle also occurs at another level.
Indeed, the ubiquitin proteasome pathway
regulates the levels of various metabolic
enzymes during cell cycle progression.
Two E3 ubiquitin complexes, anaphase-
promoting complex/cyclosome (APC/C)
and Skpl/Cullin/F-box (SCF), control
ubiquitin-dependent proteasomal degra-
dation of cyclins and key metabolic
enzymes in order to coordinate cell cycle
progression with metabolic needs for cell
proliferation. APC/C is active during the
G; and M phase, while SCF shows activity
during mitosis, G; and S phase
(Fig. 1A).>* Several studies demonstrated
that the ubiquitin proteasome pathway
regulates the supply of metabolic sub-
strates during cell cycle progression. For
instance, the APC/C“"" complex pro-
motes degradation of key enzymes of gly-
colysis (PFKFB3) and glutaminolysis
(glutaminase 1; GLS1), while the
SCFPT™" complex targets PFKFB3 for
degradation&10 (Fig. 1C). Late in Gy, a
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decrease in APC/C“™ activity results in a
surge of PFKFB3 and GLS1; this elevates
glycolysis and glutaminolysis, which pro-
vide carbons and nitrogen for the synthesis
of building blocks required for cell divi-
sion.”'®  Furthermore, by degrading
PFKFB3, SCEPT™" decreases glycolysis
during the S phase. These divergent post-
translational regulations of PFKFB3 and
GLSI point to a different role for glucose
and glutamine at distinct stages in the cell
cycle.

Signaling by metabolic enzymes
controls cell cycle progression

Several metabolic enzymes regulate cell
cycle progression through a metabolism-
independent activity. We will illustrate
this with some examples. For instance, the
muscle-specific pyruvate kinase isoenzyme
PKM has both metabolic and metabo-
lism-independent activity. PKM regulates
the final step of glycolysis by catalyzing
the transfer of a phosphate group from
phosphoenolpyruvate (PEP) to ADP to
produce pyruvate and ATP. The alterna-
tively spliced isoform PKMI1 is expressed
in cells with a high ATP demand, while
PKM2 is detected in proliferating cells
and cancer cells.’>*® Unlike PKMI,
which exists in an active tetrameric form,
PKM2 can be expressed cither as an active
tetramer or as a dimer with low affinity
for PEP. In its highly active tetrameric
conformation, PKM2 drives high yield
ATP synthesis, whereas in its less active
dimeric conformation, PKM2 constitutes
a metabolic bottleneck, allowing build-up
of glycolytic intermediates, which become
redirected toward biosynthesis, fueling for
instance the pentose phosphate pathway
(PPP) for DNA synthesis.36 Moreover, in
tumor cells, a decrease in PKM2 activity
results in the accumulation of upstream
glycolytic intermediates, which generate
reducing potential for ROS scavenging in
the PPP.>” However, selective loss of
PKM2 in fibroblasts, resulting in an upre-
gulation of PKMI, decreases de novo
nucleotide biosynthesis and inhibits cell
cycle progression.*®

PKM2 has
metabolism-independent  cellular func-
tions (Fig. 2A, B). For instance, upon

been also involved in

mitogenic and oncogenic stimulation (for

instance by EGFR activation), PKM2, but
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not PKMI, translocates to the nucleus,”
where it acts as a protein kinase to phos-
phorylate histone H3 at H3-T11. This
leads to the release of histone deacetylase 3
(HDACS3) from regulatory DNA sequen-
ces and subsequent histone H3-K9 acety-
lation.*® PKM2-dependent histone H3
modifications are essential for the induc-
tion of cyclin D1 expression. These find-
ings thus reveal a role for PKM2 in the
epigenetic regulation of the transcription
of genes, important for Gj-to-S transi-
tion** (Fig. 2A). Nuclear PKM2 also
interacts with c-Src-phosphorylated B-cat-
enin and enhances the transactivation
activity of -catenin. The interaction
between PKM2 and (-catenin is required
for this complex to interact with transcrip-
tion factor 4 (TCF4) and to bind to B-cat-
enin target genes like CCND1 (encoding
cyclin D1) and MYC*' (Fig. 2B). PKM2
also phosphorylates and activates ERK1/2,
which is crucial for cell proliferation.*?
Another glycolytic enzyme, PFKFB3,
promotes cell proliferation, in part by
stimulating  glycolytic ATP production,
but also by modulating the expression of
cell cycle regulators. Indeed, overexpres-
sion of PFKFB3 upregulates the expres-
sion of cyclin D3 and CDKI, while
downregulating the expression of the cell
cycle inhibitor p27.** These changes
enable cells to overcome rate-limiting steps
in cell division, such as the G/S restric-
tion point. Fructose-2,6-biphosphate (Fru-
2,6-BP), a product of PFKFB3, is not
only a potent allosteric activator of phos-
phofructokinase-1 (a rate limiting enzyme
of glycolysis), but also promotes phos-
phorylation of p27 by allosteric activation
of the kinase CDK1, likely leading to its
ubiquitination and subsequent proteaso-
mal degradation (Fig. 20). 534
Glyceraldehyde-3-phosphate  dehydro-
genase (GAPDH) converts glyceraldehyde
3-phosphate to 1,3-bisphosphoglycerate.
In addition to its role in glycolysis and
production of NADH (used for ATP pro-
duction by OXPHOS), GAPDH also has
dual (even opposite) non-metabolic func-
tions. Indeed, on the one hand, it induces
cell death,“®*" but on the other hand,
GAPDH also induces cyclin B/CDKI
activity™ and accelerates cell cycle progres-
sion, possibly by regulating G,/M transi-

4849 Thys,

tion. through multifaceted

Cell Cycle

metabolic and metabolism-independent

signaling activities, various metabolic

enzymes regulate cell cycle progression.

Endothelial cell metabolism

ECs are plastic cell types, which can
rapidly switch from protracted periods of
quiescence to intense proliferation during
angiogenesis.”® Until recently, very little
was known about the role and importance
of metabolic pathways in ECs during ves-
sel sprouting. Recent studies showed that
ECs are glycolysis addicted, producing
85% of their total amount of ATP via this
pathway.”’ Reliance on anaerobic over
aerobic metabolism enables ECs to form
new vascular sprouts in avascular areas,
devoid of oxygen, which would preclude
OXPHOS. In a nascent vascular sprout,
a navigating migratory #ip cell leads the
sprout, while trailing proliferating stalk
cells elongate the sprout.”® Hyperglycoly-
sis was shown to render ECs more com-
petitive to reach the tip position in the
vascular sprout, but glycolysis is also nec-
essary for stalk cell proliferation.”’ Target-
ing the glycolytic activator PFKFB3
reduces glycolysis and suppresses patho-
logical angiogenesis in ischemic and
inflamed tissues.>*

Unexpectedly, ECs do not rely on fatty
acid oxidation for the production of ATP
or redox homeostasis, but use fatty acids
as a carbon source for the synthesis of
DNA during cell replication, unlike mul-
tiple other cell types.”® Additional meta-
bolic pathways, including the pentose
phosphate pathway, amino acid metabo-
lism and others have been poorly studied
in EC:s in relation to (pathological) angio-
genesis.”>*® A relationship  between
metabolism and the cell cycle in ECs has
not been studied act all.

Endothelial cell plasticity: regulation
by Notch

In a newly emerging angiogenic sprout,
a migratory zip cell leads trailing prolifer-
ating stalk cells that elongate the sprout. >
After having formed new perfused vessels,
ECs become contact-inhibited and resume
quiescence again. A critical regulator of
angiogenesis is Notch,?” a transmembrane
receptor that is proteolytically cleaved into
a transcriptionally active Notch intracellu-
lar domain (NICD) upon activation by its

Volume 14 Issue 21



PKM2

A ) B C
|
cytoplasm ) EGFR cytoplasm e EGFR cytoplasm
¥ e ’
PKM2
@ PFKFB3
nucleus y nucleus

nucleus J

PFKFB3
—

Cdk1 b
o ;‘Ub‘b"
&)

G1/S !

Figure 2. Signaling of metabolic enzymes controls cell cycle progression. (A) Scheme depicting direct interaction of PKM2 and histone H3. Upon activa-
tion of epidermal growth factor receptor (EGFR), PKM2 translocates to the nucleus. PKM2 directly interacts with histone H3 and subsequently can phos-
phorylate it (P) at H3-T11, which leads to histone deacetylase 3 (HDAC3) removal from the promoter region of a.o. CCND1 (encoding cyclin D1
expression), histone H3-K9 acetylation (ac) and cyclin D1/Myc transcription. Expression of these genes is critical for G1/S phase transition. (B) Scheme
depicting regulation of gene expression by PKM2 mediated B-catenin transactivation. Upon EGFR activation, PKM2 translocate to the nucleus, where it
binds to c-Src-mediated phosphorylated B-catenin. Phosphorylated (P) B-catenin binds PKM2, and this interaction allows the protein complex to interact
with transcription factor 4 (TCF4), and to bind to the promoter of target genes (CCND1, MYC) resulting in the dissociation of HDAC3 and activation of
gene transcription. (C) Proposed scheme of PFKFB3 mediated effects on cell cycle regulators. PFKFB3 (splice variant 5) can localize to the nucleus, where
its product, Fru-2,6-BP, activates cyclin-dependent kinase-1 (CDK1). CDK1-mediated phosphorylation (P) of p27, would then lead to p-p27 ubiquitination
and subsequent degradation by the proteasome. These changes lead to acceleration of cell cycle progression at G;/S.

ligand DII4.>8 During vessel branching,
Notch signaling in response to DIl4 con-
trols the specification of EC subtypes into
stalk cells,””® but it is also a negative reg-
ulator of EC proliferation, explaining why
inhibition of DIl4-Notch causes EC over-
growth.®"*? The mechanisms via which
Notch controls EC proliferation are
incompletely understood, but involves
binding of NICD with recombination sig-
nal binding protein for immunoglobulin
kappa j region (Rbpj) and recruitment of
a transcriptional complex to activate tran-
scription of downstream targets including
Hairy/enhancer of splic (Hes) and Hes-
related with YRPW motif protein (Hey)
family genes.®> Nuclear NICD levels are
controlled by proteasomal degradation,

www.tandfonline.com

mediated by the E3 ubiquitin ligase F
box- and WD repeat domain-containing
7 (FBW7).%% Recent studies revealed that
Notch signaling regulates the metabolism
of several cell types,®> but how Notch con-
trols glycolysis in ECs during cell cycle
progression remained unknown.

Notch: a cell cycle/metabolic brake for
G1-to-S transition

We previously demonstrated that gly-
colysis produces 85% of all ATP in ECs,
and that loss of PFKFB3 reduced EC pro-
liferation.”’ We also documented that
Notch signaling reduced PFKFB3 levels
and glycolytic flux.”' We therefore
explored in this study how Notch signal-
ing, glycolysis and the cell cycle were

Cell Cycle

interrelated to each other, using ECs syn-
chronized in Go/G by contact inhibition.
FACS analysis using Hoechst33342 and
PyroninY showed that quiescent ECs
entered the S phase around 18 hours after
replating (Fig. 3A; gray bars). Interest-
ingly, shortly prior to G;-to-S transition,
around 16 hours, glycolytic flux started to
rise (Fig. 3B; gray bars). Thus, the time
point in the cell cycle, when glycolysis
increased and after which cells entered S
phase, reflected
restriction point. Plotting the time course

the nutrient-sensitive

of both the glycolytic and cell cycle
changes together illustrated that the meta-
bolic changes occurred at the same time or
even slightly preceded — but never
occurred later than — the time when ECs
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Figure 3. Notch is a metabolic brake for G; cell cycling in ECs and overexpression of PFKFB3 overcomes the Notch-mediated metabolic brake. For all pan-
els, Go-synchronized ECs (obtained by contact inhibition) were replated and analyzed at the indicated time points. (A) Time course FACS analysis using
Hoechst33342 and PyroninY in control (gray) and Dll4-treated ECs (red). Around 18 hours after reseeding, control cells entered S phase. By contrast,
fewer Dll4-treated cells entered S phase (average of >10 experiments, each with triplicate measurements; data are mean + SEM). ** P < 0.01, *** P <
0.001 versus control at the corresponding time point; ### P < 0.001 vs. corresponding baseline (14 hours). Statistics: mixed model statistics considering
experiment as co-variant. (B) Time course analysis of glycolytic flux. Around 16 hours after reseeding and beyond, glycolytic flux was increased in control
cells but only minimally in Dll4-treated cells (average of 5 experiments, each with triplicate measurements; data are mean =+ SEM). * P < 0.05, ** P < 0.01,
*** P < 0,001 versus control at the corresponding time point; ### P < 0.001 vs. corresponding baseline (14 hrs); Statistics: mixed model statistics consider-
ing experiment as co-variant. (C) Kinetic comparison of metabolic and cell cycle changes after replating of the Go-synchronized cells. Plotting the control
data shown in panel A and B together illustrates that the metabolic change (full line) shows an increase preceding (16 hrs, arrow) that of the cell cycle
change (dashed line) (average of 5 experiments, each with triplicate measurements; data are mean £ SEM). ### P < 0.001 versus corresponding baseline
(14 hrs); Statistics: mixed model statistics considering experiment as co-variant. (D) Representative immunoblot of PFKFB3 for control and PFKFB3°E cells.
B-actin is used as loading control. (E) Glycolytic flux, showing enhanced glycolysis upon PFKFB3 overexpression (PFKFB3°F) in control conditions (without
DIl4). DII4 lowers glycolysis, but PFKFB3°F enhances glycolysis again in Dll4-activated cells. (F) [>H]-thymidine incorporation in DNA, showing that
PFKFB3°E increases EC proliferation. Dll4 reduces EC proliferation, but PFKFB3°F increases again the proliferation of Dll4-activated ECs. Data in E and F
are mean =+ SEM of n = 4 independent experiments, each performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001 by mixed model statistics consider-
ing experiment as co-variant.
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entered the S-phase (Fig. 3C, arrow).
Overall, Notch activation impeded the
passage through the nutrient-sensitive
restriction point.

Since Notch signaling reduces EC pro-
liferation,*® we explored whether Notch-
signaling affected the progression of G,
into S phase in ECs, and therefore
replated Go-synchronized ECs and stimu-
lated them with DIl4. FACS analysis of
the cell cycle showed that control cells
started to enter S phase from 18 hours
onwards, while exposure to DIl4 largely
attenuated / delayed G-to-S transition,
reducing the number of cells in S/G,/M
phase (Fig. 3A). DII4 also largely attenu-
ated the glycolytic surge at 16 hours and
beyond (Fig. 3B).

Overexpression of PFKFB3 overcomes
the Notch-mediated metabolic brake

To further explore the functional
importance of PFKFB3, we assessed
whether  overexpression of PFKFB3
(PFKFB3°Y) could overcome the block of
cell cycle progression by DIl4. We there-
fore transduced ECs with a lentiviral vec-
tor expressing PFKFB3, which increased
levels of PFKFB3 protein (Fig. 3D) and
the rate of glycolysis (Fig. 3E). The
increased levels of glycolysis were accom-
panied by an increased proliferation rate,
as measured by incorporation of *H-thy-
midine into DNA (Fig. 3F). Consistent
with our previous ﬁndings,51 DIl4 lowered
glycolysis, but PFKFB3°F increased the
reduced glycolysis levels of DIl4-activated
ECs to levels found in control cells
(Fig. 3E). DIl4 reduced EC proliferation,
but PFKFB3° increased the reduced pro-
liferation rate of DIl4-activated ECs to
levels nearly similar as in control cells,
thus partially overcoming the suppression
of cell cycle progression by DII4 (Fig. 3F).

Discussion

In this study, we show that Notch sig-
naling in ECs suppresses progression
through the cell cycle and concurrently sup-
presses glycolysis at the nutrient-sensitive
restriction point in the cell cycle. Already in
the early 70s, Pardee discovered that nutri-
ent availability was required for cells to

progress beyond the nutrient-sensitive
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restriction point.” However, the molecular
regulation of the nutrient-sensitive check-
point remains incompletely characterized.
Our data show that Notch controls cell
cycle progression in ECs by regulating the
nutrient-sensitive restriction point. Indeed,
DIl4 impaired the entry into S phase, and
largely abolished the upregulation of glycol-
ysis at the G;-to-S transidon. Thus, by pre-
venting glycolysis to rise at the nutrient-
sensitive restriction point, Notch signaling
provides a “metabolic brake” that impedes
passage into S phase. Hence, this signaling
pathway participates in fine-tuning the
crosstalk between the nutritional status and
EC cycling.

Accumulating evidence reveals that alter-
ations in metabolism are not only necessary,
but in certain cases also sufficient for cell
growth, and that the same signaling path-
ways that coordinate cell cycle progression
control and are controlled by changes in cel-
lular metabolism.”” Given the importance
of the nutrient-sensitive checkpoint, it is
plausible that metabolism must be tightly
coordinated with cell cycle changes and that
entry into S phase requires an adapted meta-
bolic rewiring. Indeed, we previously
showed that inhibidon of PFKFB3
impaired EC sprouting induced by Notch-
blockade,! arguing for a critical role of the
metabolic changes induced by DIl4 in the
control of EC cycling. Noteworthy in this
respect, Notch signaling suppresses tran-
scription of metabolic genes through bind-
ing of the repressor baiiy,Gg suggesting that
Notch could regulate rewiring of metabo-
lism, in parallel to its activity on modulating
the transcription of cell cycle regulatory
molecules.*”” We now provide additional
functional evidence for a causal role of
PFKFB3 in driving the EC cycle by demon-
strating that overexpression of PFKFB3
(nearly) completely overcame the Notch-
induced suppression of proliferation and
glycolysis. Together, our findings that
Notch-signaling suffices to impair cell cycle
progression in ECs suggest an important
role of Notch, through regulation of glycol-
ysis, in the temporal control of the cell cycle.

Experimental methods

Chemicals and reagents
Recombinant human DIl4 extracellu-
lar domain was from R&D Systems

Cell Cycle

(Minneapolis, USA); Endothelial Cell
Growth Supplements (ECGS), Heparin,
Pyronin Y, and Dimethyl sulfoxide
(DMSO), were from Sigma-Aldrich
(Bornem, Belgium); Hoechst33342, L-
Glutamine and Penicillin/Streptomycin
were Life Technologies (Life Technolo-
gies, Ghent,
labeled tracers were from Perkin Elmer
(Zaventem, Belgium).

Belgium). Radioactively

Cell culture and treatment: primary cells

Human umbilical vein ECs (HUVEC)
were freshly isolated from different donors
as previously described”" (with approval of
the Medical ethical commission of KU
Leuven/University hospital Leuven, and
informed consent obtained from all sub-
jects) and used between passage 1 and 5.
HUVECs were cultured either in M199
medium (1 mg/ml D-glucose) supple-
mented with 20% fetal bovine serum (FBS)
(Biochrome, Berlin, Germany), 2 mM L-
Glutamine, 30 mg/L ECGS, 10 units/mL
heparin and Penicillin/ Streptomycin (Life
Technologies, Ghent, Belgium), or in
endothelial basal medium (EBM-2) supple-
mented with endothelial growth medium
SingleQuots (Clonetics, Lonza, Braine-
I'Alleud, Belgium or PromoCell, Heidel-
berg, Germany). NOTCH PATHWAY MODULA-
710N: To activate the Notch pathway, cells
were grown for 24 hrs on plates coated for
24 hrs at 4°C with recombinant DIl4 extra-
cellular domain at a final concentration of
1 wg/mL as previously described, using
BSA coated plates as control.”* ECs were
seeded at 150,000/ml/cm? unless otherwise
specified.””> To reach contact inhibition,
early passage cells were cultured in M199
medium supplemented with 20% FBS and
growth factors for at least 7 days, when
approximately 70% of the cell population
had reached G cell cycle arrest as verified
by flow cytometry (see below). Medium
was replaced every second day. LENTIVIRAL
TrRANSDUCTIONS: For PFKFB3 overexpres-
sion, huPFKFB3 was cloned from an
ORIGENE plasmid (sc117283) with Xhol
and Xbal into pRRLsinPPT CMV/
MCSMMWpre viral vector (gift from Max
Mazzone, VIB - KU Leuven, Belgium).

Immunoblot analysis
Protein extraction and immunoblot
analysis were performed using a modified
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Laemmli sample buffer (125 mM Tris-
HCI, pH 6.8 buffer containing 2% SDS
and 20% glycerol)74 in the presence of
protease and phosphatase inhibitors
(Roche, Vilvoorde, Belgium). Lysates
were separated by SDS-PAGE under
reducing conditions, transferred to a
nitrocellulose or PVDF membrane, and
analyzed by immunoblotting. Primary
antibodies used were rabbit anti-PFKFB3
(60241-1  Proteintech, = Manchester,
United Kingdom) and rabbit anti-Bactin
(13E5; No. 4970; Cell Signaling Technol-
ogy, Bioké, Leiden, the Netherlands).
Appropriate secondary antibodies were
from Dako (Enschede, the Netherlands).
Signal was detected using the ECL system
(Amersham Biosciences, GE Healthcare,
Diegem, Belgium) according to the man-
ufacturer’s instructions.

Flow cytometry

CEeLL cycLE ANALYSIS: The Gy and G
phase of cell cycle was separated by use of
Pyronin Y, which preferentially binds to
RNA, and Hoechst 33342, which binds
to A-T base pairs (DNA). Cells in Gy
were identified as a 2N DNA population
with their RNA content lower than the
level in S phase, as described.? Briefly, cells
were collected by trypsinization, fixed (4%
paraformaldehyde (PFA)) and stained for
3 hrs with 20 pg/mL Hoechst 33342 fol-
lowed by 1 hr staining with 0.1 mg/ml
Pyronin Y. Pyronin Y was excited with a
488nm Argon laser and emission was
recorded at 575 nm, while Hoechst
33342 was excited with a 405nm Violet
Diode laser and emission was recorded at
450 nm. Flow cytometry was performed
on a FACS CANTOII (BD Biosciences,
Erembodegem, Belgium) and data were
analyzed with FlowJo software (TreeStar
Inc., Olten, Switzerland).’

Metabolism assays

Grycorysis: Cells were incubated for 2
hrs prior to the experimental time point
in growth medium containing 80 mCi/
[5—3H]—D—glucose. Thereafter,
supernatant was transferred into glass vials
sealed with rubber stoppers. H,O was
captured in hanging wells containing a

mmol

Whatman paper soaked with H,O over a
period of 48 hrs at 37°C to reach
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saturation. Radioactivity was determined
in the paper by liquid scintillation
counting,.

In vitro assays

PROLIFERATION was quantified by incu-
bating cells for 2 hrs with 1 pCi/mL
[3H]—thymidine. Thereafter, cells were
fixed with 100% ethanol for 15 min at
4°C, precipitated with 10% trichloroace-
tic acid and lysed with 0.1 N NaOH. The
amount of [’H]-thymidine incorporated
into DNA was measured by scintillation
counting.

Statistics

Data represent mean + SEM of repre-
sentative experiments unless otherwise
stated. For in wvitro experiments with
freshly isolated HUVECGCs, every experi-
ment was performed at least 3 times using
different donors. Statistical significance
between groups was calculated by standard
t-test (Prism v4.0b) or using mixed model
statistics with experiment as random fac-
tor to correct for variation between umbil-
ical donors (SAS statistical software
version 9.3), as indicated. P < 0.05 was
considered as statistically significant.
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