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Abstract
Angiogenesis, the main mechanism that allows vascular expansion for tissue regen-
eration or disease progression, is often triggered by an imbalance between oxygen 
consumption and demand. Here, by analyzing changes in the transcriptomic profile of 
endothelial cells (ECs) under hypoxia we uncovered that the repression of cell cycle 
entry and DNA replication stand as central responses in the early adaptation of ECs 
to low oxygen tension. Accordingly, hypoxia imposed a restriction in S-phase in ECs 
that is mediated by Hypoxia-Inducible Factors. Our results indicate that the induction 
of angiogenesis by hypoxia in Embryoid Bodies generated from murine Stem Cells 
is accomplished by the compensation of decreased S-phase entry in mature ECs and 
differentiation of progenitor cells. This conditioning most likely allows an optimum 
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1 |  INTRODUCTION

Complex organisms depend on oxidative metabolism to meet 
their energy requirements and therefore are strictly depen-
dent on a constant oxygen supply. This explains why they are 
endowed with a molecular machinery specialized in sensing 
oxygen levels (Prolyl Hydroxylase Domain, PHDs) and cop-
ing with alterations in oxygen homeostasis. At the core of this 
machinery are the Hypoxia-Inducible Factors (HIFs), a family 
of heterodimeric transcription factors composed of alpha and 
beta subunits.1 The stability and transcriptional activity of the 
HIFα subunit is regulated by oxygen levels, whereas the HIFβ 
subunit (Ah Receptor Nuclear Translocator, ARNT) remains 
unchanged. Of the three genes encoding for HIFα subunits, 
HIF1A and EPAS1 (also known as HIF2A)2-4 are the best-char-
acterized members of the family. The proteins encoded by 
these genes share a common mechanism of regulation by hy-
poxia that involves the control of stability and transactivation 
activity through oxygen-dependent hydroxylation of specific 
residues.5,6 However, these genes differ in their pattern of ex-
pression. While the HIF1A gene is ubiquitously expressed, 
EPAS1 expression is restricted to specific tissues and cell types, 
being particularly abundant in ECs.2,3,5 In addition, these fac-
tors regulate partially overlapping sets of target genes.7,8

Correlation between hypoxia (defined as an imbalance 
between oxygen supply and demand) and disease highlights 
the importance of oxygen homeostasis.9 The HIF pathway 
is activated in a wide variety of pathological situations, in-
cluding highly prevalent diseases such as cancer and cardio-
respiratory diseases.1,10,11 Thus, understanding how hypoxia 
regulates gene expression could open up new avenues for the 
clinical management of these diseases.

HIFs orchestrate a set of responses aimed to restore oxy-
gen homeostasis by reducing metabolic oxygen consumption 
and increasing its delivery to hypoxic tissues. This latter ef-
fect is mediated by the induction of angiogenesis, which is 
the main mechanism for the formation of new vessels from 
pre-existing ones and a prototypical adaptive response to hy-
poxia. Deciphering the mechanisms involved in the induction 
of angiogenesis by hypoxia has been the subject of intensive 
research over the last decade,12-15 but central aspects still 
remain to be understood. In particular, knowledge of the 
mechanisms controlling EC proliferation is scarce despite 

its relevance for the formation of a fully functional vascular 
plexus. A proper control of EC division is paramount for the 
development of morphologically and functionally optimum 
vessels and excessive or scarce proliferation result in delete-
rious consequences. In this regard, excessive EC proliferation 
as a result of notch inhibition gives rise to increased micro-
vascular density but defective perfusion in tumors16 and mice 
lacking Flt1 die of vascular overgrowth,17 as a consequence 
of increased availability of VEGFA to bind to VEGFR2.18 
More recently, it has been demonstrated that an abnormally 
high mitogenic signal induced by the endothelial deletion 
of PTEN,19 VEGFR2 gain-of-function or Notch loss-of-
function20 results in defective angiogenesis. Therefore, the 
mechanisms that ensure restriction of EC proliferation are 
fundamental; and a deep understanding of the pathways 
that fine-tune EC proliferation during the remodeling of the 
vasculature could be relevant for a successful therapeutic 
suppression or stimulation of angiogenesis in pathological 
contexts.

ECs are endowed with oxygen sensors (PHDs) and HIFs 
that allow them to mount adaptive responses to restore tissue 
oxygenation. Although seemingly counterintuitive, it is now 
widely accepted that ECs sense and respond to hypoxia by 
the activation of otherwise quiescent ECs (also called phalanx 
cells) to initiate a complex cascade of events that allows vessel 
growth.13,21,22 Moreover, the autonomous response to hypoxia 
that occurs in Drosophila tracheal cells is a key step in tra-
cheal sprouting,22,23 suggesting that the activation of the HIF 
pathway within the luminal cells of oxygen-delivering struc-
tures may be an evolutionarily conserved process required for 
their sprouting toward hypoxic regions. New vessel formation 
requires the tight coordination of proliferation, differentia-
tion, and migration. How hypoxia controls EC proliferation is 
poorly understood and constitutes the central aim of this study.

A transcriptomic study in Human Umbilical Vein 
Endothelial Cells (HUVEC) exposed to hypoxia allowed us 
to identify an early anti-proliferative gene expression signa-
ture. We functionally validated that hypoxia engages ECs in 
a slow proliferation mode, reducing the percentage of cells 
in the S-phase of the cell cycle. We demonstrated that HIF 
factors, and most prevalently EPAS1, are responsible for the 
decreased S-phase entry and proliferation rate of ECs under 
hypoxic conditions. This biological response required an 

remodeling of the vascular network. Identification of the molecular underpinnings of 
cell cycle arrest by hypoxia would be relevant for the design of improved strategies 
aimed to suppress angiogenesis in pathological contexts where hypoxia is a driver of 
neovascularization.
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intact basic-Helix-Loop-Helix domain and therefore, HIF 
transcriptional activity. We further extended these results to 
a comprehensive in vitro model of angiogenesis based on the 
differentiation of Embryoid Bodies (EBs) generated from 
mouse Embryonic Stem Cells (mESCs). Our results showed 
that the induction of angiogenesis by hypoxia in the EB model 
is concomitant with a decreased S-phase entry in mature ECs 
that was balanced by the differentiation of progenitor cells.

2 |  MATERIALS AND METHODS

2.1 | Cell culture and embryoid bodies

HUVEC from pools of donors were purchased from Lonza 
(Lonza, C2519A), grown in Endothelial Medium Bullet Kit 
(EGM-2, Lonza, CC-3162) and used from passage 5-7 for ex-
periments. For viral production, HEK 293T was maintained 
in Dulbecco’s modified Eagle’s medium (Gibco, 41966052) 
supplemented with 50 U/mL of penicillin (Gibco, 15140122), 
50  μg/mL of streptomycin (Gibco, 15140122), 2  mM glu-
tamine (Gibco, 25030123) and 10% (v/v) fetal bovine serum 
(Gibco, 10270106). All cells were grown at 37°C and 5% CO2 
in a humidified incubator and tested regularly for mycoplasma 
contamination. For hypoxia treatment, cells were grown at 
37°C in a 1% O2, 5% CO2, 94% N2 gas mixture in a Whitley 
Hypoxystation H35 (Don Whitley Scientific). Murine 129 
SvJ R1 wild-type mESCs (R1)24 were a kind gift of Dr Lena 
Claesson Welsh (Uppsala University). E14TG2a25 mESCs 
were kindly provided by Dr Maria C Marin. Murine-induced 
Pluripotent Stem Cells (iPSCs) were previously generated.26 
R1, E14TG2a, and iPSCs were cultured on a monolayer of 
mitomycin C (Sigma, M4287) inactivated Mouse Embryonic 
Fibroblasts (MEFs) in mESC medium (Dulbecco’s modified 
Eagle’s medium (Gibco, 41966052) supplemented with 50 
U/mL of penicillin (Gibco, 15140122), 50  μg/mL of strep-
tomycin (Gibco, 15140122), 2  mM GlutaMAX (Sigma, 
G8541), Non-Essential Amino acid Solution (Thermo Fisher 
Scientific, 11140050), 0.1 mM 2-mercaptoethanol (Thermo 
Fisher Scientific,21985023), 1000 unit/mL of ESGRO 
Leukemia Inhibitory Factor (LIF) (Chemicon, ESG1106) and 
15% (v/v) fetal bovine serum pre-tested for mESC culture. 
Medium was changed every day and cells were split 1:10 
every other day. For the generation of EBs, MEFs were sepa-
rated from stem cells by differential binding to 1% gelatin in 
PBS for 30 minutes at 37°C. For EB formation, mESCs were 
aggregated in hanging drops (1200 cells/20 μL drop) and dif-
ferentiated in mESC medium without LIF for 4 days. On Day 
4, the R1-derived and E14TG2a-derived EBs were placed in 
12 mm diameter coverslips in 24 well multiwell plates (1 EB/
well) or p100 culture plates (25 EBs/p100) coated with 1% 
gelatin in PBS for the two-dimensional differentiation of EBs 
(2D-EBs). 2D-EBs were transferred to hypoxia (1% oxygen) 

or maintained in normoxia (21% oxygen) for the last 48 hours 
or 72  hours of a total differentiation time of 10  days. The 
number of EBs per experimental condition was 18-29 EBs for 
R1-2D and 10 EBs for E14TG2a-2D. iPSC-derived EBs were 
differentiated in three dimensions (iPSC-3D-EBs) on colla-
gen I. iPSC-EBs were flushed down from the lid with EB me-
dium (DMEM/GlutaMAX (Thermo Fisher Scientific, 61965) 
supplemented with 25 mM HEPES (Thermo Fisher Scientific 
15360), 1.2 mM sodium pyruvate (Thermo Fisher Scientific, 
11360), 19  mM monothioglycerol (SIGMA, M6145) and 
15% (v/v) fetal bovine serum), and embedded into a collagen 
I matrix (6 EBs/well in a 12-well plate) composed of Ham’s 
F12 medium (PromoCell), 6.26 mM NaOH, 20 mM HEPES 
(Thermo Fisher Scientific, 15360), 0.117% NaHCO3, 1% 
GlutaMAX I (Thermo Fisher Scientific, 35050) and 1.5 mg/
mL of collagen I (Advanced BioMatrix, 5005). The colla-
gen matrix was covered with EB medium. EB medium was 
changed every 2 days. iPSC-3D-EBs were transferred to hy-
poxia (1% oxygen) or maintained in normoxia (21% oxygen) 
for the last 72 hours or 96 hours of a total differentiation time 
of 10 days. The number of EBs per experimental condition for 
iPSC-3D-EBs experiments was 12-21.

2.2 | Proliferation curves and cell viability

1.25 × 104 HUVEC were plated on 6-well multiwell plates and 
cultivated in normoxia (21% oxygen) or hypoxia (1% oxygen) 
for the indicated periods of time. HUVEC were dissociated to 
single cells by treatment with TrypLE-Express (Gibco, 12604-
013), centrifuged at 500 g 7 minutes, resuspended in 170 μL of 
PBS containing 1 μg/mL of DAPI (Molecular Probes, D1306) 
or 2  μM TO-PRO-3 Iodide (Molecular Probes, T3605) (for 
cell viability quantification) and counted by flow cytometry 
using Perfect Counts microspheres (Cytognos, CYT-PCM-50) 
(30  μL per experimental condition). Sample measurements 
were performed with BD FACSDIVA Software (Version 
6.2, BD Biosciences). Data analysis was performed following 
Perfect Counts microspheres instructions. Linear regression 
analysis was performed according to the following equation:

t (time hours), Nt (cell number at time t), N0 (initial cell 
 number), and T (doubling time).

2.3 | EdU incorporation and quantification 
by microscopy and flow cytometry

Detection of EdU (5-ethynyl-2′-deoxyuridine) by micros-
copy in HUVEC and EBs was performed by Click-iT EdU 

log2N
t
= log2N0+

1

T
t
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Alexa Fluor 647 Imaging Kit (Thermo-Fisher Scientific, 
C10340) according to the manufacturer’s instructions.  
2 × 104 HUVEC were grown on 12 mm diameter coverslips 
in 24 well multiwell plates in normoxia or hypoxia for the 
indicated periods of time and 10  μM EdU was added dur-
ing the last 3 hours. Cells were fixed with 3.7% paraform-
aldehyde in PBS 20 minutes at room temperature (RT) and 
incubated with 0.1 M glycine in PBS 20 minutes, followed 
by PBS washing and storage at 4°C in PBS or at −20°C in 
70% ethanol until processing following Click-iT instructions. 
Images of HUVEC were acquired with a 10X objective (Plan-
Fluor 10×/0.3) using a fluorescence microscope Eclipse 90i 
(Nikon) and analyzed with ImageJ software (https://imagej.
nih.gov/ij/).27 Quantification of the percentage of S-phase 
cells in HUVEC was performed in binary images by auto-
matic counting using the ImageJ command  analyze parti-
cles. EBs were generated and differentiated as indicated in 
the previous section and 10 μM EdU was added during the 
last 3 hours. For 2D-EBs experiments, images of 4-15 fields 
of peripheral and internal vascular structures per EB were ac-
quired with a 25X objective (Plan-Apochromat 25×/0.8 Imm 
Korr DIC) using a LSM710 confocal microscope (Zeiss) for 
each experimental condition. To quantify the percentage of 
S-phase cells in vascular structures in 2D-EBs we designed a 
semi-automatic macro (Supplemental Figure S1A-C) that al-
lowed the automatic counting of ERG positive nuclei in CD31 
positive endothelial cells (CD31+ ERG+ mask), followed by 
manual counting of EdU positive endothelial cell nuclei in 
the maximum intensity Z-projection using the cell counter 
plugin of ImageJ after the visual validation of endothelial 
identity synchronizing the maximum intensity Z-projection 
with the Z-stack (Supplemental Figure S1A-C). For 3D-EBs 
experiments, images of the EBs were acquired with a 25X 
objective (LD LCI Plan-Apochromat 25×/0.8 Imm Korr DIC 
M27) using a LSM800 confocal microscope (Zeiss) for each 
experimental condition. The quantification of the percent-
age S-phase cells in vascular structures in 3D-EBs was per-
formed in binary images of maximum intensity Z-projections 
by automatic counting using the ImageJ command analyze 
particles (Supplemental Figure S1D). For flow cytometry 
analysis, 2 × 105 HUVEC were grown in p60 dish and cul-
tured in normoxia or hypoxia for the indicated periods of time 
and 10 μM EdU was added during the last hour. Cells were 
centrifuged at 500 g 7 minutes, the pellet was resuspended 
by vortexing, cells were fixed in 0.5 mL of 70% ethanol and 
incubated 20 minutes at 4°C before storing at −20°C until 
processing by Click-iT. Click-iT detection was performed as 
follows: cells were centrifuged at 500 g 7 minutes, washed 
with 1  mL of 0.1% Tween-20 (Sigma, P9416) in PBS, re-
suspended in 50 μL of freshly prepared EdU detection reac-
tion buffer (PBS, 2 mM CuSO4 (Sigma, C7631), 0.05 mM 
Biotin Azide (Molecular Probes, B10184), 5  mM ascorbic 
acid (Sigma, A-4544)), and incubated 30  minutes at RT 

protected from light. After washing with 0.1% Tween-20 in 
PBS, cells were resuspended in 50 μL of Streptavidin-AF647 
(Molecular Probes, B10184) diluted 1:200 in PBS contain-
ing 0.1% Tween-20 and 3% BSA ( NZYTech, MB04602) 
and incubated 30 minutes at RT protected from light. Cells 
were washed with 1 mL of 0.1% Tween-20 in PBS, centri-
fuged and resuspended in 200 μL of PBS containing 250 µg/
mL of RNase and 10 µg/mL of propidium iodide (PI) (Cell 
Signaling Technology, 4087S) or 1 μg/mL of 4′,6-diamidino-
2-phenylindol (DAPI Molecular Probes, D1306) followed by 
an incubation at RT protected from light. For flow cytometry 
analysis in EBs, 50 EBs per experimental condition (25 EBs/
p100) were used and 10 μM EdU was incorporated during 
the last hour. EBs were dissociated to single cells by treat-
ment with 1 mg/mL of Dispase II (Roche, 04 942 078 001) in 
PBS, 20 minutes at 37°C, followed by 2 min incubation with 
1  mL of cell dissociation solution non-enzymatic (Sigma, 
C5914) and mechanical dissociation by pipetting. Cells were 
centrifuged at 500 g 7 minutes and counted using a Neubauer 
chamber (Hausser Scientific, 1492).  106 cells were resus-
pended in 50  μL of PBS, fixed with 1ml of 70% ethanol 
and incubated 20  minutes at 4°C before storing at −20°C 
for staining. Click-iT detection was performed as indicated 
above. After the Click-iT reaction, cells were resuspended in 
100 μL of 3% BSA in PBS and 1 μg of anti-VE-Cadherin-PE 
antibody (BD Biosciences, 560410) or isotype control anti-
body was added and incubated 40 minutes at 4°C protected 
from light. After washing with 3 mL of PBS, cells were cen-
trifuged at 500 g 5 minutes and resuspended in 200 μL of PBS 
containing 1 μg/mL of DAPI. Flow cytometry was performed 
in a three laser (405nm, 488  nm, 633  nm) flow cytometer 
(FACScantoII BD Biosciences). EdU-Alexa 647 was meas-
ured upon excitation with the 633 nm laser using a 660/20 
band-pass filter. A minimum of 104 events was acquired per 
experimental condition in slow rate mode to avoid doublets. 
Sample measurements were performed with BD FACSDIVA 
Software (Version 6.2, BD Biosciences). Data analysis was 
performed with FlowJo 9/10 Software (Ashland). Cell debris 
and aggregates were excluded from the analysis using pulse 
processing FSC-A vs SSC-A, FSC-A vs FSC-H, and Pacific 
Blue-A vs Pacific Blue-H when appropriate. Cells co-stained 
with EdU-Alexa 647 and PI or DAPI were used to measure 
the percentage of cells in G0/G1, S, and G2/M phases of the 
cell cycle.

2.4 | Immunofluorescence staining

For immunofluorescence staining, HUVEC growing on cov-
erslips or 2D-EBs attached to coverslips coated with 1% gela-
tin in PBS were fixed in 3.7% paraformaldehyde in PBS for 
20 minutes at room temperature and incubated with 0.1 M 
glycine in PBS for 20  minutes, followed by PBS washing 

https://imagej.nih.gov/ij/
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and storage at 4°C in PBS or at −20°C in 70% ethanol until 
processing for detection with antibodies. Fixed cells or 2D-
EBs were permeabilized with 0.5% Triton X-100 in PBS for 
20 minutes, washed with PBS and blocked with 3% BSA in 
PBS for 20  minutes at room temperature. Antibodies used 
for immunofluorescence were diluted in PBS containing 
3% BSA and 0.1% Tween-20 as follows: 1:500 mouse anti-
HIF1α (BD Biosciences, 610 959), 1:100 rabbit anti-EPAS1 
(Novus, NB100-122), 1:1000 rat anti-mouse CD31 (BD 
Biosciences, BD#553370), 1:1000 rabbit anti-ERG (Abcam, 
ab92513), 1:500 Alexa Fluor 488 goat anti-mouse (Molecular 
Probes, A11029), 1:500 Alexa Fluor 546 goat anti-rabbit 
(Molecular Probes, A11035), 1:500 Alexa Fluor 546 goat 
anti-rat (Molecular Probes, A11081), and 1:500 Alexa Fluor 
488 donkey anti-rabbit (Molecular Probes, A21206). Primary 
antibodies were incubated overnight at 4°C and secondary 
antibodies 1 hour at room temperature in a humidified cham-
ber. Washings after incubation with primary and secondary 
antibodies (3 × 10 minutes for HUVEC and 4 × 40 minutes 
for EBs) were performed with 0.1% Tween-20 in PBS at 
room temperature. After immunostaining, DNA was stained 
with 1.25 µg/mL of DAPI (Molecular Probes, D1306) in PBS 
for nuclei visualization. Coverslips were mounted on slides 
with Prolong (Molecular Probes, P36970) as an antifading 
reagent. For IB4 detection, 3D-EBs embedded in collagen 
I were washed twice with PBLEC buffer (0.1  mM CaCl2, 
0.1 mM MnCl2, 0.1 mM MgCl2, 1% Triton-X 100 in PBS 
pH 6.8) followed by incubation with 1 μg/mL of biotinylated 
isolectin B4 (Sigma, L2140) in PBLEC, at 4°C overnight. 
EBs were washed three times with 0.05% Tween-20 in 
PBS (1 hour per wash) and then incubated with 1 μg/mL of 
Steptavidin-Alexa555 (Invitrogen, S32355) in PBS contain-
ing 3% BSA and 0.1% Tween-20 for 1  hour at RT. Three 
additional washes were performed with 0.05% Tween-20 in 
PBS. After immunostaining, DNA was stained with 1 µg/mL 
of DAPI for nuclei visualization, before mounting the EBs 
with Fluoromount-G (Aname, 17984-25).

2.5 | Confocal microscopy and 
quantification of angiogenesis

Images of 4-15 fields per EB of peripheral and internal vas-
cular structures of the 2D-EBs were acquired with a 25X 
objective using a LSM710 confocal inverted microscope 
(Zeiss) with laser lines 405, 488, 561, and 633 nm for each 
experimental condition. Images of the 2D-EBs were acquired 
using the tile tool of a LSM710 confocal microscope (Zeiss) 
with a 10× objective (Plan-Apochromat 10×/0.45 DIC) and 
images of the 3D-EBs were acquired using the tile tool of a 
LSM 800 confocal microscope (Zeiss) with a 25X objective 
(LD LCI Plan-Apochromat 25×/0.8 Imm Korr DIC M27). 
For quantitative analysis of angiogenesis in the EB model, 

we used the AngioTool software (https://ccrod.cancer.gov/
confl uence/ displ ay/ROB2/Home), which allows to quantify 
several parameters related to vascular networks such as the 
area covered by a vascular network (total explant area), total 
vessel length, lacunarity, branching index, and end points 
index.28 Non-structured areas (usually in the center of the 
EB) were cropped using the ImageJ tool prior to analysis by 
the AngioTool. For the generation of the AngioTool skeleton 
of the complex vascular structures in 2D-EBs and 3D-EBs, 
tools were selected in the indicated range: vessel diameter (1-
8), vessel intensity (0-255), remove small particles (50-300), 
and fill holes tool was adjusted to 50 (Supplemental Figure 
S1E,F).

2.6 | Functional enrichment analysis and 
clustering analysis

Gene expression profiles of HUVEC (GEO accession 
GSE89831) were analyzed with the Bioconductor’s29 
edgeR package30 for the R statistical software (http://
www.R-proje ct.org/), to identify genes whose transcrip-
tion was affected by hypoxia. Specifically, we considered 
differentially expressed (DE) genes those whose expres-
sion in the 4-thiouridine (4sU)-labeled fraction, used as a 
proxy for transcription rate,31 was significantly different 
in the normoxic and hypoxic samples (FDR-adjusted P-
value < .05) and the absolute change in expression was at 
least 2-fold:

where Hi and Ni represent the expression of gene i under 
hypoxia and normoxia, respectively. Then, we performed 
an enrichment test for Gene Ontology (GO) terms based on 
hypergeometric distribution with the clusterProfiler32 and 
represented the enrichment results using the functions in the 
enrichplot package.

2.7 | Western blot

Cells were lysed in RIPA buffer (50  mM Tris-HCl pH 
8, 150  mM NaCl, 0.02% NaN3, 0.1% SDS, 1% NP-40, 
containing protease inhibitors (Complete ULTRA table, 
Roche, 06538304001). Protein concentration was quanti-
fied using Bio-Rad DC protein assay (Bio-Rad, 5000112) 
and 20  μg of each sample was resolved in 10% SDS-
polyacrylamide gels. Proteins were transferred to the poly-
vinylidene difluoride (PVDF) membrane (Immobilon-P, 
Millipore, IPVH100010). Membranes were blocked with 
5% non-fat dry milk in TBS-T (50 mM Tris-HCl pH 7.6, 
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150  mM NaCl, 0.1% Tween-20) and incubated with the 
corresponding antibodies: mouse anti-HIF1α (1:1000; BD 
Biosciences, 610959), rabbit anti-EPAS1 (1:1000; Novus, 
NB100-122), mouse anti-Tubulin (1:2000; Sigma, T6199), 
Goat Anti-Mouse-HPR (1:5000; Promega, W402B), 
and Goat Anti-Rabbit-HPR (1:5000; MP Biomedicals, 
855690). Washings after antibody incubations were per-
formed in TBS-T. Western-blots were developed by en-
hanced chemiluminescence (Clarity western ECL substrate 
Bio-Rad, 170-5060).

2.8 | RNA extraction and qRT-PCR

RNA was extracted and purified using the RNeasy Mini Kit 
(Qiagen, 74106) following the manufacturer’s instructions. 
For quantitative-RT PCR analysis 1 µg of total RNA of each 
sample was reversed-transcribed to cDNA (Transcriptor 
First Strand cDNA Synthesis kit, Roche, 04379012001), 
cDNA was diluted 1:20 and used as a template for am-
plification reactions, carried out with the Power SYBR 
Green PCR Master Mix (Applied Biosystems, 4367659) 
or TaqMan Universal Master Mix II (Applied Biosystems, 
4440040), following manufacturer’s instructions. PCR am-
plifications were carried out in a StepOne Real-time PCR 
System (Applied Biosystems, 4376357). Data were ana-
lyzed with StepOne software and expression levels were 
calculated using ΔΔCT, using β-actin as reference. The 
following primers sequences were used for qRT-PCR anal-
ysis: ACTB (forward 5′ AAGGCCAACCGCGAGAAG 
3′; reverse 5′ ACAGCCTGGATAGCAACGTAC 3′), 
EGLN3 (forward 5′ ACACGAAGTGCAGCCCTCTT 3′; 
reverse 5′ TCTTCAGCATCAAAGTACCAGACAGT 
3′), VEGFA (forward 5′ CCTTGCTGCTCTACCTCCAC 
3′; reverse 5′ ATGATTCTGCCCTCCTCCTT 3′), ODC1 
(forward 5′ TTCCAGAGGCCGACGATCTA 3′; re-
verse 5′ TGGCGTTTCATCCCACTCTC 3′), ANGPTL4 
(forward 5′ CACCTAGACCATGAGGTGGC 3′; re-
verse 5′ GACCCCTGAGGCTGGATTTC 3′), BNIP3 
(forward 5′ GGTCAAGTCGGCCGGAAAAT 3′; re-
verse 5′ TGGAGGTTGTCAGACGCCTT 3′)E2F1 
(forward 5′ TCCAGCTCATTGCCAAGAAGT 3′; re-
verse 5′ CTGGGTCAACCCCTCAAGC 3′), E2F2 (for-
ward 5′ CAAGTTGTGCGATGCCTGCC 3′; reverse 
5’ TTGGGAACTCAGGGACGACG 3′′), E2F8 (for-
ward 5′ CCTTGGCACCTTGAAGAGCA 3’; reverse 
5′ CTGCCCGAAATTCCACTCCA 3′), CCND1 (for-
ward 5′ TGCTGCGAAGTGGAAACCATC 3′; re-
verse 5′ CACTTCTGTTCCTCGCAGAC 3′), CCNE1 
(forward 5′ CAGGGAGCGGGATGCG 3′; reverse 
5′ GGGTCTGCACAGACTGCAT), HIF1A (Applied 
Biosystems, TaqMan probe HS00936368_m1) and EPAS1 
(Applied Biosystems, TaqMan probe HS01026149_m1).

2.9 | Lentiviral production

Lentiviral vector pGIPZ was used for the expression of shR-
NAs to specifically silence HIF1A (V2LHS_132150) or 
EPAS1 (V2LHS_113753) (Open Biosystems). A scramble, 
non-silencing shRNA was used as control (Open Biosystems, 
NS; RHS4346). HIF1A and EPAS1 mutants were cloned 
using In-Fusion HD Cloning Kit (Takara, 639689) in pRRL-
IRES-EGFP vector33 using the same constructs as in Kondo 
et al.34 ODD proline residues were converted to alanine for 
maintaining HIF constitutively active in normoxic condi-
tions (pRRL-HIF1α-P402A; P564A-IRES-EGFP and pRRL-
EPAS1-P405A; P531A-IRES-EGFP). Additionally, we used 
double mutants in which the bHLH motif had been mutated 
to prevent DNA-binding (pRRL-HIF1α-P402A; P564A-
bHLH*-IRES-EGFP and pRRL-EPAS1-P405A; P531A-
bHLH*-IRES-EGFP). All vectors were confirmed by DNA 
sequencing. Lentivirus was produced and titrated in HEK 
293T cells as previously described.33 For the transduction of 
HUVEC, lentiviruses were used at a multiplicity of infection 
(MOI) of 1-2 for 8 hours, resulting in more than 95% trans-
duced (EGFP-positive) cells 72 hours after infection.

2.10 | Statistical analysis

GraphPad Prism version 5.03 for Windows (GraphPad 
Software, La Jolla, CA, USA) was used for statistical analy-
sis. Data were reported as the mean and P < .05 was consid-
ered significant.

3 |  RESULTS

3.1 | Identification of an anti-proliferative 
gene expression signature imposed in 
endothelial cells by hypoxia

To cope with fluctuations in oxygen levels eukaryotic cells 
undergo an extensive gene expression reprogramming, 
mainly driven by HIFs, that have been studied in different 
cell types and biological contexts.35,36 Herein, we aimed to 
identify biological functions enriched in genes whose tran-
scription is regulated by oxygen levels in ECs to get fur-
ther insight into one of the central adaptive responses to 
hypoxia. To this end, we exposed HUVEC to hypoxia (1% 
O2) or normoxia (21% O2) for 8  hours and pulse-labeled 
them with 4sU to label nascent RNA and then characterized 
the pattern of newly transcribed mRNAs by affinity cap-
ture of the labeled transcripts followed by high-throughput 
sequencing.31 Differential expression analysis identified 
196 genes whose transcription was robustly induced by hy-
poxia (log2FC>=1 and FDR < .05) and 201 genes strongly 
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repressed (log2FC<=−1 and FDR <  .05). We performed a 
Gene Ontology (GO) enrichment analysis on the data from 
this experiment and found that several biological categories 
related to response to hypoxia, vascular development, and 
angiogenesis were significantly overrepresented in the genes 
upregulated by hypoxia in HUVEC (Figure 1). Unexpectedly, 
we also found that categories related to cell cycle regulation 
and DNA replication were significantly enriched in the genes 
downregulated by 8  hours hypoxia in HUVEC. Figure  1A 
shows the clustering of the main GO terms enriched in genes 
differentially expressed in hypoxic cells compared to con-
trol cells, highlighting the predominance of repression of 
the cell cycle, together with angiogenesis, as the biological 
responses in the early adaption of HUVEC to low oxygen 
tension. Figure 1B graphically depicts that 38 out of a total of 
201 genes transcriptionally repressed by hypoxia in HUVEC 
had GO annotations related to DNA replication or cell cycle 
G1/S phase transition. The data of the top six GO categories 
enriched in the set of genes DE shown in Figure 1B are in-
cluded in Supplemental Table 1. It is worth mentioning that 
the category related to DNA replication includes 40 genes 
and 38 of them (95%) were downregulated by hypoxia in 
HUVEC. In agreement, a large number of critical regulators 
of the central pathways controlling G1/S transition and DNA 
replication were negatively regulated by hypoxia in HUVEC 
(Figure  1C). This early anti-proliferative gene expression 
signature imposed by hypoxia in HUVEC was maintained up 
to the later time point analyzed (16 hours, data not shown). 
Figure 1D shows the validation by qRT-PCR of decreased 
expression by hypoxia of a representative set of genes related 
to G1/S transition of the cell.

Thus, our transcriptomic analysis unveiled that in contrast 
to the more intuitive view, hypoxia most likely arrests the EC 
division cycle.

3.2 | Hypoxia decreases the percentage of 
endothelial cells in the S-phase of the cell cycle

Since the anti-proliferative gene expression signature inferred 
from the RNA-Seq experiments in HUVEC is seemingly in 
conflict with the angiogenesis mechanism, we functionally 
validated this result by analyzing the effect of hypoxia in 
the percentage of HUVEC in the S-phase of the cell cycle. 
Exponentially growing asynchronous HUVEC were exposed 
to normoxia or hypoxia for 24 hours, 48 hours or 72 hours 
and briefly pulsed with the thymidine analog EdU to mark 
cells traversing S-phase. The percentage of HUVEC in 
S-phase quantified by microscopy (Figure  2A,B) was sig-
nificantly lower in cells growing in hypoxia (24  hours Hx 
21.3% ± 11.2% vs N 44.7% ± 8.9%; 48 hours Hx 2.9% ± 2.1%, 
vs N 28.4% ± 10.3%) (Figure 2B). Analysis by flow cytom-
etry confirmed the reduction in the percentage of HUVEC in 

S-phase in hypoxia compared to normoxia. (48 hours hypoxia 
20  ±  8.4% vs normoxia 36.3%  ±  3.2%; 72  hours hypoxia 
10.6% ± 3.9% vs normoxia 31.6% ± 2.7%) (Figure 2C,D). 
In addition, hypoxia significantly increased the percentage of 
HUVEC in G0/G1 phase (48 hours hypoxia 61.8% ± 11.5% vs 
normoxia 44.5% ± 3.1%; 72 hours hypoxia 72.6% ± 7.5% vs 
normoxia 50.4% ± 1.2%) (Figure 2D).

In agreement with these observations, hypoxia reduced 
the cell proliferation rate of HUVEC (Figure 2E). Linear 
regression analysis with logarithmic transformation of the 
proliferation curves (Figure 2F), showed a significant re-
duction of the doubling time of HUVEC in hypoxia (hy-
poxia 47.96 ± 10.44 hours vs normoxia 20.4 ± 1.37 hours). 
We confirmed by DAPI or TO-PRO-3 staining that alter-
ations in the cell cycle were not an indirect consequence 
of reduced viability, but a direct result from the attenuated 
proliferation of HUVEC in low oxygen tension (data not 
shown).

These data indicate that the adaptation of ECs to hypoxic 
conditions implies an adjustment of the cell cycle kinetics 
and in particular a decreased rate of S-phase entry.

3.3 | HIFs mediate the decreased 
proliferation rate of endothelial cells in hypoxia 
through a mechanism involving the basic Helix-
Loop-Helix transcriptional domain

As a large number of the adaptive responses to hypoxia 
are mediated by the Hypoxia-Inducible Factors (HIFs), we 
sought to explore whether a decreased rate of S-phase entry 
imposed by hypoxia in ECs was mediated by these factors.

To this end, we generated lentiviral constructs to consti-
tutively express active forms of EPAS1 or HIF1α in which 
the oxygen-sensitive proline residues were substituted by al-
anine to prevent their hydroxylation (pRRL-EPAS1PP, pR-
RL-HIF1αPP); rendering these mutants constitutively active 
in normoxia. Additionally, we generated double mutants in 
which the basic Helix-Loop-Helix (bHLH) transcriptional 
domain was altered to prevent binding to DNA (pRRL-EP-
AS1PPbHLH*, pRRL-HIF1αPPbHLH*). Supplemental 
Figure S2A,B shows the protein expression levels of these 
mutants by western-blot and immunofluorescence 48 hours 
after lentiviral transduction of HUVEC in normoxic con-
ditions. We functionally validated the activity of these HIF 
mutants by analyzing the expression levels of preferential 
target genes for EPAS1 (ANGPTL4) or HIF1A (EGLN3) 
by qRT-PCR. Supplemental Figure S2C,D shows that, both 
EPAS1PP and HIF1αPP induced VEGFA, while HIF1αPP 
induced EGLN3 and EPAS1PP induced ANGPTL4 and re-
pressed ODC1. None of the HIF-targets analyzed were 
regulated by the double mutants lacking a functional DNA 
binding domain (EPAS1PPbHLH*, HIF1αPPbHLH*).
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We next used these gain of function mutants (EPAS1PP and 
HIF1αPP) and loss of function mutants (EPAS1PPbHLH*, 
HIF1αPPbHLH*) as a genetic approach to address whether 
HIFs were directly mediating the decreased S-phase entry 
observed in HUVEC growing in hypoxic conditions. The 
expression of constitutively active EPAS1 (EPAS1PP) in 

normoxia reduced the percentage of S-phase cells quantified 
by microscopy (pRRL-EPAS1PP 10.8%  ±  1.6% vs pRRL 
32.3% ± 1.4%) (Figure 3A,B). Likewise, expression of sta-
bilized HIF1-alpha (HIF1αPP) in normoxia also had a sig-
nificant effect over control although of smaller magnitude (N 
pRRL-HIF1αPP 20.5% ± 2.8% vs N pRRL 32.3% ± 1.4%). 
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Abrogation of the DNA binding capability of EPAS1PP 
and HIF1αPP prevented their impact on S-phase entry in 
HUVEC (N pRRL-EPAS1PPbHLH* 35.7% ± 7.9% and N 
pRRL-HIF1αPPbHLH* 38.8% ± 5.2%).

These results were further confirmed by flow cytometry 
analysis (Figure 3C,D). EPAS1PP decreased the percentage 
of HUVEC in S-phase (N pRRL-EPAS1PP 3.7% ± 1.2% vs N 
pRRL 23.8% ± 7.4%) and this effect was not observed when 
HUVEC were transduced with the double EPAS1PPbHLH* 
mutants lacking DNA binding capability (N pRRL-EP-
AS1PPbHLH* 22.9%  ±  8%). We observed a similar trend 
as described for microscopy analysis with HIF1αPP and 
HIF1αPPbHLH* mutants, but in the analysis by flow cy-
tometry differences from control did not reach statistical 
significance.

An analysis of the distribution of HUVEC in the cell 
cycle phases showed that the expression of EPAS1PP but not 
HIF1αPP increased the percentage of cells in the G0/G1 phase 
(N pRRL-EPAS1PP 81.9% ± 7.6% and N pRRL-HIF1αPP 
68.3%  ±  9.6% vs N pRRL 63.3%  ±  10.8%) (Figure  3D). 
These results were in agreement with our transcriptomic 
study (Figure 1C). Changes induced by EPAS1PP in the cell 
cycle distribution were dependent on the presence of an intact 
bHLH domain, as the cell cycle distribution observed with 
the double mutants EPAS1PPbHLH* was similar to the one 
observed in control cells (Figure 3D).

Additionally, down-regulation of mRNA expression of 
E2F1, E2F2, CCND1, and CCNE1 was mainly induced by 
EPAS1 and required an intact bHLH domain (Supplemental 
Figure S2E).

We next investigated the requirement of HIF for the effect 
of hypoxia on cell cycle using a loss of function approach 
based on interference by lentiviral transduction of shRNAs 
specific to EPAS1 (pGIPZ-shEPAS1) or HIF1A (pGIPZ-
shHIF1α); compared to scramble non-interference shRNAs 
(pGIPZ-shScr). Figure  4A-C shows the validation of the 

interference strategy. Increased G0/G1 and decreased S-phase 
induced by hypoxic conditions in HUVEC was abrogated 
by the interference of EPAS1 (Figure 4D-G). However, the 
effect of HIF1A interference reached statistical significance 
by microscopy (Figure  4D,E), but not by flow cytometry 
(Figure 4F,G) analysis.

Taken together these results demonstrate that among 
HIFs, specifically the EPAS1 isoform, is predominantly in-
volved in the regulation of the cell cycle of ECs to cope with 
reduced oxygen availability. Additionally, decreased S-phase 
entry induced by HIF required an intact bHLH domain and 
is, therefore, dependent on the transcriptional activity of HIF.

3.4 | Hypoxia decreases the percentage of 
S-phase mature endothelial cells in vascular 
structures in embryoid bodies generated from 
mouse embryonic stem cells

We next investigated whether cell cycle arrest occurred dur-
ing vessel sprouting induced by hypoxic conditions. To this 
end we used Embryoid Bodies (EBs) generated from mouse 
Embryonic Stem Cells (mESC); a high-quality model for 
vascular development that faithfully recapitulates vasculo-
genesis (vessel formation from endothelial progenitor cells) 
and angiogenesis (sprouting of vascular structures).37Given 
that hypoxia is a potent inducer of EC differentiation in the 
early stages of EB formation,38,39 we decided to interrogate 
the effect of low oxygen tension in S-phase entry of mature 
ECs in organized vascular structures. EBs generated from R1 
mESCs were incubated in hypoxic or normoxic conditions 
for the last 48 or 72 hours of 10 days of differentiation in two 
dimensions (R1-2D-EBs) (Figure  5A). Figure  5B,C shows 
that hypoxic conditions increased the complexity of the vas-
cular structures assembled in the EBs and significantly aug-
mented the percentage of EBs with high angiogenesis score 

F I G U R E  1  Identification of an anti-proliferative gene expression signature imposed by hypoxia in endothelial cells. The effect of 8 hours 
hypoxia on HUVEC transcription was determined from the sequencing of the 4sU-labeled mRNA fraction (GEO accession GSE89831). We 
considered differentially expressed (DE) genes, those whose transcription was significantly (FDR < .05) and robustly (absolute change in the 
transcription of at least 2-fold) affected by hypoxia. A, DE genes were used as input for a GO enrichment analysis and the 16 top scoring categories 
represented into a network with edges connecting overlapping gene sets. Nodes in the graph represent the GO terms enriched in the list of DE 
genes. The color code of the nodes indicates the P-value for the association of each GO-term with the DE genes and the size of the nodes the 
number of genes in the category. The edges connect overlapping GO terms and the thickness of the edge the magnitude of overlap. B, Heatmap 
representing the effect of hypoxia on the transcription of DE genes belonging to the indicated GO categories. Horizontal lines represent individual 
DE genes and the color code the log-fold change in transcription, with red hues representing genes upregulated in hypoxia and blue hues genes 
repressed under hypoxia. The data of the top six GO categories enriched in the set of genes DE shown in Figure 1B are included in Supplemental 
Table 1. C, The Kyoto Encyclopedia of Genes and Genomes (KEGG) graph of the human Cell Cycle pathway (pathway ID hsa04110) is shown. 
Genes are colored according to their log-fold change in response to hypoxia as indicated by the legend. D, The effect of hypoxia on the expression 
of a representative set of genes related to G1/S control was determined by qRT-PCR in HUVEC treated 8 hours, 16 hours and 24 hours in 
hypoxia or normoxia. The graph represents the log2 ratio of hypoxia over normoxia determined in three independent experiments (each symbol 
represents an independent experiment). Statistical significance was determined by two-way ANOVA using Tukey’s post-test (*P < .05, **P < .01, 
****P < .0001)

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE89831
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F I G U R E  2  Hypoxia decreases the percentage of endothelial cells in the S-phase of the cell cycle. Exponentially growing asynchronous 
HUVEC were exposed to 21% oxygen (N) or 1% oxygen (Hx) and the cells were pulse labeled with EdU to quantify the percentage of S-phase 
cells by microscopy (A and B) or flow cytometry (C and D), respectively. A, A Representative microscopy image of each experimental condition 
(24 hours or 48 hours N or Hx) is shown. EdU+ nuclei are shown in magenta and nuclei were visualized by DAPI staining. Bar: 100 μm. B, 
Percentage of EdU+ cells/field in N (blue circles) or Hx (red triangles) in 3-5 independent experiments (10 fields were quantified per experimental 
condition and each symbol corresponds to the mean value of one experiment). Statistical significance was determined by one-way ANOVA 
using Tukey’s post-test (*P < .05, **P < .01). C, Representative plot of EdU-Alexa 647 vs DNA content by propidium iodide staining (PI) of 
each experimental condition (72 hours N or Hx) is shown. Percentage of cells in G0/G1, S, and G2/M phases of the cell cycle is shown inside the 
corresponding gating regions (magenta lines). D, Percentage of cells in G0/G1, S, and G2/M phases quantified by FACS in N (blue circles) or 
Hx (red triangles). Symbols correspond to the value of independent experiments and bars represent the mean of 4-5 independent experiments. 
Statistical significance was determined by two-way ANOVA using Sidak’s post-test (**P < .01, ***P < .001, ****P < .0001). E, Cell 
proliferation curves in N (blue circles) or Hx (red triangles). Cell number was quantified by flow cytometry using perfect count microspheres. Each 
point represents the mean of three independent experiments. Statistical significance was determined by two-way ANOVA using Sidak’s post-test 
(*P < .05, **P < .01). F, Linear regression analysis of proliferation curves. The doubling time was significantly reduced in hypoxia compared to 
normoxia (Single sample paired Student’s t-test, P < .05)
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F I G U R E  3  HIF mutants stabilized in normoxia decrease the percentage of endothelial cells in the S-phase of the cell cycle. Exponentially 
growing asynchronous HUVEC were infected with control lentivirus (pRRL), lentivirus for the expression of EPAS1 or HIF1A mutants stabilized 
in normoxia (pRRL-EPAS1PP, pRRL-HIF1αPP), or lentivirus for the expression of double mutants whose bHLH domain has also been mutated 
(pRRL-EPAS1PPbHLH*, pRRL-HIF1αPPbHLH*). Transduced HUVEC were pulse labeled with EdU to quantify the percentage of S-phase cells 
by microscopy (A-B) or flow cytometry (C-D) 48 hours after infection. A, A representative microscopy image of each experimental condition (N 
pRRL, Hx pRRL, pRRL-EPAS1PP, pRRL-HIF1αPP, pRRL-EPAS1PPbHLH*, pRRL-HIF1αPPbHLH*) 48 hours after infection is shown. EdU+ 
nuclei are shown in magenta and nuclei were visualized by DAPI staining. Bar: 100 μm. B, Percentage of EdU+ cells/field in 3-4 independent 
experiments (10 fields were quantified per experimental condition and each symbol corresponds to the mean value of one experiment) 48 hours 
after infection. Statistical significance was determined by one-way ANOVA using Tukey’s post-test (*P < .05, **P < .01, ***P < .001). C, A 
representative plot of EdU-Alexa 647 vs DNA content propidium iodide (PI) of each experimental condition 48 hours after infection is shown. 
Percentage of cells in G0/G1, S, and G2/M phases of the cell cycle is shown inside the corresponding gating regions (magenta lines). D, Percentage 
of cells in G0/G1, S, and G2/M phases quantified by FACS for each experimental condition 48 hours after infection. Symbols correspond to the 
value of independent experiments and bars represent the mean of 3-4 independent experiments. Statistical significance was determined by two-way 
ANOVA using Tukey’s post-test (*P < .05, **P < .01)
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F I G U R E  4  Hypoxia-Inducible Factors are required to withdraw HUVEC from S-phase entry in hypoxic conditions. Exponentially growing 
asynchronous HUVEC were transduced with lentivirus for the expression of shRNAs to specifically silence EPAS1 (pGIPZ-shEPAS1) or HIF1A 
(pGIPZ-shHIF1α) and a scramble, non-silencing shRNA, was used as control (pGIPZ-shScr) in N or Hx. A, Levels of EPAS1 and HIF1A mRNA 
were determined by qRT-PCR. The graph represents the ratio over scramble shSrc of four independent experiments. Statistical significance was 
determined by two-way ANOVA using Tukey’s post-test (****P < .0001). B, HIF1α and EPAS1 protein expression was analyzed by western-
blot. C, Levels of ANGPTL4 and BNIP3 mRNA in transduced HUVEC were determined by qRT-PCR. The graph represents the ratio over N 
pGIPZ-shSrc of four independent experiments. Statistical significance was determined by one-way ANOVA using Tukey’s post-test (*P < .05). 
Transduced HUVEC were pulse labeled with EdU to quantify the percentage of S-phase cells by microscopy (D-E) or FACS (F-G) 72 hours after 
lentiviral infection. D, A representative microscopy image of each experimental condition (pGIPZ-shScr, pGIPZ-shEPAS1 and pGIPZ-shHIF1α) 
in N or Hx is shown. EdU+ nuclei are shown in magenta and nuclei were visualized by DAPI staining. Bar: 100 μm. E, Box plot of percentage 
EdU+ cells/field for each experimental condition. Each box represents the mean of two independent experiments (10 fields/experiment) Statistical 
significance was determined by one-way ANOVA using Tukey’s post-test (***P < .001). F, A representative plot of EdU-Alexa 647 vs DNA 
content propidium iodide (PI) for each experimental condition (pGIPZ-shScr, pGIPZ-shEPAS1 and pGIPZ-shHIF1α) in N or Hx conditions is 
shown. Percentage of cells in G0/G1, S, and G2/M phases of the cell cycle is shown inside the corresponding gating regions (magenta lines). G, 
Percentage of cells in G0/G1, S, and G2/M phases quantified by FACS for each experimental condition 48 hours after infection. Symbols correspond 
to the value of independent experiments and bars represent the mean of four independent experiments. Statistical significance was determined by 
two-way ANOVA using Tukey’s post-test (**P < .01, ***P < .001, ****P < .0001)
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F I G U R E  5  Hypoxia induces angiogenesis in 2D Embryoid Bodies derived from R1 mouse Embryonic Stem Cells. A, Scheme of the 
experimental design. EBs generated from R1 mESCs were differentiated in 2D conditions (R1-2D-EBs) in N and stimulated with Hx during the last 
48 hours (Hx 48 hours d10; n = 17 EBs) or 72 hours (Hx 72 hours d10; n = 18 EBs) of a total of 10 days of in vitro differentiation. Control EBs 
were differentiated in normoxic conditions for 10 days (N d10). Vascular structures were visualized by immunostaining using anti-CD31. B, CD31 
staining (red) of three representative EBs of each experimental condition (N d10, Hx 48 hours d10, and Hx 72 hours d10) is shown. Bar: 500 μm. 
A high-magnification image is shown on the right (the magnified area is indicated by a rectangle in the corresponding EB image). Bar: 80 μm. C, 
Angiogenesis was quantified using AngioTool analysis software and the percentage of EBs with low (<2.5 mm length, white), medium (2.5-20 mm 
length, grey) or high (>20 mm length, red) angiogenesis is represented for each experimental condition. A Chi-square analysis showed that the 
distribution of vessel length was significantly different among conditions (χ2

4 = 209.9, P < .0001). D-H, AngioTool parameters. Each symbol 
corresponds to one EB. D, Total vessel length (mm)/explant area (mm2). E, Branching index (junctions/mm2). F, End point index (end points/mm2). 
G, Lacunarity/explant area (mm2). H, Explant area (mm2)/EB. D-H, Statistical significance was determined by one-way ANOVA using Kruskal-
Wallis post-test (**P < .01, ***P < .001, ****P < .0001)
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determined by the AngioTool software28 quantitative analy-
sis (Figure 5C). Figure 5D-F shows that hypoxic stimulation 
significantly augmented total vessel length and complexity of 
the vascular structures measured by the branching index and 
end points index. Additionally, lacunarity (opposite to vascu-
lar length; and a suitable parameter to detect alterations in the 
level of organization of a vascular network) was significantly 
reduced by hypoxia (Figure 5G). Hypoxia treatment did not 
significantly alter the size of R1-2D-EBs compared to nor-
moxic conditions (Figure 5H).

We next explored whether hypoxia affected EdU incor-
poration in mature ECs assembled into organized vascular 
structures in the R1-2D-EBs. To this end, we acquired con-
focal microscopy images of peripheral vascular structures 
in the EBs. Taking into account the cellular complexity 
of the 2D-EBs (including endothelial and non-endothe-
lial cells), we developed a macro that allowed a reliable 
semi-automatic quantification of EC proliferation in vas-
cular structures at higher cellular resolution based on the 
combination of a membrane (CD31) and a nuclear (ERG) 
endothelial-specific marker and the automatic counting of 
ERG positive nuclei, followed by manual quantification of 
EdU using ImageJ tools (Supplemental Figure S1A-C). The 
triple staining EdU-CD31-ERG in four representative im-
ages for each experimental condition (N d10, Hx 48hours 
d10, and Hx 72hours d10) is shown in Figure 6A. The per-
centage of ECs in S-phase was significantly reduced in vas-
cular structures in the periphery of the EBs maintained 48 
or 72 hours in hypoxia compared to normoxia (48 hours Hx 
13.9 ± 2.7 vs N 19.9% ± 5.3%; 72 hours Hx 10.2% ± 5.3% 
vs N 19.9%  ±  5.3%) (Figure  6B). Quantification of an-
giogenesis by AngioTool software analysis of microscopy 
fields of peripheral structures confirmed that hypoxia in-
creased total vessel length and complexity of the vascular 
structures measured by the average number of branching 
points and number of end points (Figure 6C-F).

Additionally, we quantified EdU incorporation in mi-
croscopy fields of internal vascular structures in R1-2D-EBs 
and confirmed that hypoxia also reduced the percentage of 
S-phase ECs (Supplemental Figure S3A,B) and increased an-
giogenesis (Supplemental Figure S3C-F).

Taking advantage of the nuclear endothelial-specific 
marker ERG, we interrogated whether increased angiogen-
esis observed in the EBs exposed to hypoxia was associated 
with a change in the total number of ECs per field and the 
number of ECs per unit of length. Paradoxically, with re-
spect to the observed reduced percentage of S-phase ECs in 
vascular structures in hypoxia, we found a concomitant in-
crease in the total number of ECs per field in EBs treated 
with the hypoxic stimulus compared to EBs in normoxia (Hx 
48 hours d10 131.1 ± 54.4; Hx 72 hours d10 145.3 ± 53.3; 
N d10 41.3  ±  26.4) (Figure  6G and Supplemental Figure 
S3G). However, the number of ECs per unit length remained 

constant (Hx 48  hours d10 25.9  ±  3.1; Hx 72  hours d10: 
35.7 ± 7.1; N d10 25.0 ± 8.3) (Figure 6H and Supplemental 
Figure S3H).

We confirmed these results in an independent mESC line 
(E14TG2a). Although E14TG2a-2D-EBs displayed higher 
basal angiogenesis in normoxia than R1-2D-EBs, we con-
sistently observed a statistically significant increase in total 
vessel length and the complexity of the vascular network in 
the periphery of E14TG2a-2D-EBs (Supplemental Figure 
S4). Hypoxia also decreased the percentage of S-phase ECs 
in vascular structures of the periphery of the E14TG2a-2D-
EBs (Supplemental Figure S5A,B), while the total number of 
ECs per field was simultaneously increased (Supplemental 
Figure S5G), leaving unchanged the number of ECs per unit 
length (Supplemental Figure S5H).

Quantification by flow cytometry of R1-2D-EBs differ-
entiated 10 days confirmed that a hypoxia treatment in the 
last 48 hours significantly increased the percentage of differ-
entiated VE-cadherin (CD144) positive ECs (Figure 7A,B). 
In addition, hypoxia reduced the percentage of S-phase 
cells in both the VE-cadherin positive (Hx: 11.7 ± 5.4 vs N: 
27.4 ± 6.2) (Figure 7C,D) and VE-cadherin negative popu-
lations (Hx: 13.6 ± 6.4 vs N: 26.6 ± 5.4) (Figure 7E,F) and 
significantly increased the percentage of cells in the G0/G1 
phase in both the VE-cadherin positive (Hx: 77.5 ± 3.2 vs 
N: 63.9 ± 5.8) and VE-cadherin negative populations (Hx: 
77.9 ± 4.9 vs N: 68.6 ± 5.2) (Figure 7D,F); thus, indicating 
that cell cycle arrest is imposed by hypoxia independent of 
the differentiation status of the cells in the EB. Combined, 
these observations support that hypoxia is integrating cell 
cycle arrest and induction of differentiation of endothelial 
progenitor cells to increase angiogenesis in the EBs.

Finally, we explored the effect of hypoxia on EC prolif-
eration during the three-dimensional differentiation of EBs 
generated from an iPS cell line (iPSC-3D-EBs).40 In the exper-
imental conditions of the 3D model, endothelial differentia-
tion is highly efficient and all the cells sprouting from the core 
of the EBs stained positive for Isolectin B4 (IB4; Figure 8) 
and other EC markers (data not shown). The outline of the 
experiment is summarized in Figure 8A. ECs sprouts protrud-
ing from the central core of the EBs were observed from day 
5 in 3D normoxic EBs (data not shown). A hypoxic treatment 
in the last 72 hours or 96 hours of 10 days of differentiation, 
significantly increased sprouting angiogenesis compared to 
normoxic EBs (Figure  8B-G: increased explant area, total 
vessel length, total number of branching points, total number 
of end points, total number of ECs); while the number of ECs 
per unit length remained unchanged (Figure 8H). However, in 
the 3D model hypoxia did not significantly alter the complex-
ity of the vascular network (branching index (junctions/mm2) 
and end points index (end points/mm2) (data not shown)). In 
agreement with the results obtained in 2D-EBs, quantification 
of EdU positive ECs in iPSC-3D-EBs revealed a significant 
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F I G U R E  6  Hypoxia decreases the percentage of S-phase endothelial cells in peripheral vascular structures of R1-2D-Embryoid Bodies. 
EBs generated from R1 mESCs were 2D differentiated (R1-2D-EBs) in N and stimulated with Hx during the last 48 hours (Hx 48 hours d10; 
n = 17 EBs) or 72 hours (Hx 72 hours d10; n = 18 EBs) of a total of 10 days of in vitro differentiation. Control EBs were differentiated in 
normoxic conditions for 10 days. EBs were pulse labeled with EdU during the last 3 hours. A, A representative image of peripheral vascular 
structures of each experimental condition (N d10, Hx 48 hours d10, and Hx 72 hours d10) is shown. Vascular structures were visualized by double 
immunostaining using anti-CD31 (red) and anti-ERG (magenta)-specific antibodies. S-phase cells were visualized by EdU incorporation (green). 
Bar: 80 μm. High-magnification images are shown on the right and EdU- nuclei (magenta triangles) and EdU+ nuclei (white triangles) are indicated. 
Bar: 50 μm. B-H, Each symbol represents the mean value per EB (5-10 fields/EB). B, Percentage of EdU+ ECs in peripheral vascular structures. 
Statistical significance was determined by one-way ANOVA using Dunnett’s post-test (***P < .001). C-F, AngioTool parameters. C, Lacunarity/
field. D, Total vessel length (mm)/field. E, Branching points/field. F, End points/field. (G-H) Number of ECs was determined by automatic 
counting of ERG+ nuclei on a CD31+-ERG+ mask. G, Number of ECs/field. H, Number of ECs/mm. C-H, Statistical significance was determined 
by one-way ANOVA using Kruskal-Wallis post-test (*P < .05, ***P < .001)
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decrease in the percentage S-phase ECs in hypoxic conditions 
(Hx 72 hours d10 44.2 ± 10.7; Hx 96 hours d10 47.2 ± 10.2; 
N d10 72.5 ± 9.4) (Figure 8I).

Thus, globally, our results in a physiologically relevant 
model showed that hypoxia triggered an autoregulatory cell 
cycle exit that is integrated with enhanced differentiation of 

F I G U R E  7  Flow cytometry analysis of the effect of hypoxia on S-phase entry in R1-2D-Embryoid Bodies. 2D-EBs generated from R1 
mESCs were differentiated in N and stimulated with Hx during the last 48 hours of a total of 10 days of in vitro differentiation. Control EBs were 
differentiated in normoxic conditions for 10 days (N d10). EBs were pulse labeled with EdU during the last 1 hour and analyzed by flow cytometry 
for CD144 (VE-cadherin) expression and EdU labelling. A, Representative plot of the percentage of CD144+ cells in EBs in N (left plot) and Hx 
(right plot) is shown. The region of CD144-labeled cells is indicated by the magenta line and the percentage of CD144+ cells is shown inside. 
B, The percentage of CD144+ cells was determined by FACS in N (blue circles) or Hx (red triangles) in five independent experiments. Results 
from each independent experiment are linked by a line. Statistical significance was determined by paired sample Student’s t-test (**P < .01). C, 
Representative plot of EdU-Alexa 647 vs DNA content DAPI in the CD144+ population in EBs from N (left plot) or Hx (right plot). The percentage 
of cells in G0/G1, S, and G2/M phases of the cell cycle is shown inside the corresponding gating regions (magenta lines). D, Percentage of CD144+ 
cells in G0/G1, S, and G2/M phases quantified by FACS. Symbols correspond to the value of independent experiments and bars represent the 
mean of five independent experiments. E, Representative plot of EdU-Alexa 647 vs DNA content DAPI in the CD144− population in EBs from N 
(left plot) or Hx (right plot). Percentage of cells in G0/G1, S, and G2/M phases of the cell cycle is shown inside the corresponding gating regions 
(magenta lines). F, Percentage of CD144− cells in G0/G1, S, and G2/M phases quantified by FACS. Symbols correspond to the value of independent 
experiments and bars represent the mean of five independent experiments. D and F, Statistical significance was determined by two-way ANOVA 
using Sidak’s post-test (***P < .001, ****P < .0001)
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F I G U R E  8  Hypoxia induces angiogenesis and decreases the percentage S-phase endothelial cells in vascular structures in iPSC-3D-
Embryoid Bodies. A, Scheme of the experimental design. EBs generated from iPSC were differentiated in 3D conditions (iPSC-3D-EBs) in N and 
stimulated with Hx during the last 72 hours (Hx 72 hours d10; n = 12 EBs) or 96 hours (Hx 96 hours d10; n = 12 EBs) of a total of 10 days of in 
vitro differentiation. Control EBs were differentiated in normoxic conditions for 10 days (N d10; n = 21). B, Vascular structures were visualized by 
Isolectin B4 staining (IB4) (Red) and S-phase cells by EdU incorporation (green). Three representative EBs per experimental condition are shown. 
Bar: 500 μm. A high-magnification image is shown on the right (the magnified area is indicated by a rectangle in the corresponding EB image). 
Bar: 80 μm. C-F, AngioTool parameters. Each symbol corresponds to one EB. C, Explant area (mm2)/EB. D, Total vessel length (mm)/EB. E, Total 
number of branching points/EB. F, Total number of end points/EB. C-F, Statistical significance of AngioTool parameters was determined by one-
way ANOVA using Holm-Sidak’s post-test (*P < .05, **P < .01, ****P < .0001). G-H, Number of ECs was determined by automatic counting 
using a DAPI mask. G, Total number of ECs in vascular structures/EB. H, Average number of ECs/mm. I, Percentage of EdU+ ECs/EB. G-I, 
Statistical significance was determined by one-way ANOVA using Holm-Sidak’s post-test (*P < .05, **P < .01, ***P < .001)
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progenitor cells to increase the extension and complexity of a 
pre-existing vascular network.

4 |  DISCUSSION

The formation of new blood vessels for tissue homeostasis 
requires a finely tuned temporal and spatial control of the 
biology of ECs. Among the cellular responses integrated dur-
ing angiogenesis, cell growth, and division stand pivotal for 
the generation of a fully functional vascular plexus.16-18,20 
However, the molecular underpinnings of EC proliferation 
during angiogenesis remain scarcely known.41,42 Hypoxia, 
at the crossroad of physiology and pathology, is a major 
stimulus of angiogenesis, but how ECs respond to hypoxia 
still remains poorly understood. Here, we aimed to get fur-
ther insight into the adaptive response of ECs to hypoxia by 
exploring in depth the impact of low oxygen on endothelial 
cell cycle dynamics during angiogenesis. To this end, we first 
made use of data from our previous global analysis intended 
to study the transcriptional regulation of gene expression by 
hypoxia in HUVEC using affinity capture of 4sU-labeled 
transcripts followed by high-throughput sequencing.31 A 
subsequent Gene Ontology analysis of the data from this 
experiment allowed us to identify that biological categories 
related to cell cycle regulation and DNA replication, were 
significantly enriched in the genes downregulated in HUVEC 
by 8 hours exposure to hypoxia. Thus, a response of ECs to 
cope with low oxygen involves readjusting their cell division 
cycle dynamics. The gene expression changes observed in 
our study indicate that the G1/S cell cycle check point and 
initiation of DNA replication are blocked very early in ECs 
exposed to hypoxia. Fundamental regulators of G1/S transi-
tion like CCND1, CDC25A, and several E2F family mem-
bers were downregulated; while CDK inhibitors like INK4, 
KIP1,2 were upregulated, in HUVEC exposed to hypoxic 
conditions (Figure  1C,D), suggesting a coordinated tran-
scriptional response that hinders cell cycle progression. Also, 
a large number of genes of the basic machinery for the con-
trol of initiation of DNA replication (ORC and MCM gene 
families), together with CDC6 and CDC45, were repressed 
(Figure 1C). Paradoxically, this early anti-proliferative sig-
nature is concomitant with the upregulation of a number 
of genes implicated in mounting an angiogenic response 
(Figure 1A,B). Previous transcriptomic analysis in ECs also 
showed the downregulation of genes related to cell prolif-
eration.43-45 However, none of those studies provided a func-
tional validation in ECs during angiogenesis.

In agreement with the anti-proliferative signature, we 
found that hypoxia significantly decreased the percentage of 
HUVEC in the S-phase of the cell cycle and slowed-down 
proliferation rate (Figure  2). Hypoxia has been shown to 
inhibit the proliferation of numerous cell types including 

fibroblasts,46,47 stem cells,48 lymphocytes,47 keratinocytes49, 
and several cancer cell lines.50-52 Although, the general trend 
is the inhibition of proliferation by hypoxia, there are a num-
ber of exceptions regarding some cell types and tissue-spe-
cific contexts. For example, hypoxia induces the proliferation 
of bronchial club epithelial cells,53 Human aortic cells54 and 
type H endothelial cells during bone formation.55 Thus, dis-
tinct types of endothelial cells could behave differently in re-
sponse to hypoxia to accomplish specific cellular responses. 
Although it has not been explored yet, tip endothelial cells 
must also respond differently to hypoxia than stalk endothe-
lial cells; as tips cells at the leading edge of the sprout, face 
lower oxygen tensions and have to remain quiescent to allow 
for migration and guidance of the new vessels, while stalk 
cells must proliferate to increase vessel size.42,56 A deeper 
understanding of the mechanisms that finely tune endothelial 
cell proliferation during the remodeling of the vasculature in 
response to hypoxia will be relevant for a successful thera-
peutic intervention in pathological contexts.

We next investigated the role of HIF in the control of EC 
proliferation. In agreement with the fact that EPAS1 is the 
most abundant isoform in HUVEC and it is responsible for 
the majority of the transcriptional activity,31 we found that 
EPAS1 is predominantly involved in the adaptive reprogram-
ming of the cell cycle of HUVEC in hypoxia. Expression of 
the active EPAS1PP mutant in normoxia (Figure 3) decreased 
the percentage of HUVEC in S-phase of the cell cycle; while 
the interference of EPAS1 by shRNA abrogated the an-
ti-proliferative response of HUVEC to hypoxia (Figure  4). 
Notwithstanding, HIF1α contributes to the same biological 
response, as the expression of active HIF1αPP mutant or 
interference of HIF1A not always reached statistical signifi-
cance (Figures 3 and 4). Additionally, we found that mutation 
of the bHLH domain abrogated the effect of HIF mutants on 
S-phase (Figures 3 and 4). Thus, our results demonstrate that 
decreased EC proliferation by hypoxia is mainly an EPAS1-
driven response that requires transcriptional activity.

Previous studies have explored functional differences be-
tween HIF1α and EPAS1. In renal cell carcinoma cells EPAS1 
stimulated cell proliferation through MYC activation50; while 
HIF1α induced cell cycle arrest in colon carcinoma cells by 
counteracting MYC.52 In another study in mouse embryonic 
fibroblasts and splenic B lymphocytes deletion of HIF1A 
abolished hypoxia-induced cell cycle arrest in a p53-inde-
pendent manner.47 More recently, the functional impact of 
the conditional deletion of EPAS1 or HIF1A in ECs has been 
addressed.57 EPAS1 deletion resulted in increased vessel for-
mation in vivo (higher vessel density and branching, but poor 
perfusion and low pericyte coverage), likely mediated by its 
downstream effect on DLL4/NOTCH1 in ECs,57 while HIF1A 
deletion resulted in decreased vessel formation in vivo (lower 
vessel density, branching, perfusion, and pericyte cover-
age).57,58 These results support that EPAS1 is a major brake 



6672 |   ACOSTA-IBORRA eT Al.

to EC division and that integration of the regulatory action 
of both HIF1α and EPAS1 is required to adequately balance 
proliferation during angiogenesis for the formation of a fully 
functional vascular plexus. However, although our results sup-
ported a role of EPAS1 as a negative regulator of EC prolifer-
ation in hypoxia, they did not support an antagonistic role of 
HIF1α. In addition, it is known that HIF1α and EPAS1 respond 
differently to hypoxia. While HIF1α has a rapid response to 
acute hypoxia, EPAS1 has a more long-term response to low 
oxygen levels.59 As angiogenesis is a highly energy demanding 
process, it is reasonable to be only triggered by chronic hypoxia 
and thus mainly driven by EPAS1.

Regarding the role of the Notch pathway, our transcrip-
tome analysis and qRT-PCR validation showed that DLL4 is 
upregulated by hypoxia in HUVEC (data not shown); being 
a candidate to mediate cell growth arrest imposed by EPAS1 
in ECs. Another candidate is MYC; a fundamental driver of 
proliferation, commonly altered in a variety of cancers that 
could be indirectly inhibited in HUVEC in hypoxia by the up-
regulation of its inhibitory member MXI1.31 MYC has been 
recently demonstrated to be a critical switch for the activation 
of quiescent ECs; being FOXO1 regulation by VEGFA the 
mechanism involved in allowing MYC activation of EC me-
tabolism and growth.41,60

In order to get insight into the regulation of EC prolif-
eration by hypoxia during blood vessel formation we em-
ployed the EB model; an ESC-derived model that faithfully 
recapitulates vasculogenesis and angiogenesis.37 It has been 
previously shown that 48  hours hypoxic treatment during 
EBs formation (from day 3 to day 5) accelerated vascular 
lineage differentiation and angiogenesis at day 14.38 Taking 
into account this result we set up our experimental design to 
interrogate the effect of reduced oxygen tension in the pro-
liferation dynamics of highly organized vascular structures 
in late-stage differentiated EBs (day 10). Quantitative analy-
sis of EdU incorporation by confocal microcopy in 2D-EBs 
generated from two different mESC lines (R1 and E14TG2a) 
demonstrated that hypoxia reduced the percentage of S-phase 
ECs in peripheral (Figure  6 and Supplemental Figure S5) 
and internal (Supplemental Figure S3) vascular structures. 
Paradoxically, reduced proliferation in hypoxic conditions 
was concomitant with an increased number of ECs (Figure 6G 
and Supplemental Figure S5G) and increased angiogenesis 
(Figures 5 and 6 and Supplemental Figures S3-S5).

Analysis by flow cytometry of 2D-EBs demonstrated 
that in EBs differentiated 10  days, stimulation by hypoxia 
in the last 48  hours increased the percentage of differenti-
ated VE-cadherin positive cells (Figure 7A,B). In addition, 
hypoxia significantly decreased S-phase in both the VE-
cadherin positive and VE-cadherin negative cells in the EBs 
(Figure 7C-F). These results support that cell cycle arrest is 
a primary response to hypoxia independent of the degree of 
differentiation.

Our results in the 3D-EB model confirmed that hypoxia 
reduced the percentage of ECs in S-phase (Figure 8B,I) but 
increased the total number of ECs per EB (Figure 8G). This 
increase in the total number of ECs per EB is in agreement 
with the observed increase in 3D-sprouting angiogenesis 
(Figure 8C-F).

Thus, in the EB model, the anti-proliferative response im-
posed by hypoxia in mature ECs is most likely compensated 
by induction of progenitor differentiation which is favored by 
cell cycle exit.61,62 Although counterintuitive for the mech-
anism of angiogenesis, slowing-down of EC proliferation 
could streamline the making of new vessels, as it could be 
beneficial for optimum network formation and vessel matu-
ration. EPAS1 could have a prominent role in restricting EC 
proliferation in vivo, as its stabilization by endothelial dele-
tion of PHD2 (EGLN1) promoted a growth-arrested pheno-
type (phalanx ECs) and the normalization of tumor vessels63; 
while the endothelial deletion of EPAS1 increased vessel den-
sity, but lead to an immature and poorly functional vascula-
ture.22 Moreover, in a mouse model of conditional inducible 
expression of the stabilized mutant HIF1αPP in keratinocytes, 
angiogenesis is associated with an early hyper-proliferative 
response that is followed by cell growth arrest.64 Although 
an early and transient hyper-proliferative response to hypoxia 
could potentially explain our findings in the EB model, we 
disregarded this possibility based on our transcriptomic anal-
ysis in HUVEC which showed that the anti-proliferative gene 
expression signature is present at 8 hours and was maintained 
over time (latest experimental time point 16 hours, data not 
shown). In future experiments in the EB model, it would be 
relevant to use the constitutively active mutant EPAS1PP 
and the loss of function mutant EPAS1PPbHLH* to explore 
whether inhibition of EC proliferation is a cell-autonomous 
response mediated by the transcriptional activity of EPAS1. 
Additionally, the use of genome-wide CRISPR functional 
approaches in cell lines could be instrumental in the identifi-
cation of critical targets for endothelial cell growth arrest in 
hypoxia. Although the molecular underpinnings of the par-
ticular mechanism involved remain elusive; their knowledge 
would be relevant for the design of improved strategies aimed 
to suppress angiogenesis in pathological contexts where hy-
poxia is a central driver of neovascularization.
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