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Abstract
Angiogenesis involves cell specification orchestrated by regulatory interactions between the vascular endothelial growth 
factor and Notch signaling pathways. However, the role of microRNAs in these regulations remains poorly explored. Here 
we show that a controlled level of miR-155 is essential for proper angiogenesis. In the mouse retina angiogenesis model, 
antimiR-155 altered neovascularization. In vitro assays established that endogenous miR-155 is involved in podosome 
formation, activation of the proteolytic machinery and cell migration but not in morphogenesis. The role of miR-155 was 
explored using miR-155 mimics. In vivo, exposing the developing vasculature to miR-155 promoted hypersprouting, thus 
phenocopying defects associated with Notch deficiency. Mechanistically, miR-155 overexpression weakened Notch signaling 
by reducing Smad1/5 expression, leading to the formation of tip cell-like cells which did not reach full invasive capacity and 
became unable to undergo morphogenesis. These results identify miR-155 as a novel regulator of physiological angiogenesis 
and as a novel actor of pathological angiogenesis.
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Abbreviations
ECs  Endothelial cells
BM  Basement membrane
TNF-α  Tumor necrosis factor α
VEGF-A  Vascular endothelial growth factor A
VEGFR2  Vascular endothelial growth factor receptor 2
Dll4  Delta like Notch ligand 4
NICD  Notch intracellular domain
Jag1  Jagged Notch ligand 1
Nrp1  Neuropilin-1
MMPs  Matrix metalloproteases
miRs  MicroRNAs
HMVECs  Human microvascular ECs
Col-IV  Collagen-IV

Introduction

Angiogenesis is the growth of blood vessels from the exist-
ing vasculature. This process is essential during embryonic 
development but becomes restricted to reproduction and 
tissue repair during adulthood. Physiological angiogenesis 
depends on the balance of positive and negative angiogenic 
modulators within the vascular microenvironment and is 
short-lived. Within a couple of weeks, the new capillaries 
become mature microvessels that contain quiescent endothe-
lial cells (ECs) resting on an intact basement membrane 
(BM). In many chronic diseases, including inflammatory 
disorders and various cancers, the balance between angio-
genic and angiostatic factors is lost, resulting in pathological 
angiogenesis that persists for much longer periods of time. 
For example, pathological angiogenesis associated with 
wound healing may occur after an inflammatory response 
in which TNF-α production is sustained [1].

At the onset of angiogenesis, ECs degrade the underlying 
BM, migrate and form sprouts that branch and anastomose. 
During maturation, ECs rebuild a BM, recruit parenchy-
mal cells, and finally return to quiescence. At the molecu-
lar level, initial sprouting is stimulated by proangiogenic 
factors, commonly vascular endothelial growth factor A 
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(thereafter VEGF-A), whose binding to VEGFR2 receptor 
(VEGFR2) upregulates the Notch transmembrane ligand 
Dll4 and thus the emergence of leading ECs (tip cells) from 
the established vasculature. Dll4 activates the Notch1 recep-
tor in adjacent cells (stalk cells) to induce proteolytic release 
of the Notch intracellular domain (NICD) which, in complex 
with other factors, acts as a transcription factor to mediate 
the tip cell/stalk cell specification [2–4]. Tip cells have low 
levels of Notch activity, breach the BM barrier and invade 
the surrounding stroma, while neighboring stalk cells dis-
play high levels of Notch activity, do not sprout but divide to 
extend the sprout. Stalk cells express another Notch1 ligand, 
Jag1 [5, 6], which antagonizes Dll4/Notch1 signaling back 
to the tip cell [5]. In tip cells, the stalk-cell phenotype is 
actively repressed through neuropilin-1 (Nrp1) expression, 
which limits the activation of Smad transcription factors in 
response to Alk1/5 signaling [7, 8].

However, how the selected tip cell acquires its functional 
characteristics remains incompletely understood. Our recent 
work highlighted the mechanism by which the explorative 
tip cell opens the way to enable vessel sprouting [9]. In these 
cells, the reduction of Notch activity induces the assembly 
of proteolytic organelles at the plasma membrane, which 
enable filopodia to break through the BM and dock on the 
interstitial matrix to allow cell invasion [10]. These struc-
tures known as podosomes [11] are actin-based and enriched 
in metalloproteases (MMPs) [12]. Although podosomes con-
tain proteins of the adhesion machinery, they can be recog-
nized by markers such as cortactin or the scaffolding protein 
Tks5 that are absent from focal adhesions. While inducing 
the tip cell phenotype, VEGF-A regulates podosome forma-
tion and BM proteolysis is restricted to these sites [9, 11]. 
Collagen-IV (Col-IV) and laminin are the main components 
of the BM, but endothelial podosomes selectively degrade 
Co-IV but not laminin [11]. Col-IV coverage is scarce at 
podosome areas in tip cells [9]. Vessel remodeling is halted 
by podosome suppression upon reactivation of the Notch 
pathway and the BM is restored [9]. VEGF-A and Dll4/
Notch1 signaling thus cooperate in a negative feedback 
loop that specializes endothelial tip and stalk cells to ensure 
adequate vessel branching and function [3]. However, lit-
tle is known about the posttranscriptional control of this 
dynamic process by microRNAs (miRs). miRs are highly 
conserved, small (~ 22 nucleotides) non-coding RNAs that 
regulate the expression of dozens of genes at the same time, 
often coding for proteins involved in the same program, to 
affect cell physiology in a global manner. These miRs are 
packaged in extracellular vesicles and exosomes (EVs) that 
travel through the body and regulate some of their targets 
remotely. MiR levels are altered in disease conditions and 
one of the most common disease-related miRs is miR-155 
[13, 14]. It is highly upregulated in inflammation and cancer 
conditions in which increased angiogenesis aggravates the 

disease. The endothelium is directly exposed to high levels 
of miR-155, released by inflammatory cells into the blood-
stream, either in complex with argonaute (ago2) or included 
in EVs [15]. We therefore investigated how this miR affects 
EC phenotype, function and behavior to explore a possible 
link between miR-155 gain of function and angiogenesis.

Although some studies have investigated the angio-
genic potential of miR-155 in ECs, most of them have used 
HUVECs and came to conflicting conclusions [16, 17]. 
Because angiogenic sprouting arises primarily from pre-
existing microvessels, we addressed the role of miR-155 
in the mouse retina model of physiological angiogenesis. 
Human microvascular ECs (HMVECs) were subsequently 
used in in vitro assays to unravel step by step the processes 
that operate in vivo. VEGF-A regulates EC sprouting, cell 
invasion and migration, and our study established that these 
processes are dependent on endogenous miR-155. miR-155 
participates in podosome formation and associated function, 
thus regulating EC invasion. However, while stimulating EC 
sprouting, increasing miR-155 levels impeded cell migration 
and morphogenesis, thus resulting in unproductive angio-
genesis. Thus, balanced expression of miR-155 is required 
for physiological angiogenesis.

Materials and methods

Mice

Lifeact-EGFP transgenic mice [18] have been previously 
described. All experimental procedures with mice were per-
formed using protocols approved by the Committee for Eth-
ics of Animal Experiments at the University of Bordeaux, 
in accordance with the guidelines of the French Ministry of 
Health under the authority of the project License #18727. 
Male and female mice were not distinguished. The numbers 
of analyzed mice are indicated in each experiment.

Intravitreal injections

C57Bl6/J and Lifeact-EGFP transgenic pups at postnatal day 
4 (P4) were intravitreally injected with 1 μl of either miR-
155 mimics (mmu-miR-155-5p mature sequence UUA AUG 
CUA AUU GUG AUA GGGGU, miRBase Accession Number 
MIMAT0000165 or antimiR-155 miRCURY LNA inhibitor 
(second-generation-specific inhibitor for miR-155, devel-
oped by Exiqon) or control miRNA (scrambled oligonucleo-
tides) (all from Qiagen) reconstituted in sterile PBS to a final 
concentration of 1 μg/μl. MiR-155 and antimiR-155 were 
injected into the left eye while control miRNA was injected 
into the contralateral eye at P4. Injections were performed 
using a 33-gauge needle placed on a 10-μl Nanofil syringe 
controlled by a UMP3 pump controller (World Precision 
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Instruments) as previously described [19]. Mice were eutha-
nized 2 days later (P6) and their eyes were collected and 
fixed to analyze flat-mount retinas.

Whole retina immunohistochemistry

Eyes were fixed in 4% paraformaldehyde for 2 h at 4 °C. 
Retinas were dissected, then incubated for 2 h at room tem-
perature in blocking buffer (PBS, 2% BSA, 0.2% Triton 
X-100). After three 20 min washes in Pblec buffer (PBS sup-
plemented with 1 mM  MgCl2, 1 mM  MnCl2, 1 mM  CaCl2 
and 1% Triton X-100), retinas were incubated overnight 
at 4 °C with fluorescein-labeled isolectin B4 (IB4; Vector 
Laboratories, FL-1201, 1:25) or rhodamine-labeled IB4 
(IB4; Vector Laboratories, RL-1102, 1:25) and antibodies 
diluted in blocking buffer. Retinas were washed three times 
with blocking buffer and incubated with species-specific 
fluorescent-labeled secondary antibodies (Jackson Labo-
ratories, 1:100) diluted in blocking buffer for 2 h at room 
temperature. After three washes in PBS, whole retinas were 
flat-mounted in ProLong Gold Antifade reagent (Life Tech-
nologies) containing Hoechst 33342 (Life Technologies), 
and analyzed with an epifluorescence microscope (Nikon 
TE-2000) or a laser scanning fluorescence microscope (Zeiss 
LSM 510 Meta inverted).

Antibodies for immunolabeling

Antibodies against cortactin (clone 4F11, #05-180) were 
obtained from Millipore. Col-IV antibodies were obtained 
from BioRad (#2150-1470). Antibodies against VE-Cad-
herin (clone 11D4.1, #555289) were obtained from BD 
Pharmingen. Antibodies against serum albumin (AF3329) 
were purchased from Biotechne. Antibodies against phos-
pho-SMAD1/5/8 (#13820) were from Cell Signaling Tech-
nologies. Antibodies against ERG 1/2/3 (ab92513) were 
from Abcam. For secondary detection, species-specific 
fluorescent-labeled secondary antibodies (Jackson Immu-
noResearch) were used.

Analysis of neonatal retinal vasculature

To quantify vascular progression within neonatal retinas, 
mosaic images of IB4-labeled retinas were obtained by 
stitching individual images acquired at 4 × magnification 
with a fluorescence microscope (Nikon TE-2000) using the 
‘large image’ function of the NIS-elements software. From 
these pictures, the vascular coverage (IB4-positive retina 
area normalized to the total retina area), the radial extension 
of the vessels (distance from the optic nerve to the extrem-
ity of the network; measured in each quarter of the retinas), 
and the vascular density at the angiogenic front (percentage 
of IB4-positive areas per field, determined in ROIs from 

each quarter of the retinas) were quantified using the ImageJ 
software [20], as previously published [9]. The number of 
sprouts and tip cells per ROI at angiogenic fronts was deter-
mined by manual counting. To quantify podosome number, 
average podosome size and Col-IV coverage at angiogenic 
fronts, z-stack confocal series of 20 optical sections (x/y/z 
= 146.25 × 146.25 × 0.15 μm) were acquired with a 63 × oil 
immersion objective. Acquisitions were performed at the 
leading front of the developing retinal vasculature. To deter-
mine the density of podosomes per μm2 of EC, the mean 
number and size of podosomes (F-actin/cortactin-positive 
(yellow) foci) per vessel length were calculated using the 
ImageJ “Analyze Particles” function performed on maximal 
intensity projections of the confocal stacks after deconvo-
lution (AutoQuant X3 software) and normalization to the 
Lifeact-EGFP-positive surface area (determined from the 
thresholded image of the corresponding channel). To deter-
mine Col-IV coverage of retinal vessels, the Col-IV-positive 
surface area per field was determined on thresholded images 
and normalized to the Lifeact-EGFP-positive surface area, 
as previously described [9]. The number of filopodia and 
empty sleeves per ROI at angiogenic fronts was determined 
by manual counting and normalized respectively by the 
number of tip cells and the IB4 positive surface area. To 
determine VE-Cadherin and P-Smad1/5/8 expression at 
angiogenic front, the VE-Cadherin-positive surface area 
per field and the number of P-Smad1/5/8 and IB4 double 
positive cells were determined on thresholded images and 
normalized to the IB4-positive surface area. To determine 
albumin extravasation at remodeling plexus, the albumin-
positive surface areas per field that were negative for IB4 
were measured on thresholded images.

Cells, cell culture and cell stimulation

In most experiments, Human Pulmonary Microvascular 
Endothelial cells (HMVECs, Cell Systems, #ACBRI 468 V) 
were used. HMVECs were maintained in complete EC 
growth medium (EGM-MV; Promocell, a culture medium 
that does not contain VEGF) containing antibiotics at 37 °C 
in a 5%  CO2 humidified atmosphere and used between pas-
sages 2 and 7. Cells were trypsinized and seeded in com-
plete medium at 0.5 ×  106 cells per well in six-well plates 
for western blot experiments and RT-qPCR experiments, 
and at 1.5 ×  104 cells on glass coverslips in four-well plates 
for immunofluorescence imaging. For stimulation, human 
recombinant VEGF-A (used at 25 ng/ml in all experiments, 
unless otherwise indicated) was obtained from Promocell 
and human recombinant TNF-α (used at 5 ng/ml) were 
obtained from Biotechne. For pharmacological inhibition 
of Notch signaling, the γ-secretase inhibitor DAPT (used 
at 10 μM) was obtained from Sigma. HUVEC, BAEC and 
HAOEC cells were cultured as previously described [21, 22]. 
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Tumor cell lines were cultured as reported: AGS, HeLa and 
JEG-3 cells in αMEM medium; HTR-8/SVneo and JEG-3 
cells in DMEM/F12 medium, BeWo cells in F-12K medium, 
Jurkat, HCL-7876 and Eskol cells in RPMI-1640 medium, 
from Thermofisher. The MCF10A cell line was grown in 
MEBM™ Basal Medium (CC-3151) and MEGM™ Single-
Quots™ Supplements (CC-4136) obtained from Lonza. All 
media were supplemented with 10% FCS, l-glutamine and 
antibiotics (Thermofisher). HuH-7 and MDA-MB-231 cells 
were grown as previously described [23].

Cell transfection with siRNAs, miR‑155 mimic 
or antimiR‑155

Transfection of HMVECs was performed by two rounds 
of transfection, 24  h apart, with double-stranded short 
interfering RNA (siRNA), siRNA MT1-MMP (MMP-14 
#L-004145), siRNA Smad1 (5′-AAC ACT GGT GCT CTA 
TTG TCT-3′) and siRNA Smad5 (5′-AAA GCC TTG AGC 
AGT CCA GGA-3′) [24]. miR-155 mimic (miRIDIAN 
microRNA Human hsa-miR-155-5p-mimic) or antimiR-155 
(miRIDIAN microRNA hsa-miR-155-5p hairpin inhibitor 
against miR-155, synthesized by Dharmacon [25]) at 20 nM 
using a calcium phosphate precipitation protocol [26]. On 
the next day, cells were replated, cultured for 1 day and then 
used in the various assays.

qRT‑PCR analysis of messenger RNA expression

Cells were homogenized in Trizol reagent and total RNA 
was extracted using the RNeasy kit (Qiagen) following the 
manufacturer’s procedure. Transcripts (1 μg) were reverse-
transcribed using High Capacity cDNA Reverse Transcrip-
tion (Thermofisher). Quantitative PCR was performed using 
the 2 × Takyon for Syber Assay (Eurogentec) in a MX3000P 
from Stratagene. cDNAs were amplified using the following 
primers: human GAPDH: GAA GGT GAA GGT CGG AGT C 
(forward) and GAA GAT GGT GAT GGG ATT TC (reverse); 
VEGF-A forward: CCT TGC CTT GCT GCT CTA C, reverse: 
TTC TGC CCT CCT CCT TCT G; VEGF-B forward: GGA 
CAG AGT TGG AAG AGG AGAC (reverse): GGA AGA GCC 
AGT TGT AAG ATGC; VEGF-C forward: CAG ACA AGT 
TCAT TCCAT TAT TAG, reverse: AGT CAT CTC CAG 
C ATCCG; VEGF-D forward: TCC AGA CCA ACC TTC 
CAT TCAC, reverse: CAG CAC ACC TTT CTC ATT CACC. 
‘siRNA’ refers to mRNA obtained from siRNA transfected 
cells and ‘control’ refers to control siRNA transfected cells.

The mRNA levels were normalized to the levels of 
housekeeping genes and the fold change was calculated 
using the following formula:  2−ΔΔCt =  2−{(Ct,TG−Ct,CG)

miRNA−{(Ct,TG−Ct,CG)control} where Ct, TG represents the cross-
ing threshold for the target gene and Ct, CG represents the 
crossing threshold for the housekeeping gene.

qRT‑PCR assessment of miR‑155 expression

Total RNA was extracted from cells homogenized in Tri-
zol reagent (Thermofisher) using the Qiagen miRNeasy kit. 
Transcripts (10 ng) were reverse-transcribed using the miR-
CURY LNA RT kit from Qiagen. Quantitative PCR was 
performed using the miRCURY LNA SYBR green kit from 
Qiagen in a MX3000P from Stratagene. miR-155 was quan-
tified using specific primers from Qiagen: miRCURY LNA 
miRNA PCR Assays YP00204308. Absolute quantification 
of miR155 was performed using a miR-155 mimics standard 
curve and reported to 10 ng of RNA used as a template for 
reverse transcription.

In situ matrix degradation assay

For the gelatin degradation assay, glass coverslips were first 
coated with Oregon-green-488 gelatin diluted to 0.1% in 
PBS at RT for 30 min, washed with PBS and fixed with 
0.5% glutaraldehyde (EMS) for 15 min. After washing with 
PBS, coverslips were incubated in 5 mg/ml sodium boro-
hydride for 30 min under constant agitation, washed three 
times in PBS and finally incubated with culture medium 
before adding the cells. After adhesion, cells were treated 
or not with VEGF-A for 24 h, then fixed and processed for 
immunofluorescence staining. Quantification of degradation 
areas on fluorescence-labeled matrices was performed for at 
least ten fields (Å ~ 10 × objective lens) for each coverslip. 
The areas of degradation were quantified using ImageJ soft-
ware as described in [27]. Briefly, black and white images 
of gelatin degradation were analyzed by manually adjust-
ing the threshold on each picture until the selected areas 
were representative of the real degradation observed in the 
original color image. Then, the total loss of matrix-based 
fluorescence per field was measured by the Analyze Particles 
function. The total degradation area (expressed in μm2) was 
then normalized for the number of cells (degradation index). 
Control values were arbitrarily taken as 1.

In vitro tube formation assay on Matrigel

In vitro tube formation assays were performed in a pre-
chilled 96-well plate with 70 μl per well of growth factor-
reduced Matrigel (a BM-like material derived from Engel-
breth–Holm–Swarm tumor cells, purchased from Corning) 
that was allowed to gel at 37 °C for 15 min. Thereafter, 
1 ×  104 HMVECs were seeded in triplicate onto the Matrigel 
in EGM-MV complete media containing VEGF-A, incu-
bated at 37 °C for 18 h to allow formation of tubular struc-
tures and further analyzed by microscopy using a Nikon 
Eclipse TE2000-E (Nikon Ltd) at 4 × magnification. The 
angiogenic response was measured by image analysis. 



miR‑155 regulates physiological angiogenesis but an miR‑155‑rich microenvironment disrupts…

1 3

Page 5 of 23 208

Quantification of capillary-like structures was performed 
using the Angiogenesis analyzer plug-in on ImageJ software.

Wound healing assay

To investigate cell migration, ECs (2 ×  105) were seeded in 
12-well plates and then cultured in complete medium for 
2 days until confluence. The confluent layers of ECs were 
carefully scratched using a pipette yellow tip (100-µl vol-
ume) to create an artificial wound. The wells were then 
washed twice with PBS to remove cell debris and cultured 
for 24 h. Phase contrast images were taken at different time 
intervals (0, 4 h, 8 h, and 24 h) to monitor repopulation in 
the scratched area. The acellular area measured at each time 
point was calculated with ImageJ.

Angiogenesis invasion assay (AIA)

A cut yellow tip was placed centrally in a 3.5 cm Mat-
Tek dish (MatTek Corporation, USA) and filled with pure 
growth-factor-reduced Matrigel™ (67 µl at around 9 mg/ml) 
plus VEGF-A (3 µl) to create a BM-like matrix barrier, as 
previously described [9]. Matrigel plugs were then allowed 
to polymerize for 30 min in the incubator at 37 °C, 5%  CO2. 
After this step, the yellow pipette tip was carefully removed. 
Cells (5 ×  104) were seeded around the Matrigel plot and 
allowed to adhere for 2 h at 37 °C and 2 ml of complete 
medium were then layered on top. The dish was returned 
to 37 °C for 12 h. Then cells in AIA were fixed in 2% PFA 
for 30 min, followed by quenching with 50 mM  NH4Cl and 
permeabilization in 0.2% Triton X-100 for 1 h and blocking 
in 3% BSA. Primary monoclonal antibodies against cortactin 
were used at a 1/100 dilution in blocking buffer. After 16 h 
at 4 °C, cells were washed extensively in PBS, then an Alexa 
fluor-546 coupled secondary antibody against mouse IgG 
(Jackson ImmunoResearch) was added at 1/100 dilution in 
blocking buffer together with Alexa fluor-488 labeled phal-
loidin (Thermofisher Scientific) and Hoechst 33342 (Life 
Technologies) for 3 h at room temperature. The system was 
then mounted with anti-fade reagent (Life Technologies). To 
quantify the number of sprouts invading the Matrigel plug, 
mosaic images were obtained by stitching individual phase-
contrast images acquired at 4 × magnification with an auto-
mated microscope (Nikon TE-2000) using the ‘large image’ 
function of the NIS-elements software. On the obtained 
images, the number of sprouts was determined manually 
and the length of individual sprouts was measured using 
the “straight line” tool of ImageJ, from the tip to the root of 
sprouts. From these measurements, the mean sprout length 
and the sum of sprout lengths were determined by averaging 
and summing the values obtained for all individual sprout 
lengths, respectively. To compare the different experiments/
conditions, the number of sprouts and the sum of the sprout 

lengths were normalized by the length of the cell monolayer-
Matrigel interface used to perform the measurements.

To quantify podosome number and average podosome 
size in ECs, z-stack confocal series of 10 optical sections 
(x/y/z = 146.25 × 146.25 × 0.15 μm) were acquired using a 
laser scanning fluorescence microscope (Zeiss LSM 510 
Meta inverted) equipped with a 63 × oil immersion objective. 
The mean number of podosomes (F-actin/cortactin-positive 
(yellow) foci) per sprout was calculated using the ImageJ 
“Analyze Particles” function performed on maximal inten-
sity projections of the confocal stacks. The mean number of 
podosomes was normalized to the cellular area.

Indirect immunofluorescence

Sub-confluent cells grown on glass coverslips were fixed for 
30 min at room temperature in 4% (w/v) paraformaldehyde 
containing PBS, permeabilized for 15 min at room tempera-
ture with 0.1% Triton X-100 containing PBS, blocked for 
30 min at room temperature in 3% BSA containing PBS and 
incubated for 1 h at room temperature with primary antibod-
ies diluted at 1/100 in blocking buffer. Antibodies against 
Cortactin (#sc-11408) were from Santa Cruz. Antibodies 
against Vinculin (#V9131) were from Sigma. Antibodies 
against Paxillin (#04-581) were from Millipore. Antibodies 
against VE-Cadherin (#BMS158) were from eBioscience. 
F-actin was visualized with Alexa Fluor 647-labelled phal-
loidin (Thermofisher Scientific) and the nuclei were stained 
with Hoechst 33342 together with fluorescent secondary 
antibodies (Jackson ImmunoResearch) for 1 h at room tem-
perature. The coverslips were washed in water and mounted 
on microscope slides with ProLong Gold Antifade reagent 
(Life Technologies). For MT1-MMP cell surface exposure, 
the permeabilization step was omitted and cells were incu-
bated for 1 h with MT1-MMP antibodies (Abcam, Ab51074) 
after several PBS washes. Another 30-min step with 4% PFA 
was performed to fix the antibodies before permeabilizing 
with 0.1% Triton X-100 and immunofluorescent staining as 
above. When assessing podosome formation, for each struc-
ture found, its location at the base of the cell was systemi-
cally checked to confirm that it was not a dorsal ruffle. The 
number and area of focal adhesions in ECs were determined 
using the “Analyze Particles” function of ImageJ performed 
on thresholded images. The number of focal adhesions was 
normalized to the cellular area to obtain the value of focal 
adhesion density.

Western blot analysis

Cells were transfected with siRNA as indicated. On the next 
day, cells were stimulated with 25 ng/ml VEGF-A (Pro-
mocell) for 24 h then lysed for immunoblotting. Lysis was 
performed directly in Laemmli sample buffer and samples 
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were run on a 10% SDS-PAGE gel at 120 V for 90 min. 
Proteins were transferred onto Immobilon polyvinylidene 
difluoride membranes (Merck Millipore) at 120 V for 1 h. 
Membranes were saturated with 5% bovine serum albumin 
in Tris-buffered saline containing 0.1% Tween-20 for 1 h 
and incubated overnight at 4 °C with primary antibodies. 
Antibodies against Dll4 (#2589), Jag1 (#70109), Smad1 
(#9743), Nrp1 (#3725), α-actinin (#6487), P-Smad1/5/8 
(#9511) and NICD (#4147) were from Cell Signaling Tech-
nologies. Other antibodies were Smad5 (Abcam #Ab40771) 
and α-tubulin (Sigma, clone DM1A, #T9026). Then, pri-
mary antibodies were revealed using horseradish peroxi-
dase-coupled anti-mouse, anti-goat or anti-rabbit (Jackson 
ImmunoResearch) secondary antibodies for 1 h. Finally, 
horseradish peroxidase activity was revealed using a chemi-
luminescence kit (GE-healthcare) according to the manufac-
turer’s instructions. Auto-radiographies were digitized and 
band intensities were quantified using NIH ImageJ. Protein 
expression was normalized against tubulin and made relative 
to the control (i.e., siRNA Smad1/siRNA control condition) 
for representation on graphs.

Analysis of matrix metalloproteinases activity 
by zymography

HMVEC transfected with control, miR-155 or anti-miR155 
were seeded at 150,000 cells per well in 6-well plates and 
then stimulated with VEGF-A for 24 h. MMP activity was 
measured in cell supernatants. Gelatinolytic activity was 
assayed by SDS PAGE, in 10% polyacrylamide gels contain-
ing 1 mg/ml gelatin as described [28]. For secreted MMPs, 
Samples were obtained by mixing 175 μl of supernatants 
with 35 μl 6 × sample buffer (300 mM Tris–HCl, 12% SDS, 
0.1% bromophenol blue, 60% glycerol, pH 6.8). Gels were 
then incubated in 2.5% Triton X-100 for 60 min to remove 
SDS followed by overnight incubation in developing buffer 
(50 mM Tris–HCl, 0.2 M NaCl, 5 mM  CaCl2, 0.02%Brij-
35 pH 7.6). Gels were stained for 30 min in 30% methanol, 
10% glacial acetic acid, 0.5% Coomassie Blue G-250, then 
destained for 1 h in 30% methanol, 10% glacial acetic acid. 
Gels were digitized and band intensity was quantified using 
NIH ImageJ.

Statistics

Statistical analysis was performed with GraphPad Prism 6 
(GraphPad Software, Inc., San Diego. CA, USA). Data rep-
resent at least three independent experiments. Graphs are 
presented as mean values ± SD or SEM (bars). For experi-
ments involving animals, individual values (dots) (scatter 
plot with bar) were added. Significance was determined 
using Student’s t test or the one-way or two-way ANOVA, 
followed by Tukey’s or Bonferroni’s post-tests, whichever 

applicable. p values < 0.05 were considered statistically 
significant.

Results

Exposure of vasculature to either miR‑155 
or anti‑miR‑155 disrupts physiological angiogenesis

To address the role of miR-155 in sprouting angiogenesis, 
we used the mouse postnatal retina model that allows simul-
taneous visualization of the different steps of the angiogenic 
process [29]. In the first week after birth, a primary vascu-
lar plexus grows from the optic nerve head of the retina. 
Guided by fibronectin produced by proangiogenic astrocytes 
and exposed to a VEGF-A gradient, the vascular network 
develops radially toward the periphery of the retina. Angio-
genesis can be monitored by multi-parametric characteri-
zation of this 2D plexus growing onto the retinal surface 
between P0 and P8. We performed intravitreal injection of 
either miR-155 mimics (a fluorescent tagged synthetic oli-
gonucleotide corresponding to endogenous mature miR-155) 
or its antagonist (antimiR-155, a fluorescent tagged synthetic 
oligonucleotide neutralizing endogenous miR-155) in the 
eye at P4 and allowed neo-vascularization until P6 (Fig. 1a). 
FAM fluorescence in flat-mounted P6 retinas confirmed that 
the oligonucleotides were taken up by the cells (Fig. 1b). 
Analysis of the angiogenic front in P6 retinas stained for the 
endothelial marker isolectin B4 (IB4) revealed that the den-
sity of capillaries and the number of sprouts were increased 
in miR-155-injected eyes as compared to controls (Fig. 1c, 
d). The vascular coverage of the retina and the radial exten-
sion of the network were not significantly affected. Further 
analysis revealed no alteration in filopodial protrusions, 
empty sleeves (Col-IV staining) or endothelial cell–cell 
junctions (VE cadherin staining) in eyes injected with miR-
155 (Fig. S1a, b). In contrast, all angiogenic parameters were 
affected in antimiR-155-injected eyes as compared to con-
trols (Fig. 1c, d and Fig. S1a, b) indicating that endogenous 
miR-155 is required for developmental angiogenesis. We did 
not detect arteriovenous malformation in the injected retinas.

Sprouting tip cells use podosomes to breach the BM sur-
rounding the parental vessel [9]. Alterations in the sprout-
ing, branching and anastomosing capacities of retinal vessels 
in miR-155- or anti-miR-155-injected eyes could therefore 
reflect changes in the ability of tip cells to assemble these 
structures. To study podosome formation, we used Lifeact-
EGFP-transgenic mice [18] in which the expression of 
the transgene is largely restricted to the endothelium [30]. 
Podosomes are detected by the colocalization of F-actin 
and cortactin staining in punctate structures that coincide 
with gaps in the Col-IV labeling at the distal end of tip 
cells where filipodia extend from the leading edge [9]. In 
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Fig. 1  Exposure of developing vasculature to either miR-155 or anti-
miR-155 disrupts physiological retinal angiogenesis. a Schematic 
representation of the protocol of intravitreal administration of oligo-
nucleotides. 4-day-old C57Bl6/J animals are intravitreally injected 
with 1  μg of either miR-155, antimir-155 and a scrambled version 
of miR-155 oligonucleotides conjugated or not with 6-carboxyfluo-
rescein (6-FAM). b 48 h after injections, P6 mice are sacrificed and 
retinas are dissected. Then, retinas are subjected to whole mount 
immunohistochemistry. Labeling of retinas for the endothelial marker 
IB4 (black) reveals the developing vascular network. 6-FAM fluores-
cence (green) is also detected in oligonucleotide-injected eyes (left 
panels) while no signal is detected in those from non-injected ones 
(right panels). Scale bars: 1 mm. c IB4 (black) stained retinal whole-
mounts from P6 mice intravitreally injected with the scrambled (Scr), 
miR-155 or antimiR-155 oligonucleotides at P4. d Quantifications 
and representative images of the vascular coverage (delimited by red 
line, top panels), radial extension (red arrow, middle panels), capil-
lary density and sprouting (red arrowheads bottom panels) are shown 
(n = 8 Scr-injected; n = 7 miR-155-injected; n = 9 antimiR-155-in-

jected mice). Graphs are presented as mean values ± SD (bars) and 
individual values (dots). A p-value less than 0.05 was considered as 
statistically significant (one-way ANOVA followed by Tukey’s post-
test). Scale bars: 1  mm (top panels), 200  μm (middle panels) and 
100 μm (right panels). e Representative images of the vascular front 
of Lifeact-EGFP P6 animals intravitreally injected with Scr-, miR-
155- and antimiR-155-oligonucleotides at P4. Retinas are labeled 
for F-actin (Lifeact-EGFP, green), cortactin (red) and Col-IV (Col-
IV, white). Scale bars: 20  μm. f High magnification images from 
the three regions boxed in e. Tip cell podosomes are highlighted by 
F-actin and cortactin staining (yellow foci) in areas devoid of Col-
IV staining. Scale bars: 5 μm. g Quantitative analyses of podosome 
density, podosome area and coverage of the neovessels with Col-IV 
are shown (n = 7 Scr-injected; n = 8 miR-155-injected; n = 6 antimiR-
155-injected Lifeact-EGFP mice). Graphs are presented as mean val-
ues ± SD (bars) and individual values (dots). A p value less than 0.05 
was considered as statistically significant (one-way ANOVA followed 
by Tukey’s post-test)
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miR-155-injected eyes, the number of podosomes per tip 
cell was increased, whereas fewer podosomes were formed 
in tip cells from antimiR-155-injected eyes than in controls 
(Fig. 1e–g). Jointly, the overall Col-IV coverage of tip cells 
tended to decrease in miR-155-injected eyes while it was sig-
nificantly increased in antimiR-155-injected eyes (Fig. 1g). 
These differences may be related to modulation of podosome 
formation and activity by miR-155 and antimiR-155, but 
could also reflect modulation of Col-IV synthesis. Neither 
miR-155 nor antimiR-155 altered podosome size, indirectly 
indicating that miR-155 did not affect actin dynamics in 
podosomes (Fig. 1g).

Collectively, these results show that miR-155 is essential 
for proper angiogenesis in vivo. However, a miR-155-rich 
microenvironment affects neo-vascularization. miR-155 
promotes vascular sprouting and podosome formation in 
tip cells, while antimiR155 has the opposite effect. Interest-
ingly, aberrant sprouting and exacerbated podosome forma-
tion are hallmarks of impaired Notch signaling, as seen in 
vessels exposed to DAPT (a γ-secretase inhibitor) [9]. The 
miR-155 phenotype is therefore reminiscent of one in which 
Notch signaling is inhibited.

Increased miR‑155 levels in endothelial cells 
alter their ability to migrate, sprout and undergo 
morphogenesis

To explore the cellular mechanisms underlying the disrup-
tive effect of miR-155 on retinal angiogenesis, we altered 
miR-155 levels in microvascular ECs (HMVECs) and 
addressed their functional properties and behavior in vitro. 
qRT-PCR experiments confirmed that HMVECs express 
miR-155 (Fig. S2a). Its level was not modulated by cell 
confluence (Fig. S2b) and was found slightly higher than 
that of arterial ECs (Fig. S2c). Importantly, VEGF-A did not 
alter miR-155 expression (TNF-α was effective as expected) 
(Fig. S2d) and miR-155 did not regulate VEGF expression 
(Fig. S2e). We used an in vitro angiogenesis assay (AIA) 
that we have developed to examine how miR-155 affects 
tip cell/stalk cell specification [9]. It simulates the initial 
sprouting phase of angiogenesis in which ECs differentiate 
into invasive tip cells that assemble proteolytic podosomes 
to breach the BM [9]. To this end, a Matrigel plug (a BM-
like material) supplemented with VEGF-A was placed in a 
culture dish and HMVECs were seeded to form a monolayer 
around it (Fig. 2a, b). Tip cell-like cells differentiating from 

Fig. 1  (continued)
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ECs at the Matrigel interface assembled podosomes, pro-
jected filopodia toward the VEGF-A source, and sprouted 
into the Matrigel plug (Fig. 2b, c). When transfected with 
miR-155 mimics, ECs sprouted in the Matrigel at higher 
frequency than control ECs. However, many sprouts failed to 
elongate toward the VEGF-A source and remained round in 
shape (hereafter referred to as immature sprouts) (Fig. 2c–e). 
Thus, despite increased sprouting, miR-155 did not promote 
an overall increase in sprout length (Fig. 2e, f). The defect 
was not due to altered podosome formation: on the contrary, 
more podosomes per sprout were scored in miR-155 trans-
fected ECs than in controls (Fig. 2g–j). In addition, increas-
ing the VEGF-A concentration in the Matrigel plug did not 
overcome the inhibitory effect of miR-155 on EC invasion. 
qRT-PCR experiments confirmed that Matrigel did not 
significantly affect miR-155 levels in HMVECs (Fig. S2f). 
Conversely, and similar to the in vivo situation, antimiR-155 
transfection reduced EC sprouting and podosome formation 
below baseline (Fig. 2d, g–j), resulting in an overall reduc-
tion in sprout length (Fig. 2f).

To determine whether the reduced invading capacity 
of miR-155-transfected cells could result from a defect in 
VEGF-A-induced chemotaxis, we assessed their migra-
tion potential directly in the wound-healing assay. Whereas 
VEGF-A stimulation allowed control cells to fill the gap 
within 24 h, cells over-expressing miR-155 did not (Fig. 3a, 
b). miR-155- and antimiR-155-transfected cells were less 
motile than control cells. Neutralization of endogenous 
miR-155 with the antimiR-155 slowed down cell migra-
tion but this defect was partially rescued by VEGF-A. Cell 
proliferation was not affected in miR-155 or antimiR-155 
transfected cells. Immunofluorescent staining for F-actin 
and the scaffolding protein paxillin were used to examine 
focal adhesions (Fig. S3a). miR-155-transfected cells did not 
exhibit detectable morphological changes or alterations in 
stress fiber organization but defects in cell–matrix adhesion 
(Fig. 3c–f, Fig. S3b). Whereas VEGF-A increased the num-
ber of focal adhesions per cell in control ECs, this response 
did not occur in miR-155-transfected cells. VEGF-A or anti-
miR-155 did not affect the overall area of focal adhesions 
(Fig. 3d). In contrast, miR-155 over-expression increased 
the mean size of focal adhesions (Fig. 3e), suggesting an 
alteration in their turnover that could account for the migra-
tion defect [31].

ECs undergo morphogenesis in the late steps of angio-
genesis, a process that can be simulated in vitro by plat-
ing cells on BM-like materials [32] (Fig. 4a). Typically, 
Matrigel evokes capillary-like formation within 24  h. 
ECs first align themselves end-to-end, then elongate, and 
a complex network of anastomosing cells can be observed 
after 16 h. While the typical capillary-like structures were 
observed in control HMVECs, miR-155-enriched cells 
tended to aggregate rather than align and elongate (Fig. 4b, 

c). Tubulogenesis was unaffected for cells transfected with 
antimiR-155 (Fig. 4b, c).

Collectively, these results show that the phenotypes and 
properties of ECs over-expressing or under-expressing 
miR-155 analyzed in the AIA mirror the in vivo situation 
in which the retinal vasculature is exposed to miR-155 or 
antimiR-155, respectively. Endogenous miR-155 plays a 
decisive role in podosome formation and cell migration 
but is not required for morphogenesis. If miR-155 is over-
expressed, cell sprouting is stimulated but cell invasion does 
not occur, as the response to VEGF-A adhesive and migra-
tory signals is impaired. The opposite effects of miR-155 and 
antimiR-155 on morphogenesis suggest that miR-155 could 
be turned off at this stage.

miR‑155 promotes a proteolytic phenotype

To explore how miR-155 regulates EC sprouting capacities, 
we examined the ability of HMVECs to assemble func-
tional podosomes in response to miR-155 modulating sig-
nals, in the absence of BM cues. HMVECs were transfected 
with miR-155 mimics or antimiR-155, seeded on a gelatin 
matrix and stimulated or not with VEGF-A. In 2D cultures, 
podosomes appear as F-actin-rich cores, each surrounded 
by an adhesive ring structure containing proteins that are 
also found in focal adhesions. Nevertheless, podosome are 
clearly distinguishable from focal adhesions. They can be 
identified using the F-actin-cortactin double staining and 
their organization into cluster-like cytoskeletal superstruc-
tures often termed podosome rosettes at the ventral mem-
brane of the cell [12] (Fig. S3a, b). In this setting, increas-
ing miR-155 levels promoted podosome rosette formation 
in HMVECs (Fig. 5a, b). The rosettes featured character-
istics similar to those formed in response to VEGF-A and 
the magnitude of the response was similar [11]. In addition, 
miR-155 and VEGF-A did not show any additive or syner-
gistic effect (Fig. 5a, b). The miR-155 stimulatory effect was 
also observed for cells seeded on BM matrix proteins (Col-
IV, laminin or Matrigel), but not on the interstitial protein 
fibronectin or Collagen-I (Col-I) (Fig. S4). By contrast, anti-
miR-155 decreased the formation of spontaneous podosomes 
that form at low levels under basal conditions [11] (Fig. 5b). 
Here again, antimiR-155 suppressed podosome formation in 
response to VEGF-A, further confirming the need for endog-
enous miR-155 in this process. The podosome response is 
reflected in matrix proteolysis that we measured in situ by 
quantifying dark areas in fluorescent gelatin (Fig. 5c, d). 
Consistent with the podosome response, miR-155-induced 
matrix degrading activity was not stimulated further in the 
presence of VEGF-A. Of note, matrix degradation may have 
been slightly underestimated under these conditions because 
motility was affected in miR-155-transfected cells (Fig. 3b).
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Extracellular matrix remodeling by podosomes relies 
on matrix proteases, of which the transmembrane metallo-
protease MT1-MMP is the major enzyme. MT1-MMP is 
delivered via microtubules and exposed at podosome sites. 
Cells over-expressing miR-155 displayed brighter cell-sur-
face MT1-MMP staining at podosome rosettes than control 
cells (Fig. 6a, b). This response was similar to that obtained 
upon VEGF-A stimulation. As expected, miR-155-induced 
podosome formation and associated matrix degradation were 
abolished in MT1-MMP-silenced cells (Fig. S5a, Fig. 6c, d). 
In the AIA (Fig. 2a), MT1-MMP colocalized with cortactin 
at 3D podosomes (Fig. S5b). Silencing MT1-MMP reduced 
miR-155-induced podosome formation in tip cell-like cells 
and sprouting capacities (Fig. 6e–g).

MT1-MMP also acts as a membrane-anchored activator, 
processing latent pro-MMP2 in complex with αVβ3 integrin 
into active MMP2 at the cell surface. We therefore analyzed 
MMP2 activity in cell supernatants by gelatin zymogra-
phy. The secreted latent MMP2 proenzyme (which is acti-
vated by the assay) can be identified by its molecular mass 
at 72 kDa (pro-MMP9 (MW: 92 kDa) was not detected) 
(Fig. 7a). MMP2 was visualized by its gelatinase activity 
just below its precursor. A selective increase in MMP2 activ-
ity was observed with miR-155-transfected cells, whereas 
no change was detected in anti-miR155-transfected cells 
(Fig. 7b). miR-155 reduced MMP2 activity induced by 
VEGF-A stimulation. Taken together, these data show that 
miR-155 increases MMP2 activity while antimiR-155 has 
no significant effect. Therefore, the upregulation of MMP2 
activity may have arisen from the processing of its precursor 
by MT1-MMP. Altogether, the results show that miR-155 

regulates MT1-MMP in podosome formation and function, 
as does VEGF-A. However, beyond physiological levels, 
miR-155 impairs the EC response to VEGF-A.

miR‑155 disturbs Notch signaling through Smad 
proteins

Like all miRs, miR-155 has multiple targets that regulate 
biological processes in a tissue type- and context-depend-
ent manner [33]. We focused on Smad1 and Smad5, which 
are validated targets of miR-155 in aortic ECs [24]. In the 
latter cells, podosome formation is induced in response to 
TGF-β and potentiated by miR-155. BMP-Smad and Notch 
signaling pathways converge in ECs undergoing angiogen-
esis. Dll4-Notch and its crosstalk to VEGF balances the 
tip cell/stalk cell ratio [34]. As tip/stalk cell specification 
depends on the integration of Smad1/5 and Notch signaling 
cascades [8] [35, 36], we hypothesized that miR-155 could 
affect this pathway. Both Smad1 and Smad5 expression were 
reduced in miR-155-transfected cells, indicating that these 
proteins are also targets of this miR in HMVECs (Fig. 8a). 
Not unexpectedly, the phosphorylation of Smad1/5/8 dimin-
ished along with the expression of Smad1 and Smad5, so 
that changes in the expression of these transcription fac-
tors should globally result in an alteration of their signal-
ing potential. Phospho-Smad1/5/8 was not modulated by 
VEGF (Fig. S6a, b). Silencing the expression of Smad1 
and/or Smad5 phenocopied the characteristics of miR-
155-enriched cells with respect to podosome formation and 
function (Fig. S7). Western blot experiments analyzing the 
cleavage of Notch intracellular domain (NICD) confirmed 
that Notch signaling was reduced in miR-155-transfected 
cells. In addition, induction of Dll4 and Jag1 in response 
to VEGF-A stimulation was significantly decreased. Nrp1, 
which allows tip cell formation by limiting Smad signal-
ing [7], was downregulated (Fig. 8a). In contrast, inhibiting 
Notch signaling with DAPT did not affect Smad1 or Smad5 
expression (Fig. S8). In vivo, we found that antimiR-155 
enhanced Smad1/5 phosphorylation at the angiogenic front, 
suggesting the regulatory role of endogenous miR-155 on 
Smad1/5 during angiogenesis (Fig. 8b). In the remodeling 
plexus where Smad signaling is required for proper Notch 
signaling [8], Smad1/5 phosphorylation was impaired 
by miR-155 (Fig. 8c) in IB4-stained retinal vasculature. 
ERG1/2/3 EC nuclei staining confirmed that the Smad1/5 
phosphorylation defect mainly affected ECs (Fig. S9). In 
addition, vascular permeability was increased (Fig. 8d). VE-
cadherin staining confirmed that endothelial junctions were 
irregular, and thus most probably dysfunctional, in retinal 
vessels that had been exposed to miR-155 (Fig. 8e).

Collectively, these results show that miR-155 decreases 
Smad1/5 expression and Notch signaling and suggest that 
podosome induction is enabled through this pathway.

Fig. 2  miR-155 regulates EC sprouting and podosome formation 
in  vitro. a Cartoon showing the experimental setup of the inva-
sion assay with the central Matrigel plug (1) around which ECs are 
seeded to form a monolayer (2). Sprouting ECs seen from the top; 
far-right image shows the ECs invading the plug by phase contrast 
(3). Scale bar: 400  μm. b Phase contrast images at higher magnifi-
cation show the sprouts formed after 4 h. Scale bar: 50 μm. c High 
magnification images of the boxed regions in b showing the two types 
of sprouts, referred to as mature and immature sprouts. Scale bars: 
10 μm. d Quantification of the number of angiogenic sprouts, mature 
and immature, in Si-control, miR-155 and antimiR-155-transfected 
ECs. n = 5 independent experiments, mean ± SD is shown. *p < 0.05, 
****p < 0.001 vs Si-control, (one-way ANOVA Bonferroni multi-
ple comparison test). e, f Quantification of the mean length and the 
sum of the lengths of angiogenic sprouts in Si-control, miR-155 and 
antimiR-155 transfected HMVECs. n = 6 independent experiments, 
mean ± SD is shown. **p < 0.01, ***p < 0.001, vs Si-control (one-
way ANOVA Bonferroni multiple comparison test). g, h Stacked 
images (acquired with the confocal microscope) highlight the changes 
in podosome number in miR-155 and antimiR-155 transfected ECs. 
Scale bars: 5 μm. i, j Quantification of podosomes in 3D sprouts in 
Si-control, miR-155 and antimiR-155-transfected ECs. n = 5 and n = 3 
independent experiments, mean ± SD is shown. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001, vs Si-control (one-way ANOVA Bon-
ferroni multiple comparison test)

◂
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Fig. 3  Aberrant miR-155 levels in ECs affect their migration. a ECs 
were transfected with Si-control, miR-155 or antimiR-155 and seeded 
as a confluent monolayer in the presence or absence of VEGF-A. 
Representative phase-contrast images showing the wound at baseline 
(0 h) and 4 h, 8 h or 24 h after scraping the confluent monolayer cells 
(conditions without VEGF-A). Scale bars: 100  μm. b Quantifica-
tion of the remaining gap area over time in the presence or absence 
of VEGF-A. n = 4 independent experiments performed in duplicate, 
mean ± SEM are shown. *p < 0.05, **p < 0.01 vs Si-control-trans-
fected cells, °°p < 0.01, °°°°p < 0.0001 vs respective untreated cells 
(Two-way ANOVA followed by Bonferroni’s multiple comparison 
test). c Representative images showing focal adhesion after vincu-

lin/paxillin staining in ECs transfected with Si-control, miR-155 or 
antimiR-155. Scale bars: 10 μm. d Quantification of the number and 
e quantification of the average size of focal adhesions in ECs trans-
fected with Si-control, miR-155 or antimiR-155, n = 5 independ-
ent experiments, mean ± SD is shown. **p < 0.01, ***p < 0.001 vs 
untreated Si-control-transfected cells, $p < 0.05 vs VEGF-A-treated 
Si-control-transfected cells, ##p < 0.01, ###p < 0.001 vs untreated miR-
155-transfected cells, &p < 0.05 vs VEGF-A-treated miR-155-trans-
fected cells (two-way ANOVA Bonferroni multiple comparison test). 
f Table summarizing the total number and area of focal adhesions and 
the total cellular area measured in d and e in each experimental con-
dition
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miR‑155 derived from tumor cells stimulates 
podosome formation in ECs

miR-155 is over-expressed in a variety of solid tumors and 
hematopoietic malignancies and is therefore abundantly 

released in the microenvironment of cancer cells. Disrup-
tion of VEGF-induced angiogenesis in the retina model and 
alterations of EC phenotype by miR-155 suggest that miR-
155 may underlie some aspects of pathological angiogen-
esis associated with malignancies. To investigate whether 

Fig. 3  (continued)



 Y. Dong et al.

1 3

208 Page 14 of 23

miR-155-rich tumor cells influence EC phenotype and 
behavior, we first determined miR-155 expression in various 
tumor cell lines (Fig. S10a). For example, MDA-MB-231 

breast tumor cells contain a higher copy number of miR-
155 per cell than HMVECs (Fig. S10b). We then exposed 
HMVECs to these tumor cells in a co-culture system. In 

Fig. 4  Aberrant miR-155 levels in ECs affect tubulogenesis. a Car-
toon showing the experimental setup consisting in seeding ECs on 
top of Matrigel (1) and undergoing morphogenesis (2). ECs undergo 
tubulogenesis (3) and junctions, meshes and nodes can be quantitated 
after skeletonization with ImageJ (4). Scale bar: 50 μm. b Represent-
ative images of tube formation by ECs transfected with Si-control, 

miR-155 or antimiR-155. Scale bars: 500  μm. c Quantification of 
nodes, junctions and meshes in the three conditions. n = 6 independ-
ent experiments, mean ± SD is shown. **p < 0.01, ***p < 0.001 vs 
Si-control-transfected cells (one-way ANOVA Bonferroni multiple 
comparison test)
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these conditions, the number of podosome-forming ECs 
almost doubled (Fig. 9a). This effect was inhibited when 
HMVECs that had been transfected with antimiR-155 were 
used in the co-culture setup (Fig. 9b). Thus, a miR-155-rich 
environment promoted podosome formation and reducing 
cellular miR-155 levels impaired it.

Discussion

miR-155 is a typical multifunctional miRNA with distinct 
expression profiles. The targeted transcripts encode prod-
ucts such as receptors, kinases, DNA binding proteins and 
transcriptional regulatory proteins. These findings have led 
to the concept that miR-155 is a pleiotropic regulator of cell 
homeostasis. This is well illustrated in processes such as 

Fig. 5  miR-155 regulates the assembly and matrix-degrading 
potential of podosome rosettes in ECs. a Representative image of 
podosome rosettes in Si-control, miR-155 or antimiR-155-trans-
fected ECs, visualized after double-staining for podosome markers 
(F-actin, cortactin). Scale bars: 10 μm. b Quantification of the podo-
some response in Si-control, miR-155 and antimiR-155-transfected 
cells, stimulated or not with VEGF-A. n = 10, mean ± SD is shown. 
*p < 0.05, ***p < 0.001, ****p < 0.0001 vs untreated Si-control-
transfected cells. $$$$p < 0.0001 vs VEGF-A-treated Si-control-
transfected cells, ####p < 0.0001 vs untreated miR-155-transfected 
cells, &&&&p < 0.0001 vs VEGF-A-treated miR-155-transfected cells 

(two-way ANOVA Bonferroni multiple comparison test). c Repre-
sentative images of matrix degradation in Si-control, miR-155 or 
antimiR-155-transfected cells. Scale bars: 50 μm. d Quantification of 
gelatin degradation in Si-control, miR-155 or antimiR-155-transfected 
cells, stimulated or not with VEGF-A. n = 11, mean ± SD is shown. 
**p < 0.01, ***p < 0.001, ****p < 0.0001 vs untreated Si-control-
transfected cells. $$$$p < 0.0001 vs VEGF-A-treated Si-control-trans-
fected cells, ####p < 0.0001 vs untreated miR-155-transfected cells, 
&&&p < 0.001 vs VEGF-A-treated miR-155-transfected cells (two-way 
ANOVA Bonferroni multiple comparison test)
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hematopoietic differentiation or modulation of the immune 
response [14, 37].

Our study reveals that miR-155 participates in physi-
ological angiogenesis. The role of this miR in the process 
may have gone unnoticed until now because miR-155 is 
expressed at low levels in microvascular cells, and because 
its expression is not modulated by VEGF-A. In addition, 
most studies have used HUVECs (venous cells) as a model 
system, but these cells are not the ones that undergo angio-
genesis under physiological conditions. We show here that 
endogenous physiological miR-155 ensures EC proteolytic 
capacities and migration that are essential for proper cell 
sprouting and invading capacities in response to VEGF-A. 
Altered VE-Cadherin, albumin extravasation and Col-IV 
staining in miR-155-exposed neovessels suggests that miR-
155 also contributes to the dynamics and functionality of 
cell–cell junctions [38]. How miR-155 contributes to these 
processes remains to be established. Given the numerous 
targets of this miR (in silico analysis predicts hundreds of 
target genes and bioinformatic analyses indicates at least 11 
angiogenesis-regulated genes [39]) and its presumed role in 
homeostasis, it is likely that different proteins are targeted, 
both directly and indirectly, at different stages of the pro-
cess. The signals that control miR-155 endogenous levels in 
microvascular ECs in non-pathological conditions are not 
known. However, hemodynamic forces generated by blood 
flow and hypoxia, which play a role in angiogenesis, may 
be involved as these factors were shown to affect miR-155 
expression in other cells [40, 41].

In sharp contrast, miR-155 has been extensively stud-
ied in pathological conditions. As in many cells, miR-155 
is particularly responsive to inflammatory stimuli such as 
TNF-α, IL-1β, TGF-β and interferons in ECs [42], and the 
transcription factors NFkB and STATS (Signal Transducers 
and Activators of Transcription) are well known upstream 
regulators of miR-155. In addition, miRs operate not only 
as cell-autonomous modulators but also as paracrine ones 
through the release of EVs in the blood stream, in the regu-
lation of cellular functions [43]. The fact that an unresolved 
inflammation process leads to aberrant angiogenesis sug-
gested to us that miR-155 might be directly involved. In 
the same line, miR-155 is one of the most highly expressed 
miRs in cancer and its upregulation also promotes aberrant 
(tumor) angiogenesis [44].

To explore a possible link between miR-155 gain of func-
tion and angiogenesis, we investigated the consequences of 
exposing the growing vasculature of the retina to miR-155. 
The main defect was not increased angiogenesis but rather 
hypersprouting associated with increased podosome forma-
tion. Replication of this defect in cultured ECs showed that 
miR-155 directly affects EC properties. In vitro, miR-155 
was sufficient to stimulate podosome formation, to upregu-
late MT1-MMP cell surface exposure and to increase MMP2 
activity. However, cell migration was impaired in these cells. 
Thus miR-155 is likely to initiate EC sprouting by promoting 
podosome formation, but the process remains unproductive 
because these ECs are not invasive. We believe that invasion 
results from the combined effects of sprouting and migra-
tion. Thus, we can conceive that miR-155 affects ECs by 
increasing sprouting and reducing migration, with no net 
result on cell invasion.

Notwithstanding this, podosome proteolytic activities are 
expected to damage the BM in the mature vasculature and to 
compromise blood vessel integrity, as suggested by vascular 
leakage. Moreover, increased levels of miR-155 rendered 
ECs unable to respond to signals from VEGF-A. These find-
ings may at least partly explain the defects in inflammatory 
and tumor vasculature.

Tip/stalk cell specification depends on the integration of 
Notch and Smad1/5 signaling cascades [35]. Based on the 
fact that (i) the phenotype in the miR-155-injected retina 
is reminiscent of that induced by impaired Notch signaling 
[5], (ii) inactivation of Smad1/5 results in impaired Dll4/
Notch signaling [35], (iii) Smad1/5 repress the stalk cell 
phenotype [7] and (iv) Smad1/5 are known miR-155 targets 
[24], we could show that miR-155 reduced NICD genera-
tion in ECs exhibiting reduced Smad1/5 levels in vitro. We 
previously showed that lowering Notch signals in ECs is 
sufficient to enable podosome formation [9]. It thus appears 
that miR-155 could stimulate podosome formation by 
impairing Notch signaling through the downregulation of 
Smad1/5 expression. Supporting these conclusions, Smad1 

Fig. 6  MT1-MMP regulates podosome proteolytic activities. a Repre-
sentative images showing MT1-MMP exposed at podosome rosettes 
in non-permeabilized HMVECs, subsequently stained for F-actin and 
cortactin. Scale bars: 10  μm. b Quantification of MT1-MMP stain-
ing at podosomes. n = 6, mean ± SD is shown. *p < 0.05 vs untreated 
Si-control-transfected cells (one-way ANOVA Bonferroni multi-
ple comparison test). c Quantification of podosome rosettes in ECs 
transfected with miR-155 or antimiR-155 in control or MT1-MMP 
silenced cells, stimulated or not with VEGF-A. d Quantification of 
matrix degradation in the same conditions as in c n = 4, mean ± SD 
is shown. *p < 0.05, ***p < 0.001, ****p < 0.0001 vs untreated Si-
control-transfected cells. $$p < 0.01, $$$p < 0.001, $$$$p < 0.0001 vs 
VEGF-A-treated Si-control-transfected cells, ##p < 0.01, ###p < 0. 
001, ####p < 0.0001 vs untreated miR-155-transfected cells, 
°°p < 0.01, °°°°p < 0.0001 vs VEGF-A-treated miR-155-transfected 
cells, &&p < 0.01 vs untreated MT1-MMP silenced cells (two-way 
ANOVA Bonferroni multiple comparison test). e, f Quantification 
of podosomes in 3D mature sprouts (e), and immature sprouts (f) in 
response to miR-155 transfection in Si-control and Si-MMT1-MMP-
transfected cells in AIAs. n = 4, mean ± SD is shown. *p < 0.05, 
****p < 0.0001, vs s Si-control-transfected cells, ####p < 0.0001, vs 
miR-155-transfected cells (one-way ANOVA Bonferroni multiple 
comparison test). g Quantification of angiogenic (mature and imma-
ture) sprouts in the same conditions as e and f. n = 5, mean ± SD is 
shown. *p < 0.05, vs Si-control-transfected cells (one-way ANOVA 
Bonferroni multiple comparison test)
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or Smad5 silencing by an siRNA strategy phenocopied the 
effect of miR-155 on podosome formation and function. 
miR-155 over-expression also altered Nrp1 expression, 
which is required for the acquisition of the tip cell pheno-
type [7, 8], and this may account for the impaired induction 
of Dll4 and Jag1 in response to VEGF-A. Interestingly, low 
Notch activity is also sufficient to regulate MT1-MMP cell 
surface exposure [9]. These results reveal an unsuspected 
link between low Notch activity and proteolysis.

Inflammation and cancer are both associated with aber-
rant angiogenesis. Increased miR-155 is a common denom-
inator of these pathological states [45]. miR-155 is also 
upregulated during aging [46] and likely involved in inflam-
maging (chronic inflammation in the absence of infection 
commonly observed during aging) [47]. Released into the 
bloodstream as extracellular vesicles [11] that can be endo-
cytosed by ECs, miR-155 is expected to play a major role 

in the angiogenic behavior of ECs in these diseases. Its del-
eterious effects have already been associated with cerebral 
stroke where miR-155 suppresses the expression of proteins 
related to tight junctions in the blood–brain barrier situated 
along blood vessels of the central nervous system [48].

miR-155 has also been studied in the context of patho-
logical angiogenesis in mouse models. Most of them have 
used miR-155-deficient mice or strategies based on inhibi-
tion of miR-155 expression by antagomir [49]. In the oxy-
gen-induced retinopathy (OIR) mouse model, miR-155 is 
consistently increased during all phases of the process, i.e., 
following hyperoxia at p12 (vaso-obliterative phase), and 

Fig. 7  miR-155-transfected ECs have increased MMP2 proteo-
lytic activities. a Si-control and miR-155-transfected EC cultures 
were serum-starved for 1 day, then stimulated with VEGF-A or not 
for 24  h. Cell supernatants were collected and subjected to gelati-
nolytic analysis by in  situ zymography. The bands corresponding to 
MMP2 precursor (pro-MMP2) and to active MMP2 are shown. b 
Quantification of active MMP2 in the six conditions by densitome-
try. n = 7 independent experiments, mean ± SD is shown. **p < 0.01, 
***p < 0.001, vs untreated Si-control-transfected cells, $$p < 0.01, vs 
VEGF-A-treated Si-control-transfected cells, #p < 0.05, ###p < 0.001 
vs untreated miR155-transfected cells (two-way ANOVA Bonferroni 
multiple comparison test)

Fig. 8  miR-155 targets Smad1 and Smad5 in ECs and Notch sign-
aling is altered. a ECs were transfected with Si-control, miR-155 
or antimiR-155 oligonucleotides, then stimulated with VEGF-A or 
not for 24  h and cell extracts were prepared. Representative west-
ern blot experiments showing reduced Smad1, Smad5, Dll4 expres-
sion and NICD generation in miR-155-transfected cells, and reduced 
Jag1 and Nrp1 expression in response to VEGF-A stimulation in 
miR-155-transfected cells (left panels). Quantifications are shown 
(right panels). n = 3, mean ± SD is shown. *p < 0.05, **p < 0.01, 
****p < 0.0001 vs untreated Si-control-transfected cells. $p < 0.05, 
$$p < 0.01, $$$p < 0.001 vs VEGF-A-treated Si-control-transfected 
cells, #p < 0.05, ##p < 0.01, ###p < 0.001 vs untreated miR-155-trans-
fected cells, &p < 0.05, &p < 0.01, &&&p < 0.001 vs VEGF-A-treated 
miR-155-transfected cells (two-way ANOVA Bonferroni multiple 
comparison test). b Top panels: Representative images at the vascular 
angiogenic front of IB4 (green), phospho-Smad1/5/8 (red) and Hoe-
chst (blue)-stained retinal whole-mounts from P6 mice intravitreally 
injected with the scrambled (Scr), miR-155 or antimiR-155 oligonu-
cleotides at P4. Scale bars: 25 μm. Bottom panels: Black and white 
images showing inverted phospho-Smad 1/5/8 signals from the top 
panels. The quantifications of the number of phospho-Smad 1/5/8 and 
IB4 double positive cells, as well as the number of phospho-Smad 
1/5/8 positive and IB4 negative cells, relative to the IB4 positive area 
are shown. c Same experimental setup as in b for the remodeling 
plexus. Graphs are presented as mean values ± SD (bars) and indi-
vidual values (dots). A p-value less than 0.05 was considered as sta-
tistically significant (one-way ANOVA followed by Tukey’s post-test) 
(n = 6 Scr-injected; n = 6 miR-155-injected; n = 6 antimiR-155-in-
jected mice). Scale bars: 25 μm. d, e Exposure of the developing reti-
nal vasculature to miR-155 compromises endothelial barrier function 
at the remodeling plexus. d Top panels: Representative images at the 
remodeling plexus of IB4 (green), albumin (red) and Hoechst (blue)-
stained retinal whole-mounts from P6 mice intravitreally injected 
with the scrambled (Scr), miR-155 or antimiR-155 oligonucleotides 
at P4. Scale bar: 25  μm. Bottom panels: Black and white images 
showing inverted albumin signals from the top panels. The quantifi-
cation of the albumin area per field is shown. Graphs are presented 
as mean values ± SD (bars) and individual values (dots). A p value 
less than 0.05 was considered as statistically significant (one-way 
ANOVA followed by Tukey’s post-test) (n = 6 Scr- injected; 6 miR-
155-injected; 6 antimiR-155-injected mice). e Representative images 
at the remodeling plexus of VE-cadherin (red) and Hoechst (blue)-
stained retinal whole-mounts from P6 mice intravitreally injected 
with the scrambled (Scr), miR-155 or antimiR-155 oligonucleotides 
at P4. Scale bar: 25 μm. High magnification negative images from the 
three regions boxed in white show more irregular endothelial junc-
tions in retinal vessels exposed to miR-155 compared to Scr and 
antimiR-155. (Images are representative for retinas from n = 3 Scr-
injected; 3 miR-155-injected; 3 antimiR-155-injected mice)
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Fig. 8  (continued)
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ischemia at p17 (neovascularization phase). In this model, 
miR-155 deficiency prevents abnormal vessel growth, and 
allows normalization of the retinal vasculature after the 
ischemic insult. While these studies highlighted the involve-
ment of miR-155 in a complex setting dominated by inflam-
mation, the role of miR-155 was not investigated at the cel-
lular and molecular levels.

An anti-miR-155 therapeutic tool, Cobomarsen (MRG-
106), has been designed by Miragen Therapeutics and is 
already included in phase 2 clinical trials [50]. It consists 
in a chemically synthesized oligonucleotide with modifica-
tions to increase its bioavailability. It is presently the most 
advanced microRNA targeting pipeline [51, 52]. If miR-155 
alters the integrity of the BM of mature vessels, the neu-
tralization of its action by the administration of the miR-155 
inhibitor should have beneficial effects at multiple levels: 
improved vessel homeostasis with decreased endothelial 

permeability, restoration of mural cell coverage, restoration 
of EC quiescence, and restoration of beneficial interplay 
with immune cells. The beneficial effects of anti-miR-155 
have already been reported on the vascular endothelium after 
ischemia [53]. The therapeutic advance would then be the 
restoration of both a functional vessel network and of an 
anatomical barrier. For cancer patients, this intervention is 
expected to improve perfusion of anti-tumor agents that is 
limiting in chemotherapies.

Several miRNAs have now been shown to regulate angio-
genesis or EC functions. Let7-f, miR-27b, and miR-130a, 
miR-210, mir424 and the miR-17-92 cluster are known as 
pro-angiogenic miRNAs while the miR-221/222 family has 
opposite effects [54]. miR-155 can therefore be added to the 
list of miRNAs that regulate physiological and pathological 
angiogenesis.

Fig. 9  MDA-MB-231 cells stimulate podosome formation in ECs and 
this effect is neutralized when ECs are transfected with antimiR-155. 
a Representative images of podosome rosettes in ECs alone and in 
the ECs/MDAs co-cultures, identified by double-staining for podo-
some markers (F-actin/cortactin) in VE-Cadherin positive cells. Scale 
bars: 10  μm. b Quantification of podosome rosettes induced by co-

culture with MDA-MB-231 cells in control or antimiR-155-trans-
fected HMVECs. n = 4 independent experiments, mean ± SD is 
shown. *p < 0.05 vs Si-control-transfected EC monocultures, 
#p < 0.05, vs Si-control-transfected ECs + MDA cocultures (two-way 
ANOVA Bonferroni multiple comparison test)
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