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The small GTPase Rab5c is a key regulator
of trafficking of the CD93/Multimerin-2/β1
integrin complex in endothelial cell
adhesion and migration
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Abstract

Background: In the endothelium, the single-pass membrane protein CD93, through its interaction with the
extracellular matrix protein Multimerin-2, activates signaling pathways that are critical for vascular development and
angiogenesis. Trafficking of adhesion molecules through endosomal compartments modulates their signaling
output. However, the mechanistic basis coordinating CD93 recycling and its implications for endothelial cell (EC)
function remain elusive.

Methods: Human umbilical vein ECs (HUVECs) and human dermal blood ECs (HDBEC) were used in this study.
Fluorescence confocal microscopy was employed to follow CD93 retrieval, recycling, and protein colocalization in
spreading cells. To better define CD93 trafficking, drug treatments and transfected chimeric wild type and mutant
CD93 proteins were used. The scratch assay was used to evaluate cell migration. Gene silencing strategies, flow
citometry, and quantification of migratory capability were used to determine the role of Rab5c during CD93
recycling to the cell surface.

Results: Here, we identify the recycling pathway of CD93 following EC adhesion and migration. We show that the
cytoplasmic domain of CD93, by its interaction with Moesin and F-actin, is instrumental for CD93 retrieval in
adhering and migrating cells and that aberrant endosomal trafficking of CD93 prevents its localization at the
leading edge of migration. Moreover, the small GTPase Rab5c turns out to be a key component of the molecular
machinery that is able to drive CD93 recycling to the EC surface. Finally, in the Rab5c endosomal compartment
CD93 forms a complex with Multimerin-2 and active β1 integrin, which is recycled back to the basolaterally-
polarized cell surface by clathrin-independent endocytosis.

Conclusions: Our findings, focusing on the pro-angiogenic receptor CD93, unveil the mechanisms of its polarized
trafficking during EC adhesion and migration, opening novel therapeutic opportunities for angiogenic diseases.
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Background
Physiological processes such as development, wound
healing, and growth are strictly dependent on vascula-
ture dynamics and require angiogenesis, the branching
of new blood vessels from pre-existing ones [1]. As a re-
sult, dysregulation of vessel growth has a strong impact
on health and contributes to the etiopathogenesis of sev-
eral disorders, including cancer progression, psoriasis,
atherosclerosis, blindness, and infectious disease [2, 3].
Despite several promising drugs have been developed
against the main molecules involved in angiogenesis,
conventional anti-angiogenic therapies still need to re-
solve issues such as efficacy, resistance, and toxicity to
give long-term meaningful outcomes [4]. Therefore, a
better understanding of the mechanisms underlying
angiogenesis is mandatory to intervene in pathological
processes. Numerous efforts have been made to identify
new biomarkers for anti-angiogenic therapy [5].
Recently, molecules belonging to the group XIV family
of C-type lectin-like domain (CTLD)-containing proteins
have been identified as potential anti-angiogenic targets
[6, 7].
CD93 is a single-pass transmembrane protein, which,

from the N- to C-terminus, consists of a CTLD domain,
five EGF-like repeats, a mucin-like domain, a transmem-
brane domain, and a cytoplasmic domain. In the juxta-
membrane region, CD93 contains a positively charged
motif (RKRR), shared with other adhesion molecules,
which harbors a binding site for the FERM domain of
Moesin, a member of the Ezrin/Radixin/Moesin (ERM)
family, involved in the regulation of membrane-cortex
interactions and signaling [8, 9]. Since ERM proteins link
membrane proteins to actin filaments [10], the inter-
action between CD93 and Moesin contributes to the
reorganization of cytoskeleton, which is essential during
cell adhesion and migration [11].
CD93 is predominantly expressed in endothelial cells

(ECs) and several data are consistent with a role for
CD93 as pro-angiogenic molecule in the vascular endo-
thelium [6, 12–14]. Importantly, CD93 is highly
expressed in hyperproliferative ECs of blood vessels
within different cancer types and choroidal neovascular
membranes of age-related macular degeneration patients
[13, 15, 16]. In the activated endothelium, CD93 plays a
dual role both operating as adhesion molecule and sol-
uble growth factor [17]. As adhesion molecule, CD93
contributes to EC adhesion and migration through
its interaction with Multimerin-2 (MMRN2), an
endothelial-specific member of the EDEN family, con-
sistently deposited in the extracellular environment of
tumor vasculature [7, 16, 18]. Notably, in tumor angio-
genesis the CD93-MMRN2 interaction is required for
activation of β1 integrin and formation of a fibrillar fi-
bronectin network [18], which is essential to promote

angiogenesis through its continuous turn over and re-
modeling [19].
Adhesion receptors are endocytosed and recycled

through the endosomal pathway and this can fine-tune
their spatiotemporal signaling outputs [20]. Moreover,
cell adhesion molecule turnover and sorting play a key
role during dynamic processes such as cytokinesis, mi-
gration, angiogenesis and invasion [21–23] . Within such
a framework, Rab GTPases are the major coordinators
of endosomal trafficking and regulate vesicle budding,
motility, and their tethering to the target compartment,
also conferring transport specificity and organelle iden-
tity [24, 25]. Here, we investigate the trafficking of CD93
in dynamically active primary ECs to unveil its conse-
quences in angiogenesis regulation. We show the re-
trieval and recycling of CD93 during EC spreading and
migration, identify the cytoplasmic domain of CD93 as a
key domain in the endosomal trafficking of CD93 and
demonstrate the major role of Rab5c isoform in driving
CD93 and β1 integrin delivering to the cell surface to
support EC migration.

Methods
Cell culture and transfection
Human umbilical vein ECs (HUVECs) and human der-
mal blood ECs (HDBECs) were purchased from Promo-
Cell (Heidelberg, Germany). Cells were grown on
gelatin-coated plates as previously described [18, 26].
For spreading analyses, cells were detached from the cul-
ture plate by using enzyme-free cell dissociation buffer
(Thermo Fisher Scientific, Waltham, MA, USA), plated
on gelatin-coated coverslips, and allowed to spread for
different times. Cells at specific phases of spreading were
fixed, labeled, and imaged by microscopy. Transient
transfection experiments were performed by electropor-
ation as previously described [12].

DNA constructs
The chimeric construct expressing human CD93 fused to
YFP was previously described [12]. The deletion mutant
CD93ΔC (covering the amino acid residues from 1 to 604
of the human CD93 sequence) fused to YFP was obtained
by PCR amplification of a cDNA clone corresponding to
the human CD93 gene, using the following oligonucleo-
tides: 5′-GAGAATTCATGGCCACCTCCATGGG-3′ and
5′-GAGGATCCACCAGTAGCCCCAGAGCC-3′. PCR
fragments were cloned into pEYFP-N1 vector (Clontech
Labs, Fremont, CA, USA). The construct was confirmed
by sequencing.

Reagents and antibodies
Latrunculin B (Calbiochem-Novabiochem Corp., San
Diego, CA, USA) and nocodazole (Sigma-Aldrich, Saint
Louis, MO, USA) were used as previously described to
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disrupt actin and microtubule cytoskeleton integrity, re-
spectively [27]. Cycloheximide (Sigma-Aldrich) was used
to inhibit protein synthesis in HUVECs at the concen-
tration of 50 μg/mL.
The following primary antibodies were used: mouse

monoclonal anti-CD93 (mAb 4E1) [6], rabbit anti-
MMRN2 (generously provided by M. Mongiat), rabbit
anti-CD93 (HPA009300, Atlas Antibodies, Bromma,
Sweden), mouse anti-CD93 (MBL International Cor-
poration, Woburn, MA, USA), rabbit anti-Giantin,
mouse anti-β1 integrin (12G10), and mouse anti-Rab7
(Abcam, Cambridge, UK), rabbit anti-Moesin (Cell
Signaling Technology, Danvers, MA, USA), mouse
anti-Rab5 (BD Biosciences, Franklin Lakes, NJ, USA),
mouse anti-β-actin (Sigma-Aldrich), rabbit anti-CD93
(H-190), mouse anti-COPD (E-12), mouse anti-
Sec31A (H-2), mouse anti-β-Adaptin (A-5), mouse
anti-Rab5a (E-11), mouse anti-Rab5b (F-9), mouse
anti-Rab5c (H-3), mouse anti-β1 integrin (4B7R),
mouse anti-Rab11a (D-3), rabbit anti-caveolin-1 (N-
20), and mouse anti-MMRN2 (H572) (Santa Cruz
Biotechnology, Dallas, TX, USA). Alexa Fluor-488 and
-647 phalloidin (Thermo Fisher Scientic) were used
for F-actin labeling.

Immunofluorescence microscopy
Cells were seeded onto gelatin-coated glass coverslips,
fixed in 3% paraformaldehyde, and treated as previ-
ously described [18, 28]. The secondary antibodies
used were conjugated with Alexa Fluor-488 and Alexa
Fluor-568 (Thermo Fisher Scientific). Fluorescent im-
ages were captured using a Leica TCS SP2 AOBS
confocal laser-scanning microscope and overlaid im-
ages were produced. A Leica HCX PL APO lbd.BL
63x/1.40 oil objective was used. Fluorochromes and
fluorescent proteins were excited at the optimal wave-
length ranging from 458 nm to 633 nm and images
(512 × 512 resolution) acquired at a scan speed of
400 Hz image lines/sec. Confocal scanner configur-
ation was set as follows: pinhole at 1.0 Airy diameter
and line averaging function at 4. To better dissect the
labeled cellular structure, some cells were shown as
lateral views, corresponding to single xz planes. These
images were processed as previously described [27].
Cell distribution of exogenous CD93 proteins and
protein localization at the migrating front were mea-
sured using NIS-Elements image analysis software
(Nikon Instruments, Melville, NY, USA). For protein
quantification at the migrating front, an area of
20 μm distance from the leading edge was chosen,
and a minimum of 5 images of the migrating front
area per condition were used. Similarly, exogenous
CD93 was quantified in the migrating front area of
single transfected cells. The quantitative colocalization

analyses were performed pre-processing the images
and using ImageJ 2.0 and the JACoP plug-in to determine
Manders coefficients and Costes randomization values as
previously described [29]. Costes P values ≥95% were con-
sidered as a colocalization signal. To show colocalization
events by white dots, images were generated using ImageJ
and the Colocalization plug-in.

RNA interference, immunoblotting analysis, and flow
cytometry
Silencing experiments were performed using pLKO.1
retroviral vectors from the MISSION shRNA Library
(Sigma-Aldrich) expressing specific shRNAs for human
Rab5c (SHCLNG-NM_004583, clone TCRN0000380031,
referred to as 31; clone TCRN0000072933, referred to as
33) and human CD93 (clone TRCN0000029085) [6]. Re-
combinant lentiviruses were produced and used for in-
fection experiments as previously described [28].
Immunoblotting experiments were performed as previ-
ously described [30]. Flow cytometry analysis was per-
formed as previously described with slight modifications
[31]. Briefly, living cells were detached from the culture
plate using enzyme-free cell dissociation buffer, incu-
bated with an anti-CD93 (mAb 4E1) antibody followed
by an anti-mouse Alexa Fluor 488-conjugated secondary
antibody, and analyzed on GUAVA flow cytometer
(Merck Millipore, Burlington, MA, USA).

Wound healing assay
The scratch test was performed as previously described
with slight modifications [16]. Briefly, transfected or
lentivirus transduced HUVECs were seeded on glass
coverslips in a 24-well plate and cultured until they
reached confluency. A straight scratch was created in
the monolayer using a sterile pipette tip. The cultures
were washed with PBS and grown in complete medium.
Bright-field images were captured using an inverted
microscope equipped with a digital camera. For each
condition, images were acquired at three different posi-
tions along the scratch and a representative field was
shown. For immunofluorescence analysis, after the
scratch cells were washed with PBS, grown in complete
medium for 5 h, fixed in 3% paraformaldehyde, and sub-
jected to immunofluorescence analysis.

Statistical analysis
In this study, the data analysis was performed using
Prism 6 software (Graphpad Software, La Jolla, CA,
USA). Differences between samples were estimated using
the two-tailed student’s t-test or 2-way ANOVA followed
by Dunnett’s test. Values were expressed as the mean ±
SD and P < 0.05 was considered statistically significant.
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Results
In early spreading ECs, CD93 is channeled to the actin-
rich apical bud
During the early phases of EC adhesion, the cooperation
between F-actin and Moesin leads to the assembly of an
actin-rich apical domain (also known as apical bud or
apical membrane insertion site) that drives apical-
basolateral polarization [27, 32]. Since Moesin orches-
trates cytoskeletal remodeling and links transmembrane
CD93 to the actin cytoskeleton [11], we questioned
whether the localization of CD93 was polarized during
spreading of human primary ECs. To address this issue,
exponentially growing HUVECs were detached from the
plate, allowed to adhere on the substrate, and analyzed
by immunofluorescence. Interestingly, at early degrees of
cell spreading CD93 showed a pattern of localization
similar to Moesin, being mainly confined into the apical
bud and colocalizing with F-actin (Fig. 1, upper panels).
Moreover, CD93 was also localized in small vesicles
clustered directly beneath the apical bud (Fig. 1, upper
panels), which in turn colocalized with caveolin-1
(Additional file 1: Figure S1), a key player in promoting
EC polarization [33]. To assess whether such distribution
depended on F-actin, ECs were let to settle on the substrate
in the presence of latrunculin B, which disrupts microfila-
ment organization. Consistent with our previous findings
[27], disruption of the F-actin cytoskeleton resulted in the
impairment of apical bud structure, thus hampering cell
polarity and eliciting a random distribution of CD93
throughout the adhering cell (Fig. 1, lower panels).
Next, to better explore the trafficking of CD93 in

spreading cells, HUVECs were transfected with an ex-
pression vector encoding wild type CD93 fused with YFP
at its C-terminus [12]. Fluorescent confocal microscopy
was employed to analyze cells fixed at different stages of

cell flattening against the substrate. The tagged wild type
protein behaved as the endogenous CD93 and it resulted
localized to the apical bud (Fig. 2a, 5 min). Importantly,
confocal microscopy analysis at increasing times of cell
spreading showed that small vesicles containing CD93-
YFP moved from the apical bud towards the middle of
the cell (Fig. 2a, 10 min, 15 min, and 20 min, quantified
in Fig. 2b). This localization was further corroborated by
confocal xz scans that created a cross-sectional view
through a spreading cell (Fig. 2c). Since the cytoplasmic
domain of CD93 interacts with the FERM domain of
Moesin [11], we questioned whether the cytoplasmic do-
main was involved in the apical bud localization of
CD93. To address this possibility, we generated a YFP-
tagged CD93 deletion mutant (CD93ΔC-YFP) lacking
the cytoplasmic tail and transfected it into HUVECs
(Fig. 2d). Imaging of cells fixed at early attachment
stages showed that CD93ΔC-YFP was diffusely
distributed throughout the cytoplasm and the small vesi-
cles containing the deletion mutant were not polarized
(Fig. 2e). These observations were further substantiated
by quantitative analysis of exogenous CD93 and
CD93ΔC levels in the apical bud and cytoplasm of early
spreading cells (Fig. 2f ). Taken together, these findings
indicate that in ECs undergoing early spreading, the
cytoplasmic domain of CD93 through interaction with
Moesin and F-actin drives the localization of CD93 to
the polarizing apical bud and its endocytic movements
towards the middle of the cell.

F-actin is involved in the endocytic trafficking of CD93
As EC flattening against the substrate increased, we ob-
served the appearance of numerous, large and round-
shape CD93-positive (CD93+ve) vesicles arranged in the
perinuclear region (Fig. 3a). Of note, also in spreading

Fig. 1 During the initial phases of spreading, CD93 is sorted towards the actin-rich apical bud. HUVECs were pretreated or not for 30 min with
latrunculin B, then they were detached from the plate, resuspended in complete growth medium, and plated on the substrate in the presence or
not of latrunculin B. 5 min after plating, cells were fixed and analyzed by immunofluorescence using phalloidin, anti-Moesin, and anti-CD93
antibodies. The apical bud is delimited by a dotted line. Arrowheads indicate small vesicles beneath the apical bud. Differential interference
contrast (DIC) images of stained cells are shown. Scale bars represent 5 μm
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Fig. 2 Retrieval of CD93 is regulated through its cytoplasmic domain. a: Time course image analysis of CD93 localization during cell spreading. CD93-YFP
was transiently transfected into HUVECs. Cells were detached from the plate, resuspended in complete growth medium, plated on the substrate, and fixed
at different spreading times as indicated. Exogenous CD93 was imaged as yellow. Scale bars, 10 μm. b: Quantification of exogenous CD93 levels in the
apical bud and cytoplasm of ECs treated as in a. Bars represent the percentage of total fluorescence intensity/area. Data are presented as the mean/cell ±
SD of three independent experiments (n = 3 cells per group). **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. 5min; 2-way ANOVA with Dunnett’s post-test. c:
Periodic z-series of cells treated as in a were acquired at 10min after plating to generate a vertical section (lateral xz, 90 z-sections of 115 nm each). The
corresponding cell boundary is indicated by a dotted line. An arrowhead indicates the point of view of the lateral xz image. Scale bar, 15 μm. d: The
schematic diagram illustrates CD93 wild type (CD93-YFP) and the deletion mutant (CD93ΔC-YFP) lacking the cytoplasmic domain fused with YFP. The
deleted amino acid residues are indicated. CTLD, C-type lectin-like domain; EGF-like, Epidermal Growth Factor repeats; Mucin, Mucin-like domain; TM,
transmembrane domain; Cy, cytoplasmic domain. e: CD93ΔC-YFP deletion mutant was transiently transfected into HUVECs. Cells were detached from the
plate, resuspended in complete growth medium, plated on the substrate, and fixed at early phases of spreading (from 5 to 10min). Exogenous CD93ΔC-
YFP was imaged as yellow. Scale bars, 8 μm. Merged and DIC images are shown. f: Quantification of exogenous wild type and mutant CD93 levels in the
apical bud and cytoplasm of transfected cells as in a and e. Bars represent the percentage of total fluorescence intensity/area. Data are presented as the
mean/cell ± SD of three independent experiments (n= 15 cells per group). ****P< 0.0001; unpaired t-test
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HDBECs and with the use of different antibodies against
CD93, confocal microscopy analysis revealed the appear-
ance of large round-shape CD93+ve vesicles (Fig. 3b),

suggesting that the formation of large CD93+ve recycling
vesicles is a typical trait in spreading primary ECs.
HUVECs treated with cycloheximide showed regular

A B

C

D

E

Fig. 3 CD93 is recycled via large vesicles moving along F-actin cables. a: Exponentially growing HUVECs were detached from the plate,
resuspended in complete growth medium, plated on the substrate, and fixed at late phases of spreading (from 30 to 50 min). Cells were analyzed
by immunofluorescence using phalloidin and an anti-CD93 (4E1) antibody. Scale bar, 11 μm. b: Exponentially growing HDBECs were treated as in
a. Cells were analyzed by immunofluorescence using phalloidin and two different anti-CD93 antibodies as indicated. Arrowheads indicate
CD93+ve vesicles. Images were acquired using a Leica SP8 confocal microscope equipped with Leica White Light Laser, notch filters (488 nm, 568
nm, and 647 nm) and a HC PL APO CS2 63x/1.40 oil objective. Images were taken in 1024 × 1024 format, speed 400 Hz, and pinhole set at 1.0
Airy diameter. Scale bars, 20 μm. c: HUVECs were pretreated for 4 h with 50 μg/mL cycloheximide, then they were detached from the plate,
resuspended in complete growth medium, and plated on the substrate in the presence of cycloheximide. Cells were analyzed by
immunofluorescence at late phases of spreading using anti-CD93 antibodies. DIC image of stained cells is shown. The dotted line indicates
nucleus boundary. Scale bar, 8 μm. d: Periodic z-series of ECs treated as in a were acquired at 50 min after plating to generate a color-coded
projection such that the basal cell surface, which adheres to the substrate is red and the apical cell surface is violet. A vertical section (lateral xz,
47 z-sections of 115 nm each) obtained from the same images is shown. A dotted ring containing an asterisk indicates apical bud boundary. In
the xz view, a dotted line indicates the cell boundary and an arrowhead the point of view of the image. Scale bar, 8 μm. e: Details of late
spreading HUVECs. Cells treated as in a were stained for F-actin and CD93. Overlay of stained cells and white dot colocalization (wdc) images are
shown. Arrowheads indicate colocalization between CD93+ve vesicles and actin cables. Manders and Costes quantitative analyses of CD93
colocalization with F-actin and vice versa are shown (n = 8 cells). Scale bars are 4 μm

Barbera et al. Cell Communication and Signaling           (2019) 17:55 Page 6 of 15



formation of CD93+ve vesicles during the late spreading
phases (Fig. 3c), suggesting that these vesicles contain a
recycled pool of pre-existing CD93 and their origin is
not due to new protein synthesis. Furthermore, confocal
color-coded xz sectioning localized the smaller CD93+ve

vesicles near and around the apical bud and the largest
ones close to the basolateral membrane (Fig. 3d), sug-
gesting that the CD93+ve vesicles move from the apical
bud towards the cell-substrate interface. Importantly,
high-resolution fluorescence confocal microscopy ana-
lysis of CD93+ve vesicles showed their alignment with
the actin cables (Fig. 3e). Since actin dynamics ensure ef-
ficient endocytosis and direct the trafficking of vesicles
to the cell surface [34], we hypothesized a role for F-
actin in the transport of CD93+ve vesicles. To explore
this hypothesis, ECs were let to spread in the presence
of latrunculin B. Accordingly, addition of this drug to
the culture medium impaired the formation of CD93+ve

vesicles and CD93 resulted mislocalized in several cyto-
solic regions (Additional file 1: Figure S2). By contrast,
when the microtubule cytoskeleton was disrupted by
nocodazole, no effects were observed on the formation
and localization of CD93+ve vesicles (Additional file 1:
Figure S3). Since recent studies have demonstrated that
internalized adhesion molecules may transit through the
trans-Golgi network (TGN) before being delivered to
the cell surface [19], we asked whether also CD93 could
be involved in the route from or to the Golgi apparatus.
To address this possibility, we performed immunofluor-
escence analyses on early and late spreading HUVECs by
staining coatomers involved in the secretory pathway,
such as COPI, COPII, and clathrin. However, protein in-
volved in the secretory pathway did not show significant
colocalization with CD93 (Additional file 1: Figure S4).
Altogether, these data indicate that in spreading ECs,
endocytosed CD93 is directly recycled back to the cell-
substrate interface via vesicles moving along F-actin
cables.

MMRN2 and β1 integrin are recycled together with CD93
Several adhesion molecules are often internalized to-
gether with their ligands and other associated proteins
in functional domains on the membrane surface. Such
associations allow the coordination of ligand-receptor
recycling and degradation thus controlling their bioavail-
ability and function [35]. Hence, we sought to investigate
whether endocytosed CD93 was associated with its lig-
and MMRN2 in internalized vesicles. To this end, en-
dogenous CD93 and transfected CD93-YFP were
analyzed by fluorescence confocal microscopy at differ-
ent degrees of cell adhesion. Interestingly, both endogen-
ous and exogenous CD93 were colocalized with
MMRN2 at early and late spreading phases (Fig. 4). Such
colocalization was also observed in early and late

spreading HDBECs (Additional file 1: Figure S5). Since
CD93 and MMRN2 cooperate to stabilize α5β1 integrin
and β integrin subunits are mainly associated with regu-
latory and signal transducing proteins [18, 36], we asked
whether β1 integrin was also internalized in association
with the CD93-MMRN2 complex during cell spreading.
Notably, both endogenous and exogenous CD93 were
colocalized with β1 integrin, which followed the same
endocytic route of CD93 during early and late cell
spreading (Fig. 5a-d). Moreover, internalized β1 integrin
resulted partly bound to ECM, as assessed by immuno-
fluorescent staining using an antibody that specifically
recognizes the active conformation of β1 integrin (Fig.
5e and f). Taken together, these findings indicate that
during EC adhesion, endocytosed CD93 forms an active
complex with MMRN2 and β1 integrin and the whole
complex is retrieved and recycled directly back to the
plasma membrane.

Rab5c promotes CD93 recycling
To investigate the nature of CD93 recycling in spreading
ECs, we focused on Rab GTPases, which have been
demonstrated to regulate endocytic trafficking and con-
tribute to the structural and functional identity of intra-
cellular organelles [25]. To this end, HUVECs were
transfected or not with CD93-YFP, fixed, and stained for
Rab5, Rab7, and Rab11 at different degrees of attach-
ment to the substrate. CD93+ve vesicles formed during
early and late spreading showed a strong colocalization
of endogenous and exogenous CD93 with the early
endosomal marker Rab5 (Fig. 6), but not with Rab7 and
only slightly with Rab11 in the large vesicles (Additional
file 1: Figure S6), suggesting that Rab11 contributes to
the transition of CD93+ve vesicles from early to recyc-
ling endosomes [37]. We hence infer that Rab5 is in-
volved in the regulation of CD93 recycling. Since
Rab5 has three isoforms (Rab5a, b, c) that cooperate
in the regulation of endocytosis in eukaryotic cells
[38], we first investigated whether all isoforms were
expressed in HUVECs. Interestingly, only a strong
Rab5c signal was detected by both immunofluores-
cence and immunoblotting analyses (Additional file 1:
Figure S7). Next, to directly explore the role of Rab5c
in CD93 recycling, we sought to impair Rab5c expres-
sion in HUVECs by lentiviral constructs expressing
two independent shRNAs (clones 31 and 33). ECs
transduced with lentiviruses expressing both Rab5c
shRNAs showed a strong decrease in Rab5c protein
levels as compared to ECs transduced with a
lentivirus expressing an unrelated shRNA (Fig. 7a).
Importantly, the silencing of Rab5c did not increase
the expression pattern of the other Rab5 isoforms
(Fig. 7a), suggesting that in HUVECs Rab5 isoforms
do not undergo evident genetic compensation in
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response to gene knockdown [39]. Moreover, confocal
microscopy analysis on Rab5c-silenced HUVECs
showed that in early spreading cells, CD93 was regu-
larly distributed in small vesicles beneath the apical
bud (Fig. 7b, upper panels). By contrast, in late
spreading ECs, confocal microscopy and quantitative
analyses showed that Rab5c downregulation resulted in a
remarkable disappearance of large CD93+ve vesicles (Fig.
7b lower panels, and 7c), suggesting that Rab5c is involved
in the intracellular trafficking and size increase of CD93+ve

vesicles but not in the internalization of CD93 from the
apical bud. To evaluate further the involvement of Rab5c
in the regulation of CD93 recycling, we analyzed plasma
membrane and total cellular levels of CD93 in control and

Rab5c-silenced ECs by flow cytometry and Western blot-
ting. Notably, we observed that, although the total CD93
cellular levels remained unchanged, less CD93 protein
was exposed on the plasma surface of Rab5c-silenced cells
in comparison to control (Fig. 7d).
Next, to assess the role of Rab5c in the trafficking

of CD93 during EC migration, we employed an in
vitro wound healing assay and used confocal micros-
copy to detect the subcellular localization of CD93 in
the leading edge of migrating cells. Similarly to what
has been previously reported for HDBECs [18], CD93
was strongly localized in the migrating edge of
HUVECs transduced with a lentivirus expressing an
unrelated shRNA (Fig. 7e, upper panels). On the

A B

C D

Fig. 4 CD93 colocalizes with MMRN2 in endocytic vesicles. The CD93-YFP construct was transfected or not into HUVECs. Cells were detached
from the plate, resuspended in complete growth medium, plated, fixed at different times after plating, and analyzed by confocal microscopy. a,
b: Untransfected ECs at early and late phases of spreading were stained using phalloidin, anti-CD93, and anti-MMRN2 antibodies. Merged, DIC,
and wdc images between CD93 and MMRN2 are shown. Scale bars, 7 μm. In b, the wdc picture shows a high magnification of the CD93+ve

vesicles displayed into the dashed square. Scale bar, 4 μm. c, d: Transfected early and late spreading cells were stained for MMRN2. Exogenous
CD93 was imaged as green. Overlay of stained cells and wdc images are shown. Scale bars, 7 μm. For each condition, Manders and Costes
quantitative analyses of MMRN2 colocalization with CD93 and vice versa are reported (n = 5–7 cells)
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contrary, Rab5c silencing dramatically impaired the
localization of CD93 in the extending lamellipodia of
the migrating front (Fig. 7e lower panels, quantified
in Fig. 7g). These findings were further substantiated
by internalization assays on migrating control and
Rab5c-silenced ECs (Additional file 1: Figure S8). Im-
portantly, in line with the role of CD93 in modulating
β1 integrin activation during cell migration [18],
Rab5c silencing strongly reduced the amount of β1

integrin as well as its active form at the leading edge of
migration (Additional file 1: Figure S9 and Fig. 7f, quanti-
fied in Fig. 7g). In keeping with the above results,
knocking down Rab5c reduced the ability of HUVECs
to migrate in wound closure assays (Fig. 7h and i), in-
dicating that in ECs the Rab5c isoform orchestrates
the recycling of endocytosed CD93 involved in the
regulation of β1 integrin activation during cell
migration.

A B

C D

E F

Fig. 5 The CD93-MMRN2 complex is recycled in association with β1 integrin. The CD93-YFP construct was transfected or not into HUVECs. Cells
were detached from the plate, resuspended in complete growth medium, plated, fixed at different times after plating, and imaged by
immunofluorescence. a, b: Untransfected cells at early and late phases of spreading were stained using phalloidin, anti-CD93 and anti-β1 integrin
antibodies. Merged, DIC, and wdc images between CD93 and β1 integrin are shown. In b, the wdc picture shows a high magnification of the
CD93+ve vesicles visible into the dotted square. Scale bars, 6 μm (a), 4 μm (b). c, d: Transfected early and late spreading ECs were stained for β1
integrin. Exogenous CD93 was imaged as green. Overlay of stained cells and wdc images are shown. Scale bars, 8 μm (c) and 7 μm (d). e, f:
Immunofluorescent staining of CD93 and active β1 integrin (12G10) in untransfected cells at early and late phases of attachment to the substrate.
Merged and wdc images are shown. In f, dotted lines indicate cell boundary. Scale bars, 8 μm (e) and 13 μm (f). For each condition, Manders and
Costes quantitative analyses of β1 integrin colocalization with CD93 and vice versa are reported (n = 4–8 cells)
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In adhering and migrating ECs, the cytoplasmic domain
of CD93 is critical for CD93 recycling
Since the cytoplasmic tail of CD93 drives the move-
ments of CD93 towards the polarizing apical bud (Fig.
2d), we hypothesized its involvement also in the trans-
port of CD93 to the cell-substrate interface. To explore
this hypothesis, HUVECs were transfected with CD93-
YFP or CD93ΔC-YFP constructs and the distribution of
the chimeric proteins was compared by immunofluores-
cence analyses at late degrees of cell adhesion. As shown
in Fig. 8a (left panel), exogenous CD93 was specifically
localized in large vesicles such as the endogenous pro-
tein. On the other hand, the CD93ΔC tagged protein
showed a diffuse and punctate pattern throughout the
cytoplasm and the CD93+ve vesicles showed a strong re-
duction in size (Fig. 8a, right panel). These observations
were sustained by quantitative analysis of CD93+ve

vesicle number, highlighting its statistically significant
decrease in cells transfected with the deletion mutant in
comparison to cells transfected with wild type CD93
(Fig. 8b). Of note, neither the presence of CD93ΔC nor

the downregulation of CD93 impaired the formation of
large Rab5c+ve vesicles (Fig. 8c and Additional file 1: Fig-
ure S10), suggesting that the cytoplasmic random distri-
bution of CD93ΔC is not due to destruction of
subcellular structures.
To investigate the role of the cytoplasmic tail in the

recycling of CD93 during EC migration, we transfected
HUVECs with CD93-YFP or CD93ΔC-YFP constructs,
used an in vitro wound healing assay and assessed the
subcellular localization of exogenous proteins by con-
focal microscopy and quantitative analysis of protein
localization at the migrating front. While exogenous wild
type CD93 was localized in the leading edge of migra-
tion, where ECs extended lamellipodia, only low levels
of CD93ΔC were observed in the extending lamellipodia
of the migrating front, being mainly accumulated in the
perinuclear region (Fig. 8d, quantified in Fig. 8e).
Altogether, these results suggest that the C-terminus of
CD93 controls its retrieval and recycling to the cell sur-
face, and as a result, it regulates cell adhesion and move-
ments of migrating ECs.

A B

Fig. 6 CD93 colocalizes with the small GTPase Rab5. HUVECs were transfected or not with CD93-YFP, then they were detached from the
plate, resuspended in complete growth medium, plated on the substrate, fixed at early (a) and late (b) degrees of cell spreading, and
subjected to immunofluorescence analysis. a: Untransfected cells (CD93) were stained with phalloidin, anti-Rab5, and anti-CD93 antibodies.
Transfected cells (CD93-YFP) were stained with phalloidin and anti-Rab5 antibodies. Scale bars, 7 μm. b: Untransfected cells (CD93) were
stained with anti-CD93 and anti-Rab5 antibodies. Transfected cells (CD93-YFP) were stained for Rab5. A dotted line indicates nucleus
boundary. Scale bars, 7 μm. In transfected cells, exogenous CD93 was imaged as green. Merged, DIC, and wdc images between CD93 and
Rab5 are shown. For each condition, Manders and Costes quantitative analyses of Rab5 colocalization with CD93 and vice versa are
reported (n = 5–8 cells)
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Discussion
In developing blood vessels, ECs exhibit polarity in several
axes and polarization of endothelia is essential for

morphogenesis of the vascular tree [40]. The establishment
of polarity is regulated by the spatiotemporal coordination
of different signaling pathways that modulates cytoskeletal

A B E

C

D

G

H

F

I

Fig. 7 Rab5c modulates CD93-mediated EC motility. HUVECs were transduced with lentiviral particles expressing unrelated (unr) or Rab5c
shRNAs (clone 31 and 33). a: Cell lysates from shRNA expressing ECs were analyzed by Western blotting using antibodies against Rab5a,
Rab5b, or Rab5c. Anti-β-actin antibodies were used to confirm equal loading. b: Representative images of control (shRNA unr) and Rab5c-
silenced (shRNA Rab5c, clone 33) HUVECs at early and late phases of spreading. Cells were analyzed by confocal microscopy using anti-
CD93 and anti-Rab5c antibodies. Overlay of stained cells is shown. Dashed lines indicate cell boundaries. Scale bars, 6 μm. c: Quantitative
analysis of CD93+ve vesicles per cell from late spreading ECs treated as in b. The vesicle numbers represent the mean ± SD of three
independent experiments (n = 20 cells). ****P < 0.0001; unpaired t-test. d: Flow cytometry analysis of CD93 plasma membrane levels in
control (unr) and Rab5c-silenced (clones 31 and 33) HUVECs. Cells stained only with the secondary antibody are shown (ctr). The mean
fluorescence intensity (MFI) is reported. Total cell extracts from the same shRNA expressing cells were analyzed by Western blotting using
anti-CD93 and anti-Rab5c antibodies. Anti-β-actin antibodies were used to confirm equal loading. e, f: Representative images of the
confocal microscopy analyses of control (shRNA unr) and Rab5c-silenced (shRNA Rab5c, clone 33) HUVECs at 5 h after production of a
double-sided scratch in the cell monolayer. Phalloidin and anti-CD93 (e) or anti-β1 integrin (12G10) (f) antibodies were used to image
cells. Arrows indicate direction of migration and dotted lines indicate the migrating front. Overlay of stained cells is shown. Scale bars,
40 μm. Magnifications of the squared areas are shown as wdc images. In wdc images, scale bars are 15 μm. In b, e, and f, same results
were obtained when using the clone 31 for Rab5c knockdown. g: Quantification of CD93 and active β1 integrin along the migrating
front areas indicated by dotted lines in e and f. Bars represent the percentage of fluorescence intensity of the control. Data are
presented as the mean ± SD of three independent experiments (n = 5 different areas along the migrating edge). **P < 0.01; unpaired t-test.
h: Representative images of wound closure in HUVECs transduced with lentiviral particles expressing control (unr) or Rab5c shRNAs. Cells
were photographed at 0 and 8 h. Scale bar, 100 μm. i: The percentage of scratch area was calculated from images acquired at time 0
and 8 h following the wound. Analyses were performed using ImageJ. The graph represents the means ± SD, n = 6 images per condition
pooled from two independent experiments. *P < 0.05; unpaired t-test
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remodeling and vesicle trafficking to specify membrane
domains [1]. Understanding the underlying mechanisms
of EC polarity may help to elucidate the pathophysiology
of angiogenic diseases and to improve their treatment
[20]. Hence, in this study we investigated the polarized
trafficking of CD93, an EC adhesion molecule recently
identified as a key regulator of neo-vascularization pro-
cesses [6, 13, 15].
During cell spreading, a process strictly connected to

migration and mitosis, ECs undergo apical-basolateral
polarization [41]. We found that at onset of EC spread-
ing CD93 is completely localized to the apical bud, a
membrane Moesin-rich domain branching out linear
actin cables and able to mediate polarized trafficking
[27, 32]. Accordingly, both drug disruption of the actin
cytoskeleton and deletion of the CD93 cytoplasmic do-
main containing the binding site to Moesin severely im-
pair CD93 localization to the apical bud, indicating that
hampering the interaction with F-actin prevents a
proper CD93 redistribution in the early phases of cell at-
tachment to the substrate. Indeed, it has been shown
that Moesin, acting as a bridge between actin microfila-
ments and plasma membrane, alters cell morphology,
motility, and cell polarity [9, 42]. Moesin is maintained
in a quiescent state by a masked closed conformation
and it is activated following threonine phosphorylation
in its C-terminal domain. This phosphorylation is closely
associated with cytoskeletal rearrangement and there is
now evidence that Moesin phosphorylation can also
contribute to enhanced angiogenesis [42, 43]. Of note, in
the apical bud, most of Moesin is phosphorylated [27],

A B

C

D

E

Fig. 8 During EC adhesion and migration, CD93 is recycled through its
intracellular domain. YFP-tagged CD93 or CD93ΔC deletion mutant
were transfected into HUVECs. a: Cells were detached from the plate,
resuspended in complete growth medium, plated on the substrate,
fixed at late phases of spreading, and analyzed by confocal
microscopy. Exogenous proteins were imaged as yellow. Dotted lines
indicate nucleus boundary. Scale bars are 7 μm. b: Quantitative analysis
of CD93+ve vesicles per cell from ECs treated as in a. The vesicle
numbers represent the mean ± SD of three independent experiments
(n = 20 cells). ****P < 0.0001; unpaired t-test. c: Representative images
of transfected HUVECs fixed at late phases of spreading. Cells were
analyzed by confocal microscopy using anti-Rab5c antibodies.
Exogenous CD93ΔC was imaged as green. A dashed line indicates
nucleus boundary. A wdc image between CD93ΔC and Rab5c is
shown. Scale bar, 15 μm. d: F-actin and wild type or mutant CD93
were imaged at 5 h after production of a double-sided scratch in the
cell monolayer. Arrows indicate direction of migration and dotted lines
indicate the migrating front. Overlay of stained cells is shown. Scale
bar, 40 μm. High-magnification pictures of ECs in the migrating front
within the squared area are shown as wdc images. In wdc images,
scale bars are 15 μm. e: Quantification of CD93 and CD93ΔC along the
migrating front of transfected cells. Bars represent the percentage of
fluorescence intensity of the control. Data are presented as the mean
± SD of three independent experiments (n = 7 transfected cells along
the migrating edge). **P < 0.01; unpaired t-test
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suggesting that, in early spreading ECs, activated Moesin
and F-actin act synergistically to localize CD93 to the
apical bud.
Polarized membrane transport assists continuous

reorganization of the cell membrane and it is involved
in maintaining polarity and recycling of essential
components in spreading and motile cells [20, 44].
Consistent with this, as soon as EC spreading pro-
ceeds, we first observed CD93 in cytoplasmic vesicles
clustered directly beneath the apical bud and coloca-
lizing with caveolin-1 but not with β-Adaptin, a com-
ponent of the AP1 and AP2 adapter complexes,
indicating that clathrin-independent endocytosis gen-
erates CD93+ve vesicles. Of note, clathrin-independent
endocytosis, mediated by caveolae, has been linked to
cellular spreading, cell polarization, and modulation
of intercellular signaling [45]. Next, departing from
the apical bud, these CD93+ve vesicles grow in size
and, in tight association with F-actin, move towards
the cell-substrate interface where they release their
cargo. Upon endocytosis, apical and basolateral car-
goes enter spatially distinct early or basolateral endo-
somes, which typically carry Rab5, a small GTPase
also involved in the process of homotypic fusion be-
tween early endosomes [46, 47]. In line with these
findings, we showed that endocytic CD93+ve vesicles
strongly colocalize with Rab5c and depletion of Rab5c
causes their decrease in size. Importantly, despite bi-
directional ER-Golgi transport has emerged as a key
regulator of apical transport and lumen morphogen-
esis [48], CD93 recycling does not transit through the
TGN and thus is not tethered to the secretory path-
way as previously shown for other adhesion molecules
[19]. Furthermore, we found that endocytic CD93+ve

vesicles carry MMRN2 and active β1 integrin, sug-
gesting that following cell attachment to the substrate,
the internalized CD93/MMRN2/β1 integrin active
complex is directly recycled back to the polarized cell
surface. Consistently with this assumption, in ECs the
reciprocal interaction between CD93, MMRN2 and β1
integrin is essential for activation of β1 integrin [18],
an adhesion molecule emerged also as a regulator of
EC polarity and lumen formation in the developing
vasculature [49]. In this respect, for some cargo the
choice of a direct or indirect sorting pathway to the
cell surface depends on the degree to which polarity
has been established [47]. Here, we showed how in
spreading ECs CD93 is retrieved and recycled directly
back to the plasma membrane together with MMRN2
and consequently active β1 integrin. This endocytic
pathway of CD93, also sustained by previous studies
showing that integrins and their ligands exhibit a high
traffic-dependent turnover within adhesion sites and
that Rab5 controls β1 integrin internalization [50]

[51], represents an ideal strategy for enabling cells to
sense and rapidly respond to chemical cues from the
surrounding extracellular environment.
Since Rab5 is a signaling protein involved in actin re-

modeling triggered by receptor tyrosine kinases [52],
identification of Rab-mediated steps in the CD93 endo-
cytic route argues for a network of interactions that im-
pact on vascular features such as migration. Rab5 is a
master regulator of early endosome biogenesis [53].
However, Rab5 has three isoforms, Rab5a, b, c, that have
overlapping yet distinct functions [25]. Interestingly, we
found that Rab5c is the preferentially expressed isoform
in HUVECs and that its depletion causes EC defective
migration towards open wound space in a scratch assay
by preventing the delivering of CD93 and active β1 in-
tegrin to the extending lamellipodia of the migrating
front. Intriguingly, recent reports indicate that in HeLa
cells Rab5c selectively regulates cell motility and cyto-
skeletal dynamics and that Rab5c operates semi-
independently from the other isoforms by promoting
AMAP1-PRKD2 complex formation to enhance a
growth factor-stimulated β1 integrin recycling pathway
that regulates cancer cell invasion [54, 55].
Several experiments of membrane trafficking inhib-

ition in different cell types reduce cell migration. How-
ever, the molecular mechanisms and pathways involved
are still elusive [44]. In this study, we identified the
CD93 cytotail as an essential domain for the spatiotem-
poral trafficking of CD93 during EC spreading and mi-
gration. Indeed, as happens upon Rab5c function
depletion, we observed in a wound-healing assay that
CD93 lacking of its cytotail is localized to the peri-
nuclear region and not to the leading edge of migrating
cells where F-actin is in active polymerization to form
lamellipodia. These results are interesting not only be-
cause at the migrating front CD93 interacting with
MMRN2 modulates β1 integrin activation, but also be-
cause the cytoplasmic domain of CD93 contains a con-
sensus motif for the binding of Cbl, an adapter protein
implicated in cell adhesion, organization of the actin
cytoskeleton, and migration [12]. However, future work
will determine if, by interacting with signaling protein(s),
the CD93 cytotail triggers additional biochemical sig-
nal(s) promoting cell spreading and migration.

Conclusions
In conclusion, our data, together with the fact that in
the plasma membrane CD93 requires ongoing recycling
and maintenance of an appropriate diffusional environ-
ment for its activity [56, 57], help to clarify the retrieval
and recycling pathway of the CD93/MMRN2/β1 integrin
complex during cell adhesion and migration, opening up
new possibilities to modulate vascular physiology in hu-
man health and disease.
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Additional file 1: Figure S1. Small vesicles containing CD93 colocalize
with caveolin-1 in early spreading ECs. Figure S2. Disruption of the actin
cytoskeleton impairs CD93 intracellular trafficking. Figure S3. Microtubule
cytoskeleton disruption has no effects on CD93 intracellular trafficking.
Figure S4. CD93 trafficking does not depend on transport from or to the
Golgi complex. Figure S5. CD93 is colocalized with MMRN2 in spreading
HDBECs. Figure S6. CD93 colocalizes strongly with Rab5 and slightly with
Rab11, but not with Rab7. Figure S7. Rab5c is the predominant isoform
in HUVECs. Figure S8. Rab5c regulates CD93 recycling to the cell surface.
Figure S9. β1 integrin protein levels decrease at the leading edge of
migrating Rab5c-silenced ECs. Figure S10. In CD93 silenced ECs, large
Rab5c+ve vesicles form regularly. (PDF 2570 kb)

Abbreviations
CTLD: C-type lectin-like domain; DIC: differential interference contrast;
EC: endothelial cell; ECM: extracellular matrix; ERM: Ezrin/Radixin/Moesin;
HDBEC: human dermal blood endothelial cell; HUVEC: human umbilical vein
endothelial cell; MMRN2: Multimerin-2; TGN: Trans-Golgi network; wdc: white
dot colocalization

Acknowledgements
The authors thank Dr. M. Mongiat (CRO, Aviano National Cancer Institute,
Italy) for providing the rabbit anti-MMRN2 antibody, Dr. C. Ulivieri for the crit-
ical reading of the manuscript, and Dr. R. Boccacci for excellent technical as-
sistance. This research was partially supported by MIUR Grant Dipartimento
di Eccellenza 2018-2022.

Authors’ contributions
SB and MO conceived and designed the experiments. SB, FG, AD, and MO
discussed and analyzed the data. SB, FN, IE, GR, and RL performed the
experiments. AS and GMT supported the study. AD and FG revised the
manuscript. MO wrote the manuscript. All authors read and approved the
final manuscript.

Funding
This research was partially supported by MIUR Grant Dipartimento di
Eccellenza 2018–2022.

Availability of data and materials
The data generated during this study are included in this article and its
supplementary information files are available from the corresponding
authors on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Biotechnology, Chemistry and Pharmacy, University of Siena,
Via A. Moro, 2, 53100 Siena, Italy. 2Department of Immunology, Genetics and
Pathology, Science for Life Laboratory, Rudbeck Laboratory, Uppsala
University, SE-751 85 Uppsala, Sweden. 3Department of Medicine, Surgery
and Neuroscience, Ophthalmology Unit, University of Siena, Policlinico “Le
Scotte”, Viale Bracci, 53100 Siena, Italy.

Received: 26 March 2019 Accepted: 20 May 2019

References
1. Herbert SP, Stainier DYR. Molecular control of endothelial cell behaviour

during blood vessel morphogenesis. Nat Rev Mol Cell Biol. 2011;12:551–64.
2. Carmeliet P, Jain RK. Angiogenesis in cancer and other diseases. Nature.

2000;407:249–57.

3. Iozzo RV, Gubbiotti MA. Extracellular matrix: the driving force of mammalian
diseases. Matrix Biol. 2018;71-72:1–9.

4. Sennino B, McDonald DM. Controlling escape from angiogenesis inhibitors.
Nat Rev Cancer. 2012;12:699–709.

5. Nandini D, Pradip D, Leyland-Jones B. Evading anti-angiogenic therapy:
resistance to anti-angiogenic therapy in solid tumors. Am J Transl Res. 2015;
7:1675–98.

6. Orlandini M, Galvagni F, Bardelli M, Rocchigiani M, Lentucci C, Anselmi F, et
al. The characterization of a novel monoclonal antibody against CD93
unveils a new antiangiogenic target. Oncotarget. 2014;5:2750–60.

7. Khan KA, Naylor AJ, Khan A, Noy PJ, Mambretti M, Lodhia P, et al.
Multimerin-2 is a ligand for group 14 family C-type lectins CLEC14A,
CD93 and CD248 spanning the endothelial pericyte interface.
Oncogene. 2017;36:6097–108.

8. Yonemura S, Hirao M, Doi Y, Takahashi N, Kondo T, Tsukita S, et al. Ezrin/
radixin/Moesin (ERM) proteins bind to a positively charged amino acid
cluster in the juxta-membrane cytoplasmic domain of CD44, CD43, and
ICAM-2. J Cell Biol. 1998;140:885–95.

9. Neisch AL, Fehon RG. Ezrin, radixin and Moesin: key regulators of
membrane–cortex interactions and signaling. Curr Opin Cell Biol. 2011;23:
377–82.

10. McClatchey AI. ERM proteins at a glance. J Cell Sci. 2014;127:3199–204.
11. Zhang M, Bohlson S, S., Dy M, Tenner A, J. Modulated interaction of the

ERM protein, moesin, with CD93. Immunology 2005; 115:63–73.
12. Galvagni F, Nardi F, Maida M, Bernardini G, Vannuccini S, Petraglia F, et al.

CD93 and dystroglycan cooperation in human endothelial cell adhesion
and migration. Oncotarget. 2016;7:10090–103.

13. Langenkamp E, Zhang L, Lugano R, Huang H, Elhassan TEA, Georganaki M,
et al. Elevated expression of the C-type lectin CD93 in the glioblastoma
vasculature regulates cytoskeletal rearrangements that enhance vessel
function and reduce host survival. Cancer Res. 2015;75:4504–16.

14. Du J, Yang Q, Luo L, Yang D. C1qr and C1qrl redundantly regulate
angiogenesis in zebrafish through controlling endothelial Cdh5. Biochem
Biophys Res Commun. 2017;483:482–7.

15. Tosi GM, Caldi E, Parolini B, Toti P, Neri G, Nardi F, et al. CD93 as a potential
target in neovascular age-related macular degeneration. J Cell Physiol. 2016;
232:1767–73.

16. Galvagni F, Nardi F, Spiga O, Trezza A, Tarticchio G, Pellicani R, et al.
Dissecting the CD93-Multimerin 2 interaction involved in cell adhesion and
migration of the activated endothelium. Matrix Biol. 2017;64:112–27.

17. Kao Y-C, Jiang S-J, Pan W-A, Wang K-C, Chen P-K, Wei H-J, et al. The
epidermal growth factor-like domain of CD93 is a potent angiogenic factor.
PLoS One. 2012;7:e51647.

18. Lugano R, Vemuri K, Yu D, Bergqvist M, Smits A, Essand M, et al. CD93
promotes β1 integrin activation and fibronectin fibrillogenesis during tumor
angiogenesis. J Clin Invest. 2018;128:3280–97.

19. Mana G, Clapero F, Panieri E, Panero V, Böttcher RT, Tseng H-Y, et al. PPFIA1
drives active α5β1 integrin recycling and controls fibronectin fibrillogenesis
and vascular morphogenesis. Nat Commun. 2016;7:13546.

20. Cullen PJ, Steinberg F. To degrade or not to degrade: mechanisms
and significance of endocytic recycling. Nat Rev Mol Cell Biol.
2018;19:679–96.

21. Yoshioka K, Yoshida K, Cui H, Wakayama T, Takuwa N, Okamoto Y, et al.
Endothelial PI3K-C2α, a class II PI3K, has an essential role in angiogenesis
and vascular barrier function. Nat Med. 2012;18:1560–9.

22. Margadant C, Monsuur HN, Norman JC, Sonnenberg A. Mechanisms of
integrin activation and trafficking. Curr Opin Cell Biol. 2011;23:607–14.

23. Caswell PT, Vadrevu S, Norman JC. Integrins: masters and slaves of
endocytic transport. Nat Rev Mol Cell Biol. 2009;10:843–53.

24. Zerial M, McBride H. Rab proteins as membrane organizers. Nat Rev Mol Cell
Biol. 2001;2:107–17.

25. Wandinger-Ness A, Zerial M. Rab proteins and the compartmentalization
of the endosomal system. Cold Spring Harb Perspect Biol. 2014;6:
a022616.

26. Anselmi F, Orlandini M, Rocchigiani M, De Clemente C, Salameh A, Lentucci
C, et al. C-ABL modulates MAP kinases activation downstream of VEGFR-2
signaling by direct phosphorylation of the adaptor proteins GRB2 and
NCK1. Angiogenesis. 2012;15:187–97.

27. Galvagni F, Baldari CT, Oliviero S, Orlandini M. An apical actin-rich domain
drives the establishment of cell polarity during cell adhesion. Histochem
Cell Biol. 2012;138:419–33.

Barbera et al. Cell Communication and Signaling           (2019) 17:55 Page 14 of 15

https://doi.org/10.1186/s12964-019-0375-x


28. Orlandini M, Nucciotti S, Galvagni F, Bardelli M, Rocchigiani M, Petraglia F, et
al. Morphogenesis of human endothelial cells is inhibited by DAB2 via Src.
FEBS Lett. 2008;582:2542–8.

29. Pike JA, Styles IB, Rappoport JZ, Heath JK. Quantifying receptor
trafficking and colocalization with confocal microscopy. Methods. 2017;
115:42–54.

30. Galvagni F, Anselmi F, Salameh A, Orlandini M, Rocchigiani M, Oliviero S.
Vascular endothelial growth factor receptor-3 activity is modulated by its
association with caveolin-1 on endothelial membrane. Biochemistry. 2007;
46:3998–4005.

31. Ulivieri C, Savino MT, Luccarini I, Fanigliulo E, Aldinucci A, Bonechi E, et al.
The adaptor protein rai/ShcC promotes astrocyte-dependent inflammation
during experimental autoimmune encephalomyelitis. J Immunol. 2016;197:
480–90.

32. Richards M, Hetheridge C, Mellor H. The formin FMNL3 controls early apical
specification in endothelial cells by regulating the polarized trafficking of
podocalyxin. Curr Biol. 2015;25:2325–31.

33. Grande-García A, del Pozo MA. Caveolin-1 in cell polarization and directional
migration. Eur J Cell Biol. 2008;87:641–7.

34. Croisé P, Estay-Ahumada C, Gasman S, Ory S. Rho GTPases,
phosphoinositides, and actin. Small GTPases. 2014;5:e29469.

35. Sorkin A, von Zastrow M. Endocytosis and signalling: intertwining molecular
networks. Nat Rev Mol Cell Biol. 2009;10:609–22.

36. Green LJ, Mould AP, Humphries MJ. The integrin β subunit. Int J Biochem
Cell Biol. 1998;30:179–84.

37. Welz T, Wellbourne-Wood J, Kerkhoff E. Orchestration of cell surface
proteins by Rab11. Trends Cell Biol. 2014;24:407–15.

38. Bucci C, Lütcke A, Steele-Mortimer O, Olkkonen VM, Dupree P, Chiariello M,
et al. Co-operative regulation of endocytosis by three RAB5 isoforms. FEBS
Lett. 1995;366:65–71.

39. El-Brolosy MA, Stainier DYR. Genetic compensation: a phenomenon in
search of mechanisms. PLoS Genet. 2017;13:e1006780.

40. Lee CY, Bautch VL. Ups and downs of guided vessel sprouting: the role of
polarity. Physiology (Bethesda). 2011;26:326–33.

41. Ebnet K, Kummer D, Steinbacher T, Singh A, Nakayama M, Matis M.
Regulation of cell polarity by cell adhesion receptors. Semin Cell Dev Biol.
2018;81:2–12.

42. Zhang Wj, Li Px, Guo Xh, Huang Qb. Role of moesin, Src, and ROS in
advanced glycation end product-induced vascular endothelial dysfunction.
Microcirculation 2017; 24:e12358.

43. Wang Q, Fan A, Yuan Y, Chen L, Guo X, Huang X, et al. Role of Moesin in
advanced glycation end products-induced angiogenesis of human umbilical
vein endothelial cells. Sci Rep. 2016;6:22749.

44. Keren K. Cell motility: the integrating role of the plasma membrane. Eur
Biophys J. 2011;40:1013–27.

45. Howes MT, Mayor S, Parton RG. Molecules, mechanisms, and cellular roles of
clathrin-independent endocytosis. Curr Opin Cell Biol. 2010;22:519–27.

46. Gorvel J-P, Chavrier P, Zerial M, Gruenberg J. rab5 controls early endosome
fusion in vitro. Cell. 1991;64:915–25.

47. Apodaca G, Gallo LI, Bryant DM. Role of membrane traffic in the generation
of epithelial cell asymmetry. Nat Cell Biol. 2012;14:1235–43.

48. Datta A, Bryant DM, Mostov KE. Molecular regulation of lumen
morphogenesis. Curr Biol. 2011;21:R126–36.

49. Zovein AC, Luque A, Turlo KA, Hofmann JJ, Yee KM, Becker MS, et al. β1
integrin establishes endothelial cell polarity and arteriolar lumen formation
via a Par3-dependent mechanism. Dev Cell. 2010;18:39–51.

50. De Franceschi N, Hamidi H, Alanko J, Sahgal P, Ivaska J. Integrin traffic – the
update. J Cell Sci. 2015;128:839–52.

51. Sandri C, Caccavari F, Valdembri D, Camillo C, Veltel S, Santambrogio M, et
al. The R-Ras/RIN2/Rab5 complex controls endothelial cell adhesion and
morphogenesis via active integrin endocytosis and Rac signaling. Cell Res.
2012;22:1479–501.

52. Lanzetti L, Palamidessi A, Areces L, Scita G, Di Fiore PP. Rab5 is a signalling
GTPase involved in actin remodelling by receptor tyrosine kinases. Nature.
2004;429:309–14.

53. Zeigerer A, Gilleron J, Bogorad RL, Marsico G, Nonaka H, Seifert S, et al. Rab5
is necessary for the biogenesis of the endolysosomal system in vivo. Nature.
2012;485:465–70.

54. Chen P-I, Schauer K, Kong C, Harding AR, Goud B, Stahl PD. Rab5 isoforms
orchestrate a “division of labor” in the endocytic network; Rab5C modulates
Rac-mediated cell motility. PLoS One. 2014;9:e90384.

55. Onodera Y, Nam J-M, Hashimoto A, Norman JC, Shirato H, Hashimoto S,
et al. Rab5c promotes AMAP1–PRKD2 complex formation to enhance
β1 integrin recycling in EGF-induced cancer invasion. J Cell Biol. 2012;
197:983–96.

56. Goiko M, de Bruyn JR, Heit B. Short-lived cages restrict protein diffusion in
the plasma membrane. Sci Rep. 2016;6:34987.

57. Goiko M, de Bruyn JR, Heit B. Membrane diffusion occurs by continuous-
time random walk sustained by vesicular trafficking. Biophys J. 2018;114:
2887–99.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Barbera et al. Cell Communication and Signaling           (2019) 17:55 Page 15 of 15


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture and transfection
	DNA constructs
	Reagents and antibodies
	Immunofluorescence microscopy
	RNA interference, immunoblotting analysis, and flow cytometry
	Wound healing assay
	Statistical analysis

	Results
	In early spreading ECs, CD93 is channeled to the actin-rich apical bud
	F-actin is involved in the endocytic trafficking of CD93
	MMRN2 and β1 integrin are recycled together with CD93
	Rab5c promotes CD93 recycling
	In adhering and migrating ECs, the cytoplasmic domain of CD93 is critical for CD93 recycling

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

