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Abstract: The vasculature is comprised of endothelial cells that are heterogeneous in nature. From
tissue resident progenitors to mature differentiated endothelial cells, the diversity of these populations
allows for the formation, maintenance, and regeneration of the vascular system in development
and disease, particularly during situations of wound healing. Additionally, the de-differentiation
and plasticity of different endothelial cells, especially their capacity to undergo endothelial to
mesenchymal transition, has also garnered significant interest due to its implication in disease
progression, with emphasis on scarring and fibrosis. In this review, we will pinpoint the seminal
discoveries defining the phenotype and mechanisms of endothelial heterogeneity in development
and disease, with a specific focus only on wound healing.
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1. Introduction

Establishment and maintenance of a functioning vascular network is essential for ini-
tial embryonic development, as well as subsequent postnatal life, providing vital nutrients
to tissues [1]. The fundamental building blocks of this system are endothelial cells, which
comprise the inner lining of the vasculature and form a tightly regulated barrier across
which oxygen, metabolites, circulating cells and soluble factors are trafficked [2]. As such,
endothelial cells are crucial to the control of key vascular functions, including vessel perme-
ability that regulates bloodstream–tissue exchanges, vasomotor tone and blood fluidity [3].
Moreover, endothelial cells interface with other lineages important in vessel formation and
maintenance, for instance pericytes, smooth muscle cells and immune cells [4]. However,
the single cell layer endothelium is anything but identical, displaying a remarkable het-
erogeneity and plasticity that is only now becoming elucidated [5,6]. A combination of
genetic sequencing technologies, lineage tracing and live imaging experiments in mouse,
zebrafish and tissue culture have begun to inform us how this heterogeneity drives en-
dothelial cell phenotypes and behaviours to result in proper vascular development and
maintenance [7–9]. The development in understanding endothelial heterogeneity has also
had profound impacts in understanding the biology of vasculogenesis/angiogenesis in
pathologies such as cancer, where vasculature if crucial for tumour progression (reviewed
by De Palma et al.) [10]. More recently, newly developed technologies such as genomic pro-
filing techniques via single cell RNA sequencing hold enormous promise to revolutionise
our understanding of the transcriptional and proteomic changes occurring at the levels of
single cells and how these impact on vessel formation and function [8,11]. Additionally,
our understanding of endothelial plasticity has grown significantly, especially with the
notion of endothelial to mesenchymal transition (EndMT). EndMT is a crucial driver in the
formation of important anatomical structures during foetal development [12]. However,
in the adult system it has been implicated in disease progression due to vascular damage
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and scar tissue deposition, in particular during wound healing [13,14]. In this review, we
will focus on endothelial cell heterogeneity and plasticity between lineages, developmental
stages, and in health and disease, with a specific focus on wound healing.

2. Developmental Heterogeneity of Endothelial Cells

Arising predominantly from the lateral plate mesoderm (LPM), endothelial cells are
the first component of the developing vasculature [15,16]. Endothelial cell heterogeneity
and a myriad of transcription factors is evident even at the earliest stages of vascular devel-
opment known as vasculogenesis, where the major vessels are formed from angioblasts,
with the resultant endothelial cells already assuming arterial, venous or lymphatic identity
(Figure 1) [17–24]. Live imaging and lineage tracing experiments in the zebrafish revealed
that the angioblasts involved in vasculogenesis already possess differing potentials, with
the medial angioblast pool migrating first and primarily generating endothelial cells that
form the dorsal aorta (DA), while the lateral angioblasts migrate later and generate en-
dothelial cells forming the posterior cardinal vein (PCV) [25,26]. Mammalian arteriovenous
differentiation follows a similar sequence, with mouse studies demonstrating that the
dorsal aortae and cardiac precursors are the first intra-embryonic vascular components
to be formed, shortly followed by vein primordia [27]. These distinct populations are
regulated by specific signalling pathways, with arterial cells undergoing angiogenesis in
response to Vascular Endothelial Growth Factor (VEGF) signalling, but not bone morpho-
genetic protein (BMP) signalling, while venous endothelial cell sprouting is conversely
regulated by BMP but is VEGF-independent [28,29]. DA-fated angioblasts were also shown
to differ from PCV-fated angioblasts by having increased Erk signalling and early Notch
activity upon departure from the LPM [30,31]. However, DA-derived angioblasts with high
Notch activity can contribute to endothelial cells forming both arterial and venous vessels
at slightly later developmental stages, such as the intersegmental vessels (ISVs) during
primary angiogenesis in the zebrafish [31]. Moreover, studies in mouse and zebrafish
show a particular conservation of endothelial cell plasticity at this early developmental
stage, whereby endothelial cells can move between arterial and venous vessels following
initial medial migration [32,33]. Beyond this, lineage tracing experiments in the zebrafish
reveal that lymphatic cranial vessels—unlike all other lymphatic vessels that arise from
venous sources—are derived from ventral aorta arterial angioblasts in later migration
waves, and non-venous origins for various lymphatic vessels have also been implicated in
mouse studies [34–36].

The establishment of individual vessels highlights that endothelial cell heterogeneity
extends beyond different organs. For example, the structure of the endothelium for vari-
ous types of networks varies enormously: arteries and veins comprise an uninterrupted,
continuous layer of cells, while capillaries have a variety of tissue-dependent organisa-
tional options, including discontinuous and fenestrated arrangements. This structural
heterogeneity is mirrored in gene expression, with experiments performed on different
mammalian arteries showing distinct genetic profiles to each other [37]. Endothelial cell
heterogeneity can be seen in different vessels within the same tissue and even adjacent
endothelial cells within the same vessel [38]. Studies have revealed the importance of
interactions between Notch and VEGF signalling pathways in defining tip cell and stalk
cell identities. Endothelial cells are initially induced to sprout from the DA via VEGF
signalling, stimulating Notch signalling in these newly determined tip cells, thus in turn
suppressing VEGF signalling in the trailing stalk cells [39–42]. Although VEGF signalling
is indeed implicated as the most crucial signalling input for endothelial cells, additional
factors are also important in regulating key endothelial cell functions and behaviours.
For example, genetic expression studies revealed how certain genes—such as transmem-
brane 4 L six family membrane 18 (tm4sf18)—are restricted to these actively sprouting
endothelial cells, and function as amplifiers of VEGF signalling for specific subsets of
endothelial cells, to fine-tune vessel formation [43]. Calcium (Ca2+) oscillations have also
been shown to correlate with specific endothelial cell behaviours, with maintenance of
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Ca2+ activity restricted only in sprouting tip cells in both zebrafish and in mammalian
tissue culture [44,45]. Further examples of heterogeneity mechanisms are seen in live
imaging of endothelial cell divisions, showing that tip cells undergo a cell division event
during sprouting that results in asymmetric cytoplasmic distribution and subsequently a
rapid re-acquisition of tip/stalk identities [46]. Asymmetric division is also a central to
the generation of lymphatic vessels: by following the expression of Prox1, a key marker
of lymphatic endothelial cells in vertebrates, live imaging studies in zebrafish have re-
vealed a division event by Prox1 positive progenitors in the PCV that gives rise to one
daughter cell that upregulates Prox1a and migrates dorsally to form lymphatic sprouts,
and one daughter cell that downregulates prox1a and stays in the PCV [18,47,48]. Finally,
endothelial cell plasticity and heterogeneity accommodates, responds to, and integrates
with broader developmental changes. As vascular networks expand, variations to flow
patterns and shear stress results in morphological changes to the individual endothelial
cells that comprise the DA in zebrafish, driving alterations to the overall vessel architecture
and narrowing of the DA diameter over time [49]. Studies of mammalian endothelial cells
have revealed that flow is a key component of how endothelial cells align along different
regions of a vessel, whether in an axial or non-axial pattern, and that this organisation can
be remodelled in response to flow alterations [50]. The approaches that angiogenic sprouts
use to anastomose and form a functional lumen also differs between vascular beds and
individual vessels. Live imaging studies demonstrating that endothelial cells can engage in
a variety of mechanisms from fusion of intracellular vacuoles to collective migration and
ensheathment of areas of blood flow, to a process driven by dynamic membrane protrusions
termed “inverse blebbing” [26,51,52]. Importantly, this diversity of lumenisation methods
provides the capacity to establish a heterogeneous vessel architecture that can include
unicellular and multicellular tubes in a variety of arrangements, encompassing all possible
permutations required by mature tissues [53].
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venous, lymphatic and capillary identities. Understanding of these developmental markers and mechanisms has built up
from decades of fundamental research using avian, rodent, fish and human tissue culture models [8,17–24]. Image produced
in BioRender.

3. Endothelial Cell Heterogeneity in Homeostasis and Repair

In homeostatic adult tissue, endothelial cells represent some of the longest-lived cells
in the organism, and their continued barrier and regulatory functions within the vessel
wall are essential for proper functioning of the vasculature. To facilitate this, endothelial
cells maintain a remarkable plasticity, vital for adapting their behaviour and identity to
the distinct and changing requirements of the tissue they supply, and this is reflected in
structural and molecular heterogeneity observed in particular vascular beds [54]. Evidence
for endothelial cell heterogeneity being a fundamental property of endothelial cells in
developed organisms is provided from studies on the hagfish, which represents the oldest
extant vertebrate that still has an endothelial cell-lined closed circulation, and which dis-
plays endothelium that is molecularly, structurally and functionally heterogeneous [55].
Endothelial cells must respond to a variety of different types of changes in the tissue mi-
croenvironment, from changes to metabolism, mechanical forces and interactions between
endothelial cells and matrix components as well as other cells, and organotypic growth
factors (reviewed in [54]). Specific examples of this heterogeneity in mammalian contexts
include fetoplacental endothelial cells that function in chronically low oxygen environ-
ments, endothelial cells present in the kidney that must contend with both hypoxia and
hyperosmolarity, and liver endothelial cells that engage in clearance of harmful substances
as well as modulation of immunoregulatory mechanisms [56–58]. Perhaps to accommodate
this, endothelial cell organ and tissue specific heterogeneity is observed at early stages
of human development, with endothelial cells profiled at three months gestation show-
ing distinct tissue specific gene expressions for kidneys, liver, heart and lungs [59]. An
additional study by Jambusaria et al. highlighted that this tissue-specific endothelial cell
heterogeneity is maintained in adult homeostasis, and becomes even more integrated into
the expression profile of endothelial cells [60]. Using single cell RNAseq to extensively
compare endothelial cells from various mouse vascular beds, they demonstrated a reci-
procity in specific endothelial cells expression profiles, revealing an intriguing property
of endothelial cells to express ‘parenchymal’ genes—such as contractile genes in cardiac
endothelium, or synaptic vesicle genes in brain endothelium [60].

Additionally, endothelial progenitor cells, whether vascular resident or found in cir-
culation from the bone marrow, play an essential role in differentiating down a defined
endothelial hierarchy to give rise to mature endothelial cells, allowing for vasculogenesis
at organ specific sites [61,62]. Nolan et al. also elegantly demonstrated this following
transplantation of endothelial cells derived from embryonic stem cells. Here, transplanted
endothelial cells engrafted into regenerating tissues and acquired genetic features specific
to endothelial cells of that organ bed [5]. A recent study by Palikuqi et al. showed the
development of an organ-on-a-chip VascularNet model that allows the study of crosstalk
between endothelial cells and parenchymal cells, assisting in identifying endothelial het-
erogeneity [63]. In vitro assessment of endothelial heterogeneity has also been extensively
studied, using tools such as embryonic stem cells, or induced pluripotent stem cells to
differentiate into endothelial cells and/or the isolation of primary endothelial progenitors
isolated from human tissue. These studies have identified key pathways, transcription
factors and molecular mechanisms that drive arterial, venous and lymphatic specifica-
tion [64,65]. Importantly, much of this heterogeneity is dependent on the interactions
between endothelial cells and their microenvironment: while microarray studies on var-
ious cultured human endothelial cell types showed maintenance of specific expression
profiles following multiple passages, other gene expression studies revealed that up to half
of the specific vascular bed signatures were lost after in vitro culture [66,67]. Herein lies
the complexity of in vitro assessment of endothelial heterogeneity but also the failure to
potentially reproduce results in different lab environments. Understanding this biology
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in an in vitro setting provides excellent insight into potential in vivo endothelial differen-
tiation and potential cell–cell interactions in co-culture conditions; however, this needs
confirmation using powerful genetic modelling in mice and zebrafish.

In healthy tissue, most transfer of material between blood and tissue occurs within the
capillaries, where the density of the membrane-bound vesicles utilised for this transport
known as caveolae is greatly enriched compared to arteries or veins (reviewed in [68]).
However, in the context of inflammation, permeability to fluids, solutes and leukocytes
is induced due to changes in the barrier function of these normally impermeable ves-
sels, mediated by alterations to endothelial cell behaviour and function. This includes
the regulation of pro- and anti-coagulant production, expression of E- and P-selectins
to induce leukocyte rolling and expression of vascular cell adhesion molecules such as
VCAM and ICAM to induce leukocyte adhesion and recruitment (reviewed in [6]). In-
triguingly, while inflammation seems to activate a broadly similar inflammatory response,
there is a persistent tissue-specific heterogeneity of endothelial cells in response to inflam-
mation [69]. Examples include particular upregulation of P-selectin—a key mediator of
platelet activation and aggregation—in heart and brain, which are tissues that are suscep-
tible to thrombotic events, whereas lung endothelial cells have a marked upregulation
of specific chemokines such as Cxcl1 and Cxcl9 [60]. Single cell transcriptomic experi-
ments have also uncovered endothelial cell subsets that express genes involved in immune
surveillance and interferon signalling across multiple tissue types, although the exact pro-
or anti-inflammatory function of these subtypes and key identifying markers remain to
be determined [8,70].

Endothelial cell heterogeneity and plasticity is further observed in instances of tissue
damage. Studies of wounds in the zebrafish trunk show that blood vessels in the regenerate
are chimeric, with contributing endothelial cells expressing markers of arterial or venous
lineages [71]. Live imaging of zebrafish fin regeneration revealed a specific capacity for
venous-derived cells to migrate into and integrate with remodelling arteries [72]. The
chemokine receptor Cxcr4a is indispensable for this venous-to-arterial transformation to
occur in the zebrafish, and the importance of CXCR4 appears conserved in mammals
where CXCR4 expression is observed in the tip cells of developing mouse retinal arterial
vessels [72,73]. In a recapitulation of development, both VEGF and BMP signalling have
been shown to be highly upregulated in immune cells, fibroblasts and keratinocytes within
mouse wounds, and these pathways appear to have a distinct role in modulating wound
angiogenesis by differentially regulating endothelial cell tip vs. stalk cell identity in
culture [74–80]. Additionally, live imaging of skin wound healing studies identified the
migration of tissue resident endovascular progenitors (EVP) into the centre of wound
granulation tissue and subsequent differentiation. EVPs have been identified to reside
in vasculature and can give rise to mature endothelial cells, forming a vascular network
independent of angiogenesis in ischemic situations of skin would healing [7,81]. Increased
angiogenesis and neovascularisation has also been observed in skin wound healing using
human EPC as a therapy, selectively blocking αVβ3 integrins, endothelial extracellular
vesicles, antioxidant administration such as bee venom and also the activation of the
PI3-kinase/Akt pathway [82–88]. As a further demonstration of endothelial cell plasticity,
mouse studies of myocardial infarction have shown that endothelial cells can engage in
localised clonal expansion in response to injury, allowing for a rapid expansion of the
existing vessel architecture [89]. More extreme examples of endothelial cell heterogeneity
were seen in transcriptomic and epigenomic characterisations of endothelial cells from
mouse carotid arteries following partial ligation, which demonstrated a reprogramming
towards a phenotype expressing macrophage markers, and indeed disturbed flow also
induced this immune cell-like phenotype in cultured human aortic endothelial cells even
in the absence of macrophages [90].
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4. Endothelial to Mesenchymal Transition (EndMT)

Endothelial cells can undergo transdifferentiation, highlighting their remarkable plas-
ticity. During embryonic development, diverse cell types like the hematopoietic stem cells,
cardiac valve progenitors and even cardiac fibroblasts and smooth muscle cells arise from
specialised endothelial cells [91]. Endothelial cells also undergo endothelial to mesenchy-
mal transition (EndMT) in pathological contexts, for example in response to unique signals
from their niche to transdifferentiate into fibroblasts contributing to cardiac fibrosis [92,93].
Indeed, the EndMT transition is central to wound healing as the pro-inflammatory and
hypoxic wound site triggers EndMT in migrating endothelial cells from the local vas-
cular bed [81,94]. Aberrant endothelial transdifferentiation, both delayed or advanced
differentiation, can give rise to unstable vessels at the wound site resulting in excess scar
tissue formation [81].

EndMT is characterised by the loss of the regular cobblestone morphology of the
endothelium and the acquisition of mesenchymal spindle shape. Numerous studies have
identified that when endothelial cells begin to transition, several intermediate phenotypes
are formed and proceeds with the loss of endothelial markers like CD31 (PECAM), ZO1
and VE Cadherin, which are primarily junctional proteins maintaining the endothelial layer
integrity [95,96]. Accompanying the loss of these proteins is a gain in mesenchymal markers
like vimentin, N cadherin and α smooth muscle actin (αSMA) resulting in a polarity switch
that leads to a loss of apico-basal polarity. While EndMT is characterised in tumour
progression and several fibrotic diseases, wound healing also requires the coordinated
transition of endothelial cells into mesenchymal populations for clot invasion and sprouting,
demonstrating the complexity of this transitionary process mediating effects in homeostasis
biology as well as disease pathology and progression [97]. EndMT shares many of the
same marker switches that characterise the more well studied process of epithelial to
mesenchymal transition or EMT. In cancer, while EMT and metastasis is reversed at the
secondary sites through a process of MET or mesenchymal to epithelial transition, a reverse
transition is also evident in endothelial cells. This is best described in the case of cardiac
fibroblasts. Using genetic fate mapping techniques, Ubil et al. demonstrate that cardiac
fibroblasts adopt endothelial-like phenotype after acute ischaemic injury [98]. While p53
pathway coordinates the Mesenchymal to endothelial (MEndoT) pathway, it remains
unclear whether this is indeed a true reversal of the subset of cells that original gave rise
to cardiac fibroblasts by EndMT. Indeed, a vast majority of cardiac fibroblasts originate
from epithelial cells in the epicardium through an EMT process, while primarily valvular
fibroblasts originate through EndMT.

5. Signalling in Endothelial to Mesenchymal Transition (EndMT)

Several chemokines at the wound site are known to trigger EndMT, in particular
endothelial phenotype switching triggered by hypoxia, ROS, and the pro-inflammatory
milieu at the wound site, that funnels through TGFβ and BMP signalling pathways, among
others, to initiate EndMT (Figure 2) [95]. Much like EMT, the transcription factors SNAIL,
SLUG, Twist, MRTF-A, and ZEB proteins trigger EndMT. Notch signalling is a critical
regulator of EndMT. Notch signalling promotes EndMT during development and the
mutation in Notch ligand, Jagged1 (Alagille syndrome) is associated with defective EndMT
dependent endocardial cushion formation in mouse [12]. The role of Notch signalling
in driving EndMT was identified in early studies defining the molecular mechanisms of
EndMT, albeit in in vitro cell culture conditions [99]. Indeed, foetal cell plasticity and an
immature immune system enable complete regeneration of wounded tissues, which differs
significantly from the wound healing in adults [100]. Therefore, developmental EndMT
does not automatically indicate that the pathway promotes EndMT in adult wound healing.
Additionally, the development and success of transgenic lineage tracing mouse models
have allowed for further refinement of the molecular drivers of EndMT in in vivo biology.
For example, recent data suggest that the functions of the Notch pathway appear to be
wound stage and tissue type specific. In cutaneous wound healing, for example, a lack of
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Notch signalling accelerates EndMT and causes excessive scarring with delayed healing,
as demonstrated by in vivo endothelial cell fate tracking in mice [13]. The endothelial
cell-specific knockout of the transcriptional effector of Notch signalling, Rbpj, was utilised
to demonstrate the EndMT acceleration in the absence of canonical Notch signalling [13].
In an additional study, Zhao et al. demonstrate that SOX9-driven EVP differentiation
increases EndMT and fibrotic scarring in skin wound healing, as the SOX9 pathway acts in
opposition to RBPJ–Notch signalling axis generating a double-negative feedback regulating
EndMT [81]. Indeed, applying topical Sox9 siRNA treatment directly onto wounds reduced
scarring by minimising EndMT and maintaining an endothelial phenotype [81].
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Additional pathways have also been identified as being important in driving EndMT
in wound healing and are dependent on the specific multicellular niche with varied
biochemical and microenvironmental signals at the wound site. Indeed in vitro culture
causes a reduction in endothelial cell heterogeneity over time (phenotypic drift) and,
therefore, the results must be substantiated in in vivo models. Notch signalling and EndMT
transitioning properties are clearly subject to phenotypic drift in culture. Interestingly,
there is more robustness in TGFβ signalling-driven EndMT suggesting that this pathway
has more built-in redundancy to enable state transitions overcoming in vitro monoculture-
driven drift. In vitro and in vivo modelling using numerous pathological scenarios of
EndMT, are promoted via biochemical and environmental cues such as Semaphorin 7A,
hypoxia, inflammatory cytokines, ROS and cyclical strain function, that drive EndMT
through the TGFβ–Smad signalling axis [101–107]. Downstream of TGFβ signalling are
various independent mechanisms that enforce the mesenchymal state like Snail expression,
MKL1 dependent Twist1 expression, and actin reorganisation [108–110]. This network
of effectors and positive feedback loops ensure that the cells progress towards EndMT
upon TGFβ activation. Twist1, an EndMT transcription factor downstream of TGFβ,
is also known to increase levels of TGFβ receptor 2 (TGFβRII) and thereby phospho-
Smad2 levels, establishing a positive feedback for EndMT [111,112]. As a critical node
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determining EndMT, the TGFβ pathway is subjected to several checks and balances to
prevent unwarranted EndMT. Indeed, murine cell lineage tracing also reveals the role
of the TGFβ–Smad2 axis in EndMT in vivo. Cooley et al. elegantly demonstrated that
endothelial specific Smad2 knockout and Smad3 haploinsufficiency resulted in reduced
EndMT in venous grafts preventing postoperative stenosis and scarring, crucial in defining
better treatments for patients undergoing vascular graft surgery [111].

FGF signalling and inhibitor of DNA proteins (Id proteins) are among the most notable
pathways countering TGFβ-driven EndMT [113–115]. FGF2 increases miR20 expression
which targets ALK5 and TGFβRII that transduce TGFβ signalling thereby inhibiting
EndMT [116]. A recent study by Ma et al. demonstrated the role of Id proteins (Id1,
Id2 and Id3) in repressing the function of both SNAIL and SLUG, blocking TGFβ-driven
EndMT, as well as being essential in ensuring endothelial phenotype is maintained [115].
Wnt signalling is a key regulator of EndMT. In response to myocardial injury, lineage-
tracing experiments demonstrate that canonical Wnt high and SMA+ mesenchymal cells
are derived from endothelial cells contributing to cardiac tissue repair [117]. Wnt-3a driven
EndMT of human dermal microvascular endothelial cell contributes to dermal fibrosis [118].
Overall, these data demonstrate the complexity of the molecular drivers of EndMT in a
wound environment and therefore heighten the importance for future in vivo studies to be
conducted to elucidate novel mechanisms, whereby therapies can be developed to prevent
excessive scarring developing due to aberrant EndMT.

6. Cytoskeletal Reorganisation in Endothelial to Mesenchymal Transition (EndMT)

Regulation of actin dynamics is essential in EndMT. All the multiple steps of wound
healing such as haemostasis, clot formation and fibrin invasion by endothelial cells, migra-
tion on provisional matrix and finally lumenisation and stabilisation of endothelial sprouts
to close the wound require coordination of the actin cytoskeletal dynamics. The RhoGTPase
family of proteins, particularly RhoA and CDC42, coordinate EndMT downstream of the
TGFβ signalling pathway [110]. Another RhoGTPase, RhoJ, an endothelium enriched
GTPase, is implicated in hypoxia-induced EndMT [119]. RhoJ promotes transcriptional
repression of the junction VE cadherins by the transcription factors SNAIL and Twist1.
RhoJ is also implicated in regulating the remodelling of the provisional fibronectin ma-
trix [120]. Thus, coordinated regulation of RhoGTPases by upstream signalling cascades
regulates EndMT.

Mechanisms that couple these actin cytoskeletal rearrangements to main signalling
pathways are also crucial in the process of EndMT. NCK1/2 is one such key adapter protein,
linking surface receptors like VEGFRs to actin cytoskeletal modulators like RAC1 and
PAK kinases. Nck endothelial knockout mice die during early embryonic development
(E10) due to defective EndMT and cardiac valve morphogenesis, showing that Nck plays a
critical role in developmental EndMT. Furthermore, Nck null endothelia are defective in
migration downstream of VEGF and angiopoietin signalling, suggesting that Nck-driven
cytoskeletal reorganisation aids in endothelial migration during wound healing [121]. By
regulating the establishment of endothelial front-rear polarity, which is essential for sprout-
ing angiogenesis to occur correctly, NCK promotes endothelial migration downstream of
VEGF signalling. Indeed, Nck knockout mice also show reduced pathological angiogenesis
in oxygen-induced retinopathy models and delayed cutaneous wound healing due to
defective sprouting angiogenesis [122]. Therefore, better understanding of the drivers of
endothelial cytoskeleton reorganisation and the molecular mechanism behind this process
is another significant pathway in better understanding pathological EndMT.

7. Receptor Trafficking in Endothelial Heterogeneity

VEGF is the key mitogen and chemotactic factor secreted by fibroblasts, smooth
muscle cells, platelets, neutrophils, macrophages and endothelial cells in the wound [123].
Response to VEGF is coordinated by VEGF receptors 1–3. Sprouting endothelial cells at the
vascular front have high levels of VEGF uptake, receptor endocytosis and turnover while
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stable, quiescent vessel endothelium has reduced receptor endocytosis. The trafficking
of VEGFR2 and VEGFR3 is regulated by the clathrin-associated adapter protein DAB2,
which is inhibited by aPKC-mediated phosphorylation in stable vessels. Presumably,
the quiescent endothelial cells have a higher junctional stability that allows for cadherin-
dependent recruitment and sustained phosphorylation and activation of aPKC that allows
these endothelial cells to reduce VEGFR2/3 turnover, thereby maintaining the quiescent
cell fate [124]. This suggests that, in addition to a VEGF gradient that drives sprouting,
trafficking heterogeneity also dictates the acquisition of distinct cell fates and behaviours
by endothelial cells.

In addition to a regulation of the surface VEGFR2 receptor, the Golgi pool of VEGFR2
that is rapidly recruited to the plasma membrane in response to VEGF is also a critical
player in angiogenesis. Syntaxin 6 maintains this pool and, in the absence of this protein,
the VEGF receptors are targeted to lysosomes for degradation. Cells show impaired wound
healing migration in response to VEGF in the absence of the reserve pool of receptors in
the Golgi maintained by syntaxin6 [125]. Thus, receptor trafficking, both onwards in the
secretory pathway as well as receptor internalisation and degradation play a key role in
determining endothelial cell behaviour.

Notch receptor trafficking also plays an important role in controlling endothelial
cell heterogeneity, with Notch ligand DLL4 stimulating Notch receptor cleavage by γ-
secretases. This process is also regulated by receptor endocytosis, where the incorporation
of γ-secretase and Notch receptors together enables the cleavage and signalling to take
place from endosomes. The lack of the class II α-isoform of phosphatidylinositol 3-kinase
(PI3K C2α) causes a failure to internalise γ-secretase with the accumulation of unprocessed
receptors in intracellular vesicles, thereby inhibiting the Dll4-driven EndMT in vitro [126].
While regulators of receptor endocytosis and pairing of receptors to endosomal substrates
remarkably alter downstream signalling and endothelial cell properties, further evidence
for the endosomal signalling of VEGFR2 and Notch pathways in vivo in endothelial cell
state transitions remains a challenge in the field.

8. Metabolic Plasticity and Heterogeneity of Endothelial Cells

Wound healing angiogenesis is an energetically demanding process that causes en-
dothelial metabolic reprogramming. The endothelial cells respond by dramatically increas-
ing both glycolytic flux as well as mitochondrial respiration. Acquiring distinct metabolic
phenotypes in quiescent versus angiogenic vasculature is necessary to meet the bioener-
getic demands of rapid proliferation and motility during angiogenesis. The COX family of
proteins are crucial in the metabolic pathway of endothelial cells. For example, deletion
of the Cox10 gene specifically in endothelial cells leads to respiratory insufficiency and
embryonic lethality. Interestingly, deletion of this gene in adults delays wound healing
responses [127]. Along similar lines, pathogenetic plasticity of endothelial cells and acquisi-
tion of a hyper glycolytic state during healing of burns could lead to abnormal scars such as
keloids [128]. Targeting aberrant glucose metabolism in endothelial cells through a PKM2
inhibitor improves wound healing in vivo [128]. Thus, the metabolic phenotypes and their
heterogeneity in endothelial cells is a key regulator of wound healing. Indeed, single
cell metabolic imaging reveals metabolic heterogeneity at sub-cellular resolution. Motile
endothelial cells depend on a burst of glycolysis that is coupled to actin reorganisation.
RhoA-ROCK driven trafficking of GLUT3 serves to fuel endothelial cell contractility [129].
Several studies now indicate that endothelial cell motility depends on glycolysis while
proliferation depends on mitochondrial oxidative phosphorylation [130,131]. Targeting
endothelial cell metabolic switching and limiting endothelial cell plasticity is currently
explored as a novel approach to reduce excessive angiogenesis in tumours and the same
can be beneficial in wound repair, with future studies required to explore the modulation
of metabolic plasticity as a therapeutic strategy.
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9. Conclusions

In this review, we have summarised the key phenotypes and mechanisms that govern
endothelial heterogeneity and plasticity with specific focus on wound healing. Impor-
tantly, we have highlighted the roles of endothelial diversity in leading vascular network
formation during foetal development and in regeneration during wound healing. How-
ever, despite these important findings there is still significant work to be undertaken to
continue to elucidate the molecular drivers of endothelial function, particularly in disease
progression in the adult system. Future studies will be needed to continue to unravel
the complexity of endothelial biology, which will provide excellent pathways for novel
therapeutic development in treating vascular disease and scarring in wound healing.

Author Contributions: Writing—original draft preparation, D.B.G. and A.S.; writing—review and
editing, D.B.G., A.S. and J.P.; figure preparation, D.T.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analysed in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kruger-Genge, A.; Blocki, A.; Franke, R.P.; Jung, F. Vascular Endothelial Cell Biology: An Update. Int. J. Mol. Sci. 2019, 20, 4411.

[CrossRef] [PubMed]
2. Rafii, S.; Butler, J.M.; Ding, B.S. Angiocrine functions of organ-specific endothelial cells. Nature 2016, 529, 316–325. [CrossRef]

[PubMed]
3. Carmeliet, P.; Jain, R.K. Molecular mechanisms and clinical applications of angiogenesis. Nature 2011, 473, 298–307. [CrossRef]

[PubMed]
4. Tang, D.G.; Conti, C.J. Endothelial Cell Development, Vasculogenesis, Angiogenesis, and Tumor Neovascularization: An Update; Seminars

in Thrombosis and Hemostasis: New York, NY, USA, 2004; pp. 109–117.
5. Nolan, D.J.; Ginsberg, M.; Israely, E.; Palikuqi, B.; Poulos, M.G.; James, D.; Ding, B.S.; Schachterle, W.; Liu, Y.; Rosenwaks, Z.; et al.

Molecular signatures of tissue-specific microvascular endothelial cell heterogeneity in organ maintenance and regeneration. Dev.
Cell 2013, 26, 204–219. [CrossRef]

6. Aird, W.C. Endothelial cell heterogeneity. Cold Spring Harb. Perspect. Med. 2012, 2, a006429. [CrossRef] [PubMed]
7. Patel, J.; Seppanen, E.J.; Rodero, M.P.; Wong, H.Y.; Donovan, P.; Neufeld, Z.; Fisk, N.M.; Francois, M.; Khosrotehrani, K. Functional

Definition of Progenitors Versus Mature Endothelial Cells Reveals Key SoxF-Dependent Differentiation Process. Circulation 2017,
135, 786–805. [CrossRef]

8. Kalucka, J.; de Rooij, L.; Goveia, J.; Rohlenova, K.; Dumas, S.J.; Meta, E.; Conchinha, N.V.; Taverna, F.; Teuwen, L.A.; Veys, K.; et al.
Single-Cell Transcriptome Atlas of Murine Endothelial Cells. Cell 2020, 180, 764–779. [CrossRef] [PubMed]

9. Yoder, M.C.; Mead, L.E.; Prater, D.; Krier, T.R.; Mroueh, K.N.; Li, F.; Krasich, R.; Temm, C.J.; Prchal, J.T.; Ingram, D.A. Redefining
endothelial progenitor cells via clonal analysis and hematopoietic stem/progenitor cell principals. Blood 2007, 109, 1801–1809.
[CrossRef]

10. De Palma, M.; Biziato, D.; Petrova, T.V. Microenvironmental regulation of tumour angiogenesis. Nat. Rev. Cancer 2017, 17, 457–474.
[CrossRef]

11. Lukowski, S.W.; Patel, J.; Andersen, S.B.; Sim, S.L.; Wong, H.Y.; Tay, J.; Winkler, I.; Powell, J.E.; Khosrotehrani, K. Single-Cell
Transcriptional Profiling of Aortic Endothelium Identifies a Hierarchy from Endovascular Progenitors to Differentiated Cells. Cell
Rep. 2019, 27, 2748–2758. [CrossRef]

12. Hofmann, J.J.; Briot, A.; Enciso, J.; Zovein, A.C.; Ren, S.; Zhang, Z.W.; Radtke, F.; Simons, M.; Wang, Y.; Iruela-Arispe, M.L.
Endothelial deletion of murine Jag1 leads to valve calcification and congenital heart defects associated with Alagille syndrome.
Development 2012, 139, 4449–4460. [CrossRef]

13. Patel, J.; Baz, B.; Wong, H.Y.; Lee, J.S.; Khosrotehrani, K. Accelerated Endothelial to Mesenchymal Transition Increased Fibrosis
via Deleting Notch Signaling in Wound Vasculature. J. Investig. Dermatol. 2018, 138, 1166–1175. [CrossRef] [PubMed]

14. Berlanga-Acosta, J.A.; Guillen-Nieto, G.E.; Rodriguez-Rodriguez, N.; Mendoza-Mari, Y.; Bringas-Vega, M.L.; Berlanga-Saez,
J.O.; Garcia Del Barco Herrera, D.; Martinez-Jimenez, I.; Hernandez-Gutierrez, S.; Valdes-Sosa, P.A. Cellular Senescence as the
Pathogenic Hub of Diabetes-Related Wound Chronicity. Front. Endocrinol. 2020, 11, 573032. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms20184411
http://www.ncbi.nlm.nih.gov/pubmed/31500313
http://doi.org/10.1038/nature17040
http://www.ncbi.nlm.nih.gov/pubmed/26791722
http://doi.org/10.1038/nature10144
http://www.ncbi.nlm.nih.gov/pubmed/21593862
http://doi.org/10.1016/j.devcel.2013.06.017
http://doi.org/10.1101/cshperspect.a006429
http://www.ncbi.nlm.nih.gov/pubmed/22315715
http://doi.org/10.1161/CIRCULATIONAHA.116.024754
http://doi.org/10.1016/j.cell.2020.01.015
http://www.ncbi.nlm.nih.gov/pubmed/32059779
http://doi.org/10.1182/blood-2006-08-043471
http://doi.org/10.1038/nrc.2017.51
http://doi.org/10.1016/j.celrep.2019.04.102
http://doi.org/10.1242/dev.084871
http://doi.org/10.1016/j.jid.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/29248546
http://doi.org/10.3389/fendo.2020.573032
http://www.ncbi.nlm.nih.gov/pubmed/33042026


Cells 2021, 10, 2338 11 of 15

15. Sabin, F. Studies on the origin of the blood vessels and of red blood corpuscles as seen in the living blastoderm of chick during
the second day of incubation. Contrib. Embryol. Carnegie Inst. 1920, 9, 214–262.

16. Coffin, J.D.; Poole, T.J. Embryonic vascular development: Immunohistochemical identification of the origin and subsequent
morphogenesis of the major vessel primordia in quail embryos. Development 1988, 102, 735–748. [CrossRef] [PubMed]

17. Adams, R.H. Molecular control of arterial-venous blood vessel identity. J. Anat. 2003, 202, 105–112. [CrossRef]
18. Wigle, J.T.; Oliver, G. Prox1 function is required for the development of the murine lymphatic system. Cell 1999, 98, 769–778.

[CrossRef]
19. Okuda, K.S.; Astin, J.W.; Misa, J.P.; Flores, M.V.; Crosier, K.E.; Crosier, P.S. lyve1 expression reveals novel lymphatic vessels and

new mechanisms for lymphatic vessel development in zebrafish. Development 2012, 139, 2381–2391. [CrossRef]
20. Fujimoto, N.; He, Y.; D’Addio, M.; Tacconi, C.; Detmar, M.; Dieterich, L.C. Single-cell mapping reveals new markers and functions

of lymphatic endothelial cells in lymph nodes. PLoS Biol. 2020, 18, e3000704. [CrossRef]
21. Fischer, A.; Schumacher, N.; Maier, M.; Sendtner, M.; Gessler, M. The Notch target genes Hey1 and Hey2 are required for

embryonic vascular development. Genes Dev. 2004, 18, 901–911. [CrossRef]
22. Wang, H.U.; Chen, Z.F.; Anderson, D.J. Molecular distinction and angiogenic interaction between embryonic arteries and veins

revealed by ephrin-B2 and its receptor Eph-B4. Cell 1998, 93, 741–753. [CrossRef]
23. Chu, M.; Li, T.; Shen, B.; Cao, X.; Zhong, H.; Zhang, L.; Zhou, F.; Ma, W.; Jiang, H.; Xie, P.; et al. Angiopoietin receptor Tie2 is

required for vein specification and maintenance via regulating COUP-TFII. eLife 2016, 5, e21032. [CrossRef]
24. Moyon, D.; Pardanaud, L.; Yuan, L.; Breant, C.; Eichmann, A. Plasticity of endothelial cells during arterial-venous differentiation

in the avian embryo. Development 2001, 128, 3359–3370. [CrossRef]
25. Kohli, V.; Schumacher, J.A.; Desai, S.P.; Rehn, K.; Sumanas, S. Arterial and venous progenitors of the major axial vessels originate

at distinct locations. Dev. Cell 2013, 25, 196–206. [CrossRef]
26. Helker, C.S.; Schuermann, A.; Karpanen, T.; Zeuschner, D.; Belting, H.G.; Affolter, M.; Schulte-Merker, S.; Herzog, W. The

zebrafish common cardinal veins develop by a novel mechanism: Lumen ensheathment. Development 2013, 140, 2776–2786.
[CrossRef] [PubMed]

27. Chong, D.C.; Koo, Y.; Xu, K.; Fu, S.; Cleaver, O. Stepwise arteriovenous fate acquisition during mammalian vasculogenesis. Dev.
Dyn. 2011, 240, 2153–2165. [CrossRef] [PubMed]

28. Wiley, D.M.; Kim, J.D.; Hao, J.; Hong, C.C.; Bautch, V.L.; Jin, S.W. Distinct signalling pathways regulate sprouting angiogenesis
from the dorsal aorta and the axial vein. Nat. Cell Biol. 2011, 13, 686–692. [CrossRef]

29. Neal, A.; Nornes, S.; Payne, S.; Wallace, M.D.; Fritzsche, M.; Louphrasitthiphol, P.; Wilkinson, R.N.; Chouliaras, K.M.; Liu, K.;
Plant, K.; et al. Venous identity requires BMP signalling through ALK3. Nat. Commun. 2019, 10, 453. [CrossRef]

30. Shin, M.; Beane, T.J.; Quillien, A.; Male, I.; Zhu, L.J.; Lawson, N.D. Vegfa signals through ERK to promote angiogenesis, but not
artery differentiation. Development 2016, 143, 3796–3805. [CrossRef]

31. Quillien, A.; Moore, J.C.; Shin, M.; Siekmann, A.F.; Smith, T.; Pan, L.; Moens, C.B.; Parsons, M.J.; Lawson, N.D. Distinct Notch
signaling outputs pattern the developing arterial system. Development 2014, 141, 1544–1552. [CrossRef] [PubMed]

32. Lindskog, H.; Kim, Y.H.; Jelin, E.B.; Kong, Y.; Guevara-Gallardo, S.; Kim, T.N.; Wang, R.A. Molecular identification of venous
progenitors in the dorsal aorta reveals an aortic origin for the cardinal vein in mammals. Development 2014, 141, 1120–1128.
[CrossRef]

33. Herbert, S.P.; Huisken, J.; Kim, T.N.; Feldman, M.E.; Houseman, B.T.; Wang, R.A.; Shokat, K.M.; Stainier, D.Y. Arterial-venous
segregation by selective cell sprouting: An alternative mode of blood vessel formation. Science 2009, 326, 294–298. [CrossRef]
[PubMed]

34. Eng, T.C.; Chen, W.; Okuda, K.S.; Misa, J.P.; Padberg, Y.; Crosier, K.E.; Crosier, P.S.; Hall, C.J.; Schulte-Merker, S.; Hogan, B.M.;
et al. Zebrafish facial lymphatics develop through sequential addition of venous and non-venous progenitors. Embo Rep. 2019, 20,
e47079. [CrossRef]

35. Klotz, L.; Norman, S.; Vieira, J.M.; Masters, M.; Rohling, M.; Dube, K.N.; Bollini, S.; Matsuzaki, F.; Carr, C.A.; Riley, P.R. Cardiac
lymphatics are heterogeneous in origin and respond to injury. Nature 2015, 522, 62–67. [CrossRef] [PubMed]

36. Martinez-Corral, I.; Ulvmar, M.H.; Stanczuk, L.; Tatin, F.; Kizhatil, K.; John, S.W.; Alitalo, K.; Ortega, S.; Makinen, T. Nonvenous
origin of dermal lymphatic vasculature. Circ. Res. 2015, 116, 1649–1654. [CrossRef]

37. Zhang, J.; Burridge, K.A.; Friedman, M.H. In vivo differences between endothelial transcriptional profiles of coronary and iliac
arteries revealed by microarray analysis. Am. J. Physiol. Heart Circ. Physiol. 2008, 295, H1556–H1561. [CrossRef]

38. Jakab, M.; Augustin, H.G. Understanding angiodiversity: Insights from single cell biology. Development 2020, 147, 1–13. [CrossRef]
[PubMed]

39. Lobov, I.B.; Renard, R.A.; Papadopoulos, N.; Gale, N.W.; Thurston, G.; Yancopoulos, G.D.; Wiegand, S.J. Delta-like ligand 4 (Dll4)
is induced by VEGF as a negative regulator of angiogenic sprouting. Proc. Natl. Acad. Sci. USA 2007, 104, 3219–3224. [CrossRef]

40. Jakobsson, L.; Franco, C.A.; Bentley, K.; Collins, R.T.; Ponsioen, B.; Aspalter, I.M.; Rosewell, I.; Busse, M.; Thurston, G.; Medvinsky,
A.; et al. Endothelial cells dynamically compete for the tip cell position during angiogenic sprouting. Nat. Cell Biol. 2010, 12,
943–953. [CrossRef] [PubMed]

41. Hellstrom, M.; Phng, L.K.; Hofmann, J.J.; Wallgard, E.; Coultas, L.; Lindblom, P.; Alva, J.; Nilsson, A.K.; Karlsson, L.; Gaiano, N.;
et al. Dll4 signalling through Notch1 regulates formation of tip cells during angiogenesis. Nature 2007, 445, 776–780. [CrossRef]

http://doi.org/10.1242/dev.102.4.735
http://www.ncbi.nlm.nih.gov/pubmed/3048971
http://doi.org/10.1046/j.1469-7580.2003.00137.x
http://doi.org/10.1016/S0092-8674(00)81511-1
http://doi.org/10.1242/dev.077701
http://doi.org/10.1371/journal.pbio.3000704
http://doi.org/10.1101/gad.291004
http://doi.org/10.1016/S0092-8674(00)81436-1
http://doi.org/10.7554/eLife.21032
http://doi.org/10.1242/dev.128.17.3359
http://doi.org/10.1016/j.devcel.2013.03.017
http://doi.org/10.1242/dev.091876
http://www.ncbi.nlm.nih.gov/pubmed/23698350
http://doi.org/10.1002/dvdy.22706
http://www.ncbi.nlm.nih.gov/pubmed/21793101
http://doi.org/10.1038/ncb2232
http://doi.org/10.1038/s41467-019-08315-w
http://doi.org/10.1242/dev.137919
http://doi.org/10.1242/dev.099986
http://www.ncbi.nlm.nih.gov/pubmed/24598161
http://doi.org/10.1242/dev.101808
http://doi.org/10.1126/science.1178577
http://www.ncbi.nlm.nih.gov/pubmed/19815777
http://doi.org/10.15252/embr.201847079
http://doi.org/10.1038/nature14483
http://www.ncbi.nlm.nih.gov/pubmed/25992544
http://doi.org/10.1161/CIRCRESAHA.116.306170
http://doi.org/10.1152/ajpheart.00540.2008
http://doi.org/10.1242/dev.146621
http://www.ncbi.nlm.nih.gov/pubmed/32792338
http://doi.org/10.1073/pnas.0611206104
http://doi.org/10.1038/ncb2103
http://www.ncbi.nlm.nih.gov/pubmed/20871601
http://doi.org/10.1038/nature05571


Cells 2021, 10, 2338 12 of 15

42. Siekmann, A.F.; Lawson, N.D. Notch signalling limits angiogenic cell behaviour in developing zebrafish arteries. Nature 2007,
445, 781–784. [CrossRef]

43. Page, D.J.; Thuret, R.; Venkatraman, L.; Takahashi, T.; Bentley, K.; Herbert, S.P. Positive feedback defines the timing, magnitude,
and robustness of angiogenesis. Cell Rep. 2019, 27, 3139–3151. [CrossRef] [PubMed]

44. Yokota, Y.; Nakajima, H.; Wakayama, Y.; Muto, A.; Kawakami, K.; Fukuhara, S.; Mochizuki, N. Endothelial Ca2+ oscillations
reflect VEGFR signaling-regulated angiogenic capacity in vivo. eLife 2015, 4, e08817. [CrossRef] [PubMed]

45. Noren, D.P.; Chou, W.H.; Lee, S.H.; Qutub, A.A.; Warmflash, A.; Wagner, D.S.; Popel, A.S.; Levchenko, A. Endothelial cells decode
VEGF-mediated Ca2+ signaling patterns to produce distinct functional responses. Sci. Signal. 2016, 9, ra20. [CrossRef]

46. Costa, G.; Harrington, K.I.; Lovegrove, H.E.; Page, D.J.; Chakravartula, S.; Bentley, K.; Herbert, S.P. Asymmetric division
coordinates collective cell migration in angiogenesis. Nat. Cell Biol. 2016, 18, 1292–1301. [CrossRef] [PubMed]

47. Koltowska, K.; Lagendijk, A.K.; Pichol-Thievend, C.; Fischer, J.C.; Francois, M.; Ober, E.A.; Yap, A.S.; Hogan, B.M. Vegfc regulates
bipotential precursor division and prox1 expression to promote lymphatic identity in zebrafish. Cell Rep. 2015, 13, 1828–1841.
[CrossRef] [PubMed]

48. Nicenboim, J.; Malkinson, G.; Lupo, T.; Asaf, L.; Sela, Y.; Mayseless, O.; Gibbs-Bar, L.; Senderovich, N.; Hashimshony, T.; Shin, M.;
et al. Lymphatic vessels arise from specialized angioblasts within a venous niche. Nature 2015, 522, 56–61. [CrossRef] [PubMed]

49. Sugden, W.W.; Meissner, R.; Aegerter-Wilmsen, T.; Tsaryk, R.; Leonard, E.V.; Bussmann, J.; Hamm, M.J.; Herzog, W.; Jin, Y.;
Jakobsson, L.; et al. Endoglin controls blood vessel diameter through endothelial cell shape changes in response to haemodynamic
cues. Nat. Cell Biol. 2017, 19, 653–665. [CrossRef]

50. Flaherty, J.T.; Pierce, J.E.; Ferrans, V.J.; Patel, D.J.; Tucker, W.K.; Fry, D.L. Endothelial nuclear patterns in the canine arterial tree
with particular reference to hemodynamic events. Circ. Res. 1972, 30, 23–33. [CrossRef]

51. Yu, J.A.; Castranova, D.; Pham, V.N.; Weinstein, B.M. Single-cell analysis of endothelial morphogenesis in vivo. Development 2015,
142, 2951–2961. [CrossRef]

52. Gebala, V.; Collins, R.; Geudens, I.; Phng, L.K.; Gerhardt, H. Blood flow drives lumen formation by inverse membrane blebbing
during angiogenesis in vivo. Nat. Cell Biol. 2016, 18, 443–450. [CrossRef] [PubMed]

53. Herwig, L.; Blum, Y.; Krudewig, A.; Ellertsdottir, E.; Lenard, A.; Belting, H.G.; Affolter, M. Distinct cellular mechanisms of blood
vessel fusion in the zebrafish embryo. Curr. Biol. 2011, 21, 1942–1948. [CrossRef] [PubMed]

54. Potente, M.; Makinen, T. Vascular heterogeneity and specialization in development and disease. Nat. Rev. Mol. Cell Biol. 2017, 18,
477–494. [CrossRef]

55. Yano, K.; Gale, D.; Massberg, S.; Cheruvu, P.K.; Monahan-Earley, R.; Morgan, E.S.; Haig, D.; von Andrian, U.H.; Dvorak,
A.M.; Aird, W.C. Phenotypic heterogeneity is an evolutionarily conserved feature of the endothelium. Blood 2007, 109, 613–615.
[CrossRef]

56. Dumas, S.J.; Meta, E.; Borri, M.; Luo, Y.; Li, X.; Rabelink, T.J.; Carmeliet, P. Phenotypic diversity and metabolic specialization of
renal endothelial cells. Nat. Rev. Nephrol. 2021, 17, 441–464. [CrossRef] [PubMed]

57. Zhou, X.C.; Zou, Q.; Jiang, Y.; Zheng, X.J. Role of oxygen in fetoplacental endothelial responses: Hypoxia, physiological normoxia,
or hyperoxia? Am. J. Physiol. Cell Physiol. 2020, 318, C943–C953. [CrossRef] [PubMed]

58. Koch, P.S.; Lee, K.H.; Goerdt, S.; Augustin, H.G. Angiodiversity and organotypic functions of sinusoidal endothelial cells.
Angiogenesis 2021, 24, 289–310. [CrossRef] [PubMed]

59. Marcu, R.; Choi, Y.J.; Xue, J.; Fortin, C.L.; Wang, Y.; Nagao, R.J.; Xu, J.; MacDonald, J.W.; Bammler, T.K.; Murry, C.E.; et al. Human
Organ-Specific Endothelial Cell Heterogeneity. iScience 2018, 4, 20–35. [CrossRef] [PubMed]

60. Jambusaria, A.; Hong, Z.; Zhang, L.; Srivastava, S.; Jana, A.; Toth, P.T.; Dai, Y.; Malik, A.B.; Rehman, J. Endothelial heterogeneity
across distinct vascular beds during homeostasis and inflammation. eLife 2020, 9, 1–32. [CrossRef] [PubMed]

61. Aquino, J.B.; Sierra, R.; Montaldo, L.A. Diverse cellular origins of adult blood vascular endothelial cells. Dev. Biol. 2021, 477,
117–132. [CrossRef] [PubMed]

62. Nguyen, J.; Lin, Y.Y.; Gerecht, S. The next generation of endothelial differentiation: Tissue-specific ECs. Cell Stem Cell 2021, 28,
1188–1204. [CrossRef]

63. Palikuqi, B.; Nguyen, D.T.; Li, G.; Schreiner, R.; Pellegata, A.F.; Liu, Y.; Redmond, D.; Geng, F.; Lin, Y.; Gomez-Salinero, J.M.;
et al. Adaptable haemodynamic endothelial cells for organogenesis and tumorigenesis. Nature 2020, 585, 426–432. [CrossRef]
[PubMed]

64. D’Souza, S.S.; Kumar, A.; Slukvin, I.I. Functional Heterogeneity of Endothelial Cells Derived from Human Pluripotent Stem Cells.
Stem Cells Dev. 2018, 27, 524–533. [CrossRef]

65. Sriram, G.; Tan, J.Y.; Islam, I.; Rufaihah, A.J.; Cao, T. Efficient differentiation of human embryonic stem cells to arterial and venous
endothelial cells under feeder- and serum-free conditions. Stem Cell Res. 2015, 6, 261. [CrossRef] [PubMed]

66. Chi, J.T.; Chang, H.Y.; Haraldsen, G.; Jahnsen, F.L.; Troyanskaya, O.G.; Chang, D.S.; Wang, Z.; Rockson, S.G.; van de Rijn, M.;
Botstein, D.; et al. Endothelial cell diversity revealed by global expression profiling. Proc. Natl. Acad. Sci. USA 2003, 100,
10623–10628. [CrossRef]

67. Lacorre, D.A.; Baekkevold, E.S.; Garrido, I.; Brandtzaeg, P.; Haraldsen, G.; Amalric, F.; Girard, J.P. Plasticity of endothelial cells:
Rapid dedifferentiation of freshly isolated high endothelial venule endothelial cells outside the lymphoid tissue microenvironment.
Blood 2004, 103, 4164–4172. [CrossRef]

68. Bendayan, M. Morphological and cytochemical aspects of capillary permeability. Microsc. Res. Tech. 2002, 57, 327–349. [CrossRef]

http://doi.org/10.1038/nature05577
http://doi.org/10.1016/j.celrep.2019.05.052
http://www.ncbi.nlm.nih.gov/pubmed/31189101
http://doi.org/10.7554/eLife.08817
http://www.ncbi.nlm.nih.gov/pubmed/26588168
http://doi.org/10.1126/scisignal.aad3188
http://doi.org/10.1038/ncb3443
http://www.ncbi.nlm.nih.gov/pubmed/27870831
http://doi.org/10.1016/j.celrep.2015.10.055
http://www.ncbi.nlm.nih.gov/pubmed/26655899
http://doi.org/10.1038/nature14425
http://www.ncbi.nlm.nih.gov/pubmed/25992545
http://doi.org/10.1038/ncb3528
http://doi.org/10.1161/01.RES.30.1.23
http://doi.org/10.1242/dev.123174
http://doi.org/10.1038/ncb3320
http://www.ncbi.nlm.nih.gov/pubmed/26928868
http://doi.org/10.1016/j.cub.2011.10.016
http://www.ncbi.nlm.nih.gov/pubmed/22079115
http://doi.org/10.1038/nrm.2017.36
http://doi.org/10.1182/blood-2006-05-026401
http://doi.org/10.1038/s41581-021-00411-9
http://www.ncbi.nlm.nih.gov/pubmed/33767431
http://doi.org/10.1152/ajpcell.00528.2019
http://www.ncbi.nlm.nih.gov/pubmed/32267717
http://doi.org/10.1007/s10456-021-09780-y
http://www.ncbi.nlm.nih.gov/pubmed/33745018
http://doi.org/10.1016/j.isci.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/30240741
http://doi.org/10.7554/eLife.51413
http://www.ncbi.nlm.nih.gov/pubmed/31944177
http://doi.org/10.1016/j.ydbio.2021.05.010
http://www.ncbi.nlm.nih.gov/pubmed/34048734
http://doi.org/10.1016/j.stem.2021.05.002
http://doi.org/10.1038/s41586-020-2712-z
http://www.ncbi.nlm.nih.gov/pubmed/32908310
http://doi.org/10.1089/scd.2017.0238
http://doi.org/10.1186/s13287-015-0260-5
http://www.ncbi.nlm.nih.gov/pubmed/26718617
http://doi.org/10.1073/pnas.1434429100
http://doi.org/10.1182/blood-2003-10-3537
http://doi.org/10.1002/jemt.10088


Cells 2021, 10, 2338 13 of 15

69. Gunawardana, H.; Romero, T.; Yao, N.; Heidt, S.; Mulder, A.; Elashoff, D.A.; Valenzuela, N.M. Tissue-specific endothelial cell
heterogeneity contributes to unequal inflammatory responses. Sci. Rep. 2021, 11, 1–20. [CrossRef] [PubMed]

70. Paik, D.T.; Tian, L.; Williams, I.M.; Rhee, S.; Zhang, H.; Liu, C.; Mishra, R.; Wu, S.M.; Red-Horse, K.; Wu, J.C. Single-cell
RNA sequencing unveils unique transcriptomic signatures of organ-specifc endothelial cells. Circulation 2020, 142, 1848–1862.
[CrossRef]

71. Gurevich, D.B.; Severn, C.E.; Twomey, C.; Greenhough, A.; Cash, J.; Toye, A.M.; Mellor, H.; Martin, P. Live imaging of wound
angiogenesis reveals macrophage orchestrated vessel sprouting and regression. Embo J. 2018, 1–23. [CrossRef]

72. Xu, C.; Hasan, S.S.; Schmidt, I.; Rocha, S.F.; Pitulescu, M.E.; Bussmann, J.; Meyen, D.; Raz, E.; Adams, R.H.; Siekmann, A.F.
Arteries are formed by vein-derived endothelial tip cells. Nat. Commun. 2014, 5, 1–11. [CrossRef]

73. Pitulescu, M.E.; Schmidt, I.; Giaimo, B.D.; Antoine, T.; Berkenfeld, F.; Ferrante, F.; Park, H.; Ehling, M.; Biljes, D.; Rocha, S.F.; et al.
Dll4 and Notch signalling couples sprouting angiogenesis and artery formation. Nat. Cell Biol. 2017, 19, 915–927. [CrossRef]
[PubMed]

74. Benn, A.; Hiepen, C.; Osterland, M.; Schütte, C.; Zwijsen, A.; Knaus, P. Role of bone morphogenetic proteins in sprouting
angiogenesis: Differential BMP receptor-dependent signaling pathways balance stalk vs. tip cell competence. Faseb J. 2017, 31,
4720–4733. [CrossRef] [PubMed]

75. Kaiser, S.; Schirmacher, P.; Philipp, A.; Protschka, M.; Moll, I.; Nicol, K.; Blessing, M. Induction of bone morphogenetic protein-6
in skin wounds. Delayed reepitheliazation and scar formation in BMP-6 overexpressing transgenic mice. J. Investig. Derm. 1998,
111, 1145–1152. [CrossRef] [PubMed]

76. Lucas, T.; Waisman, A.; Ranjan, R.; Roes, J.; Krieg, T.; Muller, W.; Roers, A.; Eming, S.A. Differential roles of macrophages in
diverse phases of skin repair. J. Immunol. 2010, 184, 3964–3977. [CrossRef]

77. Zhang, Y.; Li, Q.; Youn, J.Y.; Cai, H. Protein Phosphotyrosine Phosphatase 1B (PTP1B) in Calpain-dependent Feedback Regulation
of Vascular Endothelial Growth Factor Receptor (VEGFR2) in Endothelial Cells: Implications in VEGF-Dependent angiogenesis
and diabetic wound healing. J. Biol. Chem. 2017, 292, 407–416. [CrossRef]

78. Santulli, G.; Ciccarelli, M.; Palumbo, G.; Campanile, A.; Galasso, G.; Ziaco, B.; Altobelli, G.G.; Cimini, V.; Piscione, F.; D’Andrea,
L.D.; et al. In vivo properties of the proangiogenic peptide QK. J. Transl. Med. 2009, 7, 41. [CrossRef]

79. Zhou, D.; Liu, T.; Wang, S.; He, W.; Qian, W.; Luo, G. Effects of IL-1beta and TNF-alpha on the Expression of P311 in Vascular
Endothelial Cells and Wound Healing in Mice. Front. Physiol. 2020, 11, 545008. [CrossRef]

80. Javadi, J.; Heidari-Hamedani, G.; Schmalzl, A.; Szatmari, T.; Metintas, M.; Aspenstrom, P.; Hjerpe, A.; Dobra, K. Syndecan-1
Overexpressing Mesothelioma Cells Inhibit Proliferation, Wound Healing, and Tube Formation of Endothelial Cells. Cancers 2021,
13, 655. [CrossRef]

81. Zhao, J.; Patel, J.; Kaur, S.; Sim, S.L.; Wong, H.Y.; Styke, C.; Hogan, I.; Kahler, S.; Hamilton, H.; Wadlow, R.; et al. Sox9 and Rbpj
differentially regulate endothelial to mesenchymal transition and wound scarring in murine endovascular progenitors. Nat.
Commun. 2021, 12, 2564. [CrossRef]

82. Kim, K.W.; Park, S.H.; Lee, S.J.; Kim, J.C. Ribonuclease 5 facilitates corneal endothelial wound healing via activation of PI3-
kinase/Akt pathway. Sci. Rep. 2016, 6, 31162. [CrossRef]

83. Badr, G.; Hozzein, W.N.; Badr, B.M.; Al Ghamdi, A.; Saad Eldien, H.M.; Garraud, O. Bee Venom Accelerates Wound Healing in
Diabetic Mice by Suppressing Activating Transcription Factor-3 (ATF-3) and Inducible Nitric Oxide Synthase (iNOS)-Mediated
Oxidative Stress and Recruiting Bone Marrow-Derived Endothelial Progenitor Cells. J. Cell Physiol. 2016, 231, 2159–2171.
[CrossRef] [PubMed]

84. Kwon, Y.W.; Heo, S.C.; Lee, T.W.; Park, G.T.; Yoon, J.W.; Jang, I.H.; Kim, S.C.; Ko, H.C.; Ryu, Y.; Kang, H.; et al. N-Acetylated
Proline-Glycine-Proline Accelerates Cutaneous Wound Healing and Neovascularization by Human Endothelial Progenitor Cells.
Sci. Rep. 2017, 7, 43057. [CrossRef]

85. Das, A.; Sudhahar, V.; Chen, G.F.; Kim, H.W.; Youn, S.W.; Finney, L.; Vogt, S.; Yang, J.; Kweon, J.; Surenkhuu, B.; et al. Endothelial
Antioxidant-1: A Key Mediator of Copper-dependent Wound Healing in vivo. Sci. Rep. 2016, 6, 33783. [CrossRef]

86. Katagiri, S.; Park, K.; Maeda, Y.; Rao, T.N.; Khamaisi, M.; Li, Q.; Yokomizo, H.; Mima, A.; Lancerotto, L.; Wagers, A.; et al.
Overexpressing IRS1 in Endothelial Cells Enhances Angioblast Differentiation and Wound Healing in Diabetes and Insulin
Resistance. Diabetes 2016, 65, 2760–2771. [CrossRef] [PubMed]

87. Santulli, G.; Basilicata, M.F.; De Simone, M.; Del Giudice, C.; Anastasio, A.; Sorriento, D.; Saviano, M.; Del Gatto, A.; Trimarco, B.;
Pedone, C.; et al. Evaluation of the anti-angiogenic properties of the new selective alphaVbeta3 integrin antagonist RGDechiHCit.
J. Transl. Med. 2011, 9, 7. [CrossRef] [PubMed]

88. Khalyfa, A.; Gozal, D.; Kheirandish-Gozal, L. Plasma Extracellular Vesicles in Children with OSA Disrupt Blood-Brain Barrier
Integrity and Endothelial Cell Wound Healing In Vitro. Int. J. Mol. Sci. 2019, 20, 6233. [CrossRef]

89. Manavski, Y.; Lucas, T.; Glaser, S.F.; Dorsheimer, L.; Günther, S.; Braun, T.; Rieger, M.A.; Zeiher, A.M.; Boon, R.A.; Dimmeler, S.
Clonal expansion of endothelial cells contributes to ischemia-induced neovascularization. Circ. Res. 2018, 122, 670–677. [CrossRef]

90. Andueza, A.; Kumar, S.; Kim, J.; Kang, D.; Mumme, H.L.; Perez, J.I.; Villa-Roel, N.; Jo, H. Endothelial reprogramming by disturbed
flow revealed by single-cell RNA and chromatin accessibility study. Cell Rep. 2020, 33, 1–35. [CrossRef]

91. Dejana, E.; Hirschi, K.K.; Simons, M. The molecular basis of endothelial cell plasticity. Nat. Commun. 2017, 8, 14361. [CrossRef]
[PubMed]

92. Tallquist, M.D. Cardiac fibroblasts: From origin to injury. Curr. Opin. Physiol. 2018, 1, 75–79. [CrossRef]

http://doi.org/10.1038/s41598-020-80102-w
http://www.ncbi.nlm.nih.gov/pubmed/33479269
http://doi.org/10.1161/CIRCULATIONAHA.119.041433
http://doi.org/10.15252/embj.201797786
http://doi.org/10.1038/ncomms6758
http://doi.org/10.1038/ncb3555
http://www.ncbi.nlm.nih.gov/pubmed/28714968
http://doi.org/10.1096/fj.201700193RR
http://www.ncbi.nlm.nih.gov/pubmed/28733457
http://doi.org/10.1046/j.1523-1747.1998.00407.x
http://www.ncbi.nlm.nih.gov/pubmed/9856831
http://doi.org/10.4049/jimmunol.0903356
http://doi.org/10.1074/jbc.M116.766832
http://doi.org/10.1186/1479-5876-7-41
http://doi.org/10.3389/fphys.2020.545008
http://doi.org/10.3390/cancers13040655
http://doi.org/10.1038/s41467-021-22717-9
http://doi.org/10.1038/srep31162
http://doi.org/10.1002/jcp.25328
http://www.ncbi.nlm.nih.gov/pubmed/26825453
http://doi.org/10.1038/srep43057
http://doi.org/10.1038/srep33783
http://doi.org/10.2337/db15-1721
http://www.ncbi.nlm.nih.gov/pubmed/27217486
http://doi.org/10.1186/1479-5876-9-7
http://www.ncbi.nlm.nih.gov/pubmed/21232121
http://doi.org/10.3390/ijms20246233
http://doi.org/10.1161/CIRCRESAHA.117.312310
http://doi.org/10.1016/j.celrep.2020.108491
http://doi.org/10.1038/ncomms14361
http://www.ncbi.nlm.nih.gov/pubmed/28181491
http://doi.org/10.1016/j.cophys.2017.08.002


Cells 2021, 10, 2338 14 of 15

93. DeRuiter, M.C.; Poelmann, R.E.; VanMunsteren, J.C.; Mironov, V.; Markwald, R.R.; Gittenberger-de Groot, A.C. Embryonic
endothelial cells transdifferentiate into mesenchymal cells expressing smooth muscle actins in vivo and in vitro. Circ. Res. 1997,
80, 444–451. [CrossRef] [PubMed]

94. Agarwal, S.; Loder, S.; Cholok, D.; Peterson, J.; Li, J.; Fireman, D.; Breuler, C.; Hsieh, H.S.; Ranganathan, K.; Hwang, C.; et al. Local
and Circulating Endothelial Cells Undergo Endothelial to Mesenchymal Transition (EndMT) in Response to Musculoskeletal
Injury. Sci. Rep. 2016, 6, 32514. [CrossRef] [PubMed]

95. Kovacic, J.C.; Dimmeler, S.; Harvey, R.P.; Finkel, T.; Aikawa, E.; Krenning, G.; Baker, A.H. Endothelial to Mesenchymal Transition
in Cardiovascular Disease: JACC State-of-the-Art Review. J. Am. Coll. Cardiol. 2019, 73, 190–209. [CrossRef] [PubMed]

96. Chen, P.Y.; Qin, L.; Baeyens, N.; Li, G.; Afolabi, T.; Budatha, M.; Tellides, G.; Schwartz, M.A.; Simons, M. Endothelial-to-
mesenchymal transition drives atherosclerosis progression. J. Clin. Investig. 2015, 125, 4514–4528. [CrossRef]

97. Kovacic, J.C.; Mercader, N.; Torres, M.; Boehm, M.; Fuster, V. Epithelial-to-mesenchymal and endothelial-to-mesenchymal
transition: From cardiovascular development to disease. Circulation 2012, 125, 1795–1808. [CrossRef]

98. Ubil, E.; Duan, J.; Pillai, I.C.; Rosa-Garrido, M.; Wu, Y.; Bargiacchi, F.; Lu, Y.; Stanbouly, S.; Huang, J.; Rojas, M.; et al. Mesenchymal-
endothelial transition contributes to cardiac neovascularization. Nature 2014, 514, 585–590. [CrossRef]

99. Noseda, M.; McLean, G.; Niessen, K.; Chang, L.; Pollet, I.; Montpetit, R.; Shahidi, R.; Dorovini-Zis, K.; Li, L.; Beckstead, B.; et al.
Notch activation results in phenotypic and functional changes consistent with endothelial-to-mesenchymal transformation. Circ.
Res. 2004, 94, 910–917. [CrossRef]

100. Gurtner, G.C.; Werner, S.; Barrandon, Y.; Longaker, M.T. Wound repair and regeneration. Nature 2008, 453, 314–321. [CrossRef]
[PubMed]

101. Balachandran, K.; Alford, P.W.; Wylie-Sears, J.; Goss, J.A.; Grosberg, A.; Bischoff, J.; Aikawa, E.; Levine, R.A.; Parker, K.K. Cyclic
strain induces dual-mode endothelial-mesenchymal transformation of the cardiac valve. Proc. Natl. Acad. Sci. USA 2011, 108,
19943–19948. [CrossRef]

102. Liu, R.M.; Desai, L.P. Reciprocal regulation of TGF-beta and reactive oxygen species: A perverse cycle for fibrosis. Redox Biol.
2015, 6, 565–577. [CrossRef]

103. Yoshimatsu, Y.; Kimuro, S.; Pauty, J.; Takagaki, K.; Nomiyama, S.; Inagawa, A.; Maeda, K.; Podyma-Inoue, K.A.; Kajiya, K.;
Matsunaga, Y.T.; et al. TGF-beta and TNF-alpha cooperatively induce mesenchymal transition of lymphatic endothelial cells via
activation of Activin signals. PLoS ONE 2020, 15, e0232356. [CrossRef] [PubMed]

104. Mahler, G.J.; Farrar, E.J.; Butcher, J.T. Inflammatory cytokines promote mesenchymal transformation in embryonic and adult
valve endothelial cells. Arter. Thromb. Vasc. Biol. 2013, 33, 121–130. [CrossRef] [PubMed]

105. Choi, S.H.; Hong, Z.Y.; Nam, J.K.; Lee, H.J.; Jang, J.; Yoo, R.J.; Lee, Y.J.; Lee, C.Y.; Kim, K.H.; Park, S.; et al. A Hypoxia-Induced
Vascular Endothelial-to-Mesenchymal Transition in Development of Radiation-Induced Pulmonary Fibrosis. Clin. Cancer Res.
2015, 21, 3716–3726. [CrossRef]

106. Xu, X.; Tan, X.; Hulshoff, M.S.; Wilhelmi, T.; Zeisberg, M.; Zeisberg, E.M. Hypoxia-induced endothelial-mesenchymal transition
is associated with RASAL1 promoter hypermethylation in human coronary endothelial cells. FEBS Lett. 2016, 590, 1222–1233.
[CrossRef]

107. Hong, L.; Li, F.; Tang, C.; Li, L.; Sun, L.; Li, X.; Zhu, L. Semaphorin 7A promotes endothelial to mesenchymal transition through
ATF3 mediated TGF-beta2/Smad signaling. Cell Death Dis. 2020, 11, 695. [CrossRef]

108. Kokudo, T.; Suzuki, Y.; Yoshimatsu, Y.; Yamazaki, T.; Watabe, T.; Miyazono, K. Snail is required for TGFbeta-induced endothelial-
mesenchymal transition of embryonic stem cell-derived endothelial cells. J. Cell Sci. 2008, 121, 3317–3324. [CrossRef]

109. Li, Z.; Chen, B.; Dong, W.; Kong, M.; Fan, Z.; Yu, L.; Wu, D.; Lu, J.; Xu, Y. MKL1 promotes endothelial-to-mesenchymal transition
and liver fibrosis by activating TWIST1 transcription. Cell Death Dis. 2019, 10, 899. [CrossRef]

110. Edlund, S.; Landstrom, M.; Heldin, C.H.; Aspenstrom, P. Transforming growth factor-beta-induced mobilization of actin
cytoskeleton requires signaling by small GTPases Cdc42 and RhoA. Mol. Biol. Cell 2002, 13, 902–914. [CrossRef] [PubMed]

111. Cooley, B.C.; Nevado, J.; Mellad, J.; Yang, D.; St Hilaire, C.; Negro, A.; Fang, F.; Chen, G.; San, H.; Walts, A.D.; et al. TGF-beta
signaling mediates endothelial-to-mesenchymal transition (EndMT) during vein graft remodeling. Sci. Transl. Med. 2014, 6,
227ra34. [CrossRef] [PubMed]

112. Mammoto, T.; Muyleart, M.; Konduri, G.G.; Mammoto, A. Twist1 in Hypoxia-induced Pulmonary Hypertension through
Transforming Growth Factor-beta-Smad Signaling. Am. J. Respir. Cell Mol. Biol. 2018, 58, 194–207. [CrossRef]

113. Chen, P.Y.; Qin, L.; Barnes, C.; Charisse, K.; Yi, T.; Zhang, X.; Ali, R.; Medina, P.P.; Yu, J.; Slack, F.J.; et al. FGF regulates
TGF-beta signaling and endothelial-to-mesenchymal transition via control of let-7 miRNA expression. Cell Rep. 2012, 2, 1684–1696.
[CrossRef] [PubMed]

114. Xiao, L.; Dudley, A.C. Fine-tuning vascular fate during endothelial-mesenchymal transition. J. Pathol. 2017, 241, 25–35. [CrossRef]
[PubMed]

115. Ma, J.; van der Zon, G.; Goncalves, M.; van Dinther, M.; Thorikay, M.; Sanchez-Duffhues, G.; Ten Dijke, P. TGF-beta-Induced
Endothelial to Mesenchymal Transition Is Determined by a Balance Between SNAIL and ID Factors. Front. Cell Dev. Biol. 2021, 9,
616610. [CrossRef] [PubMed]

116. Correia, A.C.; Moonen, J.R.; Brinker, M.G.; Krenning, G. FGF2 inhibits endothelial-mesenchymal transition through microRNA-
20a-mediated repression of canonical TGF-beta signaling. J. Cell Sci. 2016, 129, 569–579.

http://doi.org/10.1161/01.RES.80.4.444
http://www.ncbi.nlm.nih.gov/pubmed/9118474
http://doi.org/10.1038/srep32514
http://www.ncbi.nlm.nih.gov/pubmed/27616463
http://doi.org/10.1016/j.jacc.2018.09.089
http://www.ncbi.nlm.nih.gov/pubmed/30654892
http://doi.org/10.1172/JCI82719
http://doi.org/10.1161/CIRCULATIONAHA.111.040352
http://doi.org/10.1038/nature13839
http://doi.org/10.1161/01.RES.0000124300.76171.C9
http://doi.org/10.1038/nature07039
http://www.ncbi.nlm.nih.gov/pubmed/18480812
http://doi.org/10.1073/pnas.1106954108
http://doi.org/10.1016/j.redox.2015.09.009
http://doi.org/10.1371/journal.pone.0232356
http://www.ncbi.nlm.nih.gov/pubmed/32357159
http://doi.org/10.1161/ATVBAHA.112.300504
http://www.ncbi.nlm.nih.gov/pubmed/23104848
http://doi.org/10.1158/1078-0432.CCR-14-3193
http://doi.org/10.1002/1873-3468.12158
http://doi.org/10.1038/s41419-020-02818-x
http://doi.org/10.1242/jcs.028282
http://doi.org/10.1038/s41419-019-2101-4
http://doi.org/10.1091/mbc.01-08-0398
http://www.ncbi.nlm.nih.gov/pubmed/11907271
http://doi.org/10.1126/scitranslmed.3006927
http://www.ncbi.nlm.nih.gov/pubmed/24622514
http://doi.org/10.1165/rcmb.2016-0323OC
http://doi.org/10.1016/j.celrep.2012.10.021
http://www.ncbi.nlm.nih.gov/pubmed/23200853
http://doi.org/10.1002/path.4814
http://www.ncbi.nlm.nih.gov/pubmed/27701751
http://doi.org/10.3389/fcell.2021.616610
http://www.ncbi.nlm.nih.gov/pubmed/33644053


Cells 2021, 10, 2338 15 of 15

117. Aisagbonhi, O.; Rai, M.; Ryzhov, S.; Atria, N.; Feoktistov, I.; Hatzopoulos, A.K. Experimental myocardial infarction triggers
canonical Wnt signaling and endothelial-to-mesenchymal transition. Dis. Models Mech. 2011, 4, 469–483. [CrossRef]

118. Lee, W.J.; Park, J.H.; Shin, J.U.; Noh, H.; Lew, D.H.; Yang, W.I.; Yun, C.O.; Lee, K.H.; Lee, J.H. Endothelial-to-mesenchymal
transition induced by Wnt 3a in keloid pathogenesis. Wound Repair Regen. 2015, 23, 435–442. [CrossRef]

119. Liu, L.; Chen, J.; Sun, L.; Xu, Y. RhoJ promotes hypoxia induced endothelial-to-mesenchymal transition by activating WDR5
expression. J. Cell. Biochem. 2018, 119, 3384–3393. [CrossRef]

120. Sundararaman, A.; Fukushima, Y.; Norman, J.C.; Uemura, A.; Mellor, H. RhoJ Regulates alpha5beta1 Integrin Trafficking to
Control Fibronectin Remodeling during Angiogenesis. Curr. Biol. 2020, 30, 2146–2155 e5. [CrossRef]

121. Clouthier, D.L.; Harris, C.N.; Harris, R.A.; Martin, C.E.; Puri, M.C.; Jones, N. Requisite role for Nck adaptors in cardiovascular
development, endothelial-to-mesenchymal transition, and directed cell migration. Mol. Cell Biol. 2015, 35, 1573–1587. [CrossRef]

122. Dubrac, A.; Genet, G.; Ola, R.; Zhang, F.; Pibouin-Fragner, L.; Han, J.; Zhang, J.; Thomas, J.L.; Chedotal, A.; Schwartz, M.A.;
et al. Targeting NCK-Mediated Endothelial Cell Front-Rear Polarity Inhibits Neovascularization. Circulation 2016, 133, 409–421.
[CrossRef]

123. Bao, P.; Kodra, A.; Tomic-Canic, M.; Golinko, M.S.; Ehrlich, H.P.; Brem, H. The role of vascular endothelial growth factor in
wound healing. J. Surg. Res. 2009, 153, 347–358. [CrossRef]

124. Nakayama, M.; Nakayama, A.; van Lessen, M.; Yamamoto, H.; Hoffmann, S.; Drexler, H.C.; Itoh, N.; Hirose, T.; Breier, G.;
Vestweber, D.; et al. Spatial regulation of VEGF receptor endocytosis in angiogenesis. Nat. Cell Biol. 2013, 15, 249–260. [CrossRef]

125. Manickam, V.; Tiwari, A.; Jung, J.J.; Bhattacharya, R.; Goel, A.; Mukhopadhyay, D.; Choudhury, A. Regulation of vascular
endothelial growth factor receptor 2 trafficking and angiogenesis by Golgi localized t-SNARE syntaxin 6. Blood 2011, 117,
1425–1435. [CrossRef]

126. Shimizu, S.; Yoshioka, K.; Aki, S.; Takuwa, Y. Class II phosphatidylinositol 3-kinase-C2alpha is essential for Notch signaling by
regulating the endocytosis of gamma-secretase in endothelial cells. Sci. Rep. 2021, 11, 5199. [CrossRef]

127. Schiffmann, L.M.; Werthenbach, J.P.; Heintges-Kleinhofer, F.; Seeger, J.M.; Fritsch, M.; Gunther, S.D.; Willenborg, S.; Brodesser, S.;
Lucas, C.; Jungst, C.; et al. Mitochondrial respiration controls neoangiogenesis during wound healing and tumour growth. Nat.
Commun. 2020, 11, 3653. [CrossRef] [PubMed]

128. Vinaik, R.; Barayan, D.; Auger, C.; Abdullahi, A.; Jeschke, M.G. Regulation of glycolysis and the Warburg effect in wound healing.
JCI Insight 2020, 5, e138949. [CrossRef] [PubMed]

129. Wu, D.; Harrison, D.L.; Szasz, T.; Yeh, C.F.; Shentu, T.P.; Meliton, A.; Huang, R.T.; Zhou, Z.; Mutlu, G.M.; Huang, J.; et al.
Single-cell metabolic imaging reveals a SLC2A3-dependent glycolytic burst in motile endothelial cells. Nat. Metab. 2021, 3,
714–727. [CrossRef] [PubMed]

130. Diebold, L.P.; Gil, H.J.; Gao, P.; Martinez, C.A.; Weinberg, S.E.; Chandel, N.S. Mitochondrial complex III is necessary for
endothelial cell proliferation during angiogenesis. Nat. Metab. 2019, 1, 158–171. [CrossRef]

131. Kim, B.; Li, J.; Jang, C.; Arany, Z. Glutamine fuels proliferation but not migration of endothelial cells. EMBO J. 2017, 36, 2321–2333.
[CrossRef]

http://doi.org/10.1242/dmm.006510
http://doi.org/10.1111/wrr.12300
http://doi.org/10.1002/jcb.26505
http://doi.org/10.1016/j.cub.2020.03.042
http://doi.org/10.1128/MCB.00072-15
http://doi.org/10.1161/CIRCULATIONAHA.115.017537
http://doi.org/10.1016/j.jss.2008.04.023
http://doi.org/10.1038/ncb2679
http://doi.org/10.1182/blood-2010-06-291690
http://doi.org/10.1038/s41598-021-84548-4
http://doi.org/10.1038/s41467-020-17472-2
http://www.ncbi.nlm.nih.gov/pubmed/32694534
http://doi.org/10.1172/jci.insight.138949
http://www.ncbi.nlm.nih.gov/pubmed/32750036
http://doi.org/10.1038/s42255-021-00390-y
http://www.ncbi.nlm.nih.gov/pubmed/34031595
http://doi.org/10.1038/s42255-018-0011-x
http://doi.org/10.15252/embj.201796436

	Introduction 
	Developmental Heterogeneity of Endothelial Cells 
	Endothelial Cell Heterogeneity in Homeostasis and Repair 
	Endothelial to Mesenchymal Transition (EndMT) 
	Signalling in Endothelial to Mesenchymal Transition (EndMT) 
	Cytoskeletal Reorganisation in Endothelial to Mesenchymal Transition (EndMT) 
	Receptor Trafficking in Endothelial Heterogeneity 
	Metabolic Plasticity and Heterogeneity of Endothelial Cells 
	Conclusions 
	References

