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Connexins (Cxs) constitute a large family of transmembrane proteins that form gap junction
channels, which enable the direct transfer of small signaling molecules from cell to cell. In
blood vessels, Cx channels allow the endothelial cells (ECs) to respond to external and
internal cues as a whole and, thus, contribute to the maintenance of vascular homeostasis.
While the role of Cxs has been extensively studied in large arteries, a growing body of
evidence suggests that they also play a role in the formation of microvascular networks.
Since the formation of new blood vessels requires the coordinated response of ECs to external
stimuli, endothelial Cxs may play an important role there. Recent studies in developmental
and pathologic models reveal that EC Cxs regulate physiological and pathological angiogen-
esis through canonical and noncanonical functions, making these proteins potential thera-
peutic targets for the development of new strategies aimed at a better control of angiogenesis.

n multicellular organisms, cells constantly
Iexchange chemical and electrical signals with
each other to coordinate their functions. At the
level of the organ, this intercellular communica-
tion plays a central role in maintaining tissue
homeostasis and biological functions.

One way of cell-to-cell communication re-
lies on the existence of specialized regions of the
plasma membrane forming intercellular chan-
nels called gap junctions (GJs). GJs enable the
passage of ions, metabolites, nucleotides, and
second messengers up to about 1 kDa between
the cytosols of adjacent cells (Fig. 1). This direct
intercellular communication allows cells to as-
sess the functional state of their neighbors, and
to coordinately adapt their own function, thus

playing a critical role in the regulation of many
biological processes.

Connexins (Cxs) are the building blocks of
these intercellular channels, and are encoded by
a family of highly conserved genes (Yeager et al.
1998). Twenty different Cx genes have been
identified in the mouse genome and 21 in the
human genome (Willecke et al. 2002; Sohl and
Willecke 2004). All Cx isoforms share the same
organization with four-transmembrane do-
mains, one cytoplasmic loop, two extracellular
loops, and both the carboxy and the amino ter-
minals in the cytoplasm (Fig. 1). The carboxy-
terminal tail varies in length and sequence be-
tween the different isoforms, thus conferring to
Cxs functional domains for posttranslational
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Figure 1. Organization of connexins into gap-junction channels. The diagram shows the assembly of connexins
into a connexon, and the intercellular joining of two connexons to form an intercellular channel. Clusters of
intercellular channels form gap junctions. Each intercellular channel provides an axial pore for the bidirectional
exchange of molecules (dashed red arrow) between the cytosols of apposed cells.

modifications and protein—protein interactions
that modulate the permeability properties of the
channels (Bruzzone et al. 1996).

Once synthesized, Cxs assemble into hex-
americ structures termed connexons, which
are inserted in the plasma membrane. A Cx
channel is formed when one connexon interacts
with another connexon of an adjacent cell. In
most tissues, multiple Cx isoforms can be
expressed by a single-cell type, to form homo-
(formed by one type of Cx) as well as hetero-
meric connexons (formed by different Cxs). In
addition, connexons of one cell can join a com-
panion connexon or a connexon of another type

expressed by a neighboring cell, establishing ho-
motypic and heterotypic GJ channels between
cells expressing different Cxs (Fig. 1). This di-
versity in Cx isoforms and connexon combina-
tions allows for a large diversity in the perme-
ability properties of the GJ channels, and raises
the question of what are the Cx-specific func-
tional roles.

Beside their role in the formation of GJs,
some Cxs also exert channel-independent
functions, contributing to the regulation of cy-
toskeleton organization (Chen et al. 2015), pro-
liferation (Gellhaus et al. 2010), and gene ex-
pression (Martins-Marques et al. 2015). These
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functions rely on the ability of Cxs to bind and
regulate a wide range of proteins, usually at their
carboxy-terminal cytoplasmic tails (Leithe et al.
2018). Thus, Cxs can potentially influence inter-
cellular as well as intracellular signaling by reg-
ulating GJs and acting as scaffolding proteins,
respectively (Fig. 1).

Given that Cxs are expressed in almost every
cell type of the human body, and are involved in
multiple cell functions, their dysfunction often
results in disease (Delmar et al. 2018). In blood
vessels, the presence of various types of GJs
between endothelial cells (ECs) and smooth
muscle cells (SMCs) provides a rapid mean for
the intercellular communications that are re-
quired for coordinated changes in vessel diam-
eter (Segal 2015). Accordingly, alterations in EC
and SMC Cx expression and function have been
associated with vascular dysfunction (Molica
et al. 2018; Pohl 2020). While initially most
studies of vascular Cxs have focused on large
elastic arteries, due to their easy accessibility,
increasing evidence now supports a critical
role of Cxs in the formation and maintenance
of the microvasculature. The aim of this paper is
to review this more recent knowledge, with a
particular emphasis on the experimental studies
that have revealed unique roles of Cx-dependent
signaling during physiological and tumoral an-
giogenesis, as well as in blood vessel morpho-
genesis.

ROLE OF ENDOTHELIAL Cxs IN VASCULAR
FUNCTIONS

Four Cxs (Cx45, Cx43, Cx40, and Cx37) have
been detected in the wall of many different ves-
sels, in a pattern that differs between ECs and
SMCs, and varies with the type of vascular com-
partment.

ECs, which cover the internal surface of
blood vessels, express mainly Cx37 and Cx40
(Fig. 2; Hill et al. 2002; Simon and McWhorter
2002; Rummery and Hill 2004; Alonso et al.
2010b), allowing the endothelium to respond
as a coordinated assembly to external and inter-
nal cues. Cx43 is specifically induced in ECs
during remodeling (Gabriels and Paul 1998;
Kwak et al. 2005).

Endothelial Connexins and Angiogenesis

Cx43 and Cx45 are the prominent isoforms
observed in the SMCs (Kruger et al. 2000; Rum-
mery et al. 2002). However, Cx37 has also been
detected in this cell type under pathological con-
ditions (Rummery et al. 2002; Simon and
McWhorter 2002; Alonso et al. 2010b).

In arteries, GJs integrate the function of
SMCs by coordinating changes in both mem-
brane potential and intracellular calcium (Ca®")
concentrations between adjacent cells (Christ
etal. 1996; Segal 2015). Within the endothelium,
Cxs contribute to the control of agonist-induced
vasodilatory responses by regulating the spread-
ing of Ca®" transients between adjacent ECs
(Boittin et al. 2013; Segal 2015), as well as by
controlling endothelial nitric oxide (NO) produc-
tion through direct interactions with the endo-
thelial NO synthase (Alonso et al. 2010a; Pfen-
niger et al. 2010; Meens et al. 2015). In arterioles,
in which a single layer of SMCs surrounds the
monolayered endothelium, myoendothelial GJs,
established through discontinuities of the endo-
thelial basement membrane, permit bidirectional
electrical and chemical communications between
ECs and SMCs, ensuring that both cell types dis-
play equivalent membrane potential (Emerson
and Segal 2000; de Wit et al. 2008). These hetero-
cellular communications also contribute to the
control of blood flow and vasomotor responses
along large distances, by either the spreading of
cytosolic Ca®" (Dora 2001) or the transmission of
hyperpolarization and NO from the endothelium
to the smooth muscle (Sandow et al. 2002; Fi-
gueroa et al. 2013).

The observations that a number of polymor-
phisms of EC Cx genes are associated with several
human vascular diseases (Boerma et al. 1999; Fi-
rouzi et al. 2006; Zoidl and Dermietzel 2010;
Schmidt et al. 2015), and that the targeted dele-
tion of selected Cx genes induce vascular pheno-
types in mice (de Wit et al. 2000, 2003; Simon and
McWhorter 2002; Haefliger et al. 2004, 2006),
suggest that EC Cxs are also implicated in other
physiological and pathological functions of ves-
sels. In particular, Cx40 ™'~ mice are hypertensive
due to aberrant renin angiotensin system activity
(Krattinger et al. 2007; Wagner et al. 2007; Le Gal
etal. 2014), and display an impaired endothelial-
dependent dilation of arteries (Alonso et al.
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Figure 2. Contribution of endothelial Cx40 and Cx37 to developmental retinal angiogenesis. (A) Immunostain-
ing of whole-mounted retinas from P5 wild-type (WT) mice shows the dual labeling of endothelial cells (ECs) for
Cx40 (red) and the EC marker vascular endothelial (VE)-cadherin (green) (left panels), and for Cx37 (green) and
VE-cadherin (red) (right panels). (B) Labeling of retina whole-mounts for the EC marker IB4 (black) reveals
reduced extension of the vascular network in P5 Cx40~'~ and Cx37~/~ mice, compared to WT. Strikingly, the
density of angiogenic vessels was reduced in the retinas of Cx40~'~ mice, but increased in those of Cx377/~
animals (upper panels). Immunostaining shows increased coverage of neovessels identified by IB4 (purple) with
o-smooth muscle actin (aSMA, green)-positive cells in the retina of a Cx40~'~ mouse. In contrast, Cx37"~
animals display a reduced coverage of retinal neovessels by aSMA-positive mural cells (middle panels). The lower
panel summarizes the main angiogenesis defects of the developing retinas of Cx40™'~ and Cx37~'~ mice.
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2010a; Jobs et al. 2012; Meens et al. 2015). In
contrast, Cx37 '~ animals show defective forma-
tion of lymphatic and venous valves (Kanady and
Simon 2011; Munger et al. 2013), and develop
atherosclerotic lesions (Wong et al. 2006). In-
triguingly, the expression of EC Cx40 and Cx37
decreases during diabetes (Hou et al. 2008), in-
flammation (Simon et al. 2004; Rignault et al.
2007), and in the early stages of atherosclerosis
(Kwak et al. 2002), while their expression in-
creases during hypertension (Alonso et al
2010b). These observations suggest that Cx ex-
pression is somehow linked to alterations in the
structure and/or function of vessels. The further
finding that Cx40 and Cx37 channels contribute
to control the production and diffusion of EC-
derived NO (Alonso et al. 2010a; Pfenniger et al.
2010; Figueroa et al. 2013) provides a first mech-
anistic clue to our understanding of how Cx sig-
naling contributes to EC function and blood ves-
sel homeostasis.

Many recent studies have now identified that
EC Cxs also play significant roles in the micro-
circulation. Specifically, a growing body of evi-
dence points to a crucial role for these proteins
in the development, growth, and remodeling of
microvascular networks, under both physiolog-
ical and pathological conditions. In the follow-
ing sections, we shall review these studies, with a
special focus on endothelial Cxs, given the
prominent role of ECs in the formation and
maintenance of microvessels.

ROLE OF ENDOTHELIAL Cxs DURING
DEVELOPMENTAL ANGIOGENESIS

The finding that mice lacking both Cx40 and
Cx37 die perinatally due to hemorrhages and
vascular dysmorphia (Simon and McWhorter
2002), provided the first clue that EC Cxs likely
participate in the formation of blood vessels, at
least in the skin, the testis, gastrointestinal tissues
and lungs. Interestingly, EC—cell contacts, tight
junction protein expression and vascular perme-
ability were unaffected in the Cx40 and Cx37
double deficient vessels outside of the hemor-
rhagic areas, suggesting that EC Cxs are not re-
quired for the establishment of EC contacts, but
are likely involved in the maintenance of micro-

Endothelial Connexins and Angiogenesis

vascular integrity. The authors further suggested
an overlapping role for Cx37 and Cx40 during
vascular development, inasmuch as the expres-
sion of some Cx37 in Cx40~'~ Cx37"'~ animals
was sufficient to prevent the embryonic lethality
and the vascular defects observed in Cx40™'~
Cx377'~ mice (Simon and McWhorter 2002).

More recent studies have established that the
loss of either Cx40 or Cx37 is sufficient to affect
the formation of microvascular networks, inas-
much as the selective knockdown of either one
of these two Cx isoforms in ECs decreased the
number of capillary branches formed in in vitro
angiogenesis assays (Gértner et al. 2012). Fur-
ther studies have extended these findings to in
vivo physiological angiogenesis. Thus, in the
newborn mouse retina model (Stahl et al.
2010), the loss of either Cx37 or Cx40 results
in a decreased extension of the growing micro-
vascular network (Fig. 2; Haefliger et al. 2017;
Hamard et al. 2020). However, the defects in
vascular development and maturation differed
between the loss of Cx40 and of Cx37 (Fig. 2;
Fang et al. 2017; Haefliger et al. 2017; Hamard
et al. 2020).

Thus, the loss of Cx40 reduced EC prolifera-
tion, sprouting, and capillary density at the an-
giogenic front, while enhancing the mural cell
coverage of the neovessels (Fig. 2; Haefliger
et al. 2017). These findings correlated with an
increased secretion of PDGF-BB by the ECs lack-
ing Cx40, in line with the established role of
GJ-dependent cell-to-cell communication in
multiple secretory systems (Bosco et al. 2011).
Strikingly, the selective reestablishment of Cx40
in ECs was sufficient to correct the angiogenesis
defects observed in the retinas of Cx40™'~ mice,
whereas the inhibition of Cx40 channels in wild-
type animals, after the intravitreal injections of
peptides that functionally target Cx40, closely
mimicked the effects of Cx40 deficiency during
retinal angiogenesis (Haefliger et al. 2017).

The developing vascular network of perinatal
retina observed after loss of Cx37 markedly dif-
fers from that observed in Cx40~'~ mice (Fig. 2).
Thus, loss of Cx37 increased the vascular density
at the angiogenic front, due to an increased pro-
liferation and sprouting of ECs (Hamard et al.
2020), in line with the previously reported sup-
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pressive growth function of Cx37 (Burt et al.
2008). In the developing retina, this role affects
the maturation and remodeling of the primitive
vascular plexus, initiated by blood flow-induced
shear stress, which activates a NOTCH-Cx37-p27
cascade, leading to the down-regulation of the EC
cycle and to arteriovenous specification (Fang
et al. 2017). Loss of Cx37 also reduced the mural
cell recruitment to newly formed vessels (Ha-
mard et al. 2020). This defect in neovessel matu-
ration was associated with reduced release of
PDGEF-BB and increased secretion of angiopoie-
tin-2 by Cx37-deficient ECs, in contrast with the
increased secretion of PDGF-BB observed in ECs
lacking Cx40. Altogether, the data indicate that
despite their coexpression in EC GJs, Cx40 and
Cx37 play distinct, yet complementary roles dur-
ing physiological angiogenesis, differentially con-
trolling EC growth and neovessel maturation and
specification (Fig. 2). However, further studies are
needed to elucidate whether the vascular defects
associated with EC Cx deficiency during devel-
opment affect visual acuity or interfere with
retinal vascular diseases, such as ischemic reti-
nopathy and age-related macular degeneration,
at adulthood.

ROLE OF ENDOTHELIAL Cxs DURING
PATHOLOGICAL ANGIOGENESIS

Recent studies reported that both Cx37 and Cx40
influence the pathogenesis of hereditary hemor-
rhagic telangiectasia (HHT), a genetic vascular
disorder characterized by anastomoses between
arterioles and venules (arteriovenous malforma-
tion [AVM]), and by focal dilations of the vessels,
which compromise their functionality and integ-
rity. The disease is caused by different mutations
in the genes encoding components of the BMP9/
10-ALK1-Smad1/5/9 signaling pathway (Robert
et al. 2020). In a mouse model of HHT with dis-
rupted SMADL1/5 signaling, AVM-like vascular
malformations selectively develop in regions
lacking Cx37 (Peacock et al. 2020), supporting
the view that this Cx, whose expression is con-
trolled by shear stress (Pfenniger et al. 2012), is
key for a proper response of EC to increased blood
flow (Peacock et al. 2020). Cx40 may also be as-
sociated with the pathogenesis of HHT, inas-

much as its expression is reduced in EC within
the skin of HHT?2 patients (Gkatzis et al. 2016).
Furthermore, AVM-like vascular malformations
are frequently observed in ALK1/Cx40 double
heterozygous mice, which show increased pro-
duction of reactive oxygen species (Gkatzis et al.
2016). Taken together, these data suggest that low
expression of either Cx37 or Cx40 predisposes to
vascular HHT lesions, and that human polymor-
phisms in EC Cx genes may influence the pro-
gression of the disease.

In addition to their roles in developmental
angiogenesis and morphogenesis, different
studies have also identified a role for EC Cxs
during blood vessel formation in adult tissues.
For example, deletion of Cx40, as well as the
targeting of this protein by peptides designed
to bind to its extracellular domains, decreases
the angiogenic potential of ECs, both ex vivo
in the aortic ring-sprouting assay and in vivo
in subcutaneously implanted Matrigel plugs
(Alonso et al. 2016).

There is also a large body of circumstantial
evidence associating altered GJs, Cx expression,
and/or subcellular localization to the abnormal
growth of many cancer cells (Aasen et al. 2016).
Accordingly, reinduction of Cx expression and
GJ communication between tumor cells may be
sufficient to reduce their growth, indicating a tu-
mor suppressor role of at least some Cx isoforms
(Asencio-Barria et al. 2019). In light of the pres-
ence of Cx40 and Cx37 in the vessels of animal
models of cancer (Fig. 3) and human tumors
(Alonso et al. 2016), and the well-established
influence of increased angiogenesis in tumor pro-
gression, several studies have questioned whether
EC Cxs could also play this role and participate
in tumor progression (McLachlan et al. 2006;
Alonso et al. 2016; Thuringer et al. 2016a,b; Oka-
moto et al. 2019). Direct experimental testing of
this hypothesis has revealed that, in mice, the loss
of Cx40, as well as the systemic targeting of Cx40
channels by mimetic peptides, reduces angiogen-
esis, resulting in an inhibition of tumor growth,
which significantly extended the survival of the
tumor-bearing mice (Alonso et al. 2016). These
effects were associated with enhanced perfusion
of the tumoral vessels, which also featured in-
creased mural cell recruitment, suggesting an im-
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Figure 3. Detection of Cx40 and Cx37 within the vasculature of TC-1 tumors. Representative tumors (T's) grown
16 days after the instillation into the mouse bladder of TC-1 cells. (M) Muscle, (LP) lamina propria, (L) lumen,
(U) urothelium (upper left panel ). Inmunostaining for the endothelial cell marker Von Willebrand factor (vWF)
reveals the microvessels of bladder and tumors (upper right panel). Higher magnification of the tumor area
delimited by the blue square is shown. Immunostaining for different connexin isoforms (green), performed on
consecutive sections, reveals Cx40 and Cx37 in the tumor vessels. The different distribution of Cx43 indicates that
this connexin is expressed by tumor cells. No Cx26 was observed in the tumors (Cx26 is known to be expressed
between normal bladder urothelial cells). The red background is produced by Evans blue counterstain when

activated with green light (lower panels).

provement of the vessel structure and function. In
turn, these changes improved the effectiveness of
an experimental, systemic chemotherapy, which
resulted in a prolonged survival of the Cx40-null
mice carrying the tumors. If these observations in
mice were translatable to the clinic, a pharmaco-
logical inhibition of Cx40 could be an obvious
candidate strategy for the development of inno-
vative cancer therapies. However, given that Cx40
also plays important functions in the cardiac con-
duction system and in renin-secreting cells of the

kidney by regulating cardiac contractions and
blood pressure, respectively (Desplantez et al.
2007; Bosco et al. 2011), the tissue selectivity of
the purported treatments should be addressed.
Even though no serious off target secondary ef-
fects have been reported in mice exposed to the
Cx40 mimetic peptides, additional investigations
should evaluate local delivery systems to make the
strategy available in the human clinic. Compara-
ble experiments are addressing whether Cx37
could also be a suitable target to inhibit tumoral
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angiogenesis and growth (K Sathiyanadan, F
Alonso, S Domingos-Pereira et al., unpubl.). Pre-
liminary observations suggest that the loss of
Cx37 signaling also reduces tumor angiogenesis
and growth. However, the mechanisms involving
Cx37 probably differ from those involving Cx40,
as the structure and function of tumor vessels did
not appear altered in Cx37-deficient animals.
These data also suggest that the two Cxs act to-
gether in promoting tumor growth, given that the
systemic targeting of Cx40 channels in Cx37~"~
mice resulted in a more pronounced antitumor
effect compared to untreated Cx37~'~ and wild-
type treated animals (K Sathiyanadan, F Alonso, S
Domingos-Pereira et al., unpubl.).

In certain systems, EC Cxs may mediate a
direct cross talk between ECs and tumor cells.
Such heterocellular communication may influ-
ence tumor progression by enabling the transfer
of regulatory microRNAs with proangiogenic or
antitumoral effects (Thuringer et al. 2016a,b). At
first glance, this effect may not seem consistent
with the observations reported above, in which an
antitumoral effect was found after loss of EC Cxs.
Understanding this apparent discrepancy awaits
future studies comparing the different types of
cancer, and takes into account the likely quanti-
tative and functional differences of Cx channels
in different models.

In addition to its role in tumor growth, het-
erocellular communication between ECs and tu-
mor cells is also implicated in tumor cell invasion
and metastasis (El-Sabban et al. 2002; Bazarbachi
etal. 2004). As a consequence, new combinatorial
therapies in preclinical studies targeting tumor
vascularization and GJ communication have
shown promising results in preventing tumor
cell extravasation and metastasis (Zibara et al.
2015).

EC Cxs influence tissue recovery following
ischemic events (Yu et al. 2019). Mice with endo-
thelial-specific deletion of Cx40 featured an in-
creased infarct size after myocardial ischemia re-
perfusion injury (Morel et al. 2014). Moreover,
Cx40, in association with VEGFR2, was identified
as an early marker of the endocardial-to-endo-
thelial switch that occurs after myocardial infarc-
tion in mice, to promote angiogenesis and arte-
riogenesis during cardiac repair (Miquerol et al.

2015). In a mouse model of hindlimb ischemia,
Cx40~'~ animals showed reduced limb perfusion
and survival due to compromised arteriogenesis
(Fang et al. 2012). In contrast, Cx37~'~ mice fea-
tured a faster recovery of ischemic lesions, involv-
ing an enhanced number of collateral vessels as
well as an increased collateral remodeling and
angiogenesis (Fang et al. 2011). Together, these
results demonstrate the crucial role of both vas-
cular EC Cxs in postischemic responses, with
Cx40 required for postischemic tissue survival
and collateral remodeling, and Cx37 exerting a
growth suppressive effect. One should expect
that the proangiogenic activity of Cx40 and the
growth inhibitory function of Cx37 would be crit-
ical for the fine tuning of blood vessel formation,
which is needed to avoid uncontrolled angiogen-
esis and poor neovessel function. Different cell
types, expressing high levels of Cx40, are now
available for a direct experimental testing of
innovative approaches to control pathological an-
giogenesis, as well as ischemia-reperfusion inju-
ries (Joo et al. 2015; Vila-Gonzalez et al. 2019).

CONCLUSIONS

Studies performed during the last 20 years have
unraveled a role for EC Cxs in the formation of
blood vessels. These studies demonstrate that al-
tered EC Cx expression or function may contrib-
ute to microvascular malformations, and possibly
to angiogenesis-related diseases. Specifically,
Cx40 displays proangiogenic functions by pro-
moting vessel growth and limiting mural cell
recruitment, whereas Cx37 mediates growth-
suppressive effects and is required for proper ar-
teriovenous differentiation. Thus, these two Cxs,
by regulating different, yet complementary
mechanisms, contribute to regulate the fine bal-
ance between the stimulatory and inhibitory sig-
nals required for physiological angiogenesis.
They further suggest that the two Cxs may regu-
late pathological angiogenesis, notably in the con-
text of tumor growth. Obviously, further studies
are required to interrogate our ideas of the mo-
lecular mechanisms whereby EC Cxs regulate
blood vessel morphogenesis, as well as to deter-
mine the usefulness and safety of Cx-targeted
approaches in the development of novel strategies
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to control abnormal angiogenesis in cancer and
ischemia reperfusion injury.
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