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y regulando diferentes funciones como el trafico de membranas, el anclaje al citoesqueleto
celular, la regulacion de canales idnicos, asi como actividad pro- o anti-inflamatoria y antico-
agulante. El uso de animales deficientes en alguna de estas anexinas ha permitido establecer
sus posibles funciones in vivo, demostrando que las anexinas pueden participar en funciones
relevantes independientes de la sefalizacion por Ca?*. En esta revision nos centraremos princi-
palmente en el papel que juegan las diferentes anexinas en el remodelado vascular patoldgico
que subyace a la formacion de la lesion aterosclerética asi como en el control de la homeostasis

del colesterol.

© 2021 Publicado por Elsevier Espana, S.L.U. en nombre de Sociedad Espanola de Arterioscle-

rosis.

Introduction

Cardiovascular disease (CVD) is the leading cause of mor-
tality in developed countries. Despite the considerable
decrease in mortality rates due to cardiovascular causes
over the last two decades, 17.3 million people die every
year because of CVD and it is estimated that up to 23.6 mil-
lion people will die by the year 2030." The term ‘CVD’ is used
to describe different pathologies that affect the heart and
the circulatory system, including cardiac failure, diseases
of the coronary arteries, stroke, arterial hypertension, and
atherosclerosis, amongst others. Atherosclerosis, in partic-
ular, refers to the development of atheromatous plaques in
the inner lining of the arteries. The endothelial cells of the
vessel, which are usually resistant to the binding of leuko-
cytes, express adhesion molecules that enable white blood
cells to anchor to the cell surface when they are in the pres-
ence of stimuli that activate them, such as dyslipidaemia,
arterial hypertension, or proinflammatory molecules. The
changes in endothelial permeability that occur in parallel,
as well as in the composition of the extracellular matrix
promote the entrance and retention of lipids, especially of
low density lipoproteins (LDL), in the arterial wall.? The
retention of LDL in the interior of the wall will foster their
oxidation, provoking an increase in the expression of adhe-
sion molecules and proinflammatory proteins that stimulates
the migration of the leukocytes toward the inner layer of the
artery, called the ‘tunicaintimae’. Once inside the wall arte-
rial, the monocytes differentiate into macrophages, where
they will capture the LDL-ox, and will differentiate into
lipid-laden foam cells. The formation of the atheratomous
plaque also involves the action of the vascular smooth mus-
cle cells (VSMC) of the tunica media, which will migrate
toward the tunica intimae. In the case of human arteries,
the tunica intimae also contains resident VSMC that will pro-
liferate and, together with the VSMC that have migrated
from the tunica media, will produce extracellular matrix
proteins, such as interstitial collagen and elastin, which
foster the formation of the fibrous layer surrounding the
plaque. This layer normally overlays foam cells, which can
die, and release lipids that accumulate in the extracellu-
lar space. The inefficient elimination of the dead cells, a
process known as efferocytosis, can give rise to the accu-

mulation of cellular waste and extracellular lipids, forming
the necrotic nucleus.?

The atherosclerotic plaque typically causes clinical mani-
festations derived from the stenosis it produces in the lumen
of the vessel, limiting flow and causing tissue ischaemia, or
by causing thrombi that can interrupt the local blood flow.
The thrombi often arise following the physical rupture of
the fibrous layer that exposes the procoagulant material of
the nucleus of the plaque to the coagulation proteins of
the blood, which triggers the thrombi. The plaques that are
most vulnerable to rupture tend to be thinner, poor in col-
lagen, and with few VSMC but abundant in macrophages.
The inflammatory cells can accelerate the rupture, in that
they synthesize collagenolytic enzymes that result in the
degradation of the collagen. Furthermore, these cells are
capable of synthesizing mediators that induce the cell
death of VSMC, the largest source of arterial collagen.* The
macrophages of the plaque also produce the procoagulant
tissue factor that makes the necrotic nucleus thrombogenic.
When the atheratomous plaque fractures and the thrombus
is formed, it can cause acute myocardial infarction, stroke,
unstable angina, or sudden death.®

In this review, we will discuss the role played by a fam-
ily of proteins, the annexins, in cholesterol homeostasis,
as well as in the pathological vascular remodelling associ-
ated with the development and in the progression of the
atherosclerotic lesion.

Annexins. Structure and function

The family of the annexins represents a multigenic fam-
ily of Ca?*-dependent proteins that bind to phospholipids.
Approximately 100 different annexins have been described
in several animal species. Of them, the annexins family com-
prises 12 members in humans and vertebrates denominated
AnxA1-AnxA13 (AnxA12 has not been currently assigned).®’
The crystallographic analysis of these proteins identified
that all the annexins have with two structural domains: a
fairly well-conserved C-terminal domain with four repeti-
tions of 70-80 amino acids (eight in the case of AnxA6), and
a variable N-terminal domain (Fig. 1). Each of the repeti-
tions of the C-terminal domain codes for a Ca2+ binding site,
enabling the annexins to translocate quickly to the plasma
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Figure 1  Structure of annexins.

A) Diagram of the structure of annexins. Annexins are anchored to membranes through Ca2+ binding. All annexins contain a variable
N-terminal end and a conserved C-terminal end composed of 4 (8 for AnxA6) homologous annexin repeat domains that pack into a

compact, slightly curved disk. (Modified from Gerke et al.®).

B) Primary structure of human annexins. Annexins consist of 4 annexin repeat domains and a variable N-terminal domain. The
number on the left indicates the number of amino acids in each annexin.

membrane or to intracellular membranes, binding to neg-
atively charged phospholipids.®®° The N-terminus varies in
length and sequence among the different annexins and is in
charge of regulating the interaction with different ligands
and of the association of the annexins to the membranes.?

Several in vitro studies with purified annexins have been
able to analyse their biochemical properties, folding, and
their three-dimensional structure, as well as their mem-
brane binding characteristics. In this way, they have also
been able to determine their affinities for the membrane
of different phospholipids and with other proteins, espe-
cially of those belonging to the 5100 family of proteins.'
Annexins carry out diverse biological functions. Most are per-
formed in the cell cytoplasm and their function is closely
related to their capacity to bind to the membrane. These
proteins are responsible for endocytic and exocytic events
that are regulated by CaZ* together with their capacity to
facilitate the stabilization of organelle membranes and the
plasma membrane."" One of the main functions annexins
have is to act as scaffolding proteins by means of calcium-
regulated binding to the phospholipids in the membranes.
This enables the cytoplasm and the cytoplasmic side of the
cell membrane to interact in an orderly fashion.'? The intra-
cellular mobilization of calcium triggers the recruitment of
annexins by the cell membranes. However, some annexins
can also bind to the membranes in the absence of cal-
cium, such as annexins A9 and A10.2 Some members of the
annexin family can interact specifically with certain actin
assembly sites in the cell membranes. For example, the
organization of microdomains of VSMC cell membranes is
regulated by annexins A2 and A6 through interactions with
the cytoskeleton.™

Although most of the actions of the annexins take place
in the cell cytoplasm, under certain circumstances, some
annexins (AnxA2 and AnxA11) can also interact with the
cell nucleus.™ In particular, AnxA11 plays a key role in the
final phase of cytokinesis, the process through which the
cytoplasm is physically separated into two daughter cells
during cell division. Without this process, the cells can-
not form the midbody and enter into apoptosis.” On the
other hand, some annexins have demonstrated that they
can be present anywhere on the cell surface. Thus, in cells
that have been incubated in the presence of glucocorti-
coids, AnxA1 translocates from the cytoplasm to the cell
surface.'® Likewise, as we will see later on, AnxA2 is a
co-receptor for plasminogen in different cell strains, includ-
ing macrophages, and endothelial cells.” Some annexins
also [substances] secrete to the outside of the cell. In this.
line, AnxA5 has been proven to have anticoagulant capacity
and AnxAT1 has anti-inflammatory properties on leukocytes. '®

The latter, AnxA1, is found in human serum and its concen-
tration increases primarily in inflammatory processes, such
as colitis." Different studies have demonstrated that AnxA1
inhibits the transendothelial migration of leukocytes, redu-
cing the inflammatory response.?’

The importance and participation of the different annex-
ins in different diseases has been evident since the
beginning of the 2000s, when animals have been cre-
ated that are deficient in different annexins, such as
AnxA1, A2, A4, A5, A6, A7, and A8.%" All animals defi-
cient in the different annexins are viable, with the
exception of AnxA7 for which two different phenotypes
have been reported: one that is lethal because of brain
hemorrhage?? and, later, another normal, viable one.? The
fact that most annexin-deficient mice are normal and viable
points toward a redundance in the functions of annexins.
Nevertheless, upon examination of the different strains
of knockout animals and under disease conditions, have
revealed different results, identifying specific mechanisms
for each one of the annexins. Thus, subtle differences
observed in their spatial-temporal location, differences in
the kinetics of their binding to negatively-charged phos-
pholipids, the diversity in their interactions through the
N-terminal domain, their affinity for other lipids, includ-
ing phosphatidilinositol-4,5-bisphosphate, cholesterol, and
ceramides, post-translational modifications, and, even more
relevant, their differential patterns of expression, mean
that there are more chances of discovering functional diver-
sity within the family of the annexins.®

Annexins and cholesterol homeostasis

One of the main functions of the different annexins is to con-
trol intracellular cholesterol homeostasis. Cholesterol is a
sterol that is indispensable for life and that carries out struc-
tural and metabolic functions. It is mainly found anchored
to the membranes, where it modulates their function.?*
Cholesterol is essential for tissue growth, as well as for
the synthesis of steroid hormones, biliary acids, and vitamin
D.? Consequently, the regulation of cholesterol homeosta-
sis is crucial for cell function. As is well known, although
cholesterol can be synthesized by the cells, most cellu-
lar cholesterol is acquired through LDL endocytosis. After
internalization, the esterified LDL cholesterol reaches the
late endosomes (MVB), where it is hydrolysed to be dis-
tributed inside the cell by means of the Niemann-Pick C1
and C2 (NPC1/2) proteins.?®?” Up to 30% of LDL cholesterol
moves on to the endoplasmic reticulum (ER) to regulate the
control of cholesterol biosynthesis by the cell itself in the
form of negative feedback.?”’?® From the ER, the choles-
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terol can be sent to other organelles, such as the plasma
membrane or the mitochondria. Alternatively, the excess
cholesterol can be esterified by means of acyl-coenzyme
A:cholesterol acyltransferase (ACAT) to be stored in lipidic
droplets.?’ Cholesterol processing takes place in different
subcellular locations, being moved among the various sub-
cellular membranes by vesicular transport and by means of
vesicular mechanisms.?” Therefore, cholesterol homeostasis
must be strictly regulated in order to be maintained within
appropriate ranges and so that it can carry out its biological
functions properly.

It has recently been reported that annexins can inter-
act directly with cholesterol, regulating its homeostasis.*°
For instance, AnxA1 has the capacity to establish contacts
between the ER and the multivesicular bodies (MVB) lead-
ing to a decrease in the expression of the epidermal factor
receptor and facilitating the transfer of cholesterol from the
ER to the MVB. This is an unusual route cholesterol trans-
port, inasmuch as the cells primarily obtain cholesterol by
means of LDL endocytosis and, has previously commented,
the cholesterol derived from LDL is transferred to the ER,
downregulating the de novo synthesis of cholesterol.?6:?’
However, when cholesterol levels are low in the MVB, the
route reverses and the cholesterol moves from the ER to
the MVB to guarantee the presence of cholesterol for the
formation of vesicles inside the cell.*'

In the case of AnxA2, an association has been observed
of this annexin with cholesterol-rich MVB*? that might be
related to the transport of molecules from early endosomes
to MVB. When there is a reduced expression of AnxA2, the
transport of molecules toward MVB increases, suggesting a
role of the AnxA2 that is dependent on cholesterol levels.??

One of the most important annexins in controlling the
distribution of cholesterol in the various intracellular com-
partments appears to be AnxA6.2® The overexpression of
AnxA6 has been correlated with an increment of this annexin
in MVB that is associated with an increase in cholesterol
inside of the endosomes and a decrease in cholesterol lev-
els in the plasma membrane, in the Golgi apparatus, and
in the recycling endosomes.?®33 The changes caused by
AnxA6 in the cellular distribution of cholesterol interferes
with the traffic of cholesterol-dependent SNARE proteins
and integrins, compromising critical cell functions, such as
cell adhesion and migration.** SNARE proteins are proteins
that are sensitive to the levels of cholesterol present in
fusion membranes and transport vesicles. Cholesterol lev-
els inside the endocytic compartments regulate the function
and location of these proteins.?®:* Furthermore, cholesterol
interacts directly with some SNARE proteins.***” As a result,
annexins, specifically AnxA2 and AnxAé, in addition to regu-
lating the fusion of vesicular membranes mediated by SNARE
proteins and the specific destination of the load of these
vesicles, also regulate cholesterol transport between differ-
ent cell compartments.

The molecular mechanisms by which the binding of AnxAé
to the MVB alters cholesterol transportation are not fully
analysed. While NPC1/2 proteins are key to cholesterol exit-
ing the MVB, other proteins can be involved in the passage of
cholesterol from MVB to ER. In the MVB, membrane proteins,
such as NCP1, ORPL1, StARD3, and StARD3NL appear to be
fundamental for the movement of cholesterol to the RE.*
Moreover, the activation of Rab7, a small G protein, pro-

motes the mobility and repositioning of the MVB to properly
transfer cholesterol.*? In this mobility, AnxA6 binding to the
membranes must also be taken into account, as it activates
the reordering of the cholesterol-rich microdomains, as
occurs in the plasma membrane.“’ These structural changes
induced by AnxAé can also take place in the MVB, modulat-
ing the distribution of cholesterol and, consequently, other
membrane lipids.*" These domains that are both highly-
ordered and rich in cholesterol affect the active transport
of cholesterol toward the ER.

Finally, in addition to AnxA6, AnxA8 also controls choles-
terol homeostasis in association with the MVB.*? Contrary to
the role played by the increase in AnxAé6 expression in the
accumulation of cholesterol in the MVB, decreased expres-
sion of AnxA8 blocks the cholesterol from leaving the MVB,
indicating a balance in the expression of these two annexins
in the control of the cholesterol load inside the ET.*> There-
fore, it appears that different annexins play an important
role in the transport of cholesterol along the endocytic path-
way and changes in their expression can give rise to changes
in the amount of intracellular cholesterol. In addition, the
increase in circulating cholesterol concentrations —and, as
a result, the greater entrance and accumulation of choles-
terol inside the cell— might be regulated, at least in part,
by means of the regulation of the expression of different
annexins.

Annexins and vascular remodelling

In recent years, the role of different annexins has been
revealed in the inflammatory response and in the underlying
vascular remodelling that takes place during the develop-
ment and progression of the atherosclerotic lesion. The most
salient of these are annexins A1, A2, A3, A5, and A7. The role
that other annexins may play has yet to be dilucidated.

Annexin A1

AnxA1, also known as lipocortin 1, was first reported when
the factors that mediate the anti-inflammatory actions of
glucocorticoids were being identified.*>** It is expressed in
most cell and tissue types, although it is especially abundant
in macrophages, neutrophils, and the nervous and endocrine
systems.®2"% Just like other annexins, AnxA1 is found in
different cell locations, including the plasma membrane,
endosomal apparatus, secretory vesicles, cytoskeleton, and
nucleus. In these locations, AnxA1 participates in cell pro-
cesses, such as membrane transport (endo/exocytosis),
signal transduction, actin dynamics, and the regulation of
metabolic enzymes related to proliferation, differentiation,
migration, and apoptosis.®®%4-4 AnxA1 also plays an impor-
tant extracellular function, acting as an anti-inflammatory
molecule by means of its regulation by glucocorticoids and
by means of its binding to the membrane receptor coupled
to G proteins, known as receptor 2 of the N-formyl peptide
(formyl peptide receptor 2 [FPR2]).%®

The development of the AnxA1 knockout mouse revealed
the anti-inflammatory role of this protein and how its
absence caused an exacerbated and prolonged inflammatory
response with an increase in leukocyte migration and resis-
tance to the anti-inflammatory effect of glucocorticoids.*
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In fact, an increase in the levels of proinflammatory pro-
teins, such as cyclooxygenase 2 or phospholipase A2 has
been seen in these mice.* In addition, mice deficient in
its FPR2 receptor revealed that AnxA1 exerts its function
by activating the innate immune response.”® The molec-
ular mechanisms that underly the activation of FPR2 by
AnxA1 have been linked to the activation of mitogen-
activated kinases (MAPK), such as Erk1/2, p38MAPK, Akt,
or c-Jun.’"? The activation of these signalling cascades
translates into a decrease in the adhesion of neutrophils
to the vascular endothelium,* increased apoptosis of neu-
trophils por though intrinsic apoptotic pathways®® or by
decreased survival signals induced by other inflammatory
mediators,’* and the induction of monocyte recruitment,
as well as their subsequent polarization toward an anti-
inflammatory phenotype.>® All of these functions that have
been described for AnxA1 are fundamental in the develop-
ment of the atherosclerotic lesion. Hence, different studies
have revealed its therapeutic potential and its capacity to
limit the formation of the atherosclerotic lesion and the car-
diovascular complications derived from it.>® In this regard,
in mice deficient in LDL receptor (LDLR) who were fed a fatty
diet, the intraperitoneal administration of human recombi-
nant AnxA1 was seen to significantly reduce the adhesion and
the rolling of FPR2-dependent neutrophils on endothelial
cells, thereby attenuating the progression of the atheroscle-
rotic plaque.®’ Likewise, in animals deficient in AnxA1 or
FPR2 in ApoE~/~ resources an increase has been observed
of atherosclerotic lesions associated with an increase in the
adhesion of myeloid cells in the damaged arterial walls,
as well as an increase in the proliferation of macrophages
within the lesion.>*%®

Therapeutically, the in vivo administration of the Ac2-
26 peptide (derived from the N-terminal domain of the
AnxA1 protein) reduced the recruitment of FPR2-dependent
myeloid cells, thereby decreasing the size of the lesion and
the accumulation of macrophages within the atheroscle-
rotic lesions.”" In this regard, the AnxA1/FPR2 axis inhibits
the expression of the integrin-dependent chemokines that
are necessary for leukocyte recruitment.’’ Furthermore,
in an advanced model of atherosclerosis in ApoE knockout
mice treated with nanoparticles specifically targeting col-
lagen IV (Col IV) that contained Ac2-26 (Col IV-Ac2-26 NP),
increased thickness of the fibrous capsule, decreased col-
lagenase production, and, in consequence, greater stability
of the atherosclerotic lesions was observed.’® These data
indicate that the administration of AnxA1-derived peptides
might provide alternative and efficacious drug forms for the
treatment of chronic inflammatory diseases, countering the
continuous recruitment of leukocytes and macrophage activ-
ity during atherosclerotic progression.

The importance of the regulation of AnxA1 expression is
dictated by the different studies carried out in human sam-
ples. Thus, AnxA1 is expressed in atherosclerotic plaques
of human coronary arteries, collocating with macrophages
and endothelial cells, and in the plaques of patients with
carotid stenosis undergoing carotid endarterectomy.®-%2
The expression of AnxA1 was greater in the carotid plaques
in asymptomatic patients compared to patients with neuro-
logical symptomatology, which indicates a protective role
of AnxA1 in atherosclerosis.®®© Moreover, AnxA1 is mainly
expressed in areas with a high content of apoptotic cells,

which speaks to its importance in eliminating this kind of
cell.®

Annexin A2

AnxA2 is expressed in a wide variety of cell types and varies
depending on the type of tissue analysed. Thus, it is highly
expressed in the lung and kidney, and, in contrast, its expres-
sion is lower in the liver.®®> AnxA2 is predominantly found
in the plasma membrane, the endosomal apparatus, and in
secretory vesicles, and only in the odd case, is it found in
the cell nucleus.®% Just like other annexins, AnxA2 regu-
lates the traffic and organization of membranes by means of
endo/exocytosis processes, the formation of microdomains,
or repair of the plasma membrane. Similarly, its interac-
tion with the actin filaments of the cellular cytoskeleton
has involved AnxA2 in different cell functions, such as cell
growth, differentiation, apoptosis, and migration.®°46.47,65

Most AnxA2 is found creating heterotetramers with the
p11 protein (S100A10), a member of the S100 family of
proteins. The interaction of AnxA2/p11 acts as a plas-
minogen receptor and plasminogen tissue activator (tPA) in
endothelial cells, both molecules in charge of promoting
vascular fibrinolysis.®*%¢% In addition, plasmin/plasminogen
signalling in human monocytes has been shown to use the
AnxA2 heterotetramer as a receptor and triggers signalling
by means of JAK/STAT, activation Akt-dependent NF-«B, as
well as ERK1/2 and p38 MAPK, which leads to the induc-
tion of proinflammatory genes and to the recruitment of
inflammatory cells in the context of atherosclerosis.®®

The development of the AnxA2 knockout mouse demon-
strated that these animals are viable and fertile, but that
they exhibit significant deposition of fibrin in some tissues.®
In a model of acute thrombi in the carotid artery in animals
deficient in AnxA2 or in p11, these animals were seen to
display an increase in the thrombi, which proved that the
binding of AnxA2/p11 is involved in vascular fibrinolysis.”®

The role played by AnxA2/p11 and its consequences
in vascular homeostasis has been highlighted in different
experimental models. On the one hand, the induction of
hyperhomocysteinemia by means of administering a diet
has been seen to provoke an accumulation of fibrin and
alterations in neoangiogenesis in AnxA2 knockout mice.”!
In addition, in ischaemic cerebral disease, the administra-
tion of recombinant AnxA2 should serves as an adjuvant to
amplify tPA-mediated thrombolysis and to prevent stroke.””
However, the deficit of AnxA2 had no effect on the size of the
atherosclerotic lesion in ApoE knockout mice, despite the
fact that the therapeutic inhibition of plasminogen genera-
tion had been proven to be beneficial for atherosclerosis.®
In this regard, the administration of recombinant AnxA2
decreased the formation of thrombi in a rat model of
thrombi in the carotid artery.”® These results suggest that
the improvement in fibrinolytic activity induced by AnxA2
might modulate the hypercoagulability state in atheroscle-
rosis.

As previously commented on, one of the main functions
of AnxAz2 is in relation to thrombi. Nevertheless, this pro-
tein has been proven to participate in other cell responses.
Thus, in ApoE knockout given a cholesterol-rich diet, AnxA2
expression was seen to be significantly increased in the
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macrophages present in the atherosclerotic lesions.”* This
resulted in an increase in the migration of macrophages by
means of AnxA2-dependent Akt/NF-kB and ERK signalling.”*
Likewise, the interaction of AnxA2 with integrin 5 through
the tyrosine phosphatase 1B protein participates in the
inflammatory response associated with the development
of atherosclerosis in ApoE-deficient mice.”> Additionally,
AnxA2 has been implicated in VSMC migration processes. In
this sense, in vitro rat VSMC migration trials have proven
that the overexpression or inhibition of AnxA2 increases
or decreases, respectively, the migration of these cells in
the presence of cell growth factors.”® Accordingly, AnxA2
expression is increased during the formation of the neoin-
tima in the carotid following balloon injury.’®

Another major characteristic of AnxA2 is its capacity to
interact with the proprotein convertase subtilisin kexin type
NF-kB9 (PCSK9), a potent inductor of hepatic LDL receptor
degradation.®>”” AnxA2 or AnxA2/p11 inhibits the decrease
of the PCSK9-mediated LDL receptor in HuH7 or HepG2’’
cells. In addition, AnxA2 knockout mice have elevated LDL
and PCSK9% levels. As a result, the modulation of AnxA2
levels could be considered an endogenous PCSK9 inhibitor,
a relevant fact inasmuch as the treatment of hyperc-
holesterolemia has benefitted from the use of monoclonal
antibodies against PCSK9. Recent years has also witnessed
the identification of variants of the AnxA2 gene thanks to
the analysis of polymorphisms of a single nucleotide or SNP
that directly impacts the circulating levels of LDL, pointing
once again, to AnxA2 as a potential therapeutic target to
lower LDL concentrations.’®

Likewise, AnxA2 is also related to glucose and fatty acid
metabolism. In this regard, AnxA2 has been proven to be
responsible for the translocation of insulin-inducible GLUT4,
the primary glucose transporter from the intracellular com-
partments to the cell surface in adipocytes.”’ Furthermore,
in endothelial cells and adipocytes in white adipose tissue,
AnxA2 is essential for the capture of fatty acids via its bind-
ing to the fatty acid transporter CD36.”° In in vivo studies,
AnxA2 knockout animals exhibited a frank delay in the clear-
ance of fatty acids, which illustrates that the lack of AnxA2
compromised CD36-mediated elimination of fatty acids from
the bloodstream.® However, this same study demonstrated
that AnxA2 knockout mice displayed stable levels of glucose,
as well as normal tolerance, indicating that AnxA2 is not
involved in the translocation of GLUT4 in vivo.®

Annexin A3

Like other members of the family, AnxA3 is expressed in a
wide variety of tissues, such as heart, lung, kidney, brain,
liver, and, to a larger extent, in adipose tissue.®' This pro-
tein is connected with various cell functions, such as cell
differentiation and migration, immune regulation, and bone
formation6. Experimentally, AnxA3 has been shown to be
linked to endothelial cell migration and in tube formation.??
What’s more, VEGF has been shown to increase AnxA3
expression in HUVEC cells, increasing their migration trials
of wound repair and angiogenesis.?>

While the AnxA3-deficient mouse is viable, the lack of
animal models using mice deficient for this protein has thus
far made it impossible to analyse the role it plays in the

development of the atherosclerotic lesion. However, the
inhibition in vivo of its expression using a sh-RNA (short
hairpin RNA) in a model of myocardial infarction in rats
led to a decrease in the inflammatory response, the size
of the infarct, the expression of collagen | and Il, promot-
ing myocardial tissue repair.®* Moreover, by conditionally
inhibiting vascular endothelium in mice (AnxA3f/f;Tie2-
Cre), the loss of AnxA3 has been shown to cause no defects
in the development of vasculature, albeit it is necessary for
the parallel alignment of arteries and veins, indispensable
for blood flow and proper functioning of the vessels.®

Annexin A5

AnxA5 is the most abundant and most widely studied mem-
ber of the family of annexins. It is expressed in most cells
and tissues with the exception of neurons.®# This annexin
has been associated with the traffic of membranes, the reg-
ulation of Ca2+ ion channels and entrance, and, even more
importantly, with the regulation of the cell cycle and apop-
tosis. That is why AnxA5 has, for a long time, become a
diagnostic tool to detect cell death, in that it binds to phos-
phatidylserine in the external part of the plasma membrane
in apoptotic cells. In addition, AnxA5 has other extracellular
functions that have to do with coagulation, phagocyto-
sis, viral infection, or the processes of cellular membrane
repair.%-88

Insofar as its relation to vasculature is concerned, AnxA5
has antithrombotic, antiapoptotic, and anti-inflammatory
properties by binding to the phosphatidylserine expressed on
the cell surface.®*° Moreover, it is associated to antiphos-
pholipid syndrome during pregnancy.'®®' Studies in AnxA5
knockout mice show that pregnant females are more prone
to embryo loss and, therefore, to smaller litters.”? The
administration of anticoagulants, such as heparin, prevents
the formation of thrombi and, consequently, the loss of
embryos during gestation in these mice.

Likewise, there is evidence as to the role AnxA5 plays dur-
ing the processes of vascular remodelling. Treatment with
recombinant AnxA5 decreased adhesion and the infiltration
of leukocytes into atherosclerotic plaques present in ApoE
knockout mice.® In addition, in a model of femoral damage
in ApoE—/— mice, treatment with AnxA5 was seen to bring
about a dose-dependent decrease the early adhesion of
leukocytes and macrophages, as well a long-term decrease
in the development of atherosclerosis.”> Later studies
focusing on the effects of administering exogenous AnxA5
revealed that treatment with this protein reduces inflamma-
tion in advanced atherosclerosis, as well as contributing to
the stabilization of atherosclerotic plaques in ApoE-deficient
mice, without modifying the size of the lesions, collagen
content, or VSMC90. However, pre-treatment with AnxA5 in
a model of early atherosclerosis in ApoE—/— was capable of
reducing the formation and size of the plaques, decreasing
the rate of apoptosis, and regulating the infiltration and acti-
vation of macrophages.® These results could point toward
AnxA5 playing a relevant role in the initial stages of devel-
opment of the atherosclerotic lesion, being less relevant its
role in advanced stages. In vitro studies endorse the idea of
the role of AnxA5 on inflammatory cell recruitment. Thus,
AnxA5 displayed anti-inflammatory effects in macrophages,
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Figure 2

significantly decreasing the rolling, adhesion, and transmi-
gration of mononuclear cells on endothelial cells activated
by TNF-o..° Similarly, AnxA5 inhibits the proatherogenic
and proinflammatory effects of phosphatidylcholine (PTC) in
macrophages in vitro, disrupting the binding and uptake of
oxidated LDL, as well as in the very proinflammatory effects
of LPC.%

AnxA5 has also been proposed as a biomarker of
atherosclerosis in different studies. It has been reported
as a diagnostic biomarker of subclinical atherosclerosis in
patients with systemic lupus eritematous.’® Circulating lev-
els of AnxA5 have also been inversely linked to the severity
of coronary stenosis and the oxLDL/AnxA5 ratio has even
been seen to be a better marker of the severity coronary
stenosis than the concentration of LDL in and of itself.” In
this same regard, several SNPs in the AnxA5 gene are asso-
ciated with the risk of suffering re-stenosis in patients who
undergo coronary angioplasty.®* Finally, AnxA5 has been used
as a biomarker in imaging studies to visualize inflammation
and cellular stress.”

Annexin A7

Within the family of annexins, AnxA7 is the only one that
que exhibits two isoforms: a 47-KDa isoform that is basi-
cally expressed in all tissues except for skeletal muscle
and another, larger 51-KDa isoform that is found in car-
diac, brain, and transverse tubule tissues.”’ Its functions
are related to Ca2+ homeostasis; it has GTPase activity; it
intervenes in the production of prostaglandins in processes
of cardiac remodelling and in inflammatory myopathies.'®
Two different phenotypes have been described for AnxA7
knockout mice. First, a phenotype was described that is
lethal due to cerebral hemorrhage,”” and it was later
shown that the AnxA7-deficient mouse was normal and
viable.?> The isolation and subsequent analysis of their

Potential role of the different annexins during the formation and development of the atherosclerotic lesion.

adult cardiomyocytes identified that they exhibited dimin-
ished frequencies in cell contraction, which indicated that
Ca2+ homeostasis or the functioning of the machinery in
charge of contraction was altered. AnxA7 interacts with
two proteins (sorcin and RyR), responsible for coupling
Ca2+ channels to the contractile machinery of the car-
diac muscle.?> " Likewise, AnxA7 knockout mice have been
shown to exhibit high susceptibility to atrial fibrillation, ven-
tricular tachycardia, arrhythmia, and impairment of cardiac
remodelling.’® In a model of transverse aortic constric-
tion in these mice, a pronounced increase in heart size
associated with increased expression of several hypertrophy
genes was observed, possibly induced by the Ca2+-regulated
cardiac nuclear factor of activated T cells (NFAT) in
an AnxA7-dependent fashion. Furthermore, AnxA7 is an
endogenous regulator of the Homeobox 1 gene (HMBOX1),
critical for endothelial cell survival. Thus, decreased AnxA7
levels, due to treatment with its 6-amino-2,3-dihydro-3-
hydroxymethyl-1,4-benzoxazine inhibitor raised HMBOX1'%2
concentrations. As for vascular remodelling associated with
atherosclerotic lesion formation, treating ApoE-deficient
mice with an AnxA7 inhibitor has been shown to reduce
the area of atherosclerotic plaques, lipid deposition,
and proinflammatory macrophages, in addition to increas-
ing anti-inflammatory macrophages, collagen content, and
SMCs in atherosclerotic lesions, thereby increasing plaque
stability.%

Other annexins

The role of other annexins in pathological vascular remod-
elling is currently known only slightly or remains totally
unknown. In this sense, only AnxA10 has been correlated
with atherosclerotic lesion formation, its expression being
associated with the presence of more stable plaques,’®
possibly related to the anticoagulant, anti-inflammatory, or
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antiapoptotic activity seen for other annexins. Moreover,
AnxA8 regulates protein transport by means of the late endo-
some in endothelial cells that aids in the control of CD63
exposure to the exterior of the plasma membrane for proper
leukocyte recruitment. %1% In this regard, mice deficient in
AnxA8 exhibit less leukocyte adhesion and rolling.'%

Finally, AnxA4 has 3 different transcripts (AnxAda,
AnxA4b and AnxA4c) that presented unique expression
patterns.'”” Although its relationship with atherosclerotic
lesion has not been demonstrated, its main function is
associated with -adrenoreceptor (-AR)/cAMP signalling in
cardiomyocytes.'®® Given that cardiomyocytes from adult
AnxA4-deficient mice showed increased cAMP levels, it was
reported that it was, in all likelihood, due to the loss of the
inhibitory action of AnxA4 on adenylyl cyclase5, which con-
trols the conversion of ATP to cAMP. Furthermore, AnxA4-/-
mice treated with -AR agonists were seen to exhibit elevated
CAMP levels, associated with an improvement in cardiac
contractile force.'®

Conclusion

Annexins are a family of proteins that apparently play
a noteworthy role in cholesterol homeostasis and in the
vascular remodelling that underlies the formation and devel-
opment of atherosclerotic lesions (Fig. 2). While progress
has been made in recent years in what we know about the
functions of some of the members of this family, we have
yet to determine what role others may play; it therefore
appears that we must broaden our knowledge about the
actions of the different annexins and their possible overex-
pression/inhibition as a therapeutic option in the treatment
of vascular remodelling.
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