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Series Preface

The Centre de recherches mathématiques (CRM) was created in 1968 by
the Université de Montréal to promote research in the mathematical sci-
ences. It is now a national institute that hosts several groups and holds spe-
cial theme years, summer schools, workshops, and a postdoctoral program.
The focus of its scientific activities ranges from pure to applied mathematics
and includes statistics, theoretical computer science, mathematical methods
in biology and life sciences, and mathematical and theoretical physics. The
CRM also promotes collaboration between mathematicians and industry. It
is subsidized by the Natural Sciences and Engineering Research Council of
Canada, the Fonds FCAR of the Province de Québec, and the Canadian
Institute for Advanced Research and has private endowments. Current ac-
tivities, fellowships, and annual reports can be found on the CRM Web page
at www.CRM.UMontreal.CA.

The CRM Series in Mathematical Physics includes monographs, lecture
notes, and proceedings based on research pursued and events held at the
Centre de recherches mathématiques.

Montréal, Quebec, Canada Yvan Saint-Aubin
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Introduction

“. .. there is a continuous and uninterrupted movement of blood from the

heart through the arteries to the body as a whole, and likewise back from
that body as a whole through the veins to the heart, with such flow and ebb
that in such quantity and amount that it must somehow move in circle.”
(A letter from W. Harvey to C. Hofmann [1])

As the title suggests, the present text, is aimed at providing basic knowl-
edge and state of the art on the biology and the mechanics of blood flows. Due
to its length, this book has been divided into two parts, taking into account
the length scale at which the cardiovascular system is explored (length scale
of cellular events [nanoscopic|, cell and its interactions with adjoining cells
and tissues [microscopic|, and organs |[macroscopic]).*

Part I, Biology, mainly deals with nanoscopic and microscopic scales.
The nanoscale corresponds to the scale of biochemical reaction cascades in-
volved in cell adaptation to mechanical stresses among other stimuli. The
microscale is the scale of stress-induced tissue remodeling associated with
acute or chronic loadings. Part I is composed of 10 chapters. Chapter 1 gives
a survey of cell components, emphasizing cell fate, membranes of the cell and
its organelles, mitochondrial production of energy, and cell cytoskeleton. The
cytoskeleton is involved in cellular transport, in cell division, in cell adhe-
sion and migration, and, last but not least, in cell adaption to mechanical
stresses. Chapter 2 deals with the plasmalemma (cell membrane) and its rela-
tion to the cell environment. The extracellular matrix is a necessary medium
for cell fate and tissue formation and remodeling due to applied mechanical
stresses. Multiple cell processes are primed by activated ion carriers and re-
ceptors of the plasmalemma. Ion fluxes particularly generate action potential
in the heart wall, which then travels through conduction (nodal) tissue and
myocardium to trigger contraction of the cardiac pump. Heart contraction

L Part II, Mechanics and Medical Aspects, refers to the macroscopic scale. It con-
tains chapters on anatomy, physiology, and continuum mechanics, as well as
pathologies of the heart and walls of blood vessels, and their treatment.
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requires calcium influx and energy (cardiomyocyte relaxation needs calcium
efflux). Transduction of mechanical stresses applied both on the wetted sur-
face of the vasculature and within the wall by the cells involves both ion
carriers and receptors of the plasmalemma. Ion carriers and receptors to vari-
ous ligands are thus introduced in Chapter 3. The signal propagates in the cell
using specific pathways that are described in Chapter 4. The effector stage
of the initiated signaling pathways is achieved by an activation cascade, with
assembling of molecular complexes and reversible protein modifications, es-
pecially phosphorylation. Chapter 5 describes two cell processes in which the
cytoskeleton is involved, molecular transport in the cell in interaction with its
environment and cell migration for tissue adaptation and repair. The following
chapters deal with biological tissues of the vasculature (histology) and their
functioning. The first explored biological tissue is the blood, a concentrated
suspension of circulating cells in a solvent, the plasma (Chapter 6). Blood is
a peculiar type of connective tissue used for transport and body regulation.
Blood is propelled throughout the circulatory system by the heart. Chapters 7
and 8 give the structure and composition of the heart and vessel walls, respec-
tively. Chapter 7 highlights the nodal cells, which are responsible for action
potential generation (heart automatism due to the natural pacemaker) and
propagation, and the cardiomyocytes, which also propagate the action poten-
tial and contract to propel the blood. Chapter 8 underlines the activity of
the vascular smooth muscle cells, which regulate the caliber of blood vessels.
The endothelial cells at the interface between the flowing blood and vessel
wall are assigned to Chapter 9, owing to their role in clotting, extravasation
of flowing cells, and transduction of mechanical stresses. The mechanotrans-
duction leads to the synthesis of several substances that regulate vasomotor
tone. Chapter 10 discusses growth factors implicated in growth, remodeling,
and repair of the vasculature.

Because the behaviors of vascular cells and tissues are tightly coupled to
the mechanics of the flowing blood, the major features of blood flows and
equations of mass and momentum conservation, the so-called Navier-Stokes
equations, are introduced as the conclusion of Part I. The three basic nat-
ural sciences - biology, chemistry, and physics - interact with mathematics
to explain the functioning of blood flow. The basic data of continuum me-
chanics, two analytical solutions of the Navier-Stokes equations, the steady
Poiseuille flow and periodic Womersley flow, as well as certain information on
fluid flow, are given in Appendix A. Because the architecture of the vascula-
ture is complicated and blood circulation is complex, with a huge number of
interacting elements that are difficult to measure, the Navier-Stokes equations
in the macrocirculation cannot be solved analytically. Numerical simulations
are then carried out (App. D).

The origin of this book is an invited contribution text on “Biochemical
and Biomechanical Aspects of Blood Flows” included in the survey article
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collection “Modeling of Biological Materials”.? The present review also answers
a pedagogical objective of the project “Mathematical Modeling for Haemo-
dynamics” (HaeMOdel).? This book represents a much longer version of a
draft given to the participants of the CRM-INRIA Spring School* on “Mini-
invasive Procedures in Medicine and Surgery: Mathematical and Numerical
Challenges,” at the Centre de Recherches Mathématiques of the Université de
Montréal in Québec, Canada.

The cardiovascular system, like any physiological system, has a compli-
cated three-dimensional structure and composition. Its time-dependent be-
havior is regulated. This complex system is constituted by many components.
The features of a complex system are not necessarily predictible from the
behavior of its elementary constituents, which can non-linearly interact with
feedback loops, contributing to system bulk behavior. The organization and
bulk behavior of a complex system not only results from the simultaneous
activities of its constituents, but also emerges from the sum of the interac-
tions among its constituents. A complex system evolves between order and
chaos, with sufficient order to auto-organize and freedom to adapt. A com-
plex system adapts by changing its organization and possibly its structure to
environmental stimuli.

A complicated system can be analyzed by decomposition into simple parts
with identified functions. The combination of these functions allows us to de-
duce system functioning due to linear interactions. Deconstruction into parts
of physiological systems may be necessary to understand part behavior as well
as to determine between—part interactions. Besides, a part of a physiological
system can represent a complex system, whatever its scale. The cell itself is a
complex system. In any case, the simple still needs to be solved before inves-
tigating the complex. However, modeling of complex systems is now aimed at
pursuing a bottom-up approach, starting from the acquired basic knowledge
of system parts.

2 The book “Modeling of Biological Materials” belongs to the Series “Modeling
and Simulation in Sciences, Engineering, and Technology”, Bellomo N. (ed.),
Birkhauser.

HaeMOdel project corresponds to a Research Training Network of the fifth call
of the framework program of the European community. The main objectives of
HaeMOdel project are the development of numerical models including three-
dimensional reconstruction from medical imaging, Navier-Stokes solutions in de-
formable domains, and the biochemical transport.

The object of this combined school (short courses, May 16-20) and workshop
(May 23-27, 2005) was to bring together several facets of mini-invasive pro-
cedures in medicine and surgery and identify issues, problems, and trends, as
well as mathematical and computing challenges. The school was structured
around the following themes: medical image processing and geometrical model-
ing, fluid-structure interaction in biomedical problems, static/dynamical design
and control of (implantable) medical devices, finite element based computer-
aided design/manufacturing.

IS
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Input data for integrative investigation of the complex dynamic cardio-
vascular system include knowledge accumulated at various length scales, from
molecular biology to physiology on the one hand, and histology to anatomy on
the other hand. Tier architecture of living system is characterized by its com-
munication means and regulation procedures, allowing us to integrate environ-
mental changes to adapt. Multiple molecules interacts to create the adaptable
activity of the cells, tissues, organs, and body. The huge quantity of these
molecules forms a complex reaction set with feedback loops and a hierarchical
organization. Studies from molecular cascades primed by mechanical stresses
to cell, then to tissues and organs need to be combined to study living systems
with complex dynamics; but future investigations are still needed to mimic
more accurately system functioning and interaction with the environment, us-
ing multi-scale modeling. An integrative model also incorporates behavior at
various time scales, including response characteristic times, cardiac cycle (s),
and diurnal periodicities (h), to efficiently describe the structure-function re-
lationships of the explored physiological system.

“Tout organisme, quel qu’il soit, se trouve alors in-
dissolublement lié, non seulement a [l’espace qui
l’entoure, mais encore au temps qui l’a conduit
la et lui donne comme une quatriéme dimension.
[Any organism is necessarily linked not only to the
surrounding space, but also to time which leads it
to its present state and gives to it as a forth di-
mension.[ ” (F. Jacob) [2]

Models that integrate nanoscale processes allow us to study reacting sys-
tem rather than those that are inert. Furthermore, they can investigate re-
sponses of living tissues to administered substances, especially drugs delivered
by nanotechnology-based methods or implanted medical devices. Such model-
ing takes into account the dynamics of cell processes, i.e., spatial and temporal
organization of biochemical reactions and major molecular interactions with
positive and negative feedbacks, which amplify or stabilize the response, re-
spectively. The dynamics of a biochemical process can be represented by a
set of equations that link the time variations of concentrations of implicated
susbtances to production and consumption rates, which depends on concen-
trations of interacting molecules and spatial coordinates within the cell and
possibly the extracellular compartment. The cell is an heterogeneous medium,
even inside the cytosol and organelles. The loci of molecular interactions most
often remain unknown, although most pathways have their first reaction steps
at the cell membrane and cortex.

Multiple biochemical processes are involved in blood flow and blood
function, including hematopoiesis, extravasation, coagulation, mechanotrans-
duction, and wall remodeling on the one hand (Chap. 8), formation and
development of the cardiovascular system, angiogenesis associated with tumors
and tissue engineering, and defense mechanisms on the other hand (Chap. 10);
and last but not least, pathogenesis of cardiovascular illnesses (Part II).
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The Cell

“ Phenomena are manifestations of invisible things ”

(Anazagoras).

Anatomy deals with the macroscopic scale, histology with microscopic lev-
els (tissue and cell structures). Regulated assemblies of cells produce biological
tissues. The tissue morphology depends on the cell shapes, hence on cellular
cytoskeletons and on cell adhesions, which are controlled by the mechanics
of the cells subjected to forces. Biological tissues are, thereby, able to resist
applied stresses and remodel.

There are four main tissue types involved in blood circulation [3-5]. Ep-
ithelial tissues (type I) are packed cell sheets that cover surfaces of the body
and organs. The vascular endothelium is an epithelium that lines the wet-
ted surface of the entire circulatory system. This living tissue reacts to flow
forces and regulates cell and substance transport at the blood-wall interface.
Connective tissues (type II), in which cells are separated in a matrix, bind
the different structure components together, requiring adhesion molecules.
The mesenchyme, an embryonal and fetal connective tissue, is a precursor for
the early formation of blood and blood vessels.? Muscle tissues (type III)
are made of specialized elongated cells that contract to produce motion, using
energy and biochemical reactions. Nervous tissues (type IV) send impulses to
regulate the blood circulation. Blood is a peculiar type II tissue composed of
cells suspended in a plasma, which replaces the matrix of connective tissues.

The cell is the major constituent of biological tissues. Any cell is aimed at
surviving, at proliferating, and at migrating, as well as for certain cell types at
differentiating, until disappearance. The cell is the smallest unit with struc-
tures and functions aimed at synthesizing assigned substances. Body cells,

! Connective tissues are either rich in fibers, which includes loose (poor in fibers,
rich in ground matrix) and dense (rich in fibers, poor in ground substance)
connective tissues, or rich in cells.

2 The mesenchyme generates also connective and muscle tissues. Mesenchyme cells
are pluripotent.
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although specialized, have similarities. Among the shared features, the bulk
structure with a cell membrane, a genetic code-containing nucleus, and a set
of organelles. Water, proteins, and lipids are the main constituents of the cell
(Table 1.1). Although the water content is quite high, the deformable cell can
be considered as a slightly compressible material.

Tissue development, organization, and functioning depend on cellular in-
teractions, both between the cell and its surrounding cells and between the
cell and its matrix (Table 1.2). These interactions, indeed, occur either by
transmission of chemical cues and stresses through the extracellular matrix
(Chap. 2) of the microenvironment that separates neighboring cells (signaling
pathways then convert stimuli into cell action; Chap. 4), or, for cells in con-
tact, by stimulating between-cell adhesion complexes (inducing cell reactions
via the cytoskeleton and via biochemical effectors) and by using intercellular
communications (triggering chemical cascades). Among sent signals, exosomes
secreted into the extracellular environment contain mRNAs and microRNAs.
Force transmission to/by the extracellular matrix and cell contacts affects the
cell maturation and assembly. The time and space variations in cell interac-
tions regulate the cell fate.

Table 1.1. Approximative composition of a cell (Source: [6]).

Water 70
Proteins 18
Lipids 5

RNA, DNA 1.5

Polysaccharids 2
Small metabolites 3
Inorganic ions 1

Table 1.2. Tissue organization and development are governed by cell interactions
with the environment. Between-cell communications are either direct via cell con-
tacts or indirect via signaling molecules.

Inputs Cell number and functions for tissue formation
(cell molecular pathways)
Matrix features

Cell fate Growth factors
Cell loadings
Cell adhesiveness
Migration potential, chemotactic factors

Growth control Anchorage to cells and to the extracellular matrix
State of the surrounding extracellular matrix
(local degradation)
Nutrient input
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During organ motions, especially in heart and lungs, which bear large de-
formations during the cardiac and respiratory cycles, cells undergo stretch,
shear, and possible torsion. Stretch stimulates growth, differentiation, migra-
tion, and remodeling. The cytoskeleton (Sect. 1.5) transforms from a solid-like
to a fluid-like phase in response to transient stretches of relatively small am-
plitude [7]. Loaded soft cells quickly fluidize and then slowly re-solidify (slow
relaxation). The closer the initial state from the solid-like state, the greater
the fluidization, and the faster the subsequent recovery, except in the case of
ATP depletion. The cell ability to fluidize suddenly in response to mechani-
cal stresses and to subsequently resolidify appears to depend much more on
stresses themselves than on molecular reactions triggered by stresses.

Ciliated epithelia generate flow (for mucus clearance in the respiratory
airways, for cerebrospinal fluid transport in the cerebral ventricles). Oriented
and coordinated motions of cilia of cell set is favored by flow. Motion orien-
tation is aligned with the streamwise direction of imposed unidirectional flow
during tissue development after a first programmed step of rough orientation,
allowing cilia to produce directional flow [8].

1.1 Cell Components

The cell has a nucleus and several organelles (compartmentation) within its
cytoplasma (Fig. 1.1). The cell elements, which undergo stresses resulting
from the loading imposed by the cell environment, are wrapped in the plasma
membrane, or plasmalemma (sarcolemma in muscle cells; Sect. 2.1). The cy-
toplasma, or cytoplasm, corresponds to the cell content outside the nucleus.
The cytosol is the main compartment of the cytoplasm, excluding membrane-
bound organelles. The characteristic sizes of the cell elements are given in
Table 1.3.

1.1.1 Cellular Membranes

Cellular membranes separate the cell from the extracellular medium and
compartmentalize the cell into a nucleus and functional organelles. The cell

Table 1.3. Characteristic sizes of the cell structural elements (nm; Source: [6]).

Mitochondrium thickness 500-2000
Lysosome (hydrolases) 200-500
Peroxysome (oxydative enzymes) 200-500
Plasmalemma, thickness 4-5
Microtubule caliber 25

Actin filament bore 59

Intermediary filament bore 10
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Figure 1.1. Scheme of the cell and its components. N: nucleus; ER: endoplasmic
reticulum with its smooth and rough compartments; G: Golgi apparatus; M: mi-
tochondrion; Csk: cytoskeleton; C: centrosome; R: ribosome; V: vacuole, vesicle; L:
lysosome.

organelles have their own metabolism.? They regulate the active transport
across them and transduce external cues. Biological membranes communi-
cate between them. Vesicles indeed bud off from one membrane and fuse with
another. Organelle identity, maintenance and function require membrane re-
gionalization. Cooperation between compartments is done via many pathways.

The cell membrane is a phospholipid bilayer? (6-10nm), characterized by
fluidity and relative stability. The cell membrane acts as filters. It contains ad-
hesion molecules and other compounds (proteins and polysaccharides) acting
in cell junctions, in signaling and in transport (Table 2.5).

Proteins in the plasma membrane are not randomly distributed but are
mainly partitioned into clusters. Proteins within the cluster can exchange
with freely diffusing molecules. Nanodomains in which membrane proteins
are sorted are stabilized by cholesterol; they indeed favor molecular interac-
tions. Signaling molecules can regulate cell functioning by modulating protein
translocation, recycling proteins to and from the plasmalemma. The plas-
malemmal proteins are important for communication between the cytosol and
the cell surface on the one hand, the cell and the adjoining cells or the extra-
cellular matrix on the other hand. The membrane is bound to the cell skeleton
proteins (actin, myosin, fodrin, supervillin®, etc.).

The cell organelles are membrane-bounded compartments with given
structures and functions. The composition of a given organelle can vary be-
tween different cells. Lipid bilayers form a barrier between organelle lumens

3 Membranes ensure compartmentation of the cell and its organelles and prevent
free crossing by ions and molecules.

4 The hydrophobic chains are directed toward the cell and hydrophilic heads out-
ward.

5 Supervillin is associated with membrane rafts.
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and the cytoplasm. These bilayers contain many transmembrane proteins,
which interact with the cytoskeleton and signaling pathways. Organelles are
composed of resident and transient molecules for given functions. The compo-
sition of organelles thus changes with time. Chemical elements are delivered
to and transported from the organelles. The trafficking is mediated by com-
ponents of the cytoskeleton and its associated compounds.

The cell organelles synthesize and degrade molecules, export manufactured
substances and import nutrients, using transport vesicles. Accurate identifi-
cation of target organelles requires activated GTPases® (Sect. 4.5.3) and label
substances, such as phosphoinositides” (Sect. 2.1). Proteins involved in trans-
port include: (1) coat proteins, which generate transport vesicles; (2) motor
proteins, which move vesicles and organelles along the cytoskeleton within the
cytosol; and (3) tethering proteins, which attach the vesicles to destination
organelles before fusion.

Post-translational modifications® of proteins, reversible or not, regulate
their function and structure. Protein activity, stability, location, and molec-
ular interactions can then be modulated. The glycosylation of plasmalemmal
proteins provides a means for recognition and communication between cells.

1.1.2 Cell Nucleus

The nucleus is bound by a membrane, which is connected to the cytoplasm by
pores. The outer nuclear membrane is contiguous with the endoplasmic retic-
ulum. The nucleus has a nucleolus, which produces ribosomal RNA (rRNA),
and a nucleoplasm, with active euchromatine and dense inactive heterochro-
matine, composed of DNA, histones, and acidic nuclear proteins. Heterochro-
matin, generally, marks regions of silenced genes (centromeres, inactive X
chromosome, telomeres, silenced genes among active genes), whereas euchro-
matin defines regions of active genes. Heterochromatin corresponding to chro-

5 Rab and Arf GTPases yield organelle identity. Both Rabs and Arfs are located in
specific organelles. The GTP-bound active form is associated with membranes,
the GDP-bound inactive form with the cytosol. Proteins (GDP-dissociation in-
hibitor displacement factors, guanine nucleotide exchange factors), which regu-
late GDP/GTP cycle of Rab GTPases, are selection factors rather than linkers
between the membrane lipid anchor and the Rab GTPase. Arf restricted distri-
bution is also controlled by their guanine nucleotide exchange factors.

PI(3)P belongs to early endosomes. PI(3,5)P2 is found in late endsomes [9].
PI(4)P is present in Golgi complex and plasmalemma. PI(4,5)P2 is a landmark
for proteins targeting the plasmalemma. Diacylglycerol recruits protein kinases
C at the plasma membrane. Phosphatidylserine (PSer) is implicated in protein
recruitment to the plasma membrane.

Post-translational site-specific modifications include conformational changes,
phosphorylation either at a specific amino acid or at a small number of amino
acids in a given protein, glycosylation, acylation, ubiquitination, redox processes,
etc.

I

oo
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mosomal regions such as centromeres and telomeres, remain condensed what-
ever the cell life phase. Heterochromatin formation has a biochemical back-
ground at specific chromosomal regions, such as centromeres, involving the
RNA interference pathway.

Histones participate in DNA packaging into chromatin. The nucleosome
is composed of histone proteins (H2A, H2B, H3, and H4), the so-called core
histones, which wrap DNA around them. The linker histone H1 bind to DNA
in the nucleosome and linker DNA (DNA between each nucleosome), thereby
favoring the compaction of nucleosomes into chromatin structures. Histones
regulate not only the gene expression, but also DNA replication and repair.”

Long (few-meter) DNA is compacted into the nucleus. Numerous DNA
damages occur per day. Genome damage and transcriptional noise increase
during aging.'® Chromosome breakage is associated with meiosis and DNA
replication, as well as viral infection, cellular transformation, and recombina-
tion for adaptive immunity. Many factors cause mutations. Genetic damage is
very dangerous to cells. Immediate repair is thus needed. DNA and chromatine
remodeling allows structure repair and function restoration.

The maintenance of the genome requires three phenomena: damage sens-
ing, cell-cycle regulation, and DNA repair. DNA damage sensors recruit spe-
cific kinases to the sites of damage. The major involved kinases include ataxia
telangiectasia mutated kinase (ATMK) and ATM and Rad3-related kinase
(ATRK). ATM and ATR phosphorylate components of the DNA damage re-
sponse network, leading to the formation of protein complexes.!!

The genes associated with the vasculature include two main sets: (1) the
genes involved in cell signaling, and (2) the genes regulating the vascular struc-
ture via the connected cell and extracellular components (cell cytoskeleton,
cell membrane, and extracellular matrix) [12].

1.1.2.1 Histone Acetyltransferases and Deacetylases

The histone code regulates gene expression via two families of enzymes.
Histone acetyltransferases (HAT) relax chromatin, thereby facilitating DNA-
binding transcription factor accessibility to DNA, whereas histone deacety-
lases (HDAC), generally antagonists of HATS, act in gene repression. Histone

9 Histones are subject to post-translational modification (methylation, citrulli-
nation, acetylation, phosphorylation, sumoylation, ubiquitination, and ADP-
ribosylation), which affects their interaction with DNA and nuclear proteins,
and thus, their activity in gene regulation.

Although the gene expression levels vary among cardiomyocytes of young heart,
variation in transcript levels are much more pronounced in cardiomyocytes of
old heart [10].

Among these complexes, complexes that contain the tumor suppressor breast
cancer BRCA1 and ubiquitin binding protein RAP80 form a complex at sites
of DNA damage. These complexes bind either Abraxas, or DNA repair protein
BACHI, or tumor suppressor protein CtIP [11].

10

11
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deacetylases are classified as type 1 (widely expressed) or type 2 (tissue spe-
cific). In fact, the transcription repressors histone deacetylases include sev-
eral sets: HDAC-I set (HDAC1, HDAC2, HDAC3, HDACS), HDAC-II set
(HDAC4, HDAC5, HDAC6, HDAC7, HDAC9), and HDAC-III set (sirtuins;
Sect. 1.2.1).

HDAC activity is mediated via transcription factor myocyte enhancer fac-
tor 2 (MEF2). Histone deacetylase 7 inactivation causes defaults in blood ves-
sel patterning with loss of tight junctions between endothelial cells. Histone
deacetylase HDACT7 represses MEF2 transcriptional activity and decreases
matrix metalloprotease MMP10 activity, thus inhibiting degradation of pro-
teins involved in vessel integrity [13]. Moreover, HDAC7 increases expression
of tissue inhibitor of metalloproteinase TIMP1.

Inactivation of histone deacetylases HDAC5 and HDAC9 predisposes to
cardiac hypertrophy. HDAC-II set members repress cardiac hypertrophy via
gene expression, which depends on myocyte enhancer factor-2. HDAC-I set
members repress antihypertrophic pathways. Histone deacetylase-2 allows
reactivation of a fetal gene program, which leads to cardiac hypertrophy. In
contrast, upregulation of the gene encoding inositol polyphosphate(5)phospha-
tase-f (which degrades PIP3) yields activation of glycogen synthase kinase
GSK3p and reduces cardiac hypertrophy [14].

Nuclear serine-threonine homeodomain-interacting protein kinase-2 forms
a complex with transcription factor AML1 and histone acetyltransferase
p300. It phosphorylates (activates) AMLI1, which subsequently phosphory-
lates p300'2 to stimulate transcription and activities of histone acetyltrans-
ferases [15]. Deficits in p300 and AML1 induce defects in hematopoiesis,
vasculogenesis, and angiogenesis.

1.1.2.2 Nuclear Filaments

Nuclear actin participates in the control of gene expression, especially in the
regulation of coactivator MAL of the transcription factor serum response fac-
tor (SRF). Cytoplasmic MAL moves in the nucleus and binds monomeric
G-actin [16]. Actin binding to MAL in the nucleus leads to MAL nuclear ex-
port. MAL dissociation from actin, G-actin depletion favor SRF activation by
nuclear MAL.

The inner and outer nucleus membranes are related to a network of inter-
mediate filaments including lamins'® and lamin-associated proteins (emerin,
lamina-associated polypeptides LAP1 and LAP2; and lamin receptor) and

12 Modifications of histones (acetylation, phosphorylation, methylation, ubiquiti-
nation, and sumoylation) are required for the regulation of gene expression. Hi-
stone acetylation is regulated by histone acetyltransferases (HAT) and histone
deacetylases (HDAC). Histone acetyltransferase p300 and related CREB-binding
protein are co-activators of transcription factors.

13 Lamin-A mutations can cause cardiomyopathy. Lamins-B are expressed during
all embryonic stages; lamins-A only during differentiation.
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with the endoplasmic reticulum, respectively. Nesprins are nuclear membrane-
associated proteins that bind emerin and lamin [17]. Nesprins can be involved
in cellular compartmentation of organelles, particularly in smooth muscle cells
and in cardiomyocytes.

1.1.2.3 Nucleolus

The nucleolus is a dynamic nuclear compartment that is implicated not only in
the genesis of ribosome subunits, but also in the cell cycle, in stress responses
and in the production of many ribonucleoproteins (RNP). The nucleolus is
composed of different regions: fibrillar center, and dense fibrillar and granular
components [18].

The nucleolus disassembles during the cell division and reassembles af-
ter cell division. Moreover, various proteins associate with the nucleolus at
different stages of the cell cycle, hence, regulating the cell-cycle evolution.
Post-translational modifications (sumoylation, desumoylation, phosphoryla-
tion, and dephosphorylation) occurring throughout the cell cycle are regulated
by the nucleolus. The nucleolus also sequesters proteins, such as telomerase
reverse transcriptase by nucleolin, to regulate the cell cycle [18]. In cells sub-
jected to stress (DNA damage, heat shock, or hypoxia), tumor suppressor
p53 (Sect. 4.8.4) accumulates owing to the action with nucleolar p14ARF,
and inhibits cyclin-D1-CDK4 and cyclin-E1-CDK2 via p21, causing cell-cycle
arrest.'

The nucleolus responds to changes in metabolic activity by modifying the
rate of ribosome production. The nucleolus contains ribosomal gene clusters.
The 47S ribosomal RNA precursor is transcribed by RNA polymerase-1. This
single precursor of mature 28S, 18S, and 5.8S ribosomal RNAs is cleaved
and post-transcriptionally modified via interaction with small nucleolar ri-
bonucleoproteins (snoRNP) and with other processing factors. Finally, it is
assembled with many ribosomal proteins into ribosome subunits. The 5.8S
and 28S rRNAs assemble with 5S rRNA to form the 60S subunit, whereas
18S rRNA assembles into the 40S ribosome subunit. The ribosome subunits
are exported into the cytoplasma.

1.1.3 Endoplasmic Reticulum

The endoplasmic reticulum and the Golgi complex correspond to cell compart-
ments of the first two stages in protein secretion. The endoplasmic reticulum
(ER), is made of interconnected convoluted tubules and flattened sacs, which
extends throughout the cytoplasm. The lumen (cisternal space) of central ele-
ments is connected to the nucleus. It produces several substances. It serves as

4 HDM2 E3 ubiquitin ligase specific to p53 reduces p53 concentration due to degra-
dation of ubiquitin-conjugated p53 in the cytoplasm. Nucleolar p14ARF links
HDM2 and inhibits p53 ubiquitination and subsequent degradation.
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a transport channel and a reservoir for certain chemical species. The endoplas-
mic reticulum then manufactures, stores, carries and releases materials. The
two categories of endoplasmic reticula include the smooth and rough types,
whether ribosomes cover its surface or not. The rough endoplasmic reticu-
lum is the site of protein synthesis,'® either resident or to be released by the
smooth endoplasmic reticulum using vesicles for intracellular use or export
from the cell. The smooth endoplasmic reticulum synthesizes lipids. The en-
doplasmic reticulum produces most of the lipids required for the generation
of new segments of the cell membrane. These lipids include cholesterol, phos-
phatidylcholine, and phosphatidic acid. The latter is produced by the cleav-
age of phosphatidylcholine by the phospholipase D1 (PLD1). The endoplasmic
reticulum sequesters calcium from the cytosol, especially in muscle cells, which
have an abundant smooth endoplasmic reticulum, the sarcoplasmic reticulum
(SR; Sect. 7.7). The mRNAs of proteins are translated at the endoplasmic
reticulum. The exocytosis from the endoplasmic reticulum to the Golgi ap-
paratus is mediated by the tubular—vesicular endoplasmic reticululm—Golgi
intermediate compartments (ERGIC), smooth areas of the rough endoplasmic
reticulum.

Among proteins of rough and smooth endoplasmic reticulum with a known
function, most are implicated in protein synthesis, folding, and modification,
whereas others interact with the actin cytoskeleton or act in metabolism [19].

Once malfolded polypeptides have been discovered in the lumen of the
endoplasmic reticulum, a proteolysis occurs in the cytosol, which ensures the
secretion of correctly folded proteins. This degradation requires the ubiquitin—
proteasome system.

1.1.4 Golgi Apparatus

The Golgi apparatus, discovered by C. Golgi in 1898, processes newly synthe-
sized proteins destined for secretion from the cell. These proteins are delivered
to the cis face of the Golgi apparatus and exit from the trans face.

The Golgi apparatus is made of elongated layered cisternae (set of flattened
sacs leading to pancakelike space stack) with vesicles. The Golgi body tem-
porarily stores proteins. It also processes various newly synthesized molecules
(proteins, and lipids) from the rough endoplasmic reticulum. It then pack-
ages them in vesicles, carried toward suitable organelles or the plasmalemma,
where the content can be exported outside the cell. Hence, it selects the des-
tination of the modified molecules (sorting according to the functioning site
of the substance). In particular, the Golgi apparatus is the site of synthesis
of glycosaminoglycans for the extracellular matrix. The Golgi apparatus can
operate as a calcium store [20].

The entry area of the Golgi apparatus, the cis Golgi reticulum, follows
ERGIC. The Golgi stack, the main processing zone, is composed of several

15 Cytoplasmic proteins are synthesized on free ribosomes. The ribosomes bind to
the endoplasmic reticulum to produce glycoproteins.
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cisternae. Post-translational modifications, such as phosphorylation (Fig. 1.2),
are aimed at regulating cell processes. The trans-Golgi network (TGN) is
located in the vicinity of the nucleus. The trans-Golgi network is connected
to the cisternae. Final reactions and sorting take place in the trans-Golgi
network.

1.1.5 Mitochondria

The mitochondrion has two membranes, an outer and inner, with infoldings
to increase the reaction surface area. Mitochondrial activity depends on mi-
tochondrium number and working efficiency. This activity varies according to
cell type.

Mitochondria (20-1000 per cell) are responsible for cell respiration, us-
ing delivered oxygen (mitochondria function in oxidative phosphorylation;
Sect. 1.4). Oxidative phosphorylation is the process of ATP synthesis due
to an electron transfer from nicotinamide adenine dinucleotide (NADH) and
flavin adenine dinucleotide (FADH2) to oxygen by a set of electron carriers.
The proteic complexes are located at the inner mitochondrial membrane. Ox-
idation and phosphorylation are coupled by a proton level difference across
the inner mitochondrial membrane.

Mitochondria not only produce adenosine triphosphate,'® but also regu-
late cell apoptosis and synthesize metabolites and reactive oxygen species.
Mitochondria also act as buffers of cytosolic Ca™ concentration.

Kkinase

¢

protein ————* protein+ P

phosphatase

Figure 1.2. Reversible protein phosphorylation is aimed at controlling protein ac-
tivities. Phosphates are added by kinases either on serine (Ser), threonine (Thr), or
tyrosine (Tyr) of the protein from ATP to switch protein activity on or off. Phos-
phates are removed by phosphatases.

16 Mitochondria store the energy in the form of ATP, which is used to power cell
functioning, from protein synthesis to muscle contraction. ATP is generated when
charged protons are transferred. In mitochondria, flavin mononucleotide is a
primary electron acceptor within respiratory chain of the membrane. A set of
iron—sulfur clusters transport electrons from dihydronicotinamide adenine dinu-
cleotide (NADH) into the hydrophobic proton-pumping domain of the complex,
avoiding generation of deleterious reactive oxygen species.
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Mitochondria contain their own genome (mtDNA). However, mitochon-
drial proteins are mostly encoded in the nucleus.'” Mitochondrial genes can be
damaged by free radicals generated during energy production. Ribonucleotide
reductase catalyzes the synthesis of deoxyribonucleotides from corresponding
ribonucleotides.'®

Most mitochondrial proteins are synthesized as preproteins in the cytosol
and must be imported across outer and inner mitochondrial membranes. Pro-
teins are selectively transported across the mitochondrial inner membrane
through the translocase of the inner membrane Tim23, such which the elec-
trochemical proton gradient, which drives adenosine triphosphate synthesis,
is conserved.'® Protein Tim50 maintains the membrane potential. Tim50 in-
duces a rapid closing of Tim23 translocation channel [21]. Mitochondrial pre-
proteins release Tim50-mediated inhibition to be translocated.

The heating system associated with brown adipose tissues is due to mi-
tochondrial proton gradients that are uncoupled from ATP production, the
chemical energy being converted directly into heat under certain environmen-
tal circumstances. Uncoupling protein-1 is required for thermogenesis.

1.1.6 Cytoskeleton

The cytoskeleton is composed of networks of various types of filaments, of
associated motor proteins, and regulatory molecules (Sect. 1.5). It is particu-
larly involved in substance transport within the cytosol, cell adaptation to its
environment, cell motility and adhesion (Sect. 1.5). The centrosomes function
as microtubule-organizing centers and spindle poles during cell division.

1.1.7 Vesicles

Vesicles and vacuoles transport molecules. Certain vesicles carry proteins and
lipids between the endoplasmic reticulum and the Golgi complex. Exosomes
are vesicles secreted into the extracellular medium after fusion of endosomes
with the plasma membrane. They act in intercellular signaling. Phagosomes
internalize large macromolecular complexes, especially pathogens, which are

7 Heme, part of the oxygen-carrying hemoglobin, is made by mitochondria in bone
marrow cells.
Ribonucleotide reductase is made of two subunits: R1 and R2. The homolog of R2
subunit of ribonucleotide reductase p53R2 is generated by the tumor suppressor
p53. In the S-phase of the cell cycle, most deoxyribonucleotides are synthesized
by R1/R2 ribonucleotide reductase. However, in a nonproliferating cell, deoxyri-
bonucleotides are produced by R1/p53R2 ribonucleotide reductase. p53R2 is
involved in mitochondrial DNA synthesis as well as DNA repair.
Tim23 complex contains the pore-forming protein Tim23 and three membrane
proteins Tim17, Tim21, and Tim50. Tim23 has a transmembrane domain and a
domain in the intermembrane space.
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bound to plasmalemmal receptors for degradation. Lysosomes are degrada-
tive elements of the endocytosis. They digest targeted substances. They indeed
contain many different hydrolytic enzymes and signaling proteins. Proteins of
the endoplasmic reticulum and membrane rafts are observed in the lysoso-
mal membrane. Perozisomes are specialized for oxidative reactions, produc-
ing hydrogen peroxide. They are implicated in lipid metabolism (plasmalogen
synthesis). They are linked to the actin cytoskeleton. Macropinosomes lead
to massive membrane internalization from the cell surface. Clathrin-coated
vesicles and calveolae are used in the endocytosis of various substances, such
as signaling receptors, membrane pumps, and nutrients. Their formation at
the Golgi network or the plasma membrane involves adaptor proteins 1 and 2.

Lipid droplets form cell dynamic stores of fatty acids and sterols. They con-
sist of a core of neutral lipids, predominantly triacylglycerols or cholesteryl es-
ters, surrounded by a monolayer of phospholipids and associated proteins (Rab
and ADP-ribosylation factor GTPases, caveolins, phospholipase-D, and per-
ilipin) [22]. The neutral lipids stored in lipid droplets are used for metabolism,
for membrane and steroid synthesis, especially in adipocytes and steroidogenic
cells.

1.1.8 Ribosomes

The ribosomes (1520 nm in caliber) must be considered as ribozymes rather
than organelles, being multimolecular complexes (~65% ribosomal RNA,
~35% ribonucleoproteins) without membrane. The ribosomes disassemble
into subunits when they do not synthesize protein. They are assembled in
the nucleolus. They are the sites of messenger RNA translation, to manufac-
ture proteins using amino acids delivered by transfer RNA (Sect. 1.2.3). The
ribosomes are either free in the cytoplasm, producing intracellular proteins, or
attached to the membrane of the rough endoplasmic reticulum, synthesizing
export proteins.

1.2 Cell Fate

In the early embryo, cells decide between somatic fate or germ line. During
maturation, germ cells undergo a transition from cell division to meiosis to
differentiate as sperm or egg. Piwi-interacting RNAs (piRNAs), small non-
coding RNAs bound by the Piwi proteins of Argonaute protein set, MIWI
and MILI, repress transposon activity [23]. piRNAs participates in germ cell
development.

In general, cell fate includes cell survival, division, proliferation, possible
differentiation, self-renewal for stem cells, autophagy, apoptosis and death, as
well as cell adhesion and motility (Chaps. 2 and 5). Cell fate depends on avail-
ability of nutrients and energetics, as well as environmental factors. Cells must
respond specifically to different environmental stimuli in order to survive. The
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pathways involved in sensing the stimuli and leading to signal transduction of-
ten share the same or homologous proteins (Chap. 4). Both simultaneous and
temporally ordered cues achieve specificity using coordinated pathways that
are connected and strictly controlled, avoiding useless cross-talk by inhibition
at the appropriate pathway level.

Homeostasis without tissue growth implies that cell duplication is com-
pensated by elimination of another cell. Pathologies are often associated with
excessive or deficient cell death. Cell loss occurs acutely in infarction, and pro-
gressively in degenerative diseases. There are several cell death modes, either
programmed or accidental, although biochemical cascades are triggered by
cell stresses whatever the mode [24]. Morphological, biochemical, or immuno-
logical data alone cannot accurately define the cell death type. (1) Apoptosis
is characterized by caspase activation and degradation by surrounding cells.
(2) Massive autophagic vacuolization can induce cell death. (3) Cell necrosis,
currently defined by ruptures of the plasmalemma that trigger inflammation,
particularly involves calpains and cathepsins. (4) Mitotic catastrophe occur-
ring during or shortly after a failed cell division results from a combination
of deficient cell-cycle checkpoints and cellular damages, which activates self-
destruction. Permeabilization of both mitochondrial membranes usually cor-
responds to the point of no-return in the cascade of events leading to cell
death.

Cell adhesion and migration are regulated by coordinated activities of
the cell cytoskeleton and junctions with adjoining cells and the extracellu-
lar matrix. Cell junctions are made of adhesion molecules (Chap. 2) and as-
sociated proteins, such as scaffolds, small GTPases, and enzymes (kinases,
phosphatases, and proteases; Chap. 3 and 4). Structural proteins (vinculin,
talin, and actinin) link the cell environment to the cytoskeleton. Signaling
molecules (focal adhesion kinase, or paxillin) transduce the stimuli from the
neighborhood to cellular effectors for organization of the cell adhesions and cy-
toskeleton. Many regulators of cell adhesions also control cell survival, growth,
proliferation, and differentiation. Transport along microtubules is required for
cell life and during cell division. Besides, vesicle transport is needed for the
intracellular displacements of proteins, lipids, and other molecules between
cell compartments. Myosin and its binding partners link the cytoskeleton to
coated and uncoated vesicles.

Adipocytes regulate energy and nutrient homeostasis. Adipocytes secrete
various adipokines (App. A.2). Adipocytes also store lipids for energy con-
sumption. Adipocytes release fatty acids into the blood circulation, which are
used when glucose level is low. Fatty acids generated from triacylglycerols con-
tain more energy per unit mass than glycogen. Adipose depots, the so-called
visceral fat, surround the heart and large vessels, among other locations. These
depots are made of brown adipocytes in infancy. Brown adipocytes disappear
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in adults, scattered brown adipocytes remaining within white fat pads.2® Fat
pads are innervated by sympathetic nervous fibers. The sympathetic activa-
tion elicits lipolysis.

Glucose homeostasis is due to concerted actions of several organs, the co-
ordination being determined by the central nervous system. Pancreatic fcells
(App. A) secrete insulin in response to elevated glucose level in the plasma.
Insulin promotes glucose uptake by all cell types, particularly by adipocytes
and by myocytes, and prevents glycogenolysis and gluconeogenesis in the liver.
Conversely, low glucose concentrations lead to small insulin levels combined
with elevated levels in antagonist hormones (glucagon, adrenaline, and corti-
costeroids) promote glucose production in the liver.

Cell internal state is kept stable within tolerable limits owing to integration
of different cues and multiple adjustments (homeostasis). Mitogen-activated
protein kinase pathways leading to ERK1 and ERK2 formation (Sect. 4.3.2.4),
which transduce signals from the extracellular medium, are implicated in cell
fate. During cell rest, unphosphorylated ERK1/2 interact with cytosolic an-
chors, thus remaining in the cytoplasm. Once stimulated, ERK1/2 relocalize
in different cellular compartments, including the nucleus. Anchoring proteins
can sequester ERK1/2 in these new sites. Retention of either unphosphory-
lated or phosphorylated ERK1/2 can then occur. MicroRNAs also affect the
cell fate, for example, by modulating Hedgehog signaling (Sect. 3.2.7).

Cells must maintain ATP concentration at suitable levels for its energy-
requiring functioning. ATP is mostly synthesized in mitochondria, which
adapt the oxidative phosphorylation to the demand and according to external
stimuli. Mitochondria induce a retrograde signaling that acts on nuclear gene
expression, as well as on mitochondrial number and function. Members of the
nuclear receptor superfamily relay signals to the genes, in association with cer-
tain inducible transcriptional coactivators to fit the energy demands. Members
of the peroxisome proliferator-activated receptor-coactivator PPARy family,
PGCla and PGC1p, and PGCl-related coactivator (PRC) serve in the regu-
lation of mitochondrial activity and cellular energy metabolism [25].

A decay in ATP synthesis triggers an increased gene expression of oxidative
phosphorylation and mitochondrial expression of PPAR1« to recover appro-
priate levels. The compensatory mechanism in response to reduced mitochon-
drial oxidative phosphorylation occurs owing to a burst of intracellular calcium
followed by an AMPK activation and an increase in cAMP-response element
binding (CREB) and transducer of regulated CREB (TORC) proteins, which
promotes the production of the transcriptional coactivator PGCla [26].

PPARYy coactivator-1x participates in mitochondrial genesis when new mi-
tochondria are needed by the cell, and increases the energy substrate uptake.?!
PGCla and PGCI1p protect the cell against oxidative damages [27].

20 White adipose tissues also contain endothelial cells, fibroblasts, leukocytes, and
macrophages.

21 PPARYy coactivator-1 interacts with several nuclear receptors, such as peroxisome
proliferator-activated receptors PPARy, PPAR«, PPARJ, estrogen receptor-
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1.2.1 Sirtuins

Sirtuins and related substances, which can coordinate metabolism with diet,
especially during dietary restriction and excess, might also be involved in
stress management and aging. Sirtuins Sirt1, Sirt6, and Sirt7 are nuclear sir-
tuins. Sirt7 is the single sirtuin located in nucleoli in association with RNA
polymerase-1.

Sirtuin Sirt1 deacetylates certain transcription factors, including p53, fork-
head subgroup O proteins (FoxO; Sect. 4.8.3) and DNA repair factor KU,
thereby increasing the stress resistance of cells [28]. In white adipose tissue,
Sirt1l inhibits adipogenesis in precursor cells and reduces fat storage in dif-
ferentiated cells. It inhibits nuclear receptor peroxisome proliferator-activated
receptor-y. Sirtl stimulates insulin secretion. In pancreatic Bcells, Sirtl re-
presses the uncoupling protein gene UcP2, thus increases ATP synthesis and
insulin secretion in response to glucose. Sirtl also protects p-cells against
oxidative stress by deacetylation and increased activity of the forkhead pro-
tein FoxO1. In the liver, Sirt1 deacetylases (activates) the PPARy coactivator
PGCla, hence increasing the gene expression for gluconeogenesis.

Amino acids can serve as carbon and energy sources in periods of energy
deprivation. Sirtuins Sirt3 and Sirt4 are imported into the mitochondrial
matrix. Sirt3 deacetylates acetyl-coenzyme-A synthetase-2. Sirt4 transfer
ADP-ribose to glutamate dehydrogenase, which converts glutamate to
« - ketoglutarate. Consequently, Sirt3 promotes the use of acetate, whereas
Sirt4 represses the use of glutamate and glutamine into metabolisms.

Fat metabolism and thermogenesis arre stimulated in brown fat cells by
peroxisome proliferator-activated receptor-y coactivators PGCla and PGC13
[28]. In slow twitch myocytes, which exclusively use oxidative metabolism for
energy production, PGClux stimulates the gene transcription for mitochon-
drial proteins by binding to transcription factors, such as nuclear respiratory
factors-1 and 2 and estrogen-related receptors. PGCla also activates fatty acid
oxidation by binding to PPARx and PPARS. In the liver, PGCla activates

related receptor ERRa, nuclear respiratory factor NRF1 and NRF2, as well as
with the thyroid hormone receptor, the glucocorticoid receptor, estrogen recep-
tor, retinoid receptors, farnesyl X receptor, pregnane X receptor, hepatic nuclear
factor-4, liver X receptor, and non-nuclear receptors, such as myocyte enhancer
factor MEF2, forkhead transcription factor-1, and Sry-related HMG box-9 [25].
Nuclear respiratory factors regulate the expression of mitochondrial transcription
factor A acting on mitochondrial DNA, as well as the activity of nuclear genes
encoding respiratory chain subunits and proteins of the mitochondrial function.
To activate the transcription, PGClax forms complexes with transcription fac-
tors and transcription regulators, such as proteins with histone acetyltransferase
activity (steroid receptor coactivator-1, CREB-binding protein/p300), the chro-
matin remodeling increasing access of the transcription regulators, or such as
activating complexes directly interacting with the transcription initiators (thy-
roid hormone receptor-associated protein/vitamin D receptor-interacting protein
coactivator complex).
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both fatty acid oxidation and gluconeogenesis by binding to transcription
factors FoxO1 and hepatocyte nuclear factor-4c. In this organ, PGC1{, coac-
tivator for the forkhead protein FoxA2, activates cholesterol synthesis and
export to the blood by binding to the lipogenic transcription factors sterol
regulatory element binding protein (SREBP) and liver X receptor (LXR).

1.2.2 Cell Growth

Cell growth means either cell reproduction or increase in cell size. Cells such
as cardiomyocytes can increase in size because they are subjected to adap-
tation stimuli. Growth factors (Sect. 10.1) act via several effectors, such as
phosphatidylinositol 3-kinase (PI3K; Sect. 4.2.2), phosphoinositide-dependent
kinase-1 (PDK1), and protein kinase-B (PKB). Insulin signaling in the cardio-
vascular system involves two pathways: (1) the phosphatidylinositol 3-kinase
pathway; and (2) the growth factor-like pathway with mitogen-activated pro-
tein kinase (Sect. 4.3.2.4). The mitogen-activated protein kinase signaling net-
work regulates cell fate by transducing multiple growth-factor signals.
Phosphatidylinositol 3-kinase (PI3K) mediates increased uptake of glucose
and amino acids required for cell development. PI3K family includes four sets
(Sect. 4.2.2). PI3K set 4 includes related enzymes, such as mammalian target
of rapamycin (mTOR). Mammalian target of rapamycin (mTOR), regulates
cell growth (as well as cell proliferation and cell motility) [29]. mTOR inte-
grates multiple cues from hormones (insulin), growth factors (IGF1/2), and
mitogens. The PI3K/PKB pathway activates mTOR. mTOR also senses nu-
trient and energy levels (Fig. 1.3). The nutrient/energy/redox sensor mTOR
complex 1 (mTORcl), composed of mTOR, regulatory associated protein of
mTOR (raptor), among other components, controls protein synthesis and tar-
gets S6 kinase S6K1, which regulates cell growth [30]. Eukaryotic transla-
tion initiation factor eIF4E binding protein-1 (4E-BP1) is another effector of
mTORcl [29].22 Phosphorylated 4E-BP1 is released from elF4E. eIF4E then
can bind mRNAs for recruitment to the ribosomal initiation complex and ini-
tiation of translation with initiation factor eIF4B, leading to protein synthesis.
mTOR also stimulates transcription of rRNA genes by RNA polymerase-1,
ribosomal protein genes by RNA polymerase-2, and tRNA genes by RNA
polymerase-3. Hamartin TSC1 and tuberin TSC2 of the tumor suppressor
gene syndrome tuberous sclerosis complex (TSC) stimulate mTOR via in-
hibition of GTPase Ras homolog enriched in brain (Rheb; Sect. 4.5.3).23

22 The eukaryotic translation initiation factor eIF4E forms a complex eIF4AF with
scaffold proteins elF4G1 and eIF4G2 and RNA helicase eIlF4A, and binds to
mRNA.

23 Tuberous sclerosis complex is a genetic disorder caused by mutations in one of
two tumor suppressor genes, TSC1 and TSC2. TSC genes are, in particular,
involved in cell-cycle regulation and cell size control. The activity of TSC1 and
TSC2 depends on phosphoinositide 3-kinase and protein kinase-B.
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Rheb binds TSC2, acting as a GAP for Rheb and preventing Rheb acti-
vation of mTOR. TSC2 is phosphorylated (inactivated) by PKB and (ac-
tivated) by AMPK. AMPK impedes mTOR. mTOR complex 2 (mTORc2),
made of mTOR, rapamycin-insenstivie companion of mTOR (rictor), among
other components, stimulates F-actin stress fibers, paxillin, and Rho GTPases.
Rictor-mTOR complex also phosphorylates PKB and facilitates PKB phos-
phorylation by PDK1 [31].

1.2.3 Protein Synthesis

Proteins participate in cell life. They are required for cell structure and cell
adhesion, as well as for cell mechanical and chemical functions. They intervene,
at least as enzymes, in all metabolism. Proteins act in cell signaling and
immune defense. They are implicated in the cell cycle.

Deoxyribonucleic acid contains the genetic code for cell development and
functions.?* The genetic code is a set of codons (three-nucleotide sets), with

growth factors

hypoxia
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S
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mTOR complex-2
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Figure 1.3. PI3K-PKB pathway activates mTOR, which can form two complexes,
mTOR complex 1 with raptor, and mTOR complex 2 with rictor. mTOR complex 1
leads to activation of eukaryotic translation initiation factor (eIF4E) and S6 Kinase
S6K1. mTOR complex 2 stimulates F-actin stress fibers. It phosphorylates PKB
and facilitates PKB phosphorylation by PDK1. TSC: GTPase tumor suppressor
gene syndrome tuberous sclerosis complex (Source: [31]).

2% The genes are DNA segments with genetic instructions. The base sequence of
a gene determines the messenger RNA composition, hence the corresponding
protein composition. Other DNA sequences have structural or regulatory roles.
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Figure 1.4. Main stages of the protein synthesis: transcription, post-transcription,
translation, post-translation, and modifications. The genetic instructions are tran-
scribed in the nucleus from DNA to pre-messenger single-stranded ribonucleic acid
(mRNA) and conveyed into the cytoplasma by mRNA complementary coding se-
quences. Long pre-mRNA are cut into much shorter mature mRNAs. The genetic
information is translated from RNA into protein using transfer RNA (tRNA) as
an adaptor between mRNA and the amino acid. The exons, mRNA sequences, can
be distributed discontinuously in the genome. Exons can be trimmed from primary
transcripts and spliced (thus generating different mRNAs and leading to various
proteins emanating from the primary transcript), while introns are degraded.

mapping between codons and amino acids, as some amino acids are mapped
by more than one codon (redundancy). Proteins are assembled from amino
acids using information encoded in genes. Main stages of the protein synthe-
sis include transcription, post-transcription, translation, post-translation, and
modifications (Fig. 1.4).

The genetic code in DNA is transcribed by RNA polymerase-2 (after
binding to the promoter [initiation], running along the strand [elongation],
and termination to avoid degradation) into premessenger RNA (transcrip-
tion). Pre-messenger RNA is processed to form mature messenger RNA (post-
transcription), translocated into the cytosol to become a template for protein
synthesis in the ribosome (translation, also with three steps: initiation start-
ing with fixation of tRNA and mRNA on specific ribosomal site, elongation
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and termination when stopping codon is detected). The messenger RNA is
linked to the ribosome and each codon is read and matched by anticodon of
transfer RNA, which carries the corresponding amino acid. Post-translational
modification and protein folding follow the synthesis.

Gene regulation occurs at multiple stages (Table 1.4). Pre-transcriptional
regulation depends on cell signaling. Transcriptional regulation is associated
with peculiar DNA sites. Post-transcriptional regulation is due to miRNAs,
mRNA splicing, polyadenylation and localization, chromatin modifications,
and mechanisms of protein localization, modification and degradation. Cyto-
plasmic aggresomes correspond to a cell response to misfolded proteins. Aggre-
some formation is associated with the redistribution of cytoskeleton proteins
and the recruitment of proteasomes.

Promoters regulate DNA transcription. Augmenters and silencers enhance
and impede gene transcription, respectively. Augmenter and silencer sorting
is specific to each gene. Distinct combinations of activators and repressors
control the transcription of different genes. Coactivator—activator complexes

Table 1.4. Gene regulation and protein modifications. Regulatory sites are often
located upstream from protein-coding genes. Transcription factors control transcrip-
tional regulation by binding to cis-regulatory sites. Post-transcriptional regulation
is mediated by miRNAs, also by binding to cis-regulatory sites. Other stages of gene
regulation include cell signaling, mRNA splicing, polyadenylation and localization,
chromatin modifications, and mechanisms of protein localization, modification, and
degradation. Protein modifications, such as myristoylation, palmitoylation, farnesy-
lation, acetylation, and phosphorylation, assist in localizing the enzyme to various
cell compartments. Except for phosphorylation, these changes do not significantly
affect the protein activity. Ubiquitination is a reversible post-translational modifica-
tion of proteins, in which ubiquitin is attached to lysine residues of target proteins.
Monoubiquitination corresponds to the binding of a single ubiquitin to a protein,
and multiubiquitination to the binding of a single ubiquitin to several Lys residues of
a given protein. Monoubiquitination or multiubiquitination is required for endocyto-
sis. Deubiquitination can follow monoubiquitination and allow protein activity. The
protein—ubiquitin complex can attach further ubiquitins. Polyubiquitination directs
the ubiquitinated protein to the proteasome. Subsequently, ubiquitin is recycled and
ubiquitinated protein is degraded.

Transcriptional control Post-transcriptional control

Transcription factors ~ mRNA

Chromatin state miRNA
Cofactors mRNA splicing
Promoters Polyadenylation

RNA-binding proteins
Cell signaling

Protein location
Ubiquitination
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bind to augmenters and repressors to silencers. Basis factors must aggregate on
the minimal promoter in order to start the transcription. RNA polymerases-
2 and -3 synthesize mRNA and tRNA associated with class 2 and 3 genes,
respectively. Diseases occur by dysregulation of gene transcription and protein
underproduction or overproduction.

Double-stranded RNAs (dsRNA) trigger suppression of gene activity in
a homology-dependent manner (i.e., specifically targeting mature mRNA se-
quence homologous to dsRNA for degradation, other mRNAs being unaf-
fected), the so-called RNA interference effect (RNAi). In contrast, antisense
suppression of gene expression does not degrade mRNA. Single-stranded RNA
fragments bind to mRNA, then block translation. RNA interference is a pro-
cess can be used as a protective mechanism to keep transposons (mobile
elements of the genome) silent and to prevent the production of defective
proteins, as well as possibly in resistance to viral infection.?> RNA interfer-
ence also represents a technique in which exogenous, double-stranded RNAs
complementary to targeted mRNAs are introduced into a cell to specifi-
cally destroy these mRNAs to reduce or abolish a given gene expression.
Besides, dsRNA can spread between cells. dsRNA exerts its effect at the
post-transcriptional level prior to translation. Therefore, RNA interference
corresponds to post-transcriptional gene silencing. Furthermore, RNAi-like
mechanisms keep chromatin condensed and suppress transcription in the
vicinity of the condensed blocks of chromatin.

Both single-stranded antisense RNAs and sense RNAs either cannot cause
or weakly induce gene silencing. Double stranded RNA is processed into
double-stranded fragments, known as small inhibitory RNAs (20-25 nu-
cleotides), which cleave mRNA. Small inhibitory RNAs are either called small
interfering RNAs (siRNA) when they are exogenous or microRNAs (miRNA)
when they are produced by RNA-coding genes within the cell. Mature en-
dogenous miRNAs are nearly similar to siRNAs produced from exogenous
dsRNA.26 Pre-microRNAs are processed into single strand anti-sense RNA
and then target mRNAs for degradation. Ribonuclease dicers produce mi-
croRNAs from their precursors and cuts long double-stranded RNAs into small
double-stranded interfering RNAs.

Small RNAs contain both sense and antisense RNA sequences. Small
non-coding RNA molecules can form with proteins ribonucleoprotein com-
plexes, which affect the transcription, translation, replication, chromosome
structure, and regulation of RNA processing. RNA-induced transcriptional
silencing complex (RITS) isresponsible for the maintenance of the genome struc-
ture and regulation of histone methylation. RNA-induced silencing complex

25 RNA interference produces antiviral responses in plants. RNAi role in mam-
malian innate immunity is not well handled.

26 Typical siRNAs have a perfect base pairing for mRNA, thus cleaving a sin-
gle, specific target. miRNAs instead have incomplete base pairing to targeted
RNAs, thereby inhibiting the translation of many different mRNAs with similar
sequences.
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(RISC) is the protein-containing complex responsible for mRNA destruction.
RISCs also contain endonucleases argonautes, which cleave mRNA strands
complementary to bound small inhibitory RNAs. Whereas passenger strand
of small double-stranded RNA is degraded during RISC activation, a small
antisense RNA (guide strand) links RISC complex to targeted mRNA strand
by base-pairing. In the absence of perfect base pairing, antisense RNA blocks
translation rather than triggers degradation of sense mRNA.

MicroRNAs are transcribed by RNA polymerase-2 within the nucleus and
subsequently cleaved in the cytoplasm into functional RNA fragments [32].
Most of miRNA genes are found in intergenic regions or in antisense orien-
tation to annotated genes, the majority of the remaining miRNA genes in
introns. Other miRNAs are generated by intron processing of protein-coding
genes. Because miRNAs form complexes that bind to specific mRNAs to in-
hibit synthesis of specific proteins, miRNAs modulate cell proliferation, dif-
ferentiation, and apoptosis. They are required in developing timing control.

Protein activity is also regulated by cytoplasmic aggresomes, protein ag-
gregates, which have the following features: (1) aggresomes occur either in
response to unfolded or misfolded proteins or for regulation of protein func-
tioning by quick sequestration and elimination, aggresomes containing pro-
teasomes, ubiquitin and heat-shock proteins; (2) the aggresome formation is
microtubule-dependent;?” (3) aggresomes form in the neighborhood of the
microtubule-organizing center, near the centrosome, using retrograde trans-
port on microtubule tracks; (4) aggresome formation is associated with the
collapse of intermediate filament around the aggresome; and (5) aggresome
formation is accelerated by proteasomal inhibition.

The role of genotype in human diseases has been demonstrated. However,
epigenetic modifications can associate alterations in gene expression leading
to chronic diseases with the environment, particularly prenatal and early post-
natal environmental (nutritional, chemical, and physical) factors [33]. During
gestation, several coexisting generations (pregnant female, embryo, and its
germ line) are exposed to environmental factors. Transmission of modified
phenotypes is then possible.

Stable chromatin modifications during cell divisions can be inherited.
Dynamic DNA methylation and histone post-translational modifications
(Table 1.5) allow the recruitment of proteic complexes, which either activate
or repress transcription. DNA methylation usually leads to transcription re-
pression by reforming nucleosomes. Both DNA methylation and histone modi-
fications of the promoters of tumor-suppressor genes and oncogenes are altered
in cancers.

27 The microtubule motor complex made of dynein-dynactin is thus involved in
aggresome formation
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Three possible targets in gene expression changes due to environmen-
tal factors include promoters, transposable elements adjacent to genes with
metastable epialleles, and regulators of imprinted genes [35].28

1.2.4 Circadian Clock

Many physiological mechanisms (sleep-wake cycles, blood circulation, feeding,
body temperature, hormonal secretions, and glucose, lipid, and mitochondrial
oxidative metabolisms) follow cycles of repeated oscillations, being regulated

Table 1.5. Reversible histone post-translational modifications include acetylation,
phosphorylation, methylation (mono-, di-, or trimethylation), ubiquitination, and
sumoylation, as well as variant histones. Acetylation is activating, sumoylation re-
pressing, and other modifications can have activating and repressing effects depend-
ing on targeted residues, combination of proteins, and the context (Source: [34]).
Histone deacetylases, Ser/Thr phosphatases, demethylases, and ubiquitin proteases
remove acetyl groups, phosphate groups, methyl groups, and ubiquitin, respectively.
Deiminases alter arginine methylation, converting Arg to citrullin. Histone post-
translational modifications can directly cause structural changes in chromatin, or
indirectly acting via recruitment of effectors, either activators or repressors, both
being able to target the same residue. Histone post-translational modifications oc-
cur during initiation, early and mature elongations, which are required for tran-
scription activation. RNA polymerases cleave nucleosomes, histone-DNA contacts
being reformed in the wake of the enzyme. Nucleosome clearance in the promoter
and exchange of histone variants in the promoter and the open reading frames occur
during transcription.

Agent Recruited molecules

DNA-bound repressor Histone deacetylases
(negative modifiers)

DNA-bound activator Histone acetylases

(positive modifiers)
DNA-bound RNA polymerase Histone methylases

28 Metastable epialleles are loci that bear variable, reversible, epigenetical modi-
fications leading to a phenotype distribution in genetically identical cells. The
expression of imprinted genes results from only one of the two parental alleles.
In mice, the paternal allele of the gene coding for insulin-like growth factor-2 is
expressed, whereas the maternal allele remains silent. Insulin-like growth factor-
2 receptor is expressed only by the maternal chromosome. However, both alleles
yield IGF2R in humans. Imprinted genes are implicated in fetomaternal physiol-
ogy. The alleles of imprinted genes differ mainly by DNA methylation, and also
by chromatin conformation, histone modification, replication timing and recom-
bination rate [35]. Aberrant imprinting disturbs development and causes various
syndromes. Regulation alterations of imprinted genes, as well as their mutations,
lead more easily to pathologies than when both alleles are expressed.
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by the body clock, exhibiting mainly circadian rhythms that match the earth’s
rotation. The body clock is controlled by an interplay of numerous molecu-
lar pathways, with feedback loops leading to gene transcription and protein
translation. The clock regulator consists of both transcriptional activators
and repressors. Several genes are involved in the circadian rhythm, such as
CLOCK, BMAL1, PER, CRY, and REV-erba.

The hypothalamic suprachiasmatic nucleus is the master circadian clock
driven by the daily light-dark cycle associated from retinal cues. It syn-
chronizes the phase of circadian clocks in peripheral tissues. Heterodimers
of circadian locomotor output cycles kaput/neuronal PAS domain protein-2
(Clock/Npas2) and brain and muscle ARNT-like-1 (Bmall), bHLH-PAS tran-
scription factors, regulate the circadian clock. The transcription factor Npas2
is a substitute for Clock in the suprachiasmatic circadian clock [36]. Clock and
Npas2 can coordinately function and independently form heterodimers with
Bmall in the suprachiasmatic nucleus to maintain rhythmicity.

The rhythm molecules include the major transcriptional repressors cryp-
tochromes Cryl and Cry2 and periods Perl and Per2. The two transcription
factors, Bmall and either Clock or Npas2, activate the production of Per
and Cry. In turn, Per and Cry inhibit their own expression by repressing
Clock/Bmall (negative feedback loop). Therefore, at low Per and Cry con-
centrations, Per and Cry are activated by a heterodimer that contains Bmall
and Clock/Npas2.22 Once their levels reach a threshold, Cry and Per bind
to Bmall-Clock/Npas2, subsequently canceling Bmall-Clock /Npas2 activity.
Consequently, Cry and Per transcription is reduced. Moreover, Cry forms a
complex with F-box protein Fbxl3, a subunit of ubiquitin E3 ligases for degra-
dation by proteasomes [37]. Per and Cry concentrations again reach low values
due to the feedback loop and degradation; a new cycle of Cry and Per pro-
duction then occurs. A mutation in Fbxl3 induces longer circadian rhythms
of about 27 hours in homozygotes, delaying the Cry degradation rate and
prolonging the duration of negative feedback [38§].

The circadian molecular clock genes coordinate the regulation of behavior,
energy balance, and metabolism. The circadian control of energy metabolism
involves transcription coactivator PGC1lx, which is required for glucose, lipid
and energy homeostasis. PGCla is stimulated by multiple environmental cues
(temperature, nutritional status, and physical activity). PGCl« is rhythmi-
cally produced by the liver and skeletal muscles in mice [39]. PGCla connects
the activity of circadian clock genes to the regulation of energy metabolism
via nuclear receptors ROR« of the ROR family of orphan nuclear receptors.

1.2.5 Cell Division

When the cell does not undergo division, unraveled chromosomes are located
in a more or less outer nucleus region (chromosome sorting by radial arrange-

29 Per and Cry levels depend on phosphorylation by casein kinase CK1e and CK186,
and then on sumoylation.
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ment). Each chromosome is, indeed, confined to a given region. The spatial or-
ganization in chromosome territory is implicated in genome stability and gene
regulation [40]. The genome sequences in the various chromosome territories
remain accessible to gene activators and inhibitors. The relative positioning of
DNA sequences and their physical interaction can control the cell functions.
The chromosome territory can move during cell differentiation. According to
its activity, genome sequences can relocate from the nucleus periphery to the
inner part.

DNA replication (copy of the genetic code) is required during cell division
such that both daughter cells contain the parent genetic code. During cell
division, the genetic material becomes visible and forms chromosomes. Each
chromosome is constituted by two chromatids connected by a centromere with
limbs of variable length terminated by a telomere. In chromosomes, chromatin
proteins, such as histones, compact and organize DNA. DNA replication is
done by multiproteic replisome, which simultaneously separates double DNA
strands and produce a copy of each strand. The two DNA strands are sepa-
rated. Helicases unwind the DNA double helix into single strands. Then DNA
complementary to each strand is created by DNA polymerase.

The cell division cycle, or cell-cycle, includes four phases (Table 1.6): G1
(gap 1), S (synthesis), G2 (gap 2), and M (mitosis). The M phase is subdi-
vided into two substages, actual mitosis (chromosome copy distribution be-
tween daughter cells) and cytokinesis (plasmalemma and cytoplasmic content
division). In the transient absence of mitosis, cells are in a quiescent state
(more or less long duration GO phase). Senescent cells have permanently lost
their ability to divide.

The interphase includes the cell-cycle phases (G1, S, and G2) before M
phase. At the onset of the M phase (prophase; Tpo: first, before), chromatins
condense to form replicated chromosomes with two twin chromatids bound
at the centromere by the cohesion complex. The mitotic spindle is assem-
bled to process the separation of the chromosomes. During the prometaphase,
the nuclear membrane ruptures and allows the mitotic spindle to contact
the chromosomes. During the metaphase (peto: in the middle of), the chro-
mosomes gather in the equatorial region of the mitotic spindle. During the
anaphase (xvoew culminating), the chromosomes are split apart and pulled to
the opposite cell sides. During the telophase (teAoo: accomplishment), the
nuclear membrane reassembles around each set of separated, decondensing
chromosomes to form two nuclei. The mitosis refers to the process of chro-
mosome duplication, whereas the following M-phase substage of cytokinesis
divides the cytoplasm and plasmalemma. The plasmalemma wrinkles in its
central part, perpendicularly to the mitotic spindle, due to the contractile
ring, thereby ensuring cell division. The other components of the cell (plas-
malemma, cytoskeleton, organelles, and cytosolic content) are distributed to
the two daughter cells.

During mitosis, the spindle checkpoint allows the delay in transition
between the metaphase and anaphase until all chromosomes are correctly
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aligned and attached to microtubule spindles. Several kinases, which regulate
microtubule-associated regulatory kinases, can activate the spindle checkpoint
to avoid aberrant chromosomal segregation and aneuploidy.

Initiation factor 4B (eIF4B) binds to mRNA end (cap) to initiate mRNA
translation. During mitosis, 14-3-30 binds to several translation initiation fac-
tors, thereby regulating protein synthesis. 14-3-3o0bound elF4B cannot bind to
the mRNA cap. During and immediately after the metaphase, cap-dependent
translation is suppressed whereas cap-independent translation is activated,
non-capped mRNAs for cell-cycle regulators containing internal ribosome en-
try sites for translation.

Cyclins are proteins involved in cell-cycle progression. Cyclins are either
produced or degraded owing to ubiquitin ligases APC/C according to the stage
of the cell cycle. Cyclin-A accumulates from late G1 phase and is destroyed
before metaphase [41]. Cyclin-B is synthesized and degraded slightly later
than cyclin-A. At low concentrations, cyclin detaches from cyclin-dependent
kinases. Cyclin-dependent kinases (CdK) are serine/threonine protein kinases,
which are activated by association with cyclins.3? The M-phase promoting
factor (MPF) is made of cyclin-B and CdK1. Cyclin—-CdK complexes are

Table 1.6. Cell cycle. Both external and internal signals control the activity of
cyclins and cyclin-dependent kinases (CdK), which govern DNA replication and
chromosome segregation during the cell cycle. Before (but not after) the restriction
step, regression to GO is possible.

GO Quiescence Antimitogens

G0/G1 Transition from quiescence to division Mitogens

G1 Gap 1 Cyclin D-CdK4/6,
(cell growth) Cyclin E-CdK2

G1/S  Transition Cyclin D-CdK4,

Cyclin E-CdK2,
Cyclin A-CdK2

R Restriction
(no return point)

S DNA synthesis (chromosome duplication)  Cyclins A/E-CdK2

G2 Gap 2 Cyclins A/B-CdK1
(division preparation)

G2/M  Transition Cyclins A/B-CdK1
(control of DNA replication)

M Mitosis Cyclins B-CdK1
(prophase, metaphase, anaphase, telophase)

M/G1 Transition Mitogens

or GO  Quiescence Antimitogens

39 Orphan cyclins do not have identified CdK partners, but can be implicated in the
cell cycle. There are two types of cyclins-A (A1, A2) and three types of cyclins-B
(B1, B2, B3). CdK1 is activated by cyclin-A and cyclin-B, CdK2 by cyclin-A and
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regulated by kinases and phosphatases. Cyclin-dependent kinases, except CdK9,
regulate the cell cycle, as well as the transcription and mRNA hboxprocessing.

1.2.6 Cell Decision between Survival or Death

In case of stress, cell survival and death compete until one becomes dominant
according to the context. Cell exposure to inflammatory cytokines, pathogens,
and DNA damages: (1) either activates nuclear factor-kB (NFkB; Sect. 4.8.1),
mitogen-activated protein kinases (Sect. 4.3.2.4), and interferon regulatory
factors, which upregulate antiapoptotic proteins and cytokines, or cause ei-
ther (2) autophagy or (3) apoptosis. Receptor interacting protein RIP1 is an
adaptor kinase implicated in cell fate [42]. RIP1 forms integrator complexes
of signaling pathways triggered by T-cell receptor (TCR), toll-like receptors
TLR3 and TLR4,3' and death receptors, such as tumor necrosis factor re-
ceptor TNFR1, TRAILR1 and TRAILR2. RIP1 also binds to death domain-
containing adaptor proteins, such as tumor necrosis factor-receptor associated
death domain (TRADD) and Fas receptor associated death domain (FADD),
as well as with other types of adaptor proteins in order to recruit kinases,
such as MAP3K1, MAP3K3, and RIP3.

When TNF « binds to its receptor TNFR1, TNFR1 recruits RIP1 and TNF
receptor associated factor TRAF2 in plasmalemmal complex-1. Several path-
ways are then activated, such as NFkB, p38, and JNK (Sects. 4.3.2.4 and 4.8.1;
Fig. 1.5). NFkB activation prevents apoptosis, its blockade causes apoptosis
due to TNF«x. Receptor endocytosis allows the recruitment by TRADD of
FADD and caspase-8, which form complex-II, leading to apoptosis. Moreover,
caspase-8 favors RIP1 cleavage. RIP1 ubiquitination in membrane rafts fa-
vors the recruitment of TAK1-binding protein TAB2 and the formation of the
TAK1-TAB1-TAB2 complex. The latter activates IKK and NFkB.3? Besides,
TGF B-activated kinase TAK1 also binds and phosphorylates MAP3K3, which
activates NFkB. FasL can also activate NFkB via caspase-8 (Fig. 1.5), but its
main activity is to elicit apoptosis.

1.2.7 Caspases

Caspases® have several functions, including inflammation, cell proliferation,
differentiation and survival/apoptosis [43] (Table 1.7). All caspases are pro-
duced as inactive zymogens. Initiation of caspase activation needs adaptor

cyclin-E, CdK4 and CdK6 by cyclin-D1, -D2, and -D3, CdK7 by cyclin-H, CdK8
by cyclin-C, CdK9 by cyclin-T1, -T2a, -T2b, and cyclin-K, CdK11 by cyclin-L.

31 Toll-like receptors TLR3 and TLR4 can activate the NFkB and the MAPK
pathways. Stimulated TLR3 and TLR4 also activate interferon regulatory factor
IRF3 and induce production of interferon-I.

32 NFkB inhibitory protein A20 recruited to the TNFR1 complex impedes RIP1
ubiquitination.

33 Caspases are cysteinyl aspartate proteinases, i.e., cysteine proteases, which cleave
substrates targeting aspartate residues.
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multiprotein complexes, such as apoptosomes, inflammasomes, etc. Then
activated caspases target various effectors. The caspase substrates include
cytokines, kinases, transcription factors, and polymerases. Many caspase
inhibitors exist to control their activities. In addition to their catalytic activ-
ities, caspases have non-proteolytic functions for the recruitment of adaptors
and effectors that modulate NF«B activation.

LPS\ TI\!\jF
TCR TLR3/4 TNFR1

RIPI M TRAF6 TAK1-TAB1/2

(ubiquitination)

TAK1-TAB1/2

RAF3
RO
TBKI

MAP3K

/s

IKK —~—

caspase8 ~

MAP2K6

NFx B

apoptosis inflammation death

Figure 1.5. RIP1 integrates numerous signals to initiate different cellular responses,
according to the type of RIP1-containing complexes, the complex location within
the cell and the targeted substrates. TNFa binds to its receptor TNFR1 and ac-
tivates either proapoptotic or antiapoptotic pathways. Activated TNFR1 recruits
RIP1 and TRAF2, which forms plasmalemmal complex-I. RIP1 ubiquitination in
membrane rafts favors the formation of the TAKI-TAB1/2 complex, which acti-
vates IKK and NFkB. The complex between TRAIL and its receptors TRAILR1
and TRAILR2 undergoes endocytosis and triggers either (most often) apoptosis or
NF«kB activation. TRAIL can stimulate JNK and p38, with cooperation of RIP1
and TRAF2, on the one hand and IKK, using RIP1, on the other hand, but at
a lower magnitude and speed than TNFw«. Fas recruits FADD and caspase-8 to
the plasmalemma and forms the death-inducing signaling complex (DISC). When
recruited to DISC, caspase-8 is activated and leads to apoptosis. Activated TLR3
recruits RIP1, TRAF6, TAK1, TAB1, and TAB2. This complex activates IKK{ and
MAP2KG6, and subsequently JNK. Under TNF stimulation, RIP1 translocates to the
mitochondrion and reduces the interaction between adenine nucleotide translocase
and cyclophilin-D, thus enhancing ROS production and reducing ATP synthesis.
Reactive oxygen species (ROS) produced by mitochondria are involved in apoptosis
(Source: [42]).
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Caspase-1 mainly activates inflammatory cytokines (Sects. 6.2 and 10.1).3
Inflammatory caspases (group 1 caspases) also include caspase-4 and -5 in hu-
mans [44]. They are activated by members of the NOD-like receptor (NLR)
family, such as NAIP (neuronal apoptosis inhibitory protein), NALP (NACHT
[NAIP domain|, LRR [leucine-rich repeat|, and PYD [pyrin domain| contain-
ing proteins), and IPAF (IL1B-converting enzyme protease-activating factor),
which form multiproteic adaptor complexes, the inflammasomes. Inflamma-
tory caspases are controlled at the inflammasome level by inhibitors to avoid
excessive cytokine production.

Executioner caspases (caspase-3, -6, and -7) drives apoptosis. Apoptotic
caspases are activated by initiator caspases (caspase-2, -8, -9, and -10), which
are recruited by the formation of adaptor complexes [43]. Caspase-9 is the

Table 1.7. Caspase functions (Sources: [43-45]).

Caspase Functions

Caspase-1  Cytokine maturation, inflammation,
NF«kB activation

Caspase-2 NF«kB activation,
Stress-induced apoptosis initiation,
Erythrocyte formation

Caspase-3  Apoptosis,
Erythrocyte and platelet formation

Caspase-4 Inflammation

Caspase-5 Inflammation

Caspase-6  Apoptosis

Caspase-7  Apoptosis

Caspase-8 Apoptosis initiation,
Proliferation of T, B and NK cells,
Maturation of monocytes into macrophages,
NF«kB activation

Caspase-9  Apoptosis initiation

Caspase-10 Apoptosis initiation

Caspase-11 Inflammatory cell migration,
Caspase-1 activation

34 Caspase-1, also called interleukin-1p-converting enzyme which targets
interleukin-1 precursor (pro-IL1f, the production of which is induced by
lipopolysaccharides) to generate active interleukin-1{, is the first known caspase.
Caspase-1 is activated by P2X7 ion channel receptors stimulated by extracellular
ATP. IL1f3 initiates and amplifies various events during microbial invasion and
tissue injury. Caspase-1 also activates IL18. IL18 stimulates the production of
interferon-y by splenocytes and of proinflammatory cytokines, upregulates adhe-
sion molecules, and stimulates natural killer lymphocytes. Both IL1f and IL18,
activated by inflammasomes, activate their specific receptors (IL1R and IL18R)
for signaling. Caspase-1 can activate NF«kB.
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main component of the mitochondrial intrinsic apoptotic pathway regulated
by BCL2 protein family, because of its higher catalytic activity. Cytochrome-
C release from the mitochondria favors the formation of septameric apopto-
somes, composed of apoptotic protease-activating factor-1 (APAF1), which
activates caspase-9. Apoptosome-bound caspase-9 cleaves (activates) caspase-
3. Caspase-2 activation requires the assembly of a proteic complex that com-
prises adaptor RAIDD and p53-induced protein with a death domain (PIDD),
the PIDDosome. Caspase-8, recruited to the death-inducing signaling complex
(DISC), is implicated in the extrinsic apoptotic pathway triggered by tumor
necrosis factor and death receptor Fas. Caspase-8 and -10 mediate NFkB-
dependent inflammation in response to virus invasion. Caspase inhibitors
for apoptosis regulation include flice-inhibitory proteins (FLIP), upregulated
by the TNFoa-NFkB pathway, and inhibitors of apoptosis proteins (TIAP).
Caspase-2 can be also involved in apoptosis. It also elicits MAPK and NFkB
signaling.

Catalytic and non-proteolytic functions of caspases are implicated in cell
differentiation, proliferation, and NFkB activation [45]. Although caspase-8
can initiate apoptosis, it also acts in the proliferation of immune cells (T, B,
and natural killer lymphocytes), according to the caspase-8 adaptor recruit-
ment level, hence to caspase-8 activation magnitude. T-cell receptor stimulates
the recruitment of caspase-8 and its adaptor Fas-associated death domain—
containing protein (FADD) to a suitable proteic complex required for TNF-
induced NFkB activation. Caspase-3 targets substrates associated with the
cell cycle control, such as cyclin-dependent kinase inhibitor and transcription
factor nuclear factor for activated T cells. Caspase-2, -3, and -9 are transiently
activated during erythroblast differentiation. Caspase-3 and -9 activation is
involved in platelet formation from megakaryocytes. Both differentiation types
lead to enucleated cells (erythrocytes, platelets); however, caspase-8 is impli-
cated in the maturation of monocytes into macrophages.

1.2.8 Cell Autophagy

Cell autophagy occurs during cell differentiation and growth. It is associated
with degradation and recycling of cellular macromolecules and organelles by
lysosomes. Cell autophagy also allows the cell to survive against metabolic
stresses. Catabolism of cell organelles generates energy that allows cell sur-
vival. However, prolonged autophagy induces programmed cell death, which
differs from apoptosis. An increased cellular AMP/ATP ratio occurs during
deprivation of nutrients and energy, such as hypoxia, ischemia, and glucose de-
privation. Metabolic stresses thus lead to AMP accumulation, which activates
AMP-activated protein kinase (Sect. 4.3.2.3).

Sensing of nutrient and energy availability, especially of cellular levels of
adenosine monophosphate, is associated with the LKB1-AMPK pathway. The
cyclin-dependent kinase inhibitor p27 is an effector of this energy-sensing
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pathway.?® p27 phosphorylation by AMP-activated protein kinase stabilizes
p27kipl and promotes cell autophagy in response to metabolic stress rather
than apoptosis [46].

Autophagy is initiated by the formation of autophagosomes, which fuse
with lysosomes to become autolysosomes. The autolysosomal content is then
degraded by lysosomal hydrolases. The process is governed by autophagy-
related genes (ATG) and gene products (Atg). TOR kinase senses nutrient
status, regulates cell growth, and inhibits autophagy, acting on autophagy-
execution proteins. Under nutrient-rich conditions, an activated target of
rapamycin inhibits ATG1. Under conditions of starvation, ATG1 inhibits S6-
kinase by blocking its phosphorylation [47]. Otherwise, activated S6K pro-
motes cell growth. Reactive oxygen species, especially HoOs, intervene in
autophagy induced by amino acid deprivation [48].

Autophagy and ubiquitin-proteasome pathways particularly protect car-
diomyocytes. Altered autophagy has been observed in various heart diseases.
The autophagy-related gene ATG5 produces Atgb protein required for the
formation of autophagosomes, which carry proteins and organelles destined
for autophagy to lysosomes [49]. In the absence of Atg5, heart hypertrophy
and failure occur. Conversely, autophagy plays a beneficial role in the heart
in response to pressure overload or [3-adrenergic stresses.

1.2.9 Cell Senescence

Cell senescence occurs as soon as the cell loses its ability to divide and to
maintain its genetic material. The permanent suspension of division can be
induced either by strong expression of oncogenes, such as HRAS, which in-
volves the Arf-p53 pathway, or by shortened telomeres, which also implicate
tumor suppressor p53.

DNA damages, which cannot be repaired but that do not lead to apoptosis,
such as shortened telomeres, are responsible for cell senescence. Telomeres are
repetitive DNA sequences at the ends of chromosomes, which shorten with
the rising number of cell divisions. Cumulated oxidative stresses could also
induce telomere shortening. Short telomeres are assumed to trigger the onset
of senescence. Aging is also characterized by a decaying ability to respond to
stress and to retain cell homeostasis.

Telomerase can synthesize new telomeric repeats and restore telomere
length. Telomerase activity is regulated by protein kinase-B, protein kinase-
C, and extracellular signal-regulated kinase-1/2 (Sects. 4.3 and 4.3.2.4). Ni-
tric oxide (Sect. 9.5) can prevent senescence of endothelial cells by activating
telomerase [50].

35 p27 inhibits cyclin-dependent kinases, leading to cell-cycle arrest. Both CdK2
and CdK4 can act in case of p27 depletion. Depletion of CdK2 and CdK4 promote
autophagy. Small interfering RNAs (siRNA) downregulate p27kipl and cause
apoptosis.
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Cell senescence can be accelerated by unusual stress levels with defective
DNA repair enzymes. Oxygen metabolized by mitochondria is converted to
superoxide ions, and subsequently to hydrogen peroxide, hydroxyl radicals
and other reactive species. These molecules can generate free radicals that
damage structural proteins and DNA. Metal ions can participate. Glucids can
react with amino acids and DNA bases and produce carbohydrate adducts
(glycation). These compounds can form reactive species that target proteins
or DNA, impairing their functions.

Restricted dietary intake without malnutrition favors longevity. Certain
genes and corresponding pathways increase survival under conditions of di-
etary restriction. FoxO can be implicated (Sect. 4.8.3). It influences survival
of the whole body, particularly controlling hormone production.

1.2.10 Cell Apoptosis

Apoptosis is characterized by morphological changes, and cell shrinkage lead-
ing small round cells with nuclear pyknosis (chromatin condensation) and
karyorhexis (nuclear fragmentation). Apoptosis pathways drive fast cell death.
Apoptosis includes two pathways: the extrinsic and intrinsic pathway. The
receptor-mediated extrinsic pathway, implicated in the elimination of un-
wanted cells during development, is initiated by ligand-induced activation of
the death receptors at the plasmalemma. The mitochondrion-mediated intrin-
sic pathway is triggered by stresses (DNA damage).

Both proteolytic pathways involve the activation of cysteinyl aspartate-
specific proteases, the so-called caspases. Both initiator caspases and executioner
caspases are required. Initiator caspases are inactive monomers activated by
dimerization [51]. In the intrinsic pathway, the apoptotic stimulus triggers the
assembly of the apoptosome. Cytochrome-C has two main functions: electron
transport and caspase activation. Once released in the cytosol from mitochon-
dria, cytochrome-C is sensed by apoptosis-protease activating factor-1 (Apafl)
and recruited to the apoptosome. Cytochrome-C then activates Apafl in the
apoptosome, which is required for the recruitment of procaspase-9 and its
stimulation to form caspase-93¢ and caspase-3, leading to the cell apoptosis.
However, mitochondrial release of cytochrome-C can lead to caspase activa-
tion for cell differentiation, such as monocyte-macrophage differentiation. In
the extrinsic pathway, apoptosis is initiated by the ligand-dependent plas-
malemmal death-inducing signaling complex (DISC). An extracellular ligand,
such as Fasl. and TRAIL, binds to a transmembrane receptor, thus induc-
ing DISC formation and activating caspase-8 and -10. Caspase-8 activation is
prevented by FLIP. The catalytic domain of caspases include large and small
units. Cleavage of linkers these units of the dimer leads to caspase activa-
tion. Caspase-9 and -8 cleaves pro-caspase-3 and -7. Cleaved, active caspases
achieve apoptosis.

36 Caspase-9 activation requires the ATPase activity of Apafl. Caspase-9 and its
downstream effectors are inhibited by XIAP.
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Mitochondrial dysfunction disrupts energy production and can trigger
apoptosis. Mitochondrial outer membrane permeabilization releases mitochon-
drial intermembrane proteins, such as cytochrome-C. BCL2-family proteins®7
interact to promote or prevent cell apoptosis. Cytochrome-C liberation from
the mitochondrion requires the activation of cell-death mediator BAK of the
BCL2 family, which is located in the mitochondrial outer membrane, where
it remains inactive unless activated. Another member of the BCL2 family,
proapoptotic protein BAX is also needed to activate caspases. BH3-only mem-
bers initiate apoptosis by engaging the multiple pro-survival relatives in guard-
ing BAK and BAX [53].

The activated program within the cell leads to DNA fragmentation,
cytoplasm shrinkage, membrane changes and cell death without damage to
neighboring cells. Viable cell plasmalemma displays markers that inhibit
phagocytosis. Apoptotic cells lose these plasmalemmal molecules and exhibit
other markers, such as phosphatidyl serine, for phagocytosis. Phagocytes re-
lease anti-inflammatory molecules, such as IL10 and TGFf. Certain kinds
of apoptotic cells display plasmalemmal calreticulin. They are targeted by
dendritic cells for T-cell-mediated immune response.

1.2.11 Cell Necrosis

Apoptosis is a regulated cell death program, that eliminates the cell without
generating any inflammatory response. In contrast, after necrosis, cell frag-
ments are taken up by phagocytes, which produce pro-inflammatory cytokines.
The subsequent inflammatory response can damage neighboring cells.

When tissues are not sufficiently oxygenated, concentrations in transcrip-
tion factor HIF o« and HIF prolyl hydrolase PHD2 rise. Both molecules avoid
large tissue necrosis by favoring angiogenesis (Sect. 10.4.2) and contribute to
repair damaged tissues after a slight, initial hypoxia to prevent later, more
important lesions.

1.3 Cellular Membranes

The cell, its nucleus, and organelles have their membranes. Biological mem-
branes mainly are mixtures of many types of lipids and proteins.?® Biological

37 BCL2 family proteins, identified in B-cell lymphoma,leukemia tumor cells, are
classified into three sets, the antiapoptotic proteins (BCL2, BCLXL, MCLI,
BCLW, and A1/BFL1), proapoptotic proteins (BAX, and BAK), and BH3-only
proteins. BH3-only inactivators responding to cell-death stimuli bind to anti-
apoptotic BCL2 family proteins, hence releasing BH3-only activators of pro-
apoptotic BCL2 family proteins [52].

38 Almost all membrane proteins are oligomeric, and many are hetero-oligomers.
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membranes are organized fluid structures. The lipid composition of a mem-
brane defines the organelle identity, flexibility and permeability of the bilayer,
and its interaction partners.

Lipid bilayers are characterized by lateral static and dynamic heterogene-
ity due to nanodomains. The composition differs between functionally distinct
domains of patchy biological membranes. Distinct regions have given struc-
ture and function, generating functional complexes with a given thickness
associated with lipid—protein matching.

Cell membranes present a mixture of disordered and ordered lipid phases
depending on lipid composition and organization. Cholesterol is one of the
most important regulators of lipid organization. Membrane proteins prefer-
entially associate with a peculiar type of phase according to the type of an-
chors® and interactions with membrane components. Protein translocation
channel, or translocon, mediates the insertion of membrane proteins into the
phospholipid bilayer.

Both fluidity and lateral organization are needed for membrane function-
ing. Various techniques have been applied to investigate this lateral hetero-
geneity. Scanning probe methods, such as x-ray crystallography or atomic
force microscopy, give limited information on composition and organization
on length scales of tens to hundreds of nanometers (i.e., on length scale
greater than the characteristic size of protein assembly, about 10 nm). Op-
tical methods (light microscopy, and infrared and coherent Raman imaging
techniques) have limited spatial resolution. Fluorescence microscopy is spe-
cific to the labeled component and can alter between-compound interactions.
Secondary-ion mass spectrometry with isotopic labeling of molecular species
allows detection of variations in the gel phase composition of trapped fluid
phase nanodomains with a lateral resolution of about 100 nanometers within
a phase-separated lipid membrane [54].

Membrane remodeling occurs during molecular transport and organelle
genesis. It requires specialized proteins that sense and create membrane curva-
ture. Protein interactions and proteic cluster formation during such processes
limit the bending energy [55]. Proteins with BAR domains*® generate local
membrane curvatures over a tiny length scale (~3nm), especially in vesicle
formation and T-tubule organization in myocytes, which match the curvature
of the BAR domain [56].

The inner layer of the plasmalemma has a high concentration of choles-
terol, whereas the outer leaflet has high levels of sphingomyelin and glycosph-
ingolipids. The membrane of the endoplasmic reticulum has low cholesterol
and large unsaturated lipid contents. Membrane lipids are needed in mem-
brane trafficking and signal transduction. Membrane lipids can also act as

39 Src kinases associate with ordered domains, whereas Ras GTPases prefer disor-
dered domains.
40 BAR stands for Bin/amphiphysin/Ryvs.
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cofactors for certain membrane proteins. For example, cytochrome-C oxidase
requires cardiolipin.

Biological membranes, which determine the configuration! of the cell and
its organelles,*? are curved.*> The curvature of deformable membranes results
from interactions (particularly electrostatic ones) of membrane constituents,
lipids and proteins,** and applied forces.

Tiny membrane domains are also characterized by their curvature. The
curvature of membrane patches is modulated by (1) lipid composition,?® (2)
inserted proteins and scaffold proteins at the membrane periphery, and (3)
cytoskeletal activity. Membrane patch curvature is required in vesicle forma-
tion.

Membrane proteins either are contained within the bilayer or have struc-
tural ectodomains (outside the lipidic layer), which can be larger than the pro-
tein endodomain. Certain proteins associate and dissociate with lipids during
their activities. Many membrane proteins are inserted as soon as they emerge
from the ribosome via a protein-conducting channel, avoiding membrane leak-
age. Protein insertion across the membrane bilayer is catalyzed by a translo-
con complex. The translocon also acts on the topology of the inserted protein
parts, the cytoplasmic side of membrane proteins being positively charged.
Afterward, flexible tertiary and quaternary protein structures are built.

Membrane lipids interact with adjoining lipids and proteins. Mutually
compatible lipids and proteins of the cell membrane form intimate contacts*®
to create a functioning barrier. The fluidity of the lipid bilayer membrane can

41 The biconcave disc shape of erythrocytes, which do not have internal membranes,
provides the optimal surface-to-volume ratio necessary for fast oxygen exchange
between hemoglobin and tissues. Furthermore, erythrocytes change their shape
to navigate in blood vessels of various size. Cells that generally have internal
membranes can also change their shape, especially during migration. Moreover,
cell configuration varies when the cell undergoes stresses, particularly sheared
endothelial cells.

Organelle shapes maximize the surface area for a low internal volume for efficient
transport of molecules. The Golgi stack is much rather saccular and fenestrated,
the endoplasmic reticulum rather tubular with small cisternae, both configura-
tions having similar transfer efficiency.

Membrane shapes can be described by the principal curvatures, k; and k2 or
the radii of curvature, 1/k1 and 1/k2. The curvature is small if the radius of
curvature is much larger than the membrane thickness. Two indices can be used,
the total curvature (ki + k2) and the Gaussian curvature (ki-K2).

The small GTPase Sarl curve lipid bilayers. Adaptor proteins, coat proteins, am-
phiphysin, epsin, dynamin, and endophilin are involved in membrane curvature.
Moreover, certain proteins might sense membrane curvatures [57].
Lysophosphatidic acid and phosphatidic acid induce opposite curvatures.

The lipid bilayer provides the basic barrier into which are plugged membrane
proteins with particular functions (transport, and environment sensing). Pro-
teins inserted in the plasmalemma must operate within the lipid bilayer without
introducing any leak and without disturbing the membrane permeability. Lipids
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affect the lateral diffusion of molecules and molecular interactions. Higher
membrane fluidity can modify the conformation of protein receptors embed-
ded in the lipid bilayer.

The lipid bilayer is a composite dynamic structure built by hydropho-
bic and between-constituent interactions. Spatial heterogeneity in the lipid
bilayer is associated with a distribution of lateral pressure within the mem-
brane thickness. Membrane tension leads to changes in membrane thickness
associated with variations in hydration level of the lipid bilayer. Membrane
stretching reduces repulsive interactions and elevates interfacial tension be-
cause of increased exposure of hydrophobic lipid tails to water, thus mod-
ifying the lateral pressure profile [59]. Membrane shearing not only affects
the lateral pressure profile but also bilayer membrane density profiles [60].
Variations in the plasmalemmal lateral pressure profile are able to activate
mechano-sensitive membrane proteins, shifting the protein conformation to-
ward the appropriate state.

1.4 Mitochondrion

Mitochondria supply cells with energy. They produce ATP, the energy source
of multiple biochemical reactions within the cell. Mitochondria convert sub-
strate to energy using two different complexes. Complez-I reflects the global
cellular NADH production from fatty acid oxidation, the tricarboxylic acid
(TCA) cycle, and glycolysis (Fig. 1.6). The TCA cycle-dependent complex-II
receives FADH2 directly from succinate dehydrogenase. The ATP production-
to-oxygen consumption ratio varies in mitochondria of different cell popula-
tions. Heart mitochondria use more oxygen, but produce ATP at a faster rate
than liver ones [61]. In the heart, the TCA energy-converting cycle maximizes
the oxidative phosphorylation production of ATP in mitochondria (Fig. 1.7).
F-ATPases in mitochondria are membrane-bound complexes that couple the
transmembrane proton motor to ATP synthesis. The latter depends on a con-
formational change driven by the passage of protons from the inter-membrane
space into the matrix via channels.

Electron transfer in cell respiration is coupled to proton translocation
across mitochondrial membranes.*” The resulting electrochemical proton gra-
dient is used to power energy-requiring reactions, such as ATP synthesis.
Cytochrome-C oxidase is a major component of the respiratory chain. It at-
taches oxygen as a sink for electrons and links Os reduction to proton pump-
ing. Electrons from cytochrome-C are transferred sequentially from donors

can form a shell around inserted proteins. Phospholipids with their fatty acyl
chains interact with the hydrophobic surface of the protein [58].

47 Proton transfer to the Oy reduction site is associated with electron transfer from
heme a to the Oz reduction site. This initial driving step of proton pump is
followed by proton release on and uptake from the two aqueous sides of the
membrane.
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(CuA and heme a sites) to Oy reduction site of cytochrome-C oxidase. This
electron transfer initiates the proton pump [62]. Cytochrome-C in the mi-
tochondrial intermembrane space thus serves as an electron shuttle between
complex 3 and complex 4 of the respiratory chain and links to cardiolipin.
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Figure 1.6. The tricarboxylic acid cycle (TCA or Krebs cycle) serves as a metabolic
platform. During each TCA, three nicotine adenine dinucleotide (NAD+) are con-
verted into NADH and one flavine adenine dinucleotide (FAD) in FADH2. TCA
leads to electron transport and manufactures ATP. The hypoxia-inducible factor
(HIF) is degraded by the von Hippel-Lindau protein (vHL), after hydroxylation
by the prolyl hydroxylase (PHD). PHD is inhibited by increased concentrations in
fumarate and/or succinate as well as local hypoxia. HIF is promoted not only by
hypoxia but also by glucose deprivation, acidosis and cytokines. HIF upregulates
vascular endothelial growth factor (VEGF) and promotes glucose (Glc) uptake and
glycolysis, hence ATP and pyruvate formation. Once bound to its receptor, VEGF
upregulates integrin expression and stimulates several pathways, via particularly
urokinase plasminogen activator (uPA), phosphatidylinositol 3-kinase (PI3K), and
nitric oxide. HIF degradation also involves the ubiquitin (Ub)/proteasome system
with Ub-activating (E1), Ub-conjugating (E2), and Ub-ligating (E3) enzymes.
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Cytochrome-C—mediated electron transfer is due to the iron atom within the
heme prosthetic group.

Mitochondrial respiration produces ATP from ADP phosphorylation. The
energy production by mitochondria generates by-products, the reactive orygen
species (ROS), electrons reacting with oxygen to form superoxide. The ROSs*®
are highly reactive molecules that include free radicals, anions composed of
oxygen, such as superoxide and hydroxyl, or compounds containing oxygen,
such as hydrogen peroxide, which can produce free radicals or be activated by
them.

The ROSs can have signaling activities. At physiological concentrations,
ROSs can act as second messengers, particularly in cell growth and prolifer-
ation, but they can be toxic. These oxidants can indeed interact with other
chemical species and produce derived products, which can cause oxidative
damage. Therefore, the cell has antioxidant defenses with a set of enzymes,
as well as other proteins, such as peroxisome proliferator-activated receptors
PPARYy coactivator-1.

Under normal conditions, ROS are cleared from the cell by the action
of superoxide dismutase (SOD), which targets superoxide, and catalase, or
glutathione peroxidase, which degrades hydrogen peroxide. The increased pro-
duction of reactive oxygen species rises oxidative protein damage and lipid
peroxidation. Under pathological conditions, elevated ROS levels damage
polyunsaturated fatty acids in membrane lipids, essential proteins, and DNA.
Such damages lead to cell dysfunction and death. The balance between bene-
ficial and deleterious effects also depends on cellular localization and possibly
on ROS sources.

oxidative phosphorylation

mitochondrial membrane
ADP + P e— transfer 02
ATP

H20

Figure 1.7. Last stage of catabolism of nutrients into wastes. This stage produces
a great quantity of ATP from phosphate and ADP. NADH produced by the tricar-
boxylic acid cycle is used for ATP synthesis during oxidative phosphorylation in the
mitochondrium.

48 ROS sources are mainly aerobic respiration, peroxisomal oxidation of fatty acids,
microsomal cytochrome P450 metabolism of xenobiotic compounds, stimulation
of phagocytosis by pathogens or lipopolysaccharides, arginine metabolism, and
specific enzymes.
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The complex NADH-ubiquinone oxidoreductase, which produces superox-
ide rather than hydrogen peroxide, is a major source of reactive oxygen species
in the mitochondrion. The production rate of superoxide is determined by elec-
tron transfer between fully reduced flavin to oxygen, the reacting flavin level
depending on concentrations of NADH and NAD™ [63]. Superoxide produc-
tion is enhanced when the NAD+ pool is reduced.

Cardiolipin (diphosphatidyl glycerol) is a component of the mitochon-
drial membrane, mainly on the inner membrane, especially in the cardiomy-
ocyte. There are several types of cardiolipin, a major cardiac cardiolipin,
tetralinoleoyl—cardiolipin, and minor cardiolipin species. This phospholipid
stabilizes the activity of protein complexes implicated in the mitochon-
drial electron transport system or the respiratory chain. It generates an
electrochemical potential for substrate transport (cardiolipin is required for
translocation and not for binding) and ATP synthesis. It interacts with
multiple mitochondrial proteins, such as NADH, ubiquinone oxidoreductase,
cytochrome-C oxidase, and cytochrome-C. It thus acts on enzymes involved
in oxidative phosphorylation. The early oxidation during cell apoptosis is
catalyzed by a cardiolipin-specific peroxidase activity of cardiolipin-bound
cytochrome-C. Furthermore, cardiolipin is involved in the osmotic stability of
the mitochondrial membrane. The affazin is an enzyme involved in the syn-
thesis of cardiolipin. A kind of cardiomyopathy results from the mutation in
the gene coding for affazin (Barth syndrome).

Mitochondria have diverse tissue-dependent metabolic functions. In liver,
mitochondria process a wide variety of molecules. Because the enzymes are
predominantly in the matrix, the substrates are transported across the mi-
tochondrial inner membrane. The mitochondrial metabolite transport system
requires manifold specific carriers.*” The mitochondrial membrane is imper-
meable to small ions and permeable to small uncharged molecules such as oxy-
gen. Calcium uptake is catalyzed by a Catt channel in the inner membrane
which exchanges Ca™ for HT. The mitochondrial membrane is imperme-
able to nicotinamide adenine dinucleotides (NAD+, NADH, NADP+, and
NADPH). Two main routes are then employed, the glutamate—aspartate
and the dihydroxyacetone phosphate paths. The former uses 2-oxoglutarate—
malate and glutamate—aspartate exchangers, as well as NADH and a transami-
nase enzyme. The latter relies on two different glycerol-3-phosphate
dehydrogenase enzymes, the first one using NAD/NADH couple and the sec-
ond FAD-linked membrane bound enzyme.

Mitochondrial oxidative phosphorylation depends on the intramitochon-
drial reducing power, i.e., on (1) the concentrations of NADH ([NADH]) and
of NAD+ (I[NAD+]), indexed by the [NADH|/[NAD+| ratio; (2) the cytoplas-
mic energy state (the relative concentrations in ATP [ATP| and ADP [ADP])

%9 These carriers include the phosphate/OH™ exchanger, the adenine nu-
cleotide transporter, the tricarboxylate transporter, the transporters for cit-
rate/isocitrate, malate/succinate, pyruvate, and 2-oxoglutarate carrier, etc.
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given by [ATP]/(JADP]|Pi]) ratio; and (3) intracellular oxygen pressure [64].
The mitochondrial respiratory rate is determined by the rate of cell ATP use.
The cellular energy state at a given rate of ATP utilization is determined by
the activity of mitochondrial dehydrogenases expressed as [NADH]|/[NAD-]
and the local oxygen pressure. NADH concentration in the mitochondrium
hence is affected by the activity of mitochondrial dehydrogenases, by the cy-
tosolic phosphorylations related to the energy state, and by cytochrome-C
oxidation in the respiratory chain.?°

The synthesis or hydrolysis of ATP by the mitochondrium occurs in its
matrix space. Nevertheless, ADP and ATP can cross the mitochondrial mem-
brane, via the adenine nucleotide transporter® (ANT) and the phosphate
transporter® (Fig. 1.8).

The creatine kinase (CK), located at sites of energy demand and pro-
duction, catalyzes the reversible transfer of phosphate from phosphocreatine
(PCr) to ADP, which generates ATP and creatine (Cr). CK then controls the
energy homeostasis of cells with high, fluctuating energy requirements, such
as cardiomyocytes. Creatine kinases have subcellular compartmentations to
be coupled to sites of either energy production (glycolysis and mitochondrial
metabolism) or energy consumption (actomyosin ATPase, sarcoplasmic retic-
ulum Catt-ATPase). They form a regulated energy distribution network, the
so-called PCr circuit (or PCr shuttle). The main pools of CK include mi-
tochondrial (miCK), cytosolic®® (cyCK), and myofibrillar (mmCK) creatine
kinases (Fig. 1.8). Mitochondrial creatine kinase binds to mitochondrial mem-
branes and forms a complex with porin (or voltage-dependent anion channel
VDAC) and adenine nucleotide translocase®® (ANT) for export of phosphocre-
atine into the cytosol. The adenosine monophosphate-activated protein kinase
(AMPK), an energy sensor, binds to CK, then phosphorylates CK and inhibits
its activity. AMPK is regulated by both ATP/AMP and PCr/Cr ratios.

Under some circumstances, substantial amounts of acetate are produced
that must be processed by acetyl-CoA synthetase. Moreover, acetate must be
converted for energy production. Acetyl-CoA synthetases are abundant in the
heart and skeletal muscles. The mitochondrial matrix acetyl-CoA synthetase-2
is activated by reversible deacetylation induced by sirtuin [66].

The mitochondrial nitric oxide (NO) synthase forms nitric oxide. Nitric
oxide inhibits cytochrome-C oxidase, and may act as an oxygen sensor. Low

50 Oxidation of NADH is related to cytochrome-C oxidation.

5! The adenine nucleotide transporter catalyzes the exchange of ATP for ADP
across the inner mitochondrial membrane. Entry of ADP and exit of ATP are
favored.

52 The transport involve either exchange of HoPO, for OH™, or cotransport of
H,PO; with H*.

53 There are several cytosolic creatine kinase isoforms: MM, MB, and BB.

54 The adenin nucleotide translocator is the most abundant protein of the inner
mitochondrial membrane. This transmembrane channel is responsible for the
export of ATP in exchange with ADP (antiport) across the inner membrane.
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oxygen supply can inhibit nitric oxide production, and hence increase oxygen
affinity of cytochrome-C oxidase to maintain NADH oxidation and electron
transfer. The mitochondrial nitric oxide synthase also leads to the production
of superoxide anion O, especially after ischemia/reperfusion episodes. Per-
oxynitrites (ONOO~, PN), ROSs, are released by the reaction between NO
and O, . Peroxynitrites inactivate mitochondrial creatine kinases.
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Figure 1.8. Phosphocreatine circuit model. Phosphocreatine (PCr) and creatine
(Cr) represent an important network for the cell energy production, distribution,
and consumption: mitochondrium, cytosol, and sarcomere (ATP-consuming site).
Adenosine triphosphate (ATP) losing a phosphate group is transformed in adeno-
sine diphosphate (ADP). Conversely phosphocreatine can give its phosphate group,
thereby regenerating ATP from ADP at high rates. PCr/Cr circuit connects lo-
calized creatine kinase (CK), especially found in cells with high energy demands.
Creatine kinase catalyzes the reversible transfer of phosphate group from phospho-
creatine to ADP. CKs are specifically located at locations of energy demand (cytosol,
sarcomere, where ATPases act, such as actomyosin ATPase and sarcoplasmic retic-
ulum Ca** ATPase in the cardiomyocyte) and energy production (mitochondrium,
and glycolysis sites). Cytosolic creatine kinase (cyCK), in conjunction with Ca*™
pumps, is required for the energetics of Ca™" homeostasis. Cytosolic CKs (cytosolic
muscle-type MM, MB and BB) are co-expressed in a tissue-specific fashion with
mitochondrial isoforms. Mitochondrial creatine kinase (miCK) in the mitochondrial
intermembrane space cross-links mitochondrial inner and outer membranes. MiCK
forms a complex with porin (VDAC) and adenine nucleotide translocase (ANT) for
export of PCr into the cytosol. MiCK phosphorylates ATP produced by the mito-
chondrium into PCr, subsequently expelling to the cytosol via VDAC. The main my-
ofibrillar CK (mmCK) converts PCr into ATP. The PCr/Cr reaction is regulated by
AMP-activated protein kinase (AMPK) via ATP/AMP and PCr/Cr ratios. AMPK
is activated by the low PCr/Cr ratio. In myocytes, the CK system corresponds to
an energy buffer, allowing nearly constant ATP levels during muscle activity.
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Reactive oxygen species that react with nitric oxide generate reactive ni-
trogen species, which include not only peroxynitrite, but also nitrogen dioxide
(NOg2) and dinitrogen trioxide (N2Og3). These substances induce a nitrative
stress.

The number of mitochondria increases during both cardiac development
and hypertrophy. Lack in mitochondrial chaperone Hsp40°® in cardiomyocytes
causes progressive respiratory chain deficiency and decreased level in mito-
chondrial DNA, which lead to cardiomyopathy [65].

Mitochondria play a major role in apoptosis (programmed death of dam-
aged cells), and then protect against cancer. Involved proteins are located in
the mitochondrial outer membrane. The set of various antiapoptotic mole-
cules are counteracted by proapoptotic factors when cell apoptosis becomes
imperative.

1.5 Cell Cytoskeleton

Cell deformation and motility is due to the cytoskeleton (Csk). The cytoskele-
ton includes three filament networks and their cross-linking and partner pro-
teins. The cytoskeleton is built by a fibril network with articulation nodes
from which the cytoskeleton can reorganize itself. In particular, it undergoes
stresses and responds to minimize local stresses. Moreover, the cytoskeleton
contracts and forms stiffer bundles to rigidify the cell. Its anchorage on adja-
cent tissue elements allows cellular ensemble deformation. The cytoskeleton is
malleable in order to accommodate large strains and sufficiently stiff to trans-
mit the stresses. Hence the cells, supported by their cytoskeleton, adapt to
imposed loads. The cytoskeleton, which is in a constant state of rearrangement
driven by the applied loads, can accommodate important changes of loading.

The cells, especially smooth muscle cells, can deform while maintaining
their optimal functions. Smooth muscle cells, indeed, undergo large strains
associated with vessel deformation during cardiac and respiratory cycles. Man-
ifold molecules and fibers form this dynamic cell framework, which also deter-
mines cytosol organization and intracellular displacements [67]. The energy
supply and protein—protein interactions that reorganize the cytoskeletal are
regulated.

There are three classes of cytoskeleton filaments: microfilaments, micro-
tubules, and intermediary filaments. The spanning network is a fourth ele-
ment, which have a tiny weft and fills the whole cytosol. It can determine the
sites of protein synthesis and the assembling locations of filaments and micro-
tubules. It acts on cell organelle motility. Dynein, myosin, and kinesin consti-
tute the three major families of cytoskeleton-based motor proteins. Dynein is
much bigger than myosin-2 and kinesin.

55 Hsp40 is known as Dnaja3 or Tidl.
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1.5.1 Microfilaments

The microfilaments contain several proteins, especially actin. Actin filaments
(length 0.1-1 pwm, thickness 7-10nm) are involved in cell configuration, adhe-
sion, and motility.’® Permanent exchanges exist between actin filaments and
cytosolic nonpolymerized actin [68], associated with a sol-gel transition.®”
Actin filaments form bundles and are peripherally concentrated to build a felt-
ing in the cell cortex, which is connected to the plasma membrane. The actin
filaments are indeed directly anchored on the cell membrane, using mooring
proteins, talin and vinculin [69]. The microfilaments can be used as moor-
ing and transmission lines in a stress field, and as towlines during motion.
Moreover, myosin-5 transports various cellular cargoes along actin filaments.

Using atomic force microscopy, growth velocity of a branched actin net-
work is found to be load-independent over a wide range of applied forces [70].
Furthermore, when force was decreased on a growing network, the velocity
increased to a value greater than the previous velocity at the same load (hys-
teresis). Growth velocity depends on loading history and not only on the
instantaneous load.

The actin cytoskeleton dynamics is maintained by the balance between
actin-binding proteins (ABP) and actin-severing proteins (ASP), because
actin polymerization—depolymerization cycle is required to fit needs of pro-
cessing cells (Fig. 5.5). ABPs transform actin sol into gel, lengthening and
branching actin filaments. Filament assembling necessitates ATP. Actin ag-
gregation into a filamentous gel is induced by filamin in particular, whereas
profilin (Pfn) inhibits actin polymerization. However, this actin-sequestering
protein has a subtle activity, being able to favor polymerization of actin onto
the barbed ends of actin filaments. Profilin indeed stimulates assembly of actin
filaments; once complexed with G-actin, it attracts monomers to the actin end.
Polyphosphoinositids inhibit ASP fixation on actin and allow filament length-
ening. The translocated cortactin increases actin polymerization. Activation
of Arfl activates the recruitment of actin, cortactin, and dynamin-2 to Golgi
membranes [71].

The depolymerizing activity of cofilin, an actin-severing protein, is inhib-
ited by phosphorylation by LIM kinases®® (LIMK). Cofilin not only breaks the
actin filament, but also prevents lengthening. Slingshot (Ssh) phosphatases®
and LIMK regulate actin dynamics via a reversible inactivation of actin-
depolymerizing factor (ADF) and cofilin.’C Chronophin is a phosphatase that

56 The cell motility requires contractile proteins (actin, and myosin) with adequate
ATP supply under the control of regulatory proteins.

57 The sol state corresponds to a suspension of large particles. The gel is stiffer.
Gelation is associated with the conversion of actin into actin filaments.

58 LIMK is a serine/threonine kinase containing a LIM domain.

59 Slingshot protein phosphatase dephosphorylates LIM kinase and cofilin.

50 A protein complex consisting of Ssh1L, LIMK1, actin, and a scaffold protein
regulates, with kinase PAK4, the ADF /cofilin activity [72].
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dephosphorylates cofilin [73]. Both chronophin and LIMK are required to con-
trol cofilin activity. The a-actinin favors formation of actin stress fibers. The
a-actinin is found in adhesion plaques, in filament—-membrane binding sites,
and within actin filaments.

The mechanical properties of the actin cytoskeleton are defined by the lo-
cal activation of different actin cross-linking proteins [74]. These cross-linkers,
which belong to a subset of actin-binding proteins, determine the structure of
actin networks. Cross-linkers vary: (1) according to the actin-binding affinity
of their binding domains; and (2) in the structure, number, and organiza-
tion of their spacing rod domains, which separate the binding domain. There
are short bundling cross-linkers, such as plastin and fascin, and long cross-
linkers, such as a-actinin or filamin.%' There are rigid cross-linkers, such as
scruin, and compliant cross-linkers. The actin elastic modulus depends on the
concentration of cross-linkers.

The myosin filaments (6 nm thickness) are localized along the actin fila-
ments. They have about the same bore as actin filaments; they are thinner
than those in muscle cells. There are different myosin types. Myosins-1 and
-2 are the most abundant. Myosin-2 is found in muscle. Myosin-1 in associa-
tion with actin displace cell organelles. Myosin-2 and actin bind weakly in the
presence of ATP, and strongly with MgADP. Actin binding leads to confor-
mational changes in myosin and to subsequent sequential release of hydrolysis
products of ATP, phosphate, and then ADP. Myosins move toward the barbed
plus-end of actin filaments, except myosin-6, implicated in cellular transport,
which moves toward the minus-end.

A 3D fiber geodesic dome (geodome) surrounds the cell nucleus. From its
vertices, filament bundles project toward the cell cortex. Geodome foci contain
a-actinin and edges tropomyosin, whereas fibers attached to the vertices that
extend peripherally contain actin, x-actinin, and tropomyosin.

Actin and myosin not only function as molecular motors for muscle con-
traction, cell motility, and cell division, forming actomyosin complexes, but
are also involved in transcription®® of DNA into RNA [75]. B-Actin and
actin-related protein BAF53 associate with chromatin-remodeling complex
BAF [76]. Myosin-1, a single-headed myosin, is observed in the nucleus [77].
Motions of transcriptional complexes and/or DNA are necessary to transcribe
the genetic code. RN A polymerase-2 could move transcriptional complexes rel-
ative to DNA. Hence, nuclear actin and myosin-1 might be auxiliary motor to
RNA polymerase-2. They also might have a structural role. Actin and actin-
related proteins remodel chromatin. Actin interacts with the heterogeneous
nuclear ribonucleoprotein complexes.5? Conversely, the eukaryotic translation

61 Short cross-linkers form filaments from isolated bundles.

62 Transcription requires chromatin remodeling, formation of preinitiation com-
plexes, binding of transcription factors to regulatory regions of DNA, recruitment
of RNA polymerase, etc.

63 Heterogeneous nuclear ribonucleoproteins are involved in newly transcribed RNA
processing and transport.
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elongation factor 1A (eEF1A or EF1), a G-protein that delivers aminoacyl-
tRNA to the elongating ribosome, is implicated in the actin cytoskeleton [78].

1.5.2 Microtubules

The microtubules (internal and external diameters of ~ 15 and 24-25nm,
length of 10-50 pm) are long polymers of o and B tubulins with polarity.
They are characterized by a dynamic instability, evolving between growth
and shrinking. The microtubule length adjusts to the cell size. The filament,
indeed, collapses when it comes into contact with the cell edge. Microtubule
dynamics can be regulated by applied stresses. The microtubules are thicker
and less stable than microfilaments. They are the stiffer element of the cy-
toskeleton.

Tubulin subunits link into microtubules, which in turn aggregate to form
more complex bodies. The tubulin polymerizes in the presence of guanosine
triphosphate and calcium. o and B-Tubulin heterodimers associate laterally%*
and longitudinally to form polar, cylindrical microtubules. & and (3-Tubulin
polymerization is favored by the guanine nucleotide bound to 3-tubulin. GTP-
tubulin, indeed, leads to a conformation suitable for interactions between the
dimers of the protofilaments. When GTP-tubulin is incorporated into the mi-
crotubule lattice, it is hydrolyzed because microtubules are mainly built from
GDP-tubulin at inter-dimer contacts. GTP-tubulin is added to the micro-
tubule end for microtubule growth.

The dynamic microtubule cytoskeleton regulates microtubule lengths.
Microtubule dynamics, i.e., the balance between microtubule growth and
microtubule depolymerization, is regulated by several microtubule-associated
proteins. Certain can form a scaffold for the recruitment of other proteins
exerting growth and/or stabilizing functions. Microtubule-associated proteins
(MAP) hence facilitate microtubule assembling. Both MAP1 and MAP2 en-
hance the microtubule growth rate. Other microtubule-associated proteins
only stabilize the microtubule skeleton. Among the microtubule-associated
proteins, there are the plus-end tracking proteins, such as protein end binding-
1, which accumulates at the growing microtubule plus end.

Guanosine triphosphate bound to (-tubulin is hydrolyzed to guanosine
diphosphate during microtubule assembly.®® Tubulins in microtubules are ar-
ranged in many protofilaments, parallel to the microtubule axis. Microtubules
continuously grow and shrink during the polymerization and depolymerization
of tubulin. GTP hydrolysis, associated with the microtubule depolymerization,
promotes protofilament outward curvature [79]. In the presence of microtubule-
associated proteins or certain divalent cations, GDP-tubulin bend back
on themselves to self-assemble into ring-like structures. GDP-bound sub-
units of the main microtubule are straight (preferred conformation) because

54 Long, wide tubulin sheets close to form cylindrical microtubules.
55 In the presence of tubulin and constant GTP levels, microtubule ends grow and
then switch to shortening (structural instability).
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of intra- and inter-dimer interactions in the tubulin lattice, except at the ends,
which can capture GTP and store strain energy. GTP binding induces a con-
formational change that straightens the dimer, and allows formation of lateral
contacts.®¢ Depolymerization releases the strain energy, even in the presence
of high concentrations of GTP-tubulin.

The microtubules are organized as a scaffold within the cytoplasma. They
control cell-organelle distribution. Mitochondria and the endoplasmic reticu-
lum are located along the microtubule network. The microtubules are required
for vesicle formation and traveling across the cytosol. Moving microtubules are
used for simultaneous displacement in the two directions of vesicles and other
organelles, such as mitochondria with their ATP stores, using ATP as energy
source owing to associated ATPase [80]. The heavier the moving body, the
slower the motion. Hence, the microtubules serve as information transmission
lines.

Two families of motor proteins move along microtubules, kinesins and
dyneins, like actin along myosin, having ATPase sites. Most kinesins move
toward the microtubule plus-end, whereas some kinesins and dyneins move to-
ward the minus-end. Intracellular transport of organelles involves both dynein
and kinesin. The family of ATPases associated with various cellular activities,
the Aaa proteins,®” are involved particularly in the motion of microtubule
motor dynein [81]. Minus-end—directed dynein is regulated by several proteins
(dynactin, LIS1, NudE, and NudEL) [82].

Dynein and kinesin move along the microtubule at rates of about 0.5 to
3um/s and generate forces of about 1 to 5 pN. Myosin and kinesin family
members undergo conformational changes coupled with ATPase cycle, rotat-
ing their heads around the cargo-binding tail site. Dynein can change its
transport mode (forward or backward motion) and motion rate (slow or fast).
Dynein undergoes ATP-dependent rotation around the head—tail junction; the
tail motion is responsible for quick sliding along the microtubule, the head
drives slow motions and the ATP hydrolysis rate [83].

Dynein has its motor domain in the heavy chain, which also contains a
ring of six mechanoenzymes, ATPases associated with diverse cellular activi-
ties. Dynein uses its mechanoenzymes for ATP hydrolysis to amplify confor-
mational changes and generate motion along microtubules toward the minus
end. Dynein heavy chain folds and forms three structural domains, the tail
with binding sites, Aaal—-Aaa6 ring, and long (~ 15nm) antiparallel coiled-
coil stalk with its globular tip, which contains the microtubule-binding site.
Dynein has two modes of microtubule sliding, one driven by the power stroke
of the tail, the other for slower sliding associated with Brownian motion or
active tilting of the stalk against the Aaa ring [83].

56 GDP-tubulin curved dimers hamper the formation of lateral contacts. Further-
more, GDP-tubulin cannot be incorporated into microtubules.

7 Aaa proteins form a set of enzymes, having an ATPase domain, which induce
conformational changes (protein remodeling).
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Kinesins participate in cell displacement, providing coordination between
cell regions. The kinesin KIF16B, which contains a phosphatidylinositol-3-
phosphate-binding Phox (PX)-homology domain, transports early endosomes
to the plus end of microtubules, the process being regulated by the small
GTPase Rab5 and its effector, the phosphatidylinositol-3 kinase VPS34 [84].
Using optical tweezers, the interaction force of a single macromolecule kinesin
with the microtubule has been measured and found to be about 1pN [85].

Several motor and non-motile microtubule-associated proteins compete
for binding to microtubules. Total internal reflection fluorescence microscopy
shows which kinesin-1 (conventional type) waits in a strongly bound state on
the microtubule with high bond densities until obstacle molecules unbind and
frees the binding site for further kinesin processing [86].

ATP-dependent depolymerization of microtubules by motor proteins can
use the kinesin-13 family. Kinesin motors reach microtubule ends by ATP-
dependent translocation along microtubules. Kinesins undergo directed
displacements on microtubules. Kinesins-13 transiently interact with mi-
crotubules at rates exceeding those of standard enzyme-substrate kinetics.
Kinesins-13 follow a random path on the microtubule lattice during their
transient diffusive interaction with the microtubule. Kinesins-13 diffuse ac-
cording to a three-dimensional mechanism to a one-dimensional one to find
the microtubule ends [87].58

The centrosome is a cell body from which radiate the microtubules [88].
Because the microtubules control actin and intermediary filament distribu-
tion, the centrosome organizes the cytoskeleton. It is also involved in intra-
cellular transport. The centrosome contains two centrioles, each composed
of nine cylindrical elements like a paddle wheel and three microtubules. The
microtubules are thus involved in cell division.

Microtubules form a scaffold for the positioning of myosin filaments during
sarcomere formation, when myoblasts give birth to striated muscle cell [89].
Myosin indeed moves toward microtubule plus-ends. Furthermore, micro-
tubules are required for the stabilization of myosin-containing elements prior
to their incorporation into mature sarcomeres.

1.5.3 Intermediate Filaments

The intermediate filaments (mature bore of 10-12nm) cross the cytoplasma
either as bundles or isolated elements, often in parallel to the microtubules.
Intermediate filaments provide resistance to mechanical forces. Intermediate
filaments cope with mechanical stresses in conjunction with cell junctions to
ensure both rigidity and flexibility. Intermediate filaments are, indeed, linked
to cell—cell junctions (desmosomes) by desmoplakin and cadherins and to

8 The average MCAK time diffusion is equal to 0.83s with a diffusion coefficient
of 0.38 pm?/s.
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cell-matrix junctions (hemidesmosomes, focal adhesions) by plectin, BPAGI,
and integrins.9

Intermediate filaments are assembled from fibrous proteins. In opposition
to both microfilaments and microtubules, intermediate filaments do not have
polarity and do not form seeds to which subunits add for filament growth. Cy-
toplasmic intermediate filament proteins laterally associate to form filaments
which can secondarily elongate and reduce their bore. Nuclear lamin assembly
is done by simultaneous lateral and longitudinal association of dimers.

In opposition to microtubules and microfilaments, intermediate filaments
are made of many different proteins. The intermediate filament proteins
include keratins, desmin, vimentin, lamins, synemin, syncoilin, and nestin,
among others. Desmin and vimentin intermediate filaments can form ho-
mopolymers. In the nucleus, intermediate filaments are assembled from lamins.

Intermediate filaments are characterized by a specific expression according
to the cell type (mesenchymal vimentin, muscular desmin, epithelial keratin,
etc.). Desmogleins and desmocollins anchor different intermediate filaments
according to the cell type (keratins in epithelial cells, desmins in cardiomy-
ocytes, and vimentin in endothelial cells). Desmins, abundant near Z-discs,
connect sarcomeres to desmosomes in the cardiomyocyte. The coordination of
microfilaments and intermediate filaments in the intercalated discs between
cardiomyocytes involves plakoglobin and plakophilin. Muscle intermediate fil-
ament proteins, synemin and syncoilin, integrate into intermediate filaments
via dimerization with vimentin, desmin, x-internexin, or neurofilament pro-
tein NF-L. Synemins can bind to «-actinin and vinculin, thus connecting with
focal adhesions and microfilaments.

In the perinuclear region of endothelial cells, intermediate filaments are
composed of vimentin (Vim). Vimentin associate with integrins, particularly
at adhesion sites. The network of intermediate filaments can thus transmit
mechanical forces sensed by the plasmalemmal integrins. Vimentin partici-
pates to vascular adaptation to flow features. It is implicated in the structural
responses of blood vessels to changes in hemodynamic quantities. When vi-
mentin lacks, the endothelial production of either nitric oxide (Sect. 9.5.3)
or endothelin (Sect. 9.5.4) is defectuous. Vimentin can also play a role in
molecule localization in the cell. Intermediate filaments can interact with
molecular complexes involved in regulation and signaling cascades associated
with mechanotransduction.

Intermediate filament remodeling and functioning as stress absorbers de-
pend on the combined action of kinases, phosphatases and chaperones. Inter-
mediate filament extensibility is much higher than the one of microfilaments
and microtubules. They can bear 250% tensile strain and up to 400% shear
strain [90].

59 The collagen fibers of the extracellular matrix interact with cell integrins. Inte-
grins are connected to membrane-associated collagens, microfilaments, and in-
termediate filaments.
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Five types of intermediate filament proteins have been defined according
to their amino-acid composition: types 1 and 2 correspond to acidic and ba-
sic keratins (keratins are heterodimers made of basic and acidic partners),
type 3 to desmin and GFAP, type 4 to neurofilament proteins (NF-L, NF-M,
NF-H, a-internexin, and peripherin), and type 5 to nuclear lamins. Another
functional classification leads to three sets according to the assembly mode:
keratins, vimentin-like proteins, and lamins. These three kinds can coexist in
the same cell, contributing to the cell rheology.

Intermediate filaments build two networks, in the nucleus (attached to the
inner nuclear membrane) and in the cytoplasm (connecting the cell junctions
at the plasmalemma via integrins to the outer nuclear membrane via plectin
and nesprin-3) [90]. The properties of cytoplasmic and nuclear intermediate fil-
aments are different. These two networks withstand tensile and bending stress.
Intermediate filaments thus adapt and stabilize the cell shape to environmen-
tal conditions. In the nucleus, intermediate filaments provide a skeleton for the
assembly of nuclear proteic complexes (including emerin, lamina-associated
proteins, lamin-B receptor, heterochromatin protein-1, SMAD proteins, and
nesprins). Intermediate filaments can then contribute to the regulation of gene
expression.

1.5.4 Modeling of the Cytoskeleton Mechanics

At rest, short actin filaments are surrounded by a pool of actin monomers
bound to profilin. Myosin-2 exists in the bent state. Integrins (Sect. 2.2.3) are
dispersed over the cell surface. The formation of stress fibers is triggered by
an activation signal. Several parallel intracellular pathways exist. Adhesion to
the extracellular matrix (Sect. 2.4) triggers a signaling pathway defined by
the activity of profilin, cofilin, and gelsolin, which activates phospholipase-
C, leading to calcium release from stores. Calcium influx activates gelsolin,
which cleaves the capped actin filaments into tiny fragments for formation of
long filaments. Calcium-triggered phosphorylation favors myosin-2 extended
state for assembly of myosin filaments and formation of stress fibers. These
fibers generate tension by cross-bridge cycling between the actin and myosin
filaments. When the tension disappears, the stress fibers disassemble.

A model for the cell contractility hence takes into account three processes
governing the dynamic remodeling of the cytoskeleton: (1) the activation of
actin polymerization and myosin phosphorylation; (2) the tension-dependent
assembly of the actin and myosin into stress fibers; and (3) the cross-bridge
cycling between actin and myosin that generates tension [91]. The fiber forma-
tion rate dependent on the activation signal is coupled to a dissociation rate
dependent on the tension. The stress fiber contraction rate depends on the
tension via the cross-bridge dynamics. The model predicts the main features:
(1) the dependence on substrate compliance, (2) the influence of cell shape
and boundary conditions, and (3) the high concentration of the stress fibers
at the focal adhesions (Sect. 2.2.5).



1.5 Cell Cytoskeleton 55

Rounded cells commonly have a microfilament mesh in the cytoplasm cor-
tex, just below the membrane. A bi-dimensional model of the cytoskeleton
dynamics has been developed to describe stress-induced interactions between
actin filaments and anchoring proteins [92]. A small shear induces rearrang-
ment of the four filament population”® toward an orientation parallel to the
streamwise direction.

Reactive flow model of contractile networks of dissociated cytoplasm un-
der an effective stress ceg in a square domain is associated with a system
of nonlinear partial derivative equations with boundary conditions [93]. This
system requires the following variables: space- and time-dependent network
¢n and solution ¢g volume fractions, an effective pressure and velocity field,
with the given rheological properties, the network and solution shear G,/
and dilation E, /s viscosities, and the network-solution drag coefficient kq,
which are involved in the mass and momentum conservation equations. Two
main dynamical modes are observed during contraction of a dissociated wholly
polymerized contractile network.” (1) Rending-type contraction is related to
violent contractions that tear the network. (2) Squeezing-type contraction de-
scribes progressive global contractions with gradual expulsion of fluid. Three
dimensionless parameters govern the dynamical behavior of the network. Ac-
cording to the value of the rending number, which depends on x4, G, and
E,, the network contracts into a single mass (small values) or breaks up into
clumps (large values). Crucial dynamical factors of cytoskeleton mechanics
are: (1) the viscosity of the contractile network associated with an automatic
gelation as the network density enlarges, without undergoing large deforma-
tion; (2) a cycle of polymerization—-depolymerization; and (3) a control of
network contractibility and plasmalemmal adhesion.

Continuum hypothesis is supposed to be valid because the problem length
scale, although small with respect to the cell size, remains greater than the
cell organelle size. It is then assumed that the cell microstructural elements
can be neglected. However, cytoskeleton elements are in general smaller than
a required size of fifty times greater than the typical cell component. Actin
filament behavior is then investigated in a domain that contains a solution of
cytoskeleton components rather than the cell itself. The stripped cytoskeleton
can also be considered as a discrete structure of stress-bearing components.

Filamentous proteins arranged in a homogeneous, isotropic, cross-linked
mesh, uniformly loaded, stiffen from low to intermediate strains, without re-
quiring a specific architecture or multiple elements with different stiffnesses,
assuming affine deformations [94]. Stiffer filaments, like F-actin or collagen,
stiffen at a few per cent strain, whereas more flexible filaments like vimentin

70 The population of actin filaments include two subpopulations, whether filaments
are moored or not on the cell membrane, each family having two subsets accord-
ing to presence or absence of connections to other actin filaments.

™' Experimentally, various components of the cytosolic network are put in a solution
in a depolymerized form and polymerize secondarily.
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stiffen only at larger strains, approaching 100%. Biological tissues then adapt
to loading, using not only the nonlinear passive behavior, i.e., the strain-
stiffening, but also stiffness changes associated with contraction of nanomotor
proteins of the cytoskeleton.

Tensegrity models” of cytoskeleton mechanics are aimed at depicting the
essential features of stress-subjected cytoskeleton distortion. Tensegrity mod-
els consider deformable cells as a set of beams and cables that sustain ten-
sion and compression [95]. For instance, the cytoskeleton model, subjected
to 1D traction, can contain six rigid struts (compression-resistant elements
that mimic the microtubules), to which pulling forces are applied. The struts
are connected to 24 elastic prestressed cables (tension-resistant elements that
represent actin filaments), either via frictionless looped junctions (free slip)”
or pin joints (cross-links)™ [97]. The stiffness depends on the prestress level,
and for a given prestress state, to the applied stretch, in agreement with ex-
perimental findings [98]. Non-linear elastic elements can be used to take into
account the cell stiffening (strain-hardening) response due to the nonlinear
stress—strain relationship. Using a theoretical model of a 30-element tensegrity
structure, normalized element length and elastic tension are found to govern
the mechanical response of the structure for three types of loading (extension,
compression, and shear) [99]. The tensegrity model can also be composed of
viscoelastic prestretched cables (Voigt bodies), arranged in a network of 24
cables, associated with 6 rigid bars [100]. The normalized viscosity and elas-
ticity moduli are found to be almost independent or dependent of changes in
normalized initial internal tension, respectively. Both quantities depends on
the normalized length of the structure.

72 Tensegrity stands for tensile integrity. Tensegrity structures made of bars linked
by cables have several advantages, resistance and high deformability, for a mini-
mal material weight. Tensegrity structures can easily remodel. Tensegrity models
are used in civil engineering. This building principle was first described in archi-
tecture and constructed by a Fuller’s student, the sculptor K. Snelson [96].

7 The tension in the cables depends on the total cable length, and only tension
and compression are transmitted to the model components.

™ The tension in each cable depends on its length and forces acting at element
ends reduced to a single force.
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Plasma Membrane and Cell Environment

The plasmalemma is the barrier between the extracellular (ECF) and the
intracellular fluids (ICF). The plasmalemma thus connects the cell to its envi-
ronment: (1) neighborhing cells, especially in epithelia, and (2) the extracel-
lular matrix (Sect. 2.4), as well as in the case of endothelium, (3) the flowing
blood (Chap. 9).

2.1 Plasmalemma

The phospholipid bilayer of the plasma membrane embeds proteins and
glucids.! Proteins embedded in the phospholipid bilayer and carbohydrates
attached to the membrane surface are required for cell communication and
transport across the membrane. The membrane has indeed specialized sites for
exchange of information, energy, and nutrients, essentially made from trans-
membrane proteins. The membrane then has multiple functions. (1) Its con-
tinuous sheet separates the cytosol from the extracellular space, but certain
membrane elements connect these two interacting compartments. (2) It con-
trols molecule transport, providing a selectively permeable barrier. It contains
the carriers for the substance transport across it, from both compartments.
(3) It responds to external stimuli, via signal transduction. (4) It has compo-
nents for cell recognition and adhesion. (5) It organizes cellular biochemical
activities, through vesicle transport associated with a submembrane and cy-
toplasmic scaffold. (6) It maintains cell polarity. (7) It is involved in energy
transfer from glucids and lipids to adenosine triphosphate (ATP). The ap-
proximate composition of the cell membrane is given in Table 2.1 for the red
blood cell.

The deformable plasmalemma has constituents that regulate the flux of
materials, react to ligand binding, and interact with the cell environment.

! The two layers of different types of lipids, rich in proteins, are asymmetrical.
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Three main kinds of lipid are present in cell membranes: phospholipids
(Table 2.2), with hydrophilic and hydrophobic ends, cholesterol, and glycol-
ipids. Cholesterol is a major structural and functional component of cellular
membranes. Minor disturbances in membrane cholesterol content cause strong
changes in membrane physical properties, affecting intracellular signaling and
transport. The phospholipid bilayer is impermeable to water soluble mole-
cules and ions. The cell membrane contains functional nanodomains. Rafts
allow protein attachment. Certain junctions and signaling pathways use nan-
odomains.

Most or all plasmalemmal proteins are incorporated in cholesterol-enriched
domains (size from 30 to 700 nm, raft regions or non-raft regions) connected
to the cortical cytoskeleton and separated by protein-free membrane portions
poor in cholesterol [102].

Random movements contribute to cell membrane heterogeneity, although
diffusion, which corresponds to the macroscopic effect of the Brownian mo-
tion, favors homogeneity.2 Molecule diffusion in cell membrane differs from
pure Brownian diffusion. In a multiphase medium, molecules are trapped

Table 2.1. Approximative composition of an erythrocyte plasmalemma (Source:

[6])-

Cholesterol 23
Phosphatidylethanolamine 18
Phosphatidylcholine 17
Phosphatidylserine 7

Sphingomyelin 18
Glycolipids 3

Others 14

Table 2.2. Phospholipid distribution in the two layers of the erythrocyte plas-
malemma (Source: [101]).

External layer Internal layer

Sphingomyelin ~20 ~b
Phosphatidylcholine ~20 ~10
Phosphatidylethanolamine ~10 ~25
Phosphatidylserine ~10
Phosphatidylinositol ~1-2 ~2-3

2 Under thermal agitation, molecules permanently and randomly move and collide.
Homogeneity results from the random continuous spreading of molecules from
regions with high molecular concentrations to those with lower concentrations.
The spreading rate is given by the diffusion coefficient. The smaller the molecular
size, or the lower the molecule density, or the smaller the friction, or the higher
the temperature, the greater the diffusion coefficient.
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in domains in which positive interactions occur with the nearest neigh-
bors, and negative interactions are minimized. Membrane protein trans-
port is affected by interactions with molecular complexes. Sphingolipids and
glycosyl-phosphatidylinositol (GPI)—anchored proteins undergo transient con-
finements in nanodomains [103]. Cholesterol is packed with glycosphingolipids
to form membrane rafts. Lipids thus compartmentalize cell membranes. Cell
membrane organization into nanodomains impedes the diffusion of transmem-
brane proteins. Besides, enzyme activities, membrane recycling, and signal-
ing events permanently disturb the equilibrium of cell membranes and favors
nanodomain formation [104]. Moreover, the cytoskeleton hinders lateral trans-
port of transmembrane proteins, thus confining materials into nanodomains.
However, lipid compartmentalization in nanodomains is independent of the
cytoskeleton.

Membrane rafts and caveolae are membrane nanoregions used for cell
transport. A membrane raft is defined as a specialized, tiny (size of a mag-
nitude order O[10nm]), dynamic (half-life O[100 ns|]) membrane domain with
signaling and transport functions, formed by GPI-anchored protein clusters
associated with cholesterol, phospholipids, and glycosphingolipids. Any acti-
vation could modulate the size and stability of rafts. Membrane-raft proteins
are involved in signaling. They are stabilized through interactions with the
cytoskeleton. They can aggregate into larger platforms in response to various
stimuli. Caveolae, flask-shaped invaginations of the plasmalemma differ from
membrane rafts. Caveolae contain caveolin, whereas rafts are transient nan-
odomains stabilized or generated by protein cross-linking. Caveolin, thereby
distinguishes caveolae from other membrane rafts. Membrane nanodomains
represent connecting platforms of transport and signaling by clustering sig-
naling and trafficking molecules [105].

Integral membrane proteins either cross the lipid bilayer (transmembrane
proteins), some being able to span it, or are attached to bilayer lipids. Periph-
eral membrane proteins are attached to the integral membrane proteins. The
membrane proteins function as carriers, receptors, adhesion sites, or markers
(cell recognition). Membrane proteins select ions and molecules to cross the
plasmalemma from or to the cytosol. Cell membranes then allow development
of concentration gradients. The cell membrane also contains histocompati-
bility antigens (H-antigens, protein—carbohydrate complexes), that determine
the interaction with the immunological system. H-antigen formation is con-
trolled by the major histocompatibility complex (MHC) on chromosome 6.

Membrane proteins represent approximately 30% of the proteome. The
activity of plasmalemma proteins is regulated by switching among inac-
tive, active and possible intermediate states, particularly by phosphorylation.
Numerous plasmalemmal proteins are attached to the cell membrane by a
glycosyl-phosphatidylinositol anchor. GPI-anchored proteins can be removed
by phospholipase-C.

Proteases irreversibly cleaves peptide bonds. The membrane proteases in-
clude presenilin/y-secretase, signal peptide peptidases, and rhomboids. The
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latter can cut the membrane-docked precursor of the epidermal growth factor
(Sect. 10.1), then releasing the extracellular domain, which transmits signals
to surrounding cells.

The plasmalemmal prohibitin-domain proteins bind cholesterol and ion
channels, especially those involved in mechanotransduction, such as epithe-
lial sodium channels and TRP channels (Sect. 3.1.1). The family includes
raft-associated flotillin, podocin, prohibitin, stomatin, etc. The plasmalemmal
prohibitin domain proteins regulate the activity of associated ion channels.

Changes in conformational dynamics between folded and unfolded protein
states affect the protein stability and binding affinities. Proteins translocate
across or into membranes, either in folded or unfolded manner, using or not
pre-existing translocons, to function. The translocon allows protein migration
across and integration into membranes. The translocon contains a non-specific
protein-conducting channel embedded in the membrane and its associated
molecules.

Proteins that are secreted (messengers) or inserted in the plasmalemma
(sensors and receptors of the cell environment cues), once translated by ri-
bosomes, have a short terminal sequence that assigns the final destination.
They are then translocated across or into the cell membrane, using a translo-
case, which can form a complex with the ribosome [106]. The translocase is a
protein-conducting channel in the membrane that conveys newly synthesized
proteins bearing the appropriate address label.

2.1.1 Glycerophospholipids

Phosphatidylcholine is abundant in cell membrane, corresponding to a large
fraction of phospholipids. Plasmalogen provides an important quantity of
choline glycerophospholipids of the myocardium. Myocardial phospholipase
A2 (iPLA2), which is mainly associated with the sarcolemma and does
not require calcium, acts on plasmalogen. Activated iPLA2 produces lyso-
plasmenylcholine and arachidonic acid. Lysoplasmenylcholine alters calcium
fluxes. Arachidonic acid decrease gap junction conductance.

Besides, trans-arachidonic acids are produced by NO-dependent NO2-
mediated isomerization of arachidonic acid within the cell membrane. They
induce time- and concentration-dependent apoptosis of endothelial cells. Trans-
arachidonic acid effects are mediated by thrombospondin-1 [107]. Nitrative
stress leads to microvascular degeneration and ischemia.

Glycerol-3-phosphate is acylated to form lysophosphatidic acid (LPA),
which is thought to be further acylated by transmembrane lysophosphatidic
acid acyl transferase® (LPAAT) to form phosphatidic acid. Phosphatidic acid
is a precursor for glycerophospholipids (phosphatidylethanolamine, and phos-
phatidylinositols). Low LPAAT activities have been assigned to endophilin

3 LPAAT« is localized to the endoplasmic reticulum. It has ubiquitous tissue dis-
tribution, whereas LPAAT has a more limited one.
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and CtBP (or BARS), particularly implicated in stabilization of membrane
curvature at budding vesicles; but LPAAT activity can be a purification arte-
fact [108].

2.1.2 Phosphoinositides

Phosphoinositides (or phosphatidylinositol PtdIns or PI), although small in
amount in the cell membrane among the phospholipids, are involved in nu-
merous cell-life events (Table 2.3). Phosphoinositides are also found on the
cytosolic face of intracellular membranes and the nucleoplasm. They particu-
larly regulate nuclear functions, cytoskeletal dynamics, cell signaling, and en-
docytosis. Their metabolism involves PI kinases and phosphatases (Table 2.4).

Table 2.3. Functions of phosphoinositides (Source: [109]).

Location Functions
PtdIns(3)P Endosomes  Endocytosis
PtdIns(4)P Golgi Transport
PtdIns(5)P Nucleus Apoptosis
PtdIns(3,4)P2  Plasmalemma Signaling,

Cytoskeletal dynamics
PtdIns(3,5)P2  Endosomes Osmotic stress,

Signaling
PtdIns(4,5)P2  Plasmalemma Endocytosis
Nucleus Cytoskeletal dynamics

PtdIns(3,4,5)P3 Plasmalemma Signaling,
Cytoskeletal dynamics

Table 2.4. Enzymes and their isoforms implicated in the phosphoinositide
metabolism for transport and signaling (PIK: phosphatidylinositol kinase; PIPK:
phosphatidylinositol phosphate kinase; PTEN: phosphatase and tensin homologue;
SHIP: SH2-containing inositol phosphatase; Source: [110]).

PI3K p100a-—p100&
PI3K-C2a-PI3K-C2y

PI4K PI4K-Ila, PI4K-TIB
PI4K-I1T«, PI4K-ITIR

PI5K

PIP4K PIP4K o PIP4Ky

PIP5K PIP5KaPIP5Ky

3-Phosphatase PTEN1, PTEN2
4-Phosphatase Synaptojanin-1, synaptojanin-2
5-Phosphatase Synaptojanin-1, synaptojanin-2
SHIP1-SHIP2
5-Phosphatase-2, 5-phosphatase-4
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Phosphoinositides serve as platforms for molecular assemblies recruiting
and/or activating effectors at given locations and time. The turnover of
membrane phosphatidylinositol and its phosphorylated products, the phos-
phoinositides,* occurs after tissue stimulation. Each of the seven phosphoinosi-
tides has a cellular distribution often characterized by a predominant location
in membrane subsets.® Phosphoinositide segregation on different membranes
ensure directional transport from one cell compartment to another. More-
over, phosphoinositides are converted by kinases and phosphatases to adapt
their activities to the demand. They also facilitate enzyme recruitment to the
appropriate membrane for catalysis when substrates have reached the mem-
brane.

Phosphoinositides also are precursors of intracellular signaling molecules,
thereby, involved in smooth muscle cell contraction (Sect. 8.2) and endothe-
lial cell production of vasoactive molecules (Chap. 9). Phosphoinositides can
specifically interact with proteins having lipid-binding domains. Phosphoinosi-
tides are implicated in variability of membrane lipidic composition between
the various cell compartments as well as in heterogeneity within a given
membrane, associated with cell trafficking and signaling pathways. Inositol
polyphosphates and inositol phospholipids are metabolically and functionally
interconnected. Inositol polyphosphates are involved in biosynthesis and pro-
tein phosphorylation. Inositol(1,4,5)trisphosphates are required in intracellu-
lar calcium signaling. Inositol phospholipids are effectors in acute signaling
and regulate the transport across cell membranes and within the cytosol, as
well as the cytoskeleton organization.® Moreover, they are constitutive cues
that define organelle identity.

Phosphoinositides differ in phosphorylation at hydroxyl positions 3, 4 and
5 of the inositol ring. Hence, there are mono- (PIP), bi- (PIP2), and trisphos-
phate (PIP3 or PtdIns(3,4,5)P3) derivatives (Fig. 2.1). Membrane—bound PIs
hence include: (1) singly phosphorylated phosphatidyl inositol (PI(4)P, much
more abundant than PI(3)P and PI(5)P); (2) doubly phosphorylated phos-
phatidyl inositol (PI(4,5)P2, with a much higher level than PI(3,4)P2 and
PI(3,5)P2); and (3) triply phosphorylated phosphatidyl inositol PI(3,4,5)P3.
The activity of PIs depends on their cellular distribution. PI actions are reg-
ulated by PI kinases, PI phosphatases, and PI transfer proteins.

4 Reversible phosphorylation of the inositol ring of the precursor phosphatidyli-
nositol at positions 3, 4, and 5 generates seven phosphoinositides.
PtdIns(4)P is observed in the plasmalemma, mainly in the Golgi apparatus, and
in the endoplasmic reticulum, PtdIns(3)P in early endosomes. PtdIns(4,5)P2 and
PtdIns(3,4,5)P3 are located at the plasmalemma. PtdIns(3,4)P2 is mostly found
at the plasmalemma and in the early endocytic vesicles, PtdIns(3,5)P2 in early
and late endosomes.
Phosphoinositides bind to cytosolic proteins and to cytosolic domains of mem-
brane proteins. They, thereby, regulate the function of membrane proteins and
recruit to the membrane cytoskeletal and signaling components.

5
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Phosphatidylinositol(4,5)bisphosphate” of the inner leaflet of the cell
membrane is synthesized from phosphoinositide by phosphoinositide 4-kinase
(PI4K) and phosphoinositide 5-kinase (PI5K). Phosphatidylinositol(4,5)
bisphosphate can undergo dephosphorylation by 5-phosphatase to create
phosphatidylinositol(4)monophosphate. Phosphoinositide 3-kinase-1 phospho-
rylates phosphatidylinositol(4,5)bisphosphate and produces phosphatidylinosi-
tol (3,4,5)trisphosphate, which regulates small guanosine triphosphatases Rho
(Sect. 4.5). PI(3)P can be produced by the action of phosphatidylinositol 3-
kinase (PI3K) on PIs or by dephosphorylation of PI(3,4)P2 and PI(3,4,5)P3.

The plasmalemmal distribution and sequestration of highly charged PIP2 is
affected by electrostatic interactions and Ca™ ™ —calmodulin. Phosphatidylinosi-
tol(4,5)bisphosphate and phosphoinositides phosphorylated at the 3
position have direct signaling roles. Phosphatidylinositol(4,5)bisphosphate
transduces extracellular signals, either via concentration fluctuations or its
metabolites, generating threesecond messengers (diacylglycerol, inositol triphos-
phate, and phosphatidylinositol trisphosphate). Cleavage by phospholipases,
such as phospholipase-C and phospholipase-A2, produces signaling metabo-
lites. Dephosphorylation mainly by 5-phosphatase switches off its signaling.
Phosphorylation by phosphoinositide 3-kinase produces phosphatidylinositol-
(3,4,5)trisphosphate, a second messenger for the activation of protein kinase-B
and phosphoinositide-dependent kinase-1, in response to growth factor stimu-
lation. Dephosphorylation of PtdIns(3,4,5)P3 at the 3 position by phosphatase

PI(3,5)P2

PI3)P(5)K
PI3)P //PI(:;)Pase
PI3)K

PI(4)K
PI4P —= PI(34)P2 ﬁg PI1(3,4,5)P3

PISK SPase

PI

PI4PG5)K PIGKL

PIGS)P PI(4,5)P2 o
PI(5)P(4)K >
PLC
inositol

AN 1(14,5P3 + DAG

p”/ / wse
=t P2

PA AA MG

Figure 2.1. Main components of the phosphoinositides (PI) and their relationships
(IP: inositol phosphate; AA: arachidonic acid; MG: monoglyceride; PA: phosphatidic
acid).

7 Phosphatidylinositol(4,5)bisphosphate is also known a bisphosphophosphatidyli-
nositol.
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and tensin homologue (PTEN) switches off its signaling (Fig. 2.1). Dephospho-
rylation of PtdIns(3,4,5)P3 by 5-phosphatase, such as SH2-containing inositol
phosphatase SHIP1 and SHIP2, produces functional PtdIns(3,4)P2 (Sect. 4.4).

Phosphatidylinositol(4,5)bisphosphate regulates several ion carriers, such
as the Nat/Ca™™ exchanger, the ATP-sensitive KT channel, and also the
G-protein—dependent inward rectifier K+ channel. Furthermore, phosphatidyli-
nositol(4,5)bisphosphate activates enzymes and anchors proteins to the mem-
brane. PtdIns(4,5)P2 is involved in cell transport because: (1) it binds clathrin
adaptors and endocytic factors, such as dynamin; and (2) it acts on the
actin cytoskeleton. Phosphoinositide-sequestering proteins, such as pipmod-
ulins, buffer PtdIns(4,5)P2 and release it upon demand.

When stimulated by G-protein-coupled receptors (Sect. 4.5), phospholi-
pase-C cleaves phosphatidylinositol(4,5)bisphosphate to manufacture the sec-
ond messengers inositol(1,4,5)trisphosphate (IP3) and diacylglycerol (DAG).
Diacylglycerol activates protein kinase-C. Diacylglycerol is either hydrolyzed
by the diacylglycerol lipase into the messenger arachidonic acid or recycled
into phosphoinositide synthesis, being phosphorylated by diacylglycerol kinase
to phosphatidic acid. Phospholipase-D is associated with the reverse reaction
(dephosphorylation), from phosphatidic acid to diacylglycerol by phospha-
tidic acid phosphohydrolase. Inositol(1,4,5)trisphosphate releases Ca™ from
intracellular stores associated with inositol-trisphosphate receptors. Inosi-
tol(1,4,5)trisphosphate can be converted into inositol by specific phosphatases.

Small guanosine triphosphatases (Sect. 4.5) have a functional relationship
with phosphoinositides [111]. Like phosphoinositides, small GTPases help in
recruiting cytosolic proteins to specific membrane compartments.® Phospho-
inositides regulate the recruitment of guanine nucleotide exchange factors and
GTPase activating proteins to membranes and their activity. Several enzymes
of the phosphoinositide metabolism are effectors of GTPases, inducing feed-
back loops. Membrane-bound GTPases form coreceptors with phosphoinosi-
tides to recruit cytosolic proteins.

2.1.3 Cholesterol

Membrane component lipids (cholesterol, sphingolipids, glycosphingolipids,
and lysobisphosphatidic acid) are delivered to late endosomes and lysosomes
to undergo hydrolysis. Extracellular lipids, such as low-density lipoproteins
(LDL), are transported via endosomes; the LDL receptor recycles to the plas-
malemma.

Cholesterol biosynthesis involves a great number of enzymes. The hydroxy-
methylglutaryl-coenzyme A (HMG-CoA) reductase is the rate-limiting en-
zyme. It is required in the conversion of HMG-CoA into mevalonate (Fig 2.2).

Excess cholesterol is esterified by acyl CoA-cholesterol acyltransferase
(ACAT) in the endoplasmic reticulum. The esterified cholesterol is stored in

8 Ras GTPases are implicated in signaling, Rho GTPases in actin regulation, Arf,
Arl, and Rab GTPases in vesicular transport.
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short-term cytoplasmic lipid buffers. Cholesterol esters are indeed processed
by hydrolases in late endosomes and lysosomes (de-esterification) and released
for cell use.® Two proteins in late endosomes, NPC1, a transmembrane pro-
tein, and NPC2, a luminal protein that binds to cholesterol, are required for
efflux of cholesterol from late endosomes.!? Cholesterol motion back to the
cell membrane is done by vesicular and non-vesicular transports. Synthesized
cholesterol in the endoplasmic reticulum is conveyed to the plasmalemma,
mostly bypassing the Golgi complex.

The membrane sterol-cleavage activating protein transports the sterol-
regulatory element-binding protein from the endoplasmic reticulum to the
Golgi, thereby activating cholesterol synthesis when the cellular cholesterol
level is low. Cholesterol accumulation in the ER membranes changes confor-
mation of the sterol-cleavage activating protein so that this protein binds to
Insig [112]. Insig-bound sterol-cleavage activating protein fails to carry sterol-
regulatory element-binding protein to the Golgi and hinder cholesterol synthe-
sis. Thereby, sterol-cleavage activating protein dictates the rate of cholesterol
synthesis.

Three cellular pathways of cholesterol transport between cells and high-
density lipoproteins (HDL; Sect. 6.1) include: (1) passive diffusion from the
plasmalemma to plasma HDL; (2) efflux via scavenger receptors Bl (mainly
in the liver and in the adrenal gland); and (3) active efflux via ATP binding
cassette transporters to lipid-poor apolipoproteins, such as apolipoprotein Al.
The two first processes involve bidirectional fluxes of cholesterol, whereas the
latter is associated with unidirectional outward transfer of cholesterol.

The family of ATP binding cassette transporters (ABC) delivers choles-
terol and phospholipids to apolipoproteins (Fig. 2.3) [113]. ABC-A1'! pro-

acetyl CoA

HMG CoA
HMG CoA reductase +% ~_ statins

mevalonate

v
v
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Figure 2.2. Main steps of the cholesterol synthesis.

9 Esterification /de-esterification cycle represents a major part of cholesterol
metabolism.

10 Niemann-Pick disease C (NPC) is characterized by very slow efflux of cholesterol
from late endosomes and subsequent cholesterol accumulation.

11 ABC-A1 is particularly expressed in the liver, kidney, adrenal glands, intestine,
and foam cells (transformed macrophages) of atherosclerotic lesions. ABC-A1 is
localized on the plasmalemma, Golgi apparatus, endosomes, and lysosomes.



66 2 Plasma Membrane and Cell Environment

motes phospholipid transfer to lipid-poor apolipoprotein Al, which can then
be transformed into HDL in the blood by lysolecithin-cholesterol acyltrans-
ferase (LCAT; Fig. 2.3). ABC-G1, expressed by macrophages and endothelial
cells, favors cholesterol efflux from cells to HDLs, which binds to scavenger
receptor-B1 in hepatocytes. ABC-G5 and ABC-GS8, expressed in the liver,
transport cholesterol, and other sterols into the bile.

The nuclear hormone receptors,'? liver X (LXR) and retinoid X (RXR),
are involved in cholesterol transport from peripheral tissues to the liver, as

hepatocyte
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Figure 2.3. Cholesterol (Cs) and its transport via lipoproteins (Sources: [114, 115]).
ATP binding cassette (ABC) transporters A1l of the cell membrane favor lipid efflux
from cholesterol-loaded peripheral cells, such as macrophages. They are activated
by nuclear liver X receptor/retinoid X receptors (LXR/RXR) and retinoid acid
receptor-y (RARYy). Cholesterol and phospholipids form pref3-HDL (a minor fraction
of plasma HDLs) with apolipoprotein A1 (ApoA1), which are transformed into small
high-density lipoproteins (HDL3) by lysolecithin-cholesterol acyltransferase (LCAT)
and secondarily into large HDL2 by addition of Cs, phospholipids and ApoAl. HDL2
give birth to very low-density lipoproteins (VLDL) by cholesterol ester transfer pro-
tein (CEPT) and low density lipoproteins (LDL) HDL metabolism involves: (1)
the various subspecies of HDLs (lipid-poor preB-HDL; small, dense HDL3; large,
light HDL2); (2) lipid components (apolipoprotein A1 (ApoA1l), phospholipid (PL),
cholesterol (Cs), cholesterol ester (CE)); (3) enzymes (lecithin cholesterol acyltrans-
ferase (LCAT), cholesteryl ester transfer protein (CETP), phospholipid transfer pro-
tein (PLTP), hepatic lipase (HL), endothelial lipase (EL)); and (4) receptors and
transporters (ATP-binding cassette transporter A1 (ABC-Al), scavenger receptor
I (SR-BI)). HDL3 have antiatherogenic effects.

12 Transcription of ATP-binding cassette carrier ABC-A1, which transports
cholesterol and phospholipids across the plasmalemma, is regulated by oxysterol-
activated nuclear receptor liver X receptor (LXR), a partner of retinoid X
receptor (RXR), which is activated by specific oxysterols (transformed choles-
terol). ABC-A1 is hindered by mevalonate products [116].
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well as the cholesterol conversion into bile acids and excretion. Cholesterol
overload in cells, particularly foam cells (Part IT), activates liver X /retinoid X
receptors, leading to cholesterol efflux, via activated receptors ABC-A1 and
ABC-G1 and apolipoprotein E, and transport to the liver for secretion in
bile,'? using the plasma lipid transfer proteins CETP and PLTP. ABC-Al
might not only act as a phospholipid translocase, but also as a membrane
raft.

2.1.4 Membrane Rafts

Membrane rafts are made of cholesterol and glycosphingolipids [117]. They
compartmentalize the membrane of the cell and organelles into nanodomains.
They are then able to fix or exclude specific lipids and proteins. They contain
lipid-modified proteins, like glycosyl phosphatidylinositol-anchored proteins,
as well as stomatin, flotillin-1'* and flotillin-2 acting as scaffolds. Flotillin-1
resides in tiny patches of the plasmalemma, distinct from clathrin-coated pits
and caveolae, as well as in certain clathrin-independent endocytic particles
with glycosylphosphatidylinositol anchors.

Cytoskeletal proteins, such as spectrin, actin, bands 4.1 and 4.2 are partly
associated with membrane rafts. Membrane rafts of the cell membrane form
nanodomains with phosphoinositides,'® which are involved in cell endocyto-
sis. Moreover, they control cell signaling. Consequently, they participate to
the regulation of various physiological processes [119]. Although the spatial
organization of signaling proteins in the cell membrane is ascribed to mem-
brane rafts, clustering and trapping can also be explained by protein—protein
interactions between the relevant signaling molecules [120].

2.1.5 Proteins

The membrane proteins, embedded in the lipidic skeleton, are implicated in
several cell activities (Table 2.5). Protein-lipid and protein—protein interac-
tions control the binding of signaling molecules to membrane receptors as well
as endocytosis. Clathrin and membrane rafts are both required for compound
internalization from the cell surface. Glycosylphosphatidylinositol-anchored

13 In the liver, cholesterol is excreted into the bile both as free cholesterol and after
conversion to bile acids.
Flotillin-1 is also called reggie-2.
There are manifold phosphoinositides that interact with specific protein do-
mains, with either a Ca't-dependent or -independent mechanism. They
have a restricted distribution. Phosphoinositides then control the localization
of phosphoinositide-binding proteins to targeted organelles. Membrane rafts
are used for phosphatidylinositol(4,5)biphosphate (PIP2) signaling. Distinct
phospholipase-C-coupled receptors, either cholesterol dependent, for neurokinin
A, or independent, for endothelin, can share the same PIP2 pool at the plasma
membrane [118].

14

15
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proteins, lipoproteins (nonreceptor tyrosine kinases, Ras, etc.) and transmem-
brane proteins interact with membrane rafts.

Ton pumps and channels, as well as gap junctions coordinate the electrical
activity and molecular exchanges. The communication receptors are transduc-
tion molecules, generally proteins. Ligand fixation triggers synthesis of sec-
ond messengers, such as cyclic nucleotides (cyclic adenosine monophosphate
[cAMP], and cyclic guanosine monophosphate [cGMP]), phosphoinositides,
ete., responsible for cell responses of the extracellular ligand (first messen-
ger). Other molecules are involved in cell organization and adhesion. Protein
insertions into target membranes depend on translocations, abundance of non-
polar residues in transmembrane helices, and position of polar residues within
transmembrane segments [121].

2.1.6 Glucids

Membrane glucidic copulas of the external membrane layer contribute to the
membrane asymmetry. Membrane glucids participate in the protein structure
and stability of the membrane. Membrane glucids modulate the function of
membrane proteins. Surface polysaccharids are directly used for cell recog-
nition and adhesion. For example, laminin, a glycoprotein, allows adhesion
of endothelial cells to collagen. The macrophage migration-inhibitory factor
(MMIF) released by activated T lymphocytes, binds to membrane glucids of
macrophages to inhibit their migration once they are on the working site.

Table 2.5. Membrane proteins

Function Type Effect

Mass transfer Ton pump Cell polarity,
Ton exchanger Cell functioning,
Ton channel Cell metabolism
Vesicle Endo/exocytosis

(clathrin, caveolin)

Gap junction Electrical activity coordination
(connexin) Molecule exchange
Transduction Receptor Signaling

Cell organization Adhesion molecules Tissue stability

& adhesion Cadherin, Signaling
Selectin ECM-Csk connections
Integrin Cell—cell interactions

IgCAM Extravasation
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2.2 Adhesion Molecules

The coordinated expression by cells of a various types of adhesions, either
with the extracellular matrix or adjoining cells, regulate the cell shape, tis-
sue structure, and cell motility. In particuler, cellular junctions maintain the
structural integrity of tissues.

Zipcode-binding proteins IMPs!'6 (IMP1, IMP2, and IMP3), members of
the RNA-binding protein family mainly located in the cytoplasm, are required
for cell motility, cell adhesion, and cytoplasmic spreading.

Adhesion molecules are plasmalemmal proteins used for binding either
other cells or the extracellular matrix. Adhesion molecules also serve as sig-
naling components that control cell growth and division, cell differentiation,
and cell apoptosis. Adhesion molecules are composed of three domains: (1)
an intracellular domain interacting with the cytoskeleton, (2) a transmem-
brane domain, and (3) an extracellular domain associated with either the
same kind (homophilic binding) or other types (heterophilic binding) of adhe-
sion molecules. There are four main sets of adhesion molecules: (1) cadherins,
(2) selectins, (3) integrins, and (4) adhesion molecules of the immunoglobulin
superfamily. The first classes of substances are calcium-dependent adhesion
molecules.

2.2.1 Cadherins

The cadherins, which contain calcium binding sites, connect cells together,
one cadherin binding to another in the extracellular space (Table 2.6). They
can mediate interactions between the cell cytoskeletons. In particular, cad-
herins mediate interactions between neighboring endothelial cells. The short
cytoplasmic tail of cadherin interacts with catenins, which interacts with cy-
toplasmic proteins, such as actinin and vinculin, to link the cadherin—catenin
complex to the actin cytoskeleton.

[3-Catenins bind to the cytoplasmic tail of cadherins, whereas «-catenin
can bind to both 3-catenin and actin filaments, either directly or via actin-
binding proteins. a-Catenins exist either as monomers or homodimers. Mono-
meric «-catenin preferentially binds to cadherin—f-catenin complexes, whereas
its dimeric form is linked to actin filaments. However, cadherin—{3-catenin—
a-catenin complexes do not necessarily bind to actin filaments. x-Catenin
homodimers hamper actin polymerization, which occurs in the presence of
actin-related protein complexes Arp2/3 and Wiskott-Aldrich syndrome pro-
teins [122]. o-Catenins transiently bound to cadherin—B-catenin complexes
can dissociate from them and bind to actin.

16 RNA locates in the cytosol according to attached RNA-binding proteins, which
dictate the RNA destination. Insulin-like growth factor-2 mRNA-binding pro-
teins (IMP) belong to the zipcode-binding protein family. The same notation is
used to designate impedes mitogenic signal propagation compounds, Ras effec-
tors modulating the sensitivity of the MAPK cascade.
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Table 2.6. Cadherins (Sources: [123, 124].)

Molecule Distribution

Cadherin VE (CD144) Endothelium
Cadherin T, H Heart
Cadherin, fibroblast 1 FB
Cadherin, fibroblast 2 FB
Cadherin, fibroblast 3 FB

Desmocollin-2 Myocardium,
Lymph node
Desmoglein-2 All

Vascular endothelial cadherins (VE-cadherin) anchor the adherens junc-
tions between endothelial cells to pl20 catenin (pl20Ctn) and [-catenin
(BCtn). p-Catenin links VE-cadherin to the actin cytoskeleton via «-catenin.
p120Ctn regulates the actin cytoskeleton via the Rho GTPases [125]. VE-
cadherin can interact with p120Ctn to mediate cell locomotion and prolifera-
tion.

Displacements of endothelial and epithelial cells in cellular layers require
coordinated cell junction movements. Although cadherins form adherens junc-
tion at the cell apical region, an additional cadherin population is distributed
throughout the lateral between-cell adhesion loci. VE-cadherin motions in a
basal-apical direction associated with reorganization of actin filaments occur
at cell junctions between adjoining moving cells for sliding of contacting cell
membranes [126].

2.2.2 Selectins

The extracellular domain of selectins, single transmembrane polypeptides, can
reach sizes of about 50 nm [127]. The selectins are expressed in endothe-
lial cells and blood cells for binding two cell surfaces in presence of Ca™t+
(Table 2.7). They slow intravascular leukocytes before transendothelial mi-
gration (Sect. 9.3). Three selectin kinds are defined according to the cell in
which they were discovered. L-selectin'” is expressed on leukocytes that target
activated endothelial cells. E-selectin'® is produced by endothelial cells after

17 T-selectin is also refered to as CD62L (CD meaning cluster of differentiation
with a number assigned by the international workshops on leukocyte typing) or
LAMI1 or Mell4.

18 E-selectin is also refered to as CD62E or ELAMI.
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Table 2.7. Vascular selectins with three main types: endothelium (E)-selectins,
lymphocyte (L)-selectin, and platelet (P)-selectin (Sources: [123, 130-132]).

Molecule Ligands Distribution

L-Selectin (CD62L) Glycosylated mucinlike molecules WBC
(Glycam-1, CD34, MadCAM]1)

E-Selectin (CD62E)  Sialyated mucinlike molecules EC
(CD15s or ESL1)

P-Selectin (CD62P) P-Selectin glycoprotein ligand-1 EC, TC
(PSGL1 or CD162)

cytokine activation. P-selectin'® is preformed and stored for rapid release in
platelet granules or Weibel-Palade bodies?® of endothelial cells [129].

2.2.3 Integrins

The integrins are transmembrane glycoproteins (GP) that connect actin fil-
aments of the cell cytoskeleton to the proteins of the extracellular matrix
(ECM). The extracellular domain of integrins can reach sizes of about 20
nm [133]. Binding between integrin and its specific ligand is calcium and
magnesium dependent. Integrins that affect organization and assembly of cy-
toskeletal signaling complexes mediate signaling to or from?! the environment.
These complexes contain cytoskeletal proteins, adaptor proteins, and protein
tyrosine kinases, which, once assembled, initiate signaling cascades.?? Integrin
interactions with ECM ligands can trigger signaling events and provide paths
for transduction of mechanical forces across the plasma membrane. Integrins

19 P_selectin is also refered to as CD62P or GMP140 (granule membrane protein
140) or PADGEM. E-selectin and P-selectin have similar roles. P-selectin binds
to P-selectin glycoprotein ligand 1 (PSGL1).

Activated endothelial cells release Weibel-Palade bodies, which containing von
Willebrand factor and P-selectin, which induce leukocyte rolling and platelet
adhesion and aggregation. Weibel-Palade granules thus contain mediators that
promote inflammation and coagulation. Prevention of Weibel-Palade body re-
lease might be a mechanism by which NO protects the vessel wall from inflam-
mation [128].

The extracellular matrix yields signals that control cell shape, migration, pro-
liferation, differentiation, morphogenesis, and survival. These signals are de-
rived from cryptic sites within matrix molecules (matricryptic sites) that are
revealed after structural or conformational modifications of these molecules.
Matricryptins refer to enzymatic fragments of ECM containing matricryptic
sites [134].

The various molecules that bind to the cytoplasmic part of integrins include
tensin, paxilin, zyxin, actin, talin, vinculin, and «-actinin [135].

20

21

22
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are also involved in the regulation of vascular tone and vascular permeabil-
ity. Three main classes of proteic ligands interact with integrins: (1) ECM
proteins, (2) plasma proteins, and (3) cell membrane proteins?3 [136].

Integrins are oo/ heterodimeric metalloproteins. Their activity is modu-
lated by divalent cations, Ca™, Mg™™, and Mn™". Integrins change from
a curved, compact shape in low-affinity state to an extended conformation
in high-affinity state [137]. Ligand binding induces the extension of the in-
tegrin extracellular domain. Ligand binding to the metal ion-dependent ad-
hesion site of oy, I domain is modulated by the 32 I domain. When integrin
extends, its fy cytoplasmic and transmembrane domains separate, enabling
signal transmission across the plasmalemma. Furthermore, integrin cytoplas-
mic domains can then cooperate with cytoskeletal components to trigger cell
spreading.

Various integrins combine different kinds of two subunits ccand 3 (Table 2.8).
Integrins have a large extracellular domain, a membrane region and, most of-
ten, a short cytoplasmic part. They are subdivided into classes according to 3
subunits, which are associated with one or more o« subunits [138]. Vascular cells
express several members of the integrin family. 31 Integrins (ot;—1, &y ),2*
in particular, are elements of platelets.?’ B5 integrins (ar, am, xx, ap) are
leukocyte-specific receptors, involved in leukocyte adhesion and transmural
migration, granulocyte aggregation, T-lymphocyte killing, and T-helper cell
response [139]. Leukocyte integrins o, 2,25 oqrB22” and axB2?® contain the
same CD18 subunit. Leukocytes have x; 32 and o2 integrins, respectively,
which bind to endothelial cells. 3 Integrins (o, oty) are observed in var-
ious cells (platelets, endothelial cells, monocytes, smooth muscle cells, etc.).
Platelet B3 integrin subunits bind to fibrinogen during clotting.?? Other inte-

grins include B4 (ot6), Bs (), Ps (), B7 (4, &), Bs (0ty),. ... Integrins

23 Homophilic interactions means that similar molecules bind to one another,
whereas heterophilic interactions refer to the attachment among different mole-
cules.

2 o4B1 is also called very late antigen-4 (VLA4) or CD49d/CD29.

25 Glycoproteins-Ia-ITa and Ic-Ila are also termed x2B1 and «sf; integrins.

26 o1, B2 Integrin is also refered to as leukocyte function associated antigen-1 (LFA1)
or CD11a/CD18. It binds to intercellular adhesion molecule-1 (ICAM1) on en-
dothelial cells to promote leukocyte adhesion and transmural migration. LFA1,
once bound and activated by ICAM1, triggers abrupt, firm adhesion of rolling
lymphocytes [140].

27 X B2 Integrin is also termed CD11b/CD18 or Macl or CR3.

2 xx B2 Integrin is also termed CD11c/CD18 or CR4.

29 Platelet ayrB3 integrin recognizes fibrinogen, in presence of agonists (ADP, throm-
bin, thromboxan A2), fibronectin, von Willebrand factor, and vitronectin.
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Table 2.8. Vascular integrins (Sources: [123, 131, 132, 141]).

Molecule Ligands Distribution

131 Ln, Cn NK, B & T L, FB, EC
231 Ln, Cn NK, B & T L¢, TC, FB, EC
31 Ln, Cn, FN T Lo, FB, EC

41 VCAM1, ICAM1, FN NK, B & T Lo, E@, Mo, EC
o5 B1 FN B & T Lo, TC, FB, EC
631 Ln WBC, FB, EC

731 Ln CMC, FB, EC

a11P1 Cn CMC, SMC

ar 2 ICAMs N, Mo, Mo, T, B & NK Le¢
oM B2 ICAMs, FX, Fng NK & B Lo, N, Mo

ax P2 Fng B Lo, Mo

a11h 33 FN, VN, vWF, TSP TC

v B3 FN, VN, Cn, PECAM1,vWF, Fng, TSP B & T Lo, Mo, EC
0(6[54 Ln FB, EC

v Bs FN, VN, Fng FB, Mo, Me

oafr FN, VCAM1, MadCAM NK, B & T Lo
XIELP7 E-cadherin T Leo

functions are regulated by: (1) the level of integrin expression,? (2) divalent
cations,®! (3) by cellular environment,? and (4) affinity modulation®? [138].

Various proteins link the integrins to the cytoskeleton, such as tensin
and filamin. Among these proteins, certain ones have several binding sites;
therefore cross-linking actin filaments. They include x-actinin, fimbrin, ezrin—
radixin—moesin (ERM). ERMs coordinate signals triggered by cytokine-indu-
ced adhesion molecules with extracellular adhesive functions [142]. Moreover,
ERM is a marker of Rho-kinase activity.

Integrins switch between active and inactive conformations. In the inac-
tive state, integrins have a low affinity for ligands. Signaling events induce
a conformational change with exposure of the ligand-binding site. Ligand-
integrin binding connects the actin cytoskeleton to the extracellular matrix,
via the assembly of a proteic complex, and interacts with signaling pathways.
Mechanical stresses modify the conformational state of integrins, which form

30 The transcription control of integrin expression promotes a given cell type ad-
hesion while preventing others from interacting negatively, like in angiogenesis.

3! Integrin-ligand binding require divalent cations, such as Ca*™, Mg™™ Mn*T.
This binding thus depends on the content of the extracellular medium. Different
divalent cations can have opposite effects on a given integrin.

32 The ligand specificities vary according to the cell type (21 on platelets binds to
collagen and on endothelial cells to collagen and laminin). This cell-type—specific
binding depends on the cell environment.

33 Integrin function can be regulated by both the number of expressed receptors
and the environment.
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new connections with their specific ECM ligands and cytosolic molecules to
relay the shear stress signaling to intracellular pathways and increase cell
binding [143].

Integrin-linked kinase (ILK), isoforms of particularly interesting Cys-His-
rich protein (PINCH), and parvin form the IPP complex in the cytosol [144].34
The IPP complex is recruited at focal adhesions with paxillin, vinculin, and
focal adhesion kinases and builds an interface between integrins on the one
hand and the actin cytoskeleton and signaling pathways on the other. IPP
complex participates to the regulation of endothelial cell and cardiomyocyte
migration, leukocyte recruitment and platelet aggregation.

The non-receptor tyrosine kinase Ack (Sect. 4.3.1) is ubiquitously ex-
pressed. Ack is phosphorylated (activated) by activated integrins linked to
cell adhesion on fibronectin by growth factors, such as epidermal growth fac-
tor and platelet-derived growth factor (Sect. 10.1). Ack is an early transducer
of extracellular stimuli. Ack interacts with adaptors and Cdc42 guanosine
triphosphatase. Ack can also play a role in vesicle dynamics.

2.2.4 Immunoglobulin-Like Cell Adhesion Molecules

Certain members of the immunoglobulin (Ig) superfamily, the Ig cell adhesion
molecules (IgCAM), are involved in calcium-independent cell to cell binding
(Table 2.9). Among them, intercellular adhesion molecules (ICAM) are ex-
pressed on activated endothelial cells, being the ligand for integrins expressed
by leukocytes. ICAM1 (CD54) induce reversible adhesion, stabilizing leuko-
cyte for possible extravasation. Platelet—endothelial cell adhesion molecule-1
(PECAMI1 or CD31) belongs to leukocytes, platelets, and intercellular junc-
tions of endothelial cells. Vascular cell adhesion molecule-1 (VCAML), once
binds to o431 integrin, induces firm adhesion of leukocytes on endothelium.
Junctional adhesion molecules (JAM) belong to the set of Ca™ T-independent
immunoglobulin-like cell adhesion molecules of the immunoglobulin family.
Junctional adhesion molecules are expressed by endothelial cells, leukocytes,

34 Integrin-linked kinase binds: (1) PINCH and ILK-associated phosphatase on
its ankyrin domain; (2) possibly phosphatidylinositol(3,4,5)trisphosphate on its
plekstrin homology domain; (3) parvin, paxillin, MIG2/kindlin-2, 1 and 3 inte-
grins, protein kinase B, phosphatidylinositol-3-kinase-dependent kinase-1 on its
kinase domain. MIG2/kindlin-2 binds to migfilin, which links to filamin and in-
teracts with filamentous actin and integrins. PINCH, an adaptor protein, binds to
receptor tyrosine kinases. PINCH1 binds to Ras-suppressor protein RSU1, a neg-
ative regulator of Jun N-terminal kinase, and to receptor-tyrosine-kinase adaptor
protein NCK2. «-Parvin binds to F-actin, and kinase TESK1, which phospho-
rylates cofilin. 3-Parvin binds to F-actin, a-actinin, and guanine nucleotide—
exchange factor «-PIX. a-PIX binds to Racl/Cdc42 effector PAK1, and calpain-
4, which cleaves talin. When talin is recruited to the plasmalemma and activated
in association with phosphatidylinositol phosphate kinase-1y (PIPK1y), it binds
to B-integrins.
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and platelets. JAMs support both homophilic and heterophilic interactions.3°

Junctional adhesion molecules include JAM1 (or JAM-A), JAM2 (or JAM-
B), JAM3 (or JAM-C), JAM4, and JAM-like [145]. JAM1 is located in the
apical region of tight junctions, where it links cingulin, occludin, protein
zonula occludens-1, etc. JAM1 exists on endothelial cells, circulating cells,
and antigen-presenting cells. JAM1 can interact with oy o-integrins. JAM1
is highly expressed in the brain vasculature, where it stabilizes cell junctions,
thereby reducing the vascular permeability. JAM2 and JAM3 are expressed
by endothelial cells. JAM2 can interact with oyf1-integrins. JAM3 is also
expressed by platelets, monocytes, natural killer lymphocytes, dendritic cells,
B lymphocytes, and a subset of T lymphocytes. JAMS3 is strongly expressed
in lymph nodes where it destabilizes cadherin junctions, thus increasing the
vascular permeability. JAMS3 is also found in high endothelial venules. JAM3
binds to leukocyte oy 32-integrins and oy [32-integrins in order to link throm-
bocytes to leukocytes.

2.2.5 Focal Adhesions

Focal adhesions (2-10 um long, 0.25-0.5 um wide, 10-15nm gap) are com-
plexes of clustered integrins and associated proteins that link the components
of the extracellular matrix (fibronectin, collagen, laminin, vitronectin) with
the cytoskeleton of cultured cells and mediate cell adhesion [146]. These cell-
matrix junctions, also defined as focal adhesion plaques or focal contacts,
differ from the hemidesmosomes. Actin filaments attach to specific membrane
proteins (rather than intermediate filaments).

Table 2.9. Vascular IgCAMs (Sources: [123, 131, 132]).

Molecule Ligands Distribution
CD166 CD6, CD166 WBC
CDh147 WBC, RBC, TC, EC
CD22 CD45 B Lo

CD44 Ankyrin, FN, etc. Lo

ICAM1 (CD54) 0(4[31, OCLBQ, 061\/[[32 WBC, EC
ICAM2 (CD102) oL B2 Lo, EC, Mo
ICAMS3 (CD50) arfBe WBC
PECAM (CD31) CD31,0 B3 WBC, EC
VCAM1 (CD106) x4, xaf37 Mo, EC

35 JAM1 homophilic interactions are used for platelet adhesion to the endothelium
[145]. JAM3 has a higher affinity for heterodimerization with JAM2 than for
homodimerization. JAM3 heterophilic interactions also exist with integrins for
platelet adhesion to leukocytes and for extravasation of leukocytes.
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Focal adhesion proteins (FAP) include talin, vinculin, tensin, paxillin, and
focal adhesion kinase, among others®® [147|. Talin and vinculin are cytoskele-
tal proteins that bind integrins and F-actin cytoskeleton [148]. Talin possesses
actin-binding and vinculin-binding sites and also binds to 3 integrin cytoplas-
mic tails [149]. Vinculin binds F-actin and may cross-link talin and actin,
thereby stabilizing the interaction [150]. Talin, Vine, and Pax regulate the
formation of focal adhesions and stress fibers.

2.3 Cellular Junctions

Cellular junctions are tiny specialized regions of the plasmalemma. Several his-
tological and functional categories include: (1) impermeable junctions, which
maintain an internal area chemically distinct from surroundings; (2) adher-
ing junctions, which reinforce tissue integrity; and (3) communicating junc-
tions for exchange of nutrients and signals with the environment (Fig. 2.4,
Table 2.10). Within the junctions, membrane proteins have specific configura-
tions. Integrins and cadherins are associated with signaling molecules, leading
either to cell proliferation or apoptosis (Sect. 2.2). Cell junctions can remodel.

2.3.1 Desmosomes

The desmosomes, or macula adherens, are large bundles that anchor one cell
to its neighbors. Desmosomes contain two classes of desmosomal cadherins,
the desmocollins and the desmogleins, each having several subtypes, that are
specific to differentiation status and cell type. The intercellular space is filled
with filaments that bridge not only membranes, but also cytoskeletons of ad-
jacent cells. Two main desmosome types exist: belt and spot desmosomes.
Belt desmosomes contain actin filament susceptible to contract in presence of
ATP, Ca™", Mg*™, to close the gap during cell apoptosis. Spot desmosomes
contain filaments and transmembrane linkers which connect cytoplasmic net-
works of tonofilaments bundles for mechanical coupling between adjacent cells.
Hemidesmosome®™ allows adhesion of cells to basement membranes for tissue

36 The components of focal adhesions are: (1) cytoskeletal proteins, with direct
or indirect association with actin, without enzymatic activity, such as tensin,
vinculin, paxillin, «-actinin, parvin/actopaxin and talin; (2) tyrosine kinases,
such as members of the Src family, FAK, PYK2, CSK and Abl; (3) serine/
threonine kinases, such as ILK, PKC and PAK; (4) modulators of small GTPases,
such as ASAP1, Graf and PSGAP; (5) phosphatases, such as SHP2 and LAR
PTP; and (6) other enzymes, such as PI3K and calpain-2. However, all these
components are not necessarily constitutively located in all focal adhesions [146].
Hemidesmosomes are small multiprotein complexes in the basal cell surface of
endothelial cells, which resemble half of a desmosome. Hemidesmosomes connect
the elements of the cellular cytoskeleton to the underlying basal lamina. They
are present at least in the basal layer of the stratified and compound epithelia.

37
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7

mechanical integration via links between integrin and collagen-7. Hemidesmo-
somes also serve as anchoring sites for tonofilaments bundles. Cells subjected
to mechanical stresses have numerous spot desmosomes and hemidesmosomes,
which limit cell distensibility and distribute stresses among layer cells and to
the underlying tissues to minimize disruptive effects.

2.3.2 Zonula Adherens

The zonula adherens, or adherens junction, is defined by cell-to-cell adhesion
via cadherin—calcium dependent bridging [152]. It forms adhesion belts that
link adjacent epithelial or endothelial cells.?® These cadherin-based adhesive
contacts link not only the cytoskeletal proteins of a given cell to the cytoskele-
ton of its neighboring cells, but also to the proteins of the extracellular matrix.

Table 2.10. Cellular junction features.

Junction Function Attachment |Intermembrane Associated
space (nm) molecules
Desmosome Cell—cell Cadherin  |25-35 lintermediate
anchor filaments
Hemidesmosome|Cell-BM Integrin 25-35 lintermediate
adhesion filaments
Adhesion belt |Cell—cell Cadherin  [10-25 Actin
adhesion Integrin filaments
Focal contact Cell-ECM Cadherin  |20-25 Actin
adhesion Integrin filaments
Tight junction |Occlusion of |Membrane- |<1 Membrane
between-cell  |joining proteins
space strands
Gap junction Cell—cell Connecting |2-3 Connexin
communication|channel

38

Hemidesmosomes act in signal transduction via integrin and regulate cellular
activities. Hemidesmosomes do not link adjacent cells.
Epithelial and endothelial cells are able to tightly join, via intercellular adhe-
sion, often with an asymmetric architecture of protein and lipid constituents
of the plasmalemma, leading to an apical-basal polarity. Adherens junctions
contain E-cadherins. Localization of E-cadherins is stabilized via the recruit-
ment of actin filaments either by E-cadherin or synaptotagmin-like protein
bitesize independently of E-cadherin [153]. F-actin is required to stabilize
E-cadherin—f-catenin—«-catenin complexes. Bitesize is mainly required to or-
ganize F-actin in the apical junctional region. Bitesize binds to phosphatidyli-
nositol(4,5)bisphosphate, to Par3, and to F-actin-binding protein moesin of the
ezrin—radixin—moesin complex.
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Figure 2.4. Endothelial cell junctions. Tight junction (TJ) is formed by occludin
and peripheral membrane proteins, such as cingulin, GTP-binding Rap-13. ZO1
binds to spectrin and cingulin. ZO1 cross-links catenin/cadherin complex. Cadherins
(VE-, P-, and N-cadherins) are found in adherens junction (AJ), as well as clusters
of VE-cadherin (predominant cadherin) that bind to actin. Cadherins bind to the
cytoskeleton via catenins and plakoglobin. 3-Catenins bind to a-actinin (Act), vin-
culin (Vinc), and actin and to VE-cadherin with y-catenin. Tight junction protein
occludin and adherens junction proteins 3-catenin and VE-cadherin are co-localized
in endothelial cells. Platelet endothelial cell adhesion molecule (PECAM1) main-
tains junction integrity. Connexins form gap junctions (GJ). Integrins bridge the
cells. Desmosomes (D) are made of desmoplakins. Vinculin is located along junc-
tions (Source: [151]).

The adherens junction then is a third kind of anchoring junctions, with its
cytoskeletal protein®® anchors and transmembrane linker proteins.

Actin filaments are associated to the adherens junctions through catenins.
Three types of catenins exist, «, 3, and y-catenin (or plakoglobin). 3-catenin
and plakoglobin bind directly to the cadherin, whereas «-catenin links [(3-
catenin or plakoglobin and then the cadherin—catenin complex to the actin
cytoskeleton.

39 The actin filaments are linked to the adherens junctions rather than the inter-
mediate filaments, which are mainly associated with the desmosome and the
hemidesmosome.
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2.3.3 Tight Junctions

Tight junctions (TJ), or zonula occludens, form protein junctions that leave
tiny between-cell space (<1nm).*® Membrane of adjacent cells fuse at a point
set.*! They selectively modulate paracellular permeability and act as a bound-
ary between apical and basolateral plasma membrane. Several proteins are in-
volved: cingulin, claudin,*? occludin,*® junctional adhesion molecules (JAM),
symplekin, zonula occludens proteins (Z0),** etc. Two rows of integral mem-
brane proteins, each adjacent membrane contributing for one row, holds the
two membranes close together by reciprocal contacts. Sealing strands, which
form attachment lines between adjacent cells, are organized into a flexible
network that modifies the junction tightness according to local physiological
needs and maintains the cell sealing under stress. E-cadherin is specifically
required for tight junction formation and is involved in signaling rather than
cell contact [156].

The guanosine triphosphatase RhoA (Sect. 4.5.3) regulates the tight junc-
tion assembly and cell polarity. The polarity protein Par6 interacts with the
transforming growth factor-f3 receptors (Par6 is a substrate of receptor-2) and
with E3 ubiquitin ligase Smurfl, which degrades RhoA, leading to a loss in
tight junctions [157].

The plasma membrane of epithelial cells is divided by tight junctions into
distinct apical and basolateral regions with different protein and lipid compo-
sitions. In polarized epithelial cells, phosphatidylinositol(3,4,5)trisphosphate,
which is stably localized at the basolateral plasmalemma, regulates the for-
mation of this domain of the cell surface [158].

Whereas a cell apico-basal polarity complex located in tight junctions of
any epithelial cell consists of partitioning defective proteins PAR3 and PARG,
as well as atypical protein kinase C (aPKC) and Racl guanine nucleotide
exchange factor Tiam1, another proteic complex, which associates PAR3 and
PAR6 with VE-cadherin, but lacks aPKC, exists in adherens junctions of
endothelial cells [159].

In the endothelium, JAMs, as well as occludins and claudins, are integral
membrane proteins located at tight junctions. Junctional adhesion molecules
thus control the vascular permeability. JAMs are also involved in angiogenesis
in association with oy f3-integrins, as well as in inflammation, being required
for leukocyte recruitment and transendothelial diapedesis.

JAMs redistributes from the cell junctions to the apical surface of stimu-
lated endothelial cells. Nectins, immunoglobulin-like cell adhesion molecules,

40 The tight junction dimensions average 27.4nm in width and 1.1 um in length.

41 The membranes are not cemented together. Such intimate contact blocks
molecule passages through the obliterated intercellular space.

4% Claudin assembly modes increase the diversity of the structure and functions of
tight junction strands [154].

43 Occludin brings opposite external cell leaflets into contact.

44 There are several zonula occludens proteins: ZO1, ZO2, and ZO3 [155].
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recruit cadherins to form adherens junctions, and afterward, claudins, oc-
cludin, and junctional adhesion molecules, owing to peripheral membrane pro-
teins (among which are many actin filament-binding proteins), to the apical
side of adherens junctions to build tight junctions.

2.3.4 Gap Junctions

Gap junctions, or nexus or macula communicans, build between-cell channels,
which bridges adjacent membranes and thus connect the cytosol of neighbor-
ing cells (bore of 1.2-2nm). These intercellular proteic channels allow low
molecular weight molecules (< ~1 kDa), small signaling molecules, such as
second messengers inositol(1,4,5)trisphosphate and cyclic AMP, and ions to
diffuse between neighboring cells (metabolic and signaling coupling).*> These
clusters of membrane channels transmit electrochemical current between ad-
joining cells for coordinated activity (electrical coupling).

At a gap junction, each cell provides hemichannels or connexons that dock
one to one with hemichannels in the other cell. Hemichannels are hexamers,
homomeric or heteromeric according to the connexin kind number. Connexon—
containing vesicles are transported to the cell surface and fuse with the cell
membrane. Inserted hemichannels diffuse in the membrane until they dock
with a hemichannel in an apposed membrane to form a cell-cell channel. Pairs
of connexons, made by a hexameric array of connexins, thus form intercellular
membrane channel.

Phosphorylation of connexin-43 in gap junctions by PKC reduces the per-
meability to large hydrophilic solutes (ATP, cAMP, IP3, NAD™), but not to
ions. Connexin-43 phosphorylation thus does not affect the propagation of the
electrochemical wave.

Gap junctions of the cardiomyocyte mainly consist of two connexons made
from six connexins.*® Various connexins are involved in gap junctions. Connex-
ins, encoded by a gene family, are commonly named by their molecular mass
(Cx-). Different connexins assemble to form junctions, which differ in chan-
nel conductance, gating, permeability depending on both size and charge, as
well as temporal and spatial patterns of expression. Another class of proteins,
pannexins, can form gap junctions.

Conformational changes close the channel. Gap junction permeability is
controlled by multiple factors, calcium concentration [Ca®™], mediated by
calmodulin, pH, membrane potential, protein phosphorylation, etc..

45 Gap junctions mediate between-cell transfer of small molecules like amino acids,
nucleotids, vitamins, hormones, cAMP, glucids, etc.

46 Many kinds of connexins are expressed by the myocardium with possible het-
erotypic (heterogeneous connexons, each made from a single connexin type),
heteromeric (connexons made from different connexins) and homotypic junc-
tions.
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2.3.5 Mechanical Effects

Forces are applied to the cell by the cell environment, and conversely, forces
are produced by the cell and transmitted via the cytoskeleton and the ad-
hesion sites to the surrounding medium. The interface between the cell and
extracellular space is characterized by submembrane plaques composed of in-
tegrins, adaptor, and anchor proteins. Numerous stress-induced responses of
cells, particularly endothelial cells, which must withdraw shear stress exerted
by the flowing blood on its wetted surface, require integrins.

Focal adhesions sense loadings undergone by the cell. The size of focal
adhesions increases when any loading is applied to the cell, the number of
molecular interactions rising due to conformational changes of proteins in-
volved in adhesion sites or molecule recruitment. Conversely, the size of focal
adhesions decreases when loading is removed [160].

Stretch-dependent growth of cell adhesion sites is mediated by Rho GT-
Pases via Rho kinases and Dial protein (Chap. 4). Rho kinases activate
myosin-2, Dial induces focal adhesion assembly and regulates microtubule
dynamics. Microtubules stop focal adhesion growth and suppress cellular
contractibility via microtubule-associated motors, such as kinesin, and micro-
tubule-associated signaling molecules, such as GEF-H. The guanine nucleotide
exchange factor GEF-H stimulates Rho GTPase when it is not bound to mi-
crotubules.

2.4 Extracellular Matrix

The extracellular matrix (ECM) support cell functions during development,
division, differentiation, and apoptosis, as well as tissue formation and remod-
eling. The extracellular matrix especially provides a scaffold for appropriate
three-dimensional cell assembly. The extracellular matrix also behaves as a
reservoir of signaling molecules.

The structure and function of the extracellular matrix varies between dif-
ferent tissues. It is particularly abundant in connective tissues. Cells interact
and communicate with other cells and the extracellular matrix. ECM sig-
naling influences regulation of gene expression. The extracellular matrix is
synthesized by fibroblasts and smooth muscle cells to serve as a binding ma-
terial. Imaging techniques have been developed for the structural analysis of
soft tissues, in particular to study the crimp of collagen fibers within the
bundles [161].

Transforming growth factor- regulates the deposition of proteins of the
extracellular matrix and their interactions with the cells using integrins.
TGFf stimulates the synthesis of collagens and fibronectin, as well as the
balance between matrix metalloproteinases and tissue inhibitors of matrix
metalloproteinases. TGF and its downstream effector Smad are involved in
the contraction of collagen gels by fibroblasts.
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2.4.1 Structural Proteins

The extracellular matrix is composed of three molecule classes: (1) struc-
tural proteins, collagen (Cn, koAow: to glue), and elastin (En, eAaoto,
eAaotpew: to push); (2) specialized proteins, such as fibrillin, laminin (Ln),
fibronectin (FN); and (3) proteoglycans (PoG), like chondroitin sulfate, hep-
aran sulfate?” (HS), keratan sulfate, hyaluronic acid (the ground substance).*®
Proteoglycans (or mucopolysaccharides) are composed of a protein to which
are attached glycosaminoglycans®® (GAG). The gel-like ground substance has
an important water-binding capacity, which amplify the volume occupied by
the macromolecules.

Heparan sulfates can be divided into three different groups according
to protein backbones: syndecans (the largest amount), glypicans, and per-
lecans (the smallest amount). Syndecans have an extended extracellular do-
main, which can sense applied shears, and a cytoplasmic sequence for signal
transmission, possibly linked to G-protein-coupled receptors, especially those
bound with endothelial nitric oxide synthase, and to cytoskeletal components,
such as actin. Syndecan-1, the most represented heparan sulfate in the vascular
endothelium, is also involved in inflammation, binding chemokines (chemo-
tactic cytokines; Sect. 10.1).

Without anchorage to the extracellular matrix, the cells cannot survive.
The fibronectins attach cells to the extracellular matrix, except in basal lami-
nae (lamina: plate, stands for a thin layer of connective tissue), of endothelia,
which involve laminin as adhesive molecule. The laminin is tightly associated
with entactin/nidogen, which also binds to collagen-4.

The cell life depends on the ECM microstructure. Fibroblasts grown in
high-fibril-density extracellular matrices have decreased length-to-height ra-
tios, increased surface areas, and a greater number of projections [164]. Fibrob-
lasts in low-fibril-density extracellular matrices reorganize their extracellular
matrix to a greater extent. Furthermore, [31-integrins are localized according
to the local strain field and ECM remodeling events. Furthermore, fibroblast
proliferation is enhanced in low-fibril-density extracellular matrices.

Catenins are involved in adhesion and signaling. Distinct forms of catenins
could mean that adhesion and signaling are not always coupled [165]. f-
Catenins interact with E-cadherin and with o-catenin, anchoring the cad-
herin complex to the actin cytoskeleton. 3-Catenins are mediators of Wnt

47 Heparan sulfate proteoglycans regulates the distribution of the extracellular sig-
naling molecules, such as Hedgehog (Hh; Sect. 3.2.7), Wingless (Wnt; Sect. 3.2.8),
or Decapentaplegic (Dpp) [162].

48 Altered contents of hyaluronan in the arterial wall disturb the wall functions.
Hyaluronan overproduction in the aorta is associated with a thinning of the
elastic lamellae [163]. It can lead to increased wall stiffness and promote athero-
sclerosis.

19 Glycosaminoglycans with their negative charges act as buffer for cations in ex-
cess.
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signaling (Sect. 3.2.8).°% B-Catenin activity is controlled by binding partners.
Plakoglobin (y-catenin) binds E-cadherin, a-catenin, and transcription fac-
tors. It is involved in cell adhesion as well as Wnt signaling. Plakophilins (Pkp)
are proteins located in desmosomes. Like y- and 3-catenins, they are members
of the armadillo protein family. They acts in cytoskeleton—plasmalemma inter-
actions. In addition, they can be involved in signal transduction. Plakophilin 2
(Pkp2) deficiency can induce arrhythmogenic right ventricular cardiomyopa-
thy,>! ventricular tachyarrhythmias, and sudden death [168]. Plakophilin 4
(Pkp4) is observed in the desmosomes and adherens junctions of endothelia.

Cell anchorage and migration are due to glycoproteins, in particular fi-
bronectins (FN; nectere: to connect). These connecting elements are fixed to
collagen and elastin of the extracellular matrix on the one hand and the cell
membrane on the other hand [169]. Fibronectin yields an important substrate
for cell adhesion. Fibronectin, linked to actin filaments, is associated with the
cell skeleton.

Clotting factor XIII bridges fibronectin to fibrin. The fibronectin enhances
platelet adhesion. Activated platelets have specific fibronectin adhesion sites
composed of two glycoproteins. Fibroblasts also have such sites, but with
distinct affinity glycoproteins. Whereas platelets must be strongly moored
whatever the stress field (strong affinity), fibroblasts travel through the fi-
bronectin network (weak affinity). The fibronectin then acts on clotting and
healing. The fibronectin also promotes chemotaxis [170] and activates inte-
grin signaling [171]. The fibronectin has indeed several sites that can bind to
plasmalemmal integrins [172]. The plasma fibronectin is synthesized by the
liver.

2.4.2 Matrix Metalloproteinases

Proteolytic degradation and remodeling of the extracellular matrix is con-
trolled by matrix metalloproteinases (MMP) and the tissue inhibitors of met-
alloproteinases (TIMP). Matrix metalloproteinases are very slow enzymes,
most often targeting many substrates (Table 2.11). They are secreted as la-
tent enzymes, which are activated by reactive oxygen species and proteinases
among other factors.

50 The Wingless (Wnt) signaling pathway is involved in many biological pro-
cesses. The Wnt signaling pathway is either (3-catenin—dependent or {3-catenin—
independent [166]. Diversin is a protein functioning as a molecular switch be-
tween these two Wnt pathways. Inversin (Inv) can associate with Dishevelled
(Dvl). It inhibits B-catenin—dependent Wnt signaling upstream of the 3-catenin
degradation complex [167]. Flow over the ciliated MDCK cells, the ciliae being
the sensing element of the urinary tract, increases the expression of inversin and
slightly reduces (3-catenin levels.

51 Arrhythmogenic right ventricular cardiomyopathies are associated with fibro-
fatty replacement of cardiomyocytes.
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Table 2.11. Examples of matrix metalloproteinases and their substrates (Source:
[173]).

Type Substrates

MMP1 Collagen-1/2/3/7/8/11,
glycoproteins (entactin), proteoglycans (aggrecan),
L-selectin,

IL1p3,
MMP2, MMP9

MMP2 Collagen-4/5/6/10, elastin,

MMP3  Collagen-3/4/5/9, laminin, elastin,
fibronectin, entactin, aggrecan, perlecan, decorin,
plasminogen, 1L1{3,

MMP2/TIMP2, MMP7, MMP8, MMP9, MMP13

MMP7 Collagens-4/10, elastin, fibronectin, laminin,
aggrecan, decorin,
transferrin, plasminogen,
34-integrin,

MMP1, MMP2, MMP9/TIMP1

MMP8 Collagens-1/2/3/5/7/8/10, fibronectin
aggrecan

MMP9 Collagens-4/5/7/10/14, elastin, fibronectin,
entactin, aggrecan,
plasminogen, 1L1{3,

MMP10 Collagens-3/5, elastin,
aggrecan,

MMP1, MMPS

MMP12 Collagen-4, elastin,
fibronectin, vitronectin, laminin, entactin,
fibrinogen, fibrin, plasminogen

MMP13 Collagens-1/2/3/4/9/10/14, fibronectin,
aggrecan, perlecan
plasminogen,

MMP9

MMP14 Collagens-1/3,
fibronectin, laminin, vitronectin, entactin,
aggrecan, perlecan, decorin,

MMP2, MMP13

MMP15 Fibronectin, entactin, laminin, aggrecan, perlecan,
MMP2

MMP16 Collagen-3,
fibronectin,

MMP2

MMP18 Collagen-1

MMP19 Collagen-1
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The family of matrix metalloproteinases comprises several subsets: (1) col-
lagenases (MMP1, MMP8, and MMP13), (2) gelatinases (MMP2 and MMP9),
which digest denatured collagen and other ECM components including base-
ment membranes, (3) stromelysins (MMP3, MMP10, and MMP11), and (4)
membrane-type MMPs (mtMMP). Gelatinases, matrilysins (MMP7), and
macrophage elastase (MMP12), which are overexpressed in aortic aneurisms
(Part II), degrade elastin. Increased levels of MMP14 activate proMMP2.
Other proteinases, such as plasminogen activators, serine elastases, and cathep-
sins, expressed in atheromatous plaques (Part IT), contribute to the vessel-wall
degeneration. Matrix metalloproteinases are involved in the evolution of ath-
erosclerosis and aneurisms. Matrix metalloproteinases are naturally inhibited
by TIMPs. Tissue inhibitors of metalloproteinases also have mitogenic and
cell growth—promoting activity. Furthermore, TIMP3 is a constituent of the
extracellular matrix and some basement membranes.

Matrix metalloproteinases not only degrade the extracellular matrix,
but also have other functions. Matrix metalloproteinase membrane type-1
(mt1MMP) can regulate the development of the microvasculature via platelet-
derived growth factor-B (PDGFB) and its receptor PDGFRA (Sect. 10.1)
[174]. PDGFB regulates the function of intramural cells. mt1MMP is associ-
ated with the signaling based on PDGFB-PDGFR}.

Matrix metalloproteinases decrease the endothelial barrier by proteolysis
of cell junctions. However, in normal conditions, MMP stimulation is counter-
balanced by barrier upregulation by cyclic stresses. Plasmalemmal proteases “a
disintegrin and metalloprotease” ADAM10 and ADAM15 also disassemble cell
junctions. Endothelial MMP9 is involved in cyclic strain-induced angiogene-
sis and endothelial MMP2 in hypoxia-generated angiogenesis and migration
of smooth muscle cells [173].

Many molecules act on MMPs. nitric oxide inhibits MMP2 via repressor
activating transcription factor ATF3 but stimulates MMP13. Inducible cy-
clooxygenase Cox2 activated by cyclic strain upregulates MMP9 and MM14.
Prostaglandin PGJ2 upregulates MMP1. Tissue inhibitors of metallopro-
teinases are synthesized by endothelial cells, smooth muscle cells, and fi-
broblasts among other cells. TIMP activity of endothelial cells is sensitive
to stresses. According to its active terminal domain, TIMP2 either activates
MMP2 or inhibits MMPs. Interaction between MMP14 and TIMP2 is re-
quired to activate proMMP2. The fibrinolytic system, also sensitive to stresses,
which include plasminogen activators (tPA, and uPA) and inhibitors (PAI1,
and PAI2),%? regulates the conversion of plasminogen into plasmin. Plasmin
participates to MMP activation.

Cyclic strains and shear stresses regulate the expression of matrix metal-
loproteinases by endothelial and vascular smooth muscle cells, as well as the
production of proteins of the basement membrane and the interstitial matrix
(Fig. 2.5).

52 Endothelial PAI1 serves also as an antimigratory molecule.
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The extracellular matrix is much stiffer in tumors than normal tissues, due
to a high content in collagen fibers. Stiff extracellular matrices enhance Rho
GTPase activity [175]. Matrix metalloproteinases frequently have high levels
in tumors. Matrix metalloproteinases not only are involved in local cancer
invasion by degrading the structural components of the extracellular matrix,
but also release cell-bound inactive precursors of growth factors and activate
survival factors. They also may be involved in cancer initiation, especially in
the epithelial-mesenchymal transition. In mammary tissue, MMP3 acts via
Raclb, which raises the production of reactive oxygen species, particularly
the mitochondrial superoxide, leading to DNA damage and genomic instabil-
ity, and eventually to tumorigenesis. MMP3, Raclb and HyO5 enhance the
expression of Snail, a transcription repressor of E-cadherin [176].

2.4.3 Basement Membrane

The basement membrane (BM), or basal lamina, is a specialized extracellular
matrix sheet at the interface between the connective tissue and the endothe-
lium. Both basement membranes and extracellular matrices are major regula-
tors of embryogenesis and tissue integrity. The basement membrane influences
the functions of contacting cells (regulation of cell shape, gene expression, pro-
liferation, migration, and apoptosis) [177].
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Figure 2.5. Strain promotes the synthesis of matrix metalloproteinase MMP2 in
endothelial cells. Cyclic strains are detected by G-protein-coupled receptors (GPCR;
Sect. 3.2.1), receptor tyrosine kinases (RTK; Sect. 3.2.2), and integrins (I). Signaling
cascades activate ERK1/2, p38, and JNK (Chap. 4), then transcription factors, early
growth response protein EGR1, cAMP response element (CRE), activator protein
AP1, and nuclear factor-kB (NFkB), leading to the production of MMP/TIMP
(Source: [173]).
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The basement membranes contain laminins, members of the entactin/nido-
gen family, collagen-4, and proteoglycans [178, 179]. The laminin receptors are
integrins and dystroglycan.’3 The laminin type affects receptor interaction.
The laminin and collagen-4 networks are linked by nidogens [180]. This com-
bined network associates other glycoproteins and proteoglycans, which act as
both structural elements and receptor ligands. Proteoglycans bind, via their
charged carbohydrate chains, soluble molecules, such as growth factors and
ions, and regulate the diffusion of macromolecules.

Basal lamina synthesis is spatially and temporally regulated by neighbor-
ing cells. Regulations, mediated by receptors on the cell membrane, depends
on the distribution of ligands and receptors [181, 182]. The basement mem-
brane binds a variety of growth factors [183] (Fig. 2.6). This binding regulates
the accessibility of these ligands via retention or release from the basement

VEGFR
EC \
ini in/ni VEGF
laminin entactin/nidogen —
collagen 4 agrin perlecan < FGF

basement membrane collagen 18

extracellular matrix
FGFR —
proteoglycans ]

fibroblast

collagen

macrophage

elastin SMC

Figure 2.6. The endothelial cell (EC) lying on the basement membrane. The inter-
sticial matrix contains cells (resident macrophages, fibroblasts, smooth muscle cells
[SMC], pericytes), as well as fibers and proteoglycans. Heparan sulfate proteoglycans
of the basement membrane, such as perlecan, form complexes with growth factors
(Sect. 10.1), here the vascular endothelial growth factor (VEGF) and the fibroblast
growth factor (FGF). The growth factors can then bind to their respective receptors
VEGFR and FGFR. Perlecan can induce growth factor-receptor interactions and
angiogenesis.

53 Dystroglycan associated with other proteins into complexes are linked to the
cytoskeleton.
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membrane. Binding to BM components can alter the local ion composition,
proteoglycans linking divalent cations [184].

The basal lamina has manifold structural roles. The basal lamina gives a
stable surface for endothelium firm anchorage which protects from shearing
and detachment. Basal laminae act as selective barriers for macromolecular
diffusion.

2.4.4 Interstitial Matrix

The interstitial matrix®® influence the functions of contacting cells. The in-
terstitial matrix has a fibrillar structure, with a large amount of collagens.
The structure of the interstitial matrix depends mainly on the type of fibrils
and the type and amount of proteoglycans. Proteoglycans not only act as gel
formers by water adsorption, but also have structural and cellular interac-
tions [185]. Osmolarity of interstitial fluid affects the repulsive forces of the
negatively charged GAGs, inducing collapse or inflation, which can affect fiber
stretching and folding.

Collagen and elastin control the rheology of the connective tissue. The
ground substance with glycosoaminoglycans stabilizes the fiber network. Pro-
teoglycans control the level of hydration of connective tissues, and thus par-
tially determine the physical properties of connective tissues.

2.4.4.1 Elastin

A first type of major fibers is given by elastin fibers (EnF), with elastin and
fibrillin. The elastic fibers, of thickness 0.5 to 1 pum, can ramify and form elas-
tic networks and fenestrated membranes. Tropoelastin is a precursor of elastic
fibers synthesized by fibroblasts and vascular smooth muscle cells and secreted
in the extracellular space. These cells form a microfibrillar glycoprotein scaf-
fold with fibrillin on which are deposited tropoelastin monomers. Microfibrils
are grouped aligned in infoldings of the cell surface. Tropoelastin bridges,
as well as connections between elastin and collagen, need lysyloxydase. The
desmosine cross-links elastin to form elastin fibers [186]. Elastin makes long-
chain molecules tied together in a 3D network by scattered cross-links with
a degree of order influenced by its environment. Elastin also binds to cells
via elastonectine. The G-protein-coupled receptor of elastin recognizes also
laminin. The ligand-bound receptor induces Ca™™ influx. Subsequent efflux
is much slower with aging.

Elastic fibers hence consist of two components: microfibrils and polymer-
ized elastin. Microfibrils (10-12 nm) in the extracellular matrix are composed
of fibrillins-1 and -2, and associated proteins, such as latent transforming

54 The interstitial matrix is the extracellular matrix part without basement mem-
brane. The interstitial matrix, with the cells, forms the connective tissue.
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growth factor-B-binding protein® (LTBP1-LTBP4) and microfibril-associated
glycoproteins. Microfibrils can form aggregates devoid of elastin.

Deposition and crosslinking of elastin along microfibrils depend on fibrillin-
1, fibulin-5,%% and latent transforming growth factor-B-binding protein LTBP2
[187].57

Fibulin-5°8 is a calcium-dependent, elastin-binding protein located at the
surface of elastic fibers. Fibulin-5 acts as a scaffold protein that links elas-
tic fibers to cell integrins®® [188]. Fibulin-5-deficient mice have disorganized
elastic fibers and fragmented elastin. Consequently, aortas in these mice are
tortuous and softer.

Elastin fibers are the most elastic biomaterials, at least up to a stretch
ratio of 1.6 [190], the loading and unloading cycles being nearly superimposed.
Strained elastic fibers produce recoil forces. The elastic modulus of elastin
fibers ranges from 0.1 to 1.2 MPa® [191-193].

2.4.4.2 Collagens

The collagens, the second type of major fibers, are structural proteins that
form fibrils, characterized by triplet of helical chains and stabilized by cova-
lent cross-links.5! The triple helix domain is common for all collagens; the
heterogeneity resides in the assembling mode and in the resulting structure
(Table 2.12). Certain microfibrils, which contain five rows of basic collagen
molecule (300 nm long) forming a helix, are packed together to form a fibril
(caliber 50-200nm), cross-links providing stability.? Collagen fibrils can vary

55 Latent transforming growth factor-B-binding proteins not only are structural
components of the extracellular matrix but also (except LTBP2) bind the latent
form of transforming growth factor TGFf and modulate TGF factivity.
Fibulin-5 is also known as developing arteries and neural crest EGF-like protein
Dance/Evec. There are several Dance-binding proteins, such as elastin, emilin,
superoxide dismutase, ... Dance interacts with fibrillin-1. Fibrillin-1 microfibrils
with fibulin-5 deposits can lead to mature elastic fibers.

LTBP2 located in elastin-associated microfibrils interacts with Dance and can
promote deposition of fibulin-5 onto fibrillin-1 microfibrils to form elastic fibers.
Fibulin-5 is an extracellular matrix protein abundantly expressed in large vessels
and cardiac valves during embryogenesis, as well as in many adult tissues that
contain abundant elastic fibers, such as the aorta.

Fibulin-5 is a ligand for plasmalemmal integrins «, 3, &5, and xgf31 [189].
A value of elastic modulus of elastin from 0.4 to 0.6 MPa is often considered.
Helical structures is made from three separate collagen chains by intertwining a
coiled structure. Possible periodic striated aspects of collagen fibrils are due to
its trellis arrangement.

Neighboring collagen molecules are arranged to form a right-handed twist. The
resulting microfibril, the basic building block of the collagen fibril, interdigitates
with adjoining microfibrils. The quasihexagonal arrangement of collagen mole-
cules is continuous. Each microfibril contains at least two to three intermicrofib-

56
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Table 2.12. Selected types of collagens.

Collagen Location

Connective tissue, vessel wall
Distensible connective tissue
Basement membrane
All tissues
All tissues
Endothelia

2 Interacts with collagens-1 and 3

= 00 O Ui W~

in thickness and in association with each other®. Among collagen groups are
the hexagonal-like network building collagens (types 8, and 10), beaded fila-
ment collagens (type 6), anchoring fibril collagens (type 7), transmembrane
collagens (types 13, and 17), and the multiplexin collagens (types 15, and 18).

Collagen fibers (length of ~ 10 um) consists of collagen fibrils (length of
~1pum) composed of a staggered array of long tropocollagens (length of
~300nm, bore of ~1.5nm). Collagen design maximizes the strength with
large energy dissipation during deformation.

The collagen is surrounded by extensible glycoproteins and proteoglycans.
Proteoglycans are attached to collagen. The rheological properties of pure
collagen are thus difficult to assess. Collagen fibers and fiber bundles have
sheath with collagens-3 and 4. Collagen-1, the main constituent of arterial
wall, is a tensile fiber, of 1 to 20 um thickness, usually forming wavy bundles,
which does not ramify. It is located between elastic lamellae of elastic arteries.
Collagen-3 strengthens the walls of blood vessels. Its ultrastructure is simi-
lar to collagen-1 but its composition differs, with higher molecular stability.
Collagen-3 determines vessel compliance [195]. Collagen-4 provides the basal
lamina of the endothelium and the filter for the blood capillaries. Transmem-
brane collagen-13 is found in intercalated discs of the myocardium.

Procollagens are synthesized by fibroblasts and vascular smooth muscle
cells and then cleaved to collagen after secretion from the cell. Extracellular
procollagen is combined to tropocollagen, which spontaneously self-assembles
into collagen fibrils [196]. The collagen is a load-bearing material that deforms
differently in different directions and exhibits viscoelastic behavior. The col-
lagen is stiff (high elastic modulus).®* Due to their configuration, collagen
fibers (CnF) can be stretched by strong stresses up to 16.3kPa. The me-
chanical properties of blood vessels depend on the interaction between elastic
and collagenous elements. Fibroblasts remodel collagen to fit the tissue to the

rillar cross-linkages, and one intramicrofibrillar bond [194]. Decorin regulates
collagen-1 fibrillogenesis.
53 Collagen-3, 5, and 11 regulate fibril size by incorporation into fibrils-1 and 2.
61 Collagen is about a thousand times stiffer than elastin. Collagen stiffness depends
on fiber arrangement.
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environment requirements, in particular to regulate the cell growth and tissue
development.

Collagen remodeling by fibroblasts has a crucial role in organizing tissue
structures. Fibroblast lamellipodia extend along the collagen fibers, and work
on collagen by a mechanism requiring «sf3; integrins as well as myosin 2B
assembly and contraction in lamellipodia [197]. The fibronectin provides a
separate structural network in interstitial matrices, which interacts with cells.

Animal models of essential hypertension show that the number of connec-
tions between elastin and smooth muscle cell increases and fenestrations of
the internal elastic lamina are smaller [198]. Elastin and collagen not only
intervene in the vessel wall rheology, via their mechanical properties, density,
and spatial organization, but also control the function of smooth muscle cells.
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Ion Carriers and Receptors

The cell is enclosed by a plasma membrane impermeable to many life-
sustaining substances. The cell membrane thus incorporates rafts, calveolae,
adaptors, transporters, etc. The cell membrane being a major barrier to ion
flux, proteic ion carriers, such as ion channels, transporters, exchangers, and
pumps, transport ions across it. Besides, signal transduction relies on plas-
malemmal receptors and ion carriers.

The motion of ions across cell membranes ensures various physiological
processes, such as hormone secretion, action-potential generation, muscle con-
traction, regulation of blood pressure, salt and water balance, cell proliferation
and apoptosis.! Moreover, differences in ion concentrations or electrical po-
tential between both sides of the plasmalemma, created by proteic ion carriers
produce electrical signals in excitable cells. Changes in membrane polariza-
tion occur when ion channels open. The opening and closing of ion channels
can be disturbed by gene mutations, leading to alterations in ion conductance
through the central pore and possible ion leakage (channelopathies).

3.1 Membrane Carriers

Membrane transport is done via multiple carriers (Table 3.1).2 Ion channels
are gated pores that allow passive ion flux according to their electrochemical
gradients. Ion pumps use the energy from ATP hydrolysis to transport ions
against their electrochemical gradient. Coupled transporters (antiporters and
symporters) switch on the flux of one ion species against its electrochemical
gradient with the reverse motion of another.

! There are other activities associated with ion fluxes, such as sensory transduc-
tion, learning and memory, etc.

2 Carrier here defines any transmembrane transport process. The terminology is
given by the Nomenclature Committee of the International Union of Biochem-
istry and Molecular Biology.
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The antiporter moves two ions in opposite directions across the membrane.
The channel has two conformational states, open and closed. It is involved
in specific transport of ions or uncharged molecules down their chemical or
electrochemical potential gradient.> Channels include: (1) voltage-gated chan-
nels (electric-field mediation), (2) chemically gated channels (ligand binding),
(3) mechanically gated channels (stress or strain activation). The exporter
functions in the outward direction, the importer inwardly. The pore is a mem-
brane protein allowing non-specific passage of solutes of different sizes. The
symporter simultaneously moves two chemical species in the same direction, at
least one of them being ionic and driven by its electrochemical potential gra-
dient. The transporter is a membrane protein for a specific chemical species.
Its binding site opens alternately to the one and the other membrane side.
Transporters can act by diffusion, or be driven by electrochemical potential
gradients of ions (secondary active transport) or chemical reactions (primary
active transport). Transporters carry solutes against their chemical or electro-
chemical potential gradient. The uniporter displaces a single chemical species
across the membrane.

Steroids diffuse across the plasmalemma to reach their intracellular recep-
tors, most of them belonging to the nucleus membrane (Sect. 3.3). Except
the receptors of steroid hormones, the receptors of multiple messengers are
located in the plasmalemma. Attachment of the ligand on its corresponding
receptor induces a reaction cascade. The messengers can be hormones secreted
by specialized cells and transported by the blood, neurotransmitters released
by nerve endings, and substances produced locally. Both agonists and antag-
onists can fix to receptors with or without effect, respectively. Antagonists
block agonist fixation. The messengers generally have specific receptors; but,

Table 3.1. Membrane carrier proteins bind a substance and transport it across the
membrane, undergoing conformational changes.

Transporter Specific active carrier
Uniporter  Transport of a single molecule
Exporter Cellular efflux
Importer Cellular influx
Antiporter  Coupled transport in the opposite direction
(ions or small molecules, simultaneously or sequentially).
Symporter Coupled transport in the same direction
Channel Water-filled proteic pore
(for a specific ion or a small molecule)
Pump Energy-consuming carrier
(of ion or small molecule)

3 Electric potential differences exist across the membrane, the negative side being
on the cytosolic face of the membrane. They are expressed in mV, with a negative
sign.
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a given messenger can have several receptors: the adrenaline has «1, «2, 31,
and B2 receptors (Sect. 3.2.1.1); the acetylcholine has nicotinic and muscarinic
receptors.

3.1.1 Ion Carriers

Hydrophilic charged elements cross the hydrophobic cell lipid bilayer using
ion channels, with a transmembrane hydrophilic pore. Ion channels control
the electrical state of the cell by allowing certain ions to cross the membrane
and excluding others. For instance, channels selective for sodium ions allow
Na™ to enter the cell. Channels selective for potassium ions allow K* to exit
the cell, thus generating membrane hyperpolarization and reducing the cell
electrical excitability.

Relative selective permeability describes the ability of an ion channel to
allow passage of a single ion type or a set of ions. Ion channels are character-
ized by: (1) gating kinetics, (2) possible modulation by intracellular ions and
molecules, and (3) channel conductance.*

Ton channels are not confined to the plasmalemma. Intracellular ion chan-
nels are found in the membranes of intracellular organelles, such as secretory
and endocytotic vesicles, synaptic vesicles, lysozymes, mitochondria, and the
endoplasmic/sarcoplasmic reticulum.

The ion channel has a typical diameter of about 8 nm, with a central pore
of about 2 nm, and a length of about 12 nm, hence exceeding the lipid bilayer
thickness. The central pore has a narrow part. Ion channels are composed
of one or more pore-forming subunits, often in association with accessory
subunits.5 The basic structure contains four (tetrameric channel) or five (pen-
tameric channel) transmembrane helices fitted together, which edge the cen-
tral pore. For instance, the four subunits of Na™ and K tetrameric channels
surround a central pore with a selectivity filter formed by P-loops® from each
of the subunits [199]. However, ion channels can use a single unit with vari-
ous domains (monomeric channel) like certain voltage-gated channels. Others
are dimers, with similar (homodimeric channel) or different (heterodimeric
channel) subunits.

Three functional states of ion channels can be defined: resting (closed),
open (conducting), and inactivated. Ion channels share similar features, rela-
tive selective permeability and gating (Table 3.2). Gating refers to the channel
opening, depending on the presence of external signal, like a ligand (ligand-
gated channels) or an ionic flux (voltage-gated channels). Gating is charac-
terized by transitions between conductive and non-conductive conformations

4 The channel conductance is a measure of the current crossing a single open
channel at a given membrane potential.

5 Accessory subunits contribute to the diversity of ion channels.

5 Each subunit of ion channel can have two membrane-spanning helices, outer
helix M1 and inner helix M2, with an intervening P-loop.
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via structural rearrangements of the flexible selectivity filter. Channel opening
can be due to a rotation of a cytoplasmic domain of the membrane protein into
its cytoplasmic end. The rotation can be due to a change in transmembrane
potential. In voltage-dependent channels, a voltage-sensing domain, linked to
the pore gate, is able to transduce the energy provided by the transmembrane
voltage into gate motion. The opening and closing of ion channels can also be
regulated by changes in temperature or mechanical stress. The gating kinet-
ics deals with the onset and duration of the conductive state. Gating can be
modulated by biochemical reactions such as phosphorylation.

Intracellular signaling proteins can modulate the ion channel activity. Ton
channels are regulated by various mechanisms, such as phosphorylation by
protein kinases (Sect. 4.3). Ion channels can be substrates not only for protein
kinases, but also for phosphoprotein phosphatases (Sect. 4.4). Phosphorylation
and dephosphorylation modulate channel gating. Kinases and phosphatases
can bind especially voltage- and calcium-gated ion channels, either directly
or via anchoring proteins, such as A-kinase anchoring proteins (Sect. 4.10.1),
to form regulatory protein complexes. Calmodulin, a calcium sensor, can also
bind to ion channels in the absence of calcium. Calcium—calmodulin complex
modulates the channel activity.

The ion flux through the cell membrane across the corresponding channels
depends mainly on three factors: (1) the difference in ion concentrations on
both sides of the membrane, (2) the voltage across the membrane, and (3) the
membrane permeability, which depends on ion channel activity. The mem-
brane permeability depends on: (1) the number of plasmalemmal channels,
(2) the opening time duration, and (3) the channel conductance.

Cells are made of about 80% water. The osmotic pressure, fundamental to
cell survival, induces stretch force on the cell membrane. Mechanosensitive ion
channels (MSC) or stretch-activated ion channels (SAC) detect and respond
to forces undergone by the cell. They open and close in response to mechan-
ical stimuli. Two major classes of ubiquitous stretch-activated channels exist
[200]: (1) the ion channels that require force transmission from the cytoskele-
ton; and (2) the ion channels that respond to stress mediated via the lipid
bilayer. Several MSCs belong to the transient receptor—potential (TRP) pro-
teins [201]. TRP channels are polymodal, being activated by several types
of stimuli. TRP channels can have enzymatic activity. Volume-regulated an-
ion channels (VRAC) are found in epithelial cells. Stretch-activated calcium
and inward rectifying potassium channels drive an ion influx leading to cell
depolarization [202].

Voltage-gated ion channels, activated for a given membrane polarity thresh-
old, generate electrical impulses in excitable cells. In particular, voltage-
dependent ion channels generate and propagate the action potential for
excitation-contraction coupling in the heart. The molecular mechanisms of
voltage sensing, such as transmembrane motions of voltage-sensing elements,
remain controversial. Voltage-gated ion channel tetramers have six transmem-
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brane components (S1-S6). Certain cyclic nucleotide-gated channels are sim-
ilar to voltage-gated ion channels.

S1 to S4 subunits constitute the voltage-sensor domain, S5 and S6 form
the hydrophilic pore. In the case of most voltage-dependent channels, when

Table 3.2. Classification of ion channels.

Channel family

Examples

Voltage-gated
channels

Voltage-gated sodium channel
Voltage-gated potassium channel
Voltage-gated sodium/potassium channel
Voltage-gated proton channel
Voltage-gated calcium channel
Voltage-gated chloride channel (CIC)
Mitochondrial voltage-gated anion channel

Extracellular ligand-gated
channels

GABA-gated C1™ channel

Glycine-gated C1~ channel
Glutamate-gated Ca*™ channel

P2X

Nicotine acetylcholine receptor
Serotonin-gated cation channel

ATP-gated outward rectifying C1~ channel

Intracellular ligand-gated
channels

CFTR CI™ channels

ATP-binding cassette proteins (ABC)
IP3R-TRP

TRPM7

Nucleotide receptor

ATP-sensitive inward rectifying K™ channel
(ROMK, Kir, IRK/Kir2, BIR, etc.)
Calcium-activated C1~ channel (ClCa)
Calcium-activated K* channels (SK, BK)
ATP-gated K channel (K(ATP))
cGMP-gated ion channels (CNG)
G-protein—activated inward rectifying K™ channel
(GIRK/Kir3)

Calcium-release Cat™ channels

Ryanodine (Ca™" channel) receptor
Epithelial Na* channel (ENaC)

Mechanosensory
channels

TRP
Stretch-activated ion channels

Volume-regulated channels
channels

VRAC

Miscellaneous

Gap junctions
Peptide ion channels
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the membrane is depolarized from a resting hyperpolarized state, the voltage
sensor undergoes conformational changes leading to pore opening. Sensor S4
has periodically aligned positively charged amino acids. The voltage-sensor
domain, without the pore domain, generates depolarization-induced outward
currents and inward tail currents during repolarization. The voltage-sensor
domain is characterized by pH-dependent gating,” zinc ion sensitivity, and
proton selectivity [203]. The voltage-sensor domain works not only for voltage
sensing but also constitutes a voltage-gated proton channels. Proton efflux
through these Hv channels leads to membrane depolarization. Hv channels
have been observed in blood cells and alveolar epithelium cells, among others.

Ion channels can form molecular complexes between them, such as large-
conductance voltage-gated calcium channels (CaV) and BK-type Ca™t-acti-
vated voltage-gated potassium channels (BKCa or KCal.l), for a fast and
localized control of neuronal firing and release of hormones and transmitters
in the central nervous system [204].

Ligand-gated ion channels open when they are bound with their corre-
sponding ligand. Ion channels can be gated either directly by ligand binding,
or indirectly via a cascade of molecular reactions leading to channel open-
ing. There are extracellular ligand-activated channels and intracellular ligand-
gated channels. The later are often activated by G-protein-coupled receptors
(GPCR). Usual intracellular ligands include calcium ions, ATP, cyclic AMP
and GMP, phosphatidyl inositol. Stored calcium is the main source of Cat+
influx in non-excitable cells. The cytosolic influx can require calcium-release—
activated calcium channels. Intracellular ligand-gated ion channels modify the
intracellular concentration of second messengers and can indirectly act on
coupling proteins and cofactors, especially those involved in long-lasting pro-
cesses in the smooth muscle cell. Glutamate ion channels, which are activated
by glutamate, do not share sequence similarity with any other ligand-gated
ion channels.

Ton channels can be either specific for a given ion or non-selective, such as
serotonin-gated ion channel. Nonselective stretch-activated cation channels let
cross calcium, sodium, and potassium, whereas others are selective for potas-
sium. Nicotine acetylcholine ion channels in nerves and myocytes are perme-
able to all cations, including sodium, potassium, and calcium ions. Purinogenic
receptors P2X, sensitive to ATP, are sodium and calcium channels. Certain
voltage-activated cation channels in the cardiac pacemaker and Purkinje fibers
are permeable to both sodium and potassium ions. Voltage-dependent anion
channels in the mitochondrial outer membrane is slightly selective for anions.
Anion channels usually are less selective than cation channels.

" The voltage triggered opening strongly depends on both the intracellular and
extracellular pH. Decrease in extracellular pH induces a shift of the current-
voltage relationship in the positive direction, whereas intracellular pH changes
generate shift in the opposite direction.
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3.1.1.1 Transient Receptor Potential Channels

Transient receptor potential (TRP) channels constitute a large family of ubig-
uitously expressed proteins. Channel activity is affected by several physical
parameters such as osmolarity, pH, mechanical force, as well as interactions
with external ligands or cellular proteins. They have a diverse permeability
to ions, although in general, they are non-selective cation channels. Howver,
certain TRPs are highly selective for calcium ions. Transient receptor poten-
tial cation channels are, indeed responsible for calcium influx into nonexcitable
cells. TRPC (canonical), TRPV (vanilloid receptor), TRPM (melastatin), and
TRPP (polycystin) subfamilies differ in selectivity and activation mechanisms.
Osmosensor TRPV4, a non-selective cation channel with a slight preference
for calcium ions, is highly expressed in the kidney and paraventricular regions
of the central nervous system. Ubiquitination and subsequent endocytosis con-
trol TRPV4 density at the plasmalemma [205].

TRPs mediate responses to growth factors, pheromones, odorants, me-
chanical quantities, chemical agents, physical factors, and metabolic stresses
[206]. TRPs are activated by the phosphoinositide cascade. The transduction
cascade is mediated by G-protein—activated phospholipase-C and produced
second messengers: diacylglycerol and inositol trisphosphate. Deactivation of
channel activity is regulated by protein kinase-C. PLC, PKC, and the TRP
ion channel form a molecular complex with scaffold proteins. TRPs drives the
inositide-mediated calcium influx channels, which include both store-operated
(SOC; via coupling between TRP and inositol triphosphate receptor IP3R)
and store-independent channels (via PLC activation).

Heteromultimeric calcium store-operated TRPs and store depletion-inde-
pendent PI3- and DAG-activated TRP-like channels (TRPL), with calmodulin
bindingsites, are light-activated channels. Seven components (TRPC1-TRPC7)
form the TRP group of mammalian homologs TRPC of TRP (“TRP ho-
molog”). TRPC nonselective cation channels are activated by PLC-coupled
receptors. The store-operated TRPC1 channel is abundantly expressed in
endothelial cells, among others. TRPC2 channel is tissue specific. TRPC3,
TRPC6, and TRPCT7 channels are closely related in molecular structure and
function. TRPC3, TRPC6, and TRPC7 channels are activated by diacylglyc-
erol independently of protein kinase-C. TRPC3 channel interacts with IP3R.
Receptor-activated non-selective cation TRPC6 channels are highly expressed
in manifold cell types, particularly the vascular smooth muscle cells. TRPC6
channels are involved in the depolarization of smooth muscle cells. TRPC6
channels, which are activated by PLC-coupled receptors, also sense the mem-
brane stretch independently of phospholipase-C activity [207]. TRPC6 chan-
nels can thus regulate the myogenic tone according to the applied pressure in
blood vessels. TRPC4 and TRPC5 are store-independent nonspecific cation
channels. TRPCs are able to assemble between them.

TRP-related group (“TRP related”) is associated with olfaction and os-
molarity transduction pathways or specific genetic diseases. TRP-related



100 3 Ion Carriers and Receptors

group is subdivided into subfamilies: (1) vanilloid subfamily (TRPV), with
epithelial calcium channel® (ECaC), calcium transporter-1° (CaT1), with os-
moreceptor TRPV3,1? and mammalian vanilloid receptor-1'! (VR1) and its
homolog VRL1; (2) no mechanoreceptor potential-C subfamily (TRPN), with
no mechanoreceptor potential C channel (NOMPC); (3) polycystin subfam-
ily (TRPP) with polycystin-1!? and polycystin-2; (4) melastatin subfamily
(TRPM), having a potential role in cell cycle regulation and in regulation of
calcium influx in lymphocytes, with TRPM?7,'? a phospholipase-C-interacting
kinase, and TRPM2'4; (5) mucolipin subfamily (TRPML) with mucolipin-1'°;
(6) canonical subfamily (TRPC), and (7) ankyrin-like subfamily (TRPA).

TRP homolog channels are involved in the control of vascular smooth
muscle tone via calcium influx. TRPCI1 is involved in store-operated activity.
TRPC6 is a component of «l-adrenoreceptor activator calcium-permeable
non-selective cation channel. TRPC4, expressed in vascular endothelial cells,
mediates vasorelaxation of blood vessels by synthesis and release of vasoactive
effectors.

Several transient receptor potential canonical channels are plasmalem-
mal store-operated channels activated by receptor stimulation. Calcium sen-
sor stromal interacting molecule-1 binds TRPC1, TRPC4 and TRPC5 [208].
STIM1 does not bind TRPC3, TRPC6, and TRPC7. However, it intervenes in
heteromultimerization of TRPC3 with TRPC1 and of TRPC6 with TRPC4.

3.1.1.2 Calcium Carriers

There are multiple types of calcium channels, including certain TRP chan-
nels. Calcium ions regulate protein—protein interactions, transcription, exo-

8 ECaC is also designated ECaCl, CaT2, or TRPV5. It is highly selective for
Ca™™.

9 CaT1 is also named ECaC2 or TRPV6. CaTl is permeable to Nat, K, and
Ca'tt.

10 TRPV3, or OTRP(4, is expressed in kidney (distal nephron), heart, and liver.
It is a non-selective cation channel.

11 Vanilloid receptor-1 is the heat-gated ion channel.

12 Polycystin-1 and -2 are encoded by PKD1 and PKD2, respectively. A non-
selective cation channel results from coassembly of polycystin-1 and -2.
Polycystin-L (PCL) is a calcium-regulated cation channel permeable to Na™,
K*, and Ca™™.

13 MgATP-regulated, intracellular ligand-gated TRPMY is also called LTRPC7 or
TRP-PLIK (transient receptor potential-phospholipase-C interacting kinase). It
is permeable to (in decreasing order of permeability) K+, Na™, and Ca™™. It
also permeates Mgt™.

14 TRPM2, or LTRP(C?2, is a cation channel activated by ADP ribose and a specific
ADP-ribose pyrophosphatase. It is permeable to both monovalent and divalent
cations.

15 Mucolipin-1, encoded by the MCOLN1 gene, is also called mucolipidin.
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cytosis, endocytosis,'® of apoptosis (calcium being potentially cytotoxic),”

fertilization, embryonic signaling, and synaptic plasticity. Its concentration is
regulated by various channels, pumps, and exchangers. The intracellular free
calcium concentration fluctuates between 10 nM and 1 uM, whereas the extra-
cellular free calcium concentration is approximately equal to 1 mM. Within a
single contraction—relaxation cycle, the free calcium level in the cardiomyocyte
cytosol increases and decreases 100-fold.

Plasmalemmal non-excitable calcium influx channels are classified into two
categories: store-operated channels (SOC), respousible for the calcium release
activated current (ICRAC), and store-independent channels. The activation of
both channels requires phospholipase-C. SOCs are activated by the reduction
in stored calcium ions. Store-independent channels are activated either by
elevation in the cytosolic calcium level or by DAG.!8

The divalent cation calcium controls either fast responses such as secretion
and contraction, or long-time scale phenomena such as transcription, growth,
and cell division. Two kinds of plasmalemmal ion channels control calcium
influx. One channel allows transient calcium entry and the other slower, more
sustained flux.

Acute rise in intracellular Ca™™ concentration, either by a release from
intracellular stores, or by entry across the plasmalemma, is used in particu-
lar by T lymphocytes, endothelial cells, smooth muscle cells and cardiomy-
ocytes. Store-operated calcium release-activated calcium (CRAC) channels
mediate calcium influx across the plasmalemma when intracellular stores
of calcium are depleted.'’® The endoplasmic reticulum informs the plas-
malemma of Cat™t depletion. In many cell types, Ca™" is released by the

16 Exocytosis and endocytosis are composed of calcium-dependent and -
independent steps. Calcium can act as a co-factor in the regulation of certain
membrane fusion, such as fusion of secretory granules and synaptic vesicles with
the plasmalemma.

Intracellular calcium compartmentation and transport between the endoplasmic
reticulum and mitochondria are modulated by Bcl-2 family proteins. Moreover,
CatT-regulated processes are also involved in clearance of apoptotic cells and
cell debris by phagocytes [209]. B-type Ca’™ channels, which interact with PM-
CAs, modulate apoptosis of cardiomyocytes [210]. Nat /Ca®™t exchanger NCX3
is cleaved by Ca''-dependent calpains, leading to calcium overload and cell
death [211]. Conversely, upregulation of NCX1 and NCX3 protect against is-
chemia [212].

DAG can be recycled to PIP2 by the phosphatidylinositol cycle or converted to
phosphatidic acid by DAG kinase and CDP-DAG by CD synthetase.

One of the main Ca™"-regulated transcription factors is cytoplasmic NFAT. Sus-
tained Ca™™ influx activates calmodulin-dependent protein phosphatase PP3,
which dephosphorylates NFAT, leading to NFAT translocation to the nucleus.
The stromal interaction molecule (STIM) is required with plasmalemmal Orail
for the activation of Ca™™ release-activated Ca®™™ channels [213]. When calcium
is depleted from its stores, STIM1 translocates to vesicular structures near the
plasmalemma to activate calcium release-activated calcium channels.

17

18

19
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inositol(1,4,5)trisphosphate receptor attached to IP3 from the endoplasmic
reticulum (intracellular store). A very small number of IP3Rs exists in the
plasmalemma (especially of B lymphocytes) [214]. However, another calcium
channel exists. Plasmalemmal Orail channel?® is associated with calcium sen-
sors inside the endoplasmic reticulum. IP3Rs and Orails have large and small
conductance, and are poorly and highly selective for calcium, respectively.
Calcium release from the endoplasmic reticulum indeed leads to aggregation
of Ca™T-sensing proteins, the stromal interaction molecule-1 (STIM1) in areas
of the endoplasmic reticulum close to the plasmalemma, where they can in-
teract with plasmalemma Orail (Fig. 3.1).2! The coupling between Orail and
STIM1 explains the store-operated Catt release-activated Ca™™ influx [215].
STIM1 and Orail are coordinated.??

Stimulated Ca* release can load mitochondria with a fraction of cytosolic
Ca™™. Cat* delivery from mitochondria by Na®/Ca™" exchanger generates
a gradual increase in cytoplasmic Ca™™ concentration, which induces a sec-
ond Ca™t™t release from the endoplasmic reticulum [216]. Therefore, a second
peak in Ca™T cytosolic concentration occurs, which allows partial reloading
of mitochondria (Sect. 4.14 with Fig. 4.17).

At least four types of voltage-gated calcium channels exist: L (long-
lasting), T (transient), P (Purkinje cells), and N (related to noradrenaline).
In the myocardium, L-type calcium channels are involved in excitation—
contraction coupling. Slow calcium channels induce the slow depolarization
necessary for the normal functioning of heart nodal tissue. Calcium release
channels cause calcium delivery from the sarcoplasmic reticulum to the cy-
tosol of cardiomyocytes or smooth muscle cells.

Voltage-gated calcium channels are classified into three main sets: (1)
high-voltage activated dihydropyridine-sensitive channels (CaV1.x, L-type),
(2) high-voltage activated dihydropyridine-insensitive channels (CaV2.x),23
and (3) low-voltage activated channels (T-type, CaV3.x). Many CaV2.2 Cat+
channel (N-type) isoforms are ubiquitously expressed. CaV2.2 Ca™™ chan-

20 QOrail channel is also called CRACM1. The Orail channel forms a multimer that
ensures the selectivity for the calcium ion.

21 STIM1, which is distributed throughout the endoplasmic reticulum, moves and
forms clusters as soon as the calcium store empties, close to the plasmalemma
(within 25 nm of the plasmalemma), immediately before the activation of CRAC
currents. CRAC currents follow Orail displacements, the coordinated redistribu-
tion of both STIM1 and Orail in the endoplasmic reticulum and plasmalemma,
respectively, being required for their interaction.

22 Overexpression of either protein fails to significantly increase the calcium influx.
Overexpression of both proteins greatly amplifies store-operated currents.

23 Alternative names for P/Q-type Ca™™ channels, N-type, and R-type are CaV2.1,
CaV2.2, and CaV2.3, respectively.
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nel are inhibited by G-protein-coupled receptors (Sect. 3.2.1) with either a
voltage-dependent?* or -independent manner.??

The endoplasmic reticulum in non-muscle cells and smooth muscle cells
and the sarcoplasmic reticulum of striated myocytes store calcium ions bound
to calreticulin and calsequestrin, respectively. Calcium is released through
ryanodine receptors (ryanodine channels) and IP3 receptors. Ryanodine chan-
nels (RC) combine with regulatory proteins FKBP. Three RC isoforms exist:
RC1 in skeletal muscle, RC2 in cardiomyocytes and RC3 in non-muscle cells.
RC2 binds several molecules, such as calmodulin, PKA, phosphatases-1 and -2,
triadin, and calsequestrin. Three IP3R isoforms include IP3R2 in cardiomy-
ocytes. IP3R2 releases calcium with a much smaller rate and extent than RC2.
Both RC2 and TP3R2 are inhibited by high calcium level and calmodulin and
are activated by PKA, PKC or calmodulin-dependent protein kinase-2. Ryan-
odine channels of the sarcoplasmic reticulum are activated by a positive rising
cell potential. Calstabin-2 is a subunit that stabilizes the closed state of the
ryanodine receptor, avoiding diastolic Ca™™" leak from the sarcoplasmic retic-
ulum. Calcium-release activated calcium channel (CRAC) is strongly selective
after stimulation by depletion of intracellular calcium levels and depletion of
intracellular calcium stores. Store-operated calcium channels are found in ar-
teriolar smooth muscle cells.

Figure 3.1. Receptor-mediated calcium transports in the cytosol (Source: [215]).
Ligand-bound G-protein-coupled receptors stimulate phospholipase-C, which gener-
ate inositol(1,4,5)trisphosphate (IP3). The latter interacts with IP3 receptors (IP3R)
of the endoplasmic reticulum membrane. IP3Rs, quickly gated by IP3, release cal-
cium from its store, leading to a fast initial rise in cytosolic calcium concentration
and a rapid calcium store depletion. In many cell types, the decrease in stored cal-
cium triggers store-operated channels in the plasmalemma, leading to the additional
Ca™ release-activated Ca™ (CRAC) current. Long-term response involves a slower
and more persistent calcium entry through a small amount of plasmalemmal IP3Rs,
slowly gated by IP3, and a large quantity of Orail (or CRACM]1). Orail couples to
calcium sensors STIM1 for store-operated Ca™™ release-activated Ca™ influx.

24 Inhibition by binding of Gpy, released from Gi/o, to CaV2.2 decreases during
depolarization, probably due to dissociation of Gfvy.

25 Inhibition is mediated by several mechanisms. The first one involves Gq and
phospholipase-C, the second one Gi/o acting via tyrosine kinase.
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The sarco(endo)plasmic reticulum Ca*-ATPase (SERCA) is a member
of the P-type ATPase cation pump family. SERCAs maintain a steep calcium
level difference between the lumen of the sarcoplasmic reticulum and the cy-
tosol so that fast calcium-mediated signaling can occur. P-type ATPases ac-
tively transport cytoplasmic Ca*™ with a countertransport of luminal H* to
the cytoplasm. ATP is not only a catalytic substrate but also a stimulatory
cofactor.

There are three main isoforms, SERCA1, SERCA2, and SERCA3. Calcium
channel SERCA1la is mainly expressed in fast skeletal muscle, SERCA1b in
fetal and neonatal tissues, SERCA2a in the heart and slow skeletal muscle, as
well as in smooth muscle cells and endothelial cells, and SERCA2b in smooth
muscle cells (Table 3.3). Other variants are observed in non-muscle cells and in
neuronal cells. SERCA?2 is found in all brain regions. SERCA3a and SERCA3b
are expressed in endothelial cells, among other cells. In the cardiomyocyte, re-
uptake of calcium ions in the sarcoplasmic reticulum is done through Ca™"-
Mgt T-ATPase SERCA2a, which has high affinity but low transport capacity.
SERCA2a pumps are able to lower the calcium concentration to about 70%.
SERCA2a transports two Catt per ATP. SERCAZ2a is connected to its regu-
latory protein phospholamban. Phospholamban binding to SERCA hampers
calcium flux. Sarcolipin, expressed in fast-twitch skeletal muscle and atrial
myocardium inhibits SERCAla and SERCA2a.

Plasma membrane Ca™"-ATPase belongs to the P-type family of AT-
Pases.?6 Plasma membrane Cat*-ATPase contains an autoinhibitory domain
that binds calcium—calmodulin for activation. Calcium—calmodulin-dependent
PMCA has a high affinity but a low capacity for Ca*™. It is involved in the
spatial and temporal control of Ca™* level.

Table 3.3. SERCA types and locations.

Type Locations

SERCAla Adult fast-twitch muscle
SERCA1b Neonatal fast-twitch muscle
SERCA2a Heart, slow-twitch muscle
SERCA2b Vascular and mesenteric SMCs
SERCA3a Platelet, lymphocytes,
endothelial cells,
Purkinje neurons, pancreas, salivary glands
SERCA3b Endothelial cells,
kidney, pancreas
SERCA3c Kidney, pancreas

26 There are five main sets of P-type ATPases: (1) heavy metal ATPases, (2) Cat™-
ATPases, (3) HT-ATPases, (4) amino-phospholipid ATPases, and (5) a set with
unknown specificity.
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The slow sarcolemmal Ca™*-ATPase PMCA contributes to about 1 to 2%
of the calcium efflux in the cardiomyocyte. Its activity is much more important
in smooth and non-muscle cells. The sarcolemmal Ca™ pump transports one
Ca™™ per ATP. All isoforms (PMCA1-PMCA4) are expressed in cardiomy-
ocytes, PMCA1 being the main cardiac type. PMCA activity depends on
calmodulin binding and phosphorylation by PKA and/or PKC.

Plasma membrane CatT-ATPase is the single carrier for calcium extru-
sion in the majority of cells. At the opposite, in cardiomyocytes, PMCAs play
only a minor role in calcium level, being mainly involved in signaling [217].
PMCAs, indeed, do not significantly modify CMC contractile performance.
Overexpression of neuronal nitric oxide synthase-associated isoform PMCA4b
in arterial smooth muscle cells of mice increases the blood pressure [218], the
pump being mainly involved in signal transduction rather than muscle relax-
ation. PMCA are located in caveolae, nodes of cell signaling. Calcium efflux
by PMCA regulates calcium—calmodulin-dependent NOS1 activity (Sect. 4.6);
NOSI is also located in caveolae. PMCA4 is ubiquitously expressed, but its
function is tissue specific, due to its interactions with other molecules [210].
There are many PMCA-interacting proteins, such as Ras-associated factor-
1, Ca™T—calmodulin-dependent protein phosphatase-3, and cytoskeletal syn-
trophin. PMCAs are tethered to dystrophin complex via syntrophin. Certain
PMCA partners recruit PMCA to complexes involved in nitric oxide signaling,
presynaptic and postsynaptic Ca™* signaling, and actin-cytoskeleton remod-
eling.

Plasma membrane Ca™T-ATPase pumps and Nat/Cat™t exchangers ex-
trude calcium ions. The set of Na®t /Ca™T-exchanger (antiporter NCX) com-
prises the cardiac isoform NCX1, NCX2, which is preferentially expressed in
the brain, and NCX3 in skeletal muscle. Nat/Ca™" exchangers can lead to
Ca™™ efflux against Ca™™ electrochemical gradient without additional energy
consumption, because NaT entry along the Na™ gradient yields the necessary
energy.

Na® /Cat™ exchangers, which are expressed at high levels in cardiomy-
ocytes (Sect. 7.7.9), exchange (extrude or import) one Ca™" jon for three
Na™ ions (entering or leaving the cell, according to the functioning mode,
forward or reverse mode, respectively). The Nat/Ca™™ exchanger is voltage
sensitive and contribute to Ca™™ influx during cell activation. The Nat/Ca™™
exchanger has a relatively low affinity but a high capacity for Ca™". In the
heart, NCX is the main source of Ca*™ extrusion. NCX1 mainly eliminates
calcium ions from the cell during diastole. NCX1 extrudes less than 30% of
calcium out of the cytosol of cardiomyocytes. NCX1 corrects Na® gradient
determined by Nat/K+ ATPase, which is phosphorylated by protein kinase
PKA and/or PKC (Sect. 4.3).

In the absence of NCX1, cardiomyocytes limit Ca™™ influx through L-type
Ca™™ channels by 50% [219]. Cardiomyocyte adaption hence does not increase
other Cat*-efflux mechanisms. NCX1 is activated by the binding of intracellu-
lar Ca™*, which removes NaT-dependent inactivation. Ca**-binding domain
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of NCX is able to detect fast changes in intracellular Cat™ level during the
cardiomyocyte functioning [220]. Elevated concentrations of cytosolic Na™ ei-
ther inactivates or activates NCX according to phosphatidyl(4,5)bisphosphate
levels. In the heart, NCX transport 10 to 15 times more calcium than PMCA.

3.1.1.3 Sodium Carriers

Sodium channels deactivate quickly compared with calcium channels. Fast sod-
ium channels play a key role for rapid communication between cells. Sodium
channels in the nephron control the natriuresis, and subsequently the blood
volume. Voltage-gated sodium channels yield the action potential of neurons,
and voltage-gated potassium channels drive the repolarization. During the
propagation of the action potential in the heart, sodium channels also first
activate.

Voltage-gated sodium channels are made of one pore-forming «-subunit
associated with one or two 3-subunit. There are at least nine types of voltage-
gated sodium channels (NaV1.1-NaV1.9); NaV1.5 is also known as the cardiac
isoform.

Sodium channels have a cytoplasmic activation gate and an inactivation
component that diffuses toward the corresponding receptor in the channel to
inactivate the sodium channel. The inactivation component is inhibited when
the activation gate is open.

The ENaC family of sodium selective channels is composed of many pro-
teins. Acid-sensing ion channels (ASIC) are gated by a decrease in extracellular
pH. The Nat-KT-ATPase is made of the association of a- and B-subunits,
each one having multiple isoforms.?” The «-isoforms confer different plas-
malemmal distributions and kinetic properties. Plasmalemmal «2-Na™ pumps
are confined to plasmerosomes,?® whereas «1-Na* pumps are more uniformly
distributed [221]. Na*t affinity depending on the o-isoform, the ionic compo-
sition of the cytoplasmic microdomains near the different Na* pumps can dif-
fer. Besides, a2 Nat pumps are colocalized with Nat/Ca™" exchangers for a
coupling activity. Cardiac heterozygous a2 Na™ pumps increase calcium tran-
sients during the contractile cycle. Heterozygous ol Nat-K*-ATPase have
opposite effects [222].

3.1.1.4 Potassium Carriers

Potassium channels have diverse structures and functions, such as mainte-
nance of the resting cell membrane potential and repolarization in excitable

2T There are at least four different a-polypeptides (a1, «2, «3, and «4) and three
distinct p-isoforms (1, 2, and 3).

28 The plasmerosome is the unit made by the plasmalemma microdomain and the
adjoining junctional endoplasmic reticulum, separated by a tiny (12-20 nm)
junctional space.
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cells. Potassium channels, indeed, are ion-selective cation channels that have
an equilibrium potential close to the cell resting potential. Potassium chan-
nels determine the shape and the duration of action potentials, the cell firing
rates, and the cell excitability (Sects. 7.7.9 and 7.8). The potassium channel
set is composed of voltage- and ligand-gated channels (Table 3.4).

High-conductance potassium channels,?® encoded by the Slo gene family
(Slo channels), are sensitive to different ions (Ca™ and Na™t) and second mes-
sengers activated by G-protein-coupled receptors. Slo channels, indeed, con-
tain both voltage- and ligand-gating domains. Voltage-sensitive Slo channels
have a structure similar to the one of voltage-gated K™ channels. Ubiquitously
expressed Slol channels have the largest single-channel conductance of all K-
selective channels. Slol channel isoforms arise from many sources, especially
distinct B-subunits, which confer variable Catt-sensitivity and inactivation
rate.

KCNK potassium channels, responsible for a leak current, are strongly
regulated. Voltage-gated K+ (Kv) channels in excitable cells open in response
to changes in voltage difference between the fluids separated by the plas-
malemma. Fast-inactivating A-type potassium currents inhibit back-propaga-
tion of dendritic action potentials. They are also implicated in synaptic
plasticity and regulate heart excitability.3°

Table 3.4. Example of a set of ion channels: the potassium channel family and
associated currents (usual abbreviation).

K™ channel Current

Voltage-gated channels

Transient outward Ito
Outward rectifier delayed IK
Inward rectifying IK1

Ligand-gated channels

ATP-sensitive IK(ATP)
Acetylcholine-activated IK(ACh)
Calcium-activated

Sodium-activated

Arachidonic acid-activated

Cyclic nucleotide-gated
Adenosine-sensitive

29 This K+ channel is also called the big potassium (BK) channel, or maxi-K chan-
nel, owing to large single-channel currents.

30 Four voltage-gated potassium channel-interacting proteins (KChIP1-KChIP4),
with several spliced KChIP isoforms, regulate the functioning of K* channels of
the Kv4 family [223].
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Voltage-gated potassium channels Kv1.5 generate the ultrarapid repolar-
izing current in atrial myocytes and regulates with oxygen the vascular tone.
Kvl.5 is targeted by ubiquitin-like SUMO (SUMO1-SUMO3) and SUMO-
conjugating enzyme Ubc9 for adaptive tuning of the electrical excitability of
cells [224]. This interaction reversibly modulates Kv1.5 activity, because Kv1.5
is liberated from SUMO by SUMO-specific proteases SENP2. Kv1.5 sumoyla-
tion can change the excitability of atrial myocytes and vascular smooth muscle
cells, in particular in the pulmonary vasculature according to oxygen level.

In non-excitable cells, voltage-gated KT channels can be activated by sub-
stances with change lipid charges of the adjoining plasmalemma [225]. Voltage-
and calcium-activated K™ (BKCa) tetrameric channels regulate the vascular
smooth muscle tone. The pore-forming «-subunit contains the voltage and
Ca™™ sensors. Modifications in membrane potential displace the voltage sen-
sor. The resulting conformational change then drives the channel opening.

At least certain voltage-gated potassium channels have a component at the
external face of the channel with positively charged amino acids, which senses
the change in voltage across the cell membrane. These voltage-gated potas-
sium channels open due to the presence of suitable plasmalemmal phospho-
lipids, with their negatively charged phosphate group [226]. Voltage changes
generate sensor motions within the lipid bilayer, leading to opening of the
channel central pore.

Voltage-gated potassium channels are used for cell repolarization, such
as in the myocardium. Transient outward KT channels rapidly activate and
inactivate. Delayed rectifier KT channels have slower activity than transient-
outward K+ channels. Inward rectifier Kir channels, which lack steep voltage-
gating, modulate the cell excitability. G-protein-coupled inward rectifier
channels are bound to and modified by integrins. They are inactivated by
stretch. G-protein—activated inward rectifier K+ channels are found in atrial
myocytes, but not in the sinoatrial node. Potassium channel BK, located
at the plasmalemma of smooth muscle cells, is activated by a localized cal-
cium spark produced by the ryanodine channel. Acetylcholine-activated K+
channels slow the heart frequency. Calcium-activated K channels have been
discovered in red blood cells. cGMP channels (CNG) associate changes in in-
tracellular cAMP and ¢cGMP with excitability. ATP-sensitive K™ channels,
members of inward rectifier channels, reduce the action potential duration.

ATP-sensitive potassium channel (KATP) links electrical excitability to
cellular energetics. KATP channels are formed by two different proteins, Kir6
and sulphonylurea receptor (SuR), a member of the ATP-binding cassette
protein family [227]. Four Kir6.2 subunits generate the channel pore, each
Kir6.2 subunit being associated with one SuR1 protein.?! SuR contains one
nucleotide-binding site. KATP channels is gated by two mechanisms: (1)
KATP channels show fast, ligand-independent gating, and (2) slow, ligand-
dependent gating. KATP channel is inhibited by ATP binding and activated

31 SuR1 protein corresponds to ABC subfamily C type 8 (ABC-C8).
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by Mg ™ -bound nucleotides. Phosphatidylinositol(4,5)bisphosphate activates,
interacting with Kir6.2 subunits. Kir6.2 subunits have binding sites for ATP
(with or without Mg**) and PIP2 (mutual exclusion), which stabilize closure
and opening of the channel, respectively. Mgt +-dependent ATP hydrolysis
on SuR overcomes the inhibitory effect of ATP on Kir6.2. However, channel
opening by MgADP is more efficient. The state of KATP channel, thereby
depends on the metabolic activity of the cell. The function of KATP channels
especially depends on actin binding in myocytes.

Conductance increase with respect to steady-state opening of the potas-
sium channel KcsA is induced by protons acting on the intracellular side [228].
Gating is modulated by transmembrane voltage. Gating is followed by inac-
tivation which depends on external Kt concentration.

According to the number of transmembrane (TM) domains, potassium
channels are classified into three main sets: the 2TM, 4TM, and 6TM classes.
The 2TM set is composed of inward rectifier potassium channels, including
several subsets: Kirl.x to Kir7.x. Kir2.x are strong inward rectifier potassium
channels of the heart, Kir3.x G-protein—activated inward rectifier potassium
channels, and Kir6.x ATP-sensitive inward rectifier potassium channels. The
4TM set is made of potassium channels responsible for background currents,
with subsets TWIK, TREK, TASK, TALK, THIK, and TRESK. The 6TM
set comprises Kv, including KCNQ (including cardiac IKs),32 EAG (including
cardiac IKr),? Slo, and SK.

Potassium channel subunits can contain two, four, or six/seven transmem-
brane segments. Subunits with either two or six/seven transmembrane seg-
ments form a single pore-forming domain. Subunits with four transmembrane
segments contain two pore-forming domains arranged in tandem. One-pore-
domain potassium channels (K1P) are made of homo- or heterotetramers.
Background potassium channels are composed of K2P channel subunits, also
called KCNKx subunits or tandem of P domains in a weak inwardly rectify-
ing K™ channel (TWIK) subunits. Dimeric two-pore-domain potassium chan-
nels (K2P) have unusual gating properties, allowing background activity and
membrane-stretch sensitivity. The K2P channel subunits are subdivided into
six main structural sets: set 1 with TWIK and KCNK?7 channels, set 2 with
TWIK-related KT (TREK) and TWIK-related arachidonic acid-stimulated
(TRAAK) channels, set 3 with TASK channels, set 4 with tandem-pore-
domain halothane-inhibited K* (THIK) channels, set 5 with TWIK-related
alkaline-pH-activated K* (TALK) channels, and set 6 with the TWIK-related
spinal cord Kt (TRESK) channels [231].

32 Decrease in KCNQ potassium channel, coded by KCNQ1 gene and involved in
myocardial slow repolarization (IKs, in opposition to rapid phase of cardiac repo-
larization IKr), are associated with cardiac arrhythmias [229]. Reduced cardiac
repolarization and prolonged cardiac action potentials increase the risk of early
after-depolarization and torsades de pointes.

33 The rapid phase of cardiac repolarization is ensured by K+ channels encoded by
human ether-a-go-go related gene (hERG).
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TREK channels are two-pore-domain K+ channels belonging to the set
of K2P channels, which produce outwardly rectifying currents. They are
stimulated by mechanical stretch, intracellular acidification, temperature,
polyunsaturated fatty acids (arachidonic acid, lysophospholipids, phosphati-
dylinositol(4,5)bisphosphate) [230]. They are inhibited by G-protein-coupled
receptors activated by neurotransmitters and hormones. A-kinase—anchoring
protein AKAP150, a constituent of TREKI channels,3* transforms low-
activity outwardly rectifying current into robust leak conductance insensitive
to stimulators but hampered by GPCRs.?®

Background potassium channel TREK1 of endothelial cells in small mesen-
teric arteries and skin vessels is regulated by multiple chemical (hormones and
neurotransmitters acting via GPCRs, such as serotonin, and intracellular pH)
and physical stimuli [231].3% Vasodilators acetylcholine and bradykinin induce
the production by endothelial cells of nitric oxide via TREK1 [232]. The latter
acts on underlying smooth muscle cells, inducing relaxation.

3.1.1.5 Chloride Carriers

Chloride channels contribute to membrane excitability, transepithelial trans-
port, regulation of cell volume, pH control of intracellular organelles, cell cy-
cle, and apoptosis. Three main types of chloride channels exist: voltage-gated,

34 TREKI is highly expressed in the brain, particularly in y-aminobutyric acid—
containing neurons of the caudate nucleus and putamen. TREK1 is also found in
the prefrontal cortex, hippocampus, hypothalamus, midbrain serotonergic neu-
rons of the dorsal raphé nucleus, and sensory neurons of the dorsal root ganglia.
TREKI1 is also observed in peripheral tissues.

35 Inhibition of TREK1-AKAP150 complex by Gs-coupled receptors is faster but
have the same magnitude than inhibition of TREKI. Inhibition of TREK1—
AKAP150 by Gg-coupled receptors is much reduced than inhibition of TREKI.
TREK]I is activated by intracellular acidosis, depolarization, high temperature,
and stretch. TREK1 is closed by protein kinases PKA and PKC pathways.
TREK]1 is inhibited by stimulated GPCRs (Gs and Gq). TREKI1 activity is
modulated by polyunsaturated fatty acids, such as arachidonic acid, which re-
versibly open TREK1 channels. PtdIns(4,5)P2 hydrolysis by PLC shifts TREK1
voltage-dependent activation toward more depolarized voltages. Mechanical and
lipid activations of TREK1 can be functionally linked. The C-terminal domain
of TREK1 regulates the voltage- and time-dependent gating. A-kinase anchoring
protein AKAP150 interacts with TREK1 and modifies its regulation. AKAP150
augments the inhibition of TREK1 by Gs-coupled receptors and reverses the
downmodulation of TREK1 by Gg-coupled receptors [231].

36
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ligand-gated,” and cystic fibrosis transmembrane conductance regulator3®
(CFTR). In the heart, CFTR mediates protein kinase-A—stimulated Cl~ cur-
rents. Chloride channels are also classified as (1) voltage-gated CLC set (with
its known members CLC1/2, CLC-Ka/Kb, CLC3/5/6), (2) calcium-activated
channels (CaCC), (3) high-conductance channels (maxiCl), (4) CFTR, and
(5) volume-regulated channels (VRAC).

CLC channels belong to the largest chloride channel family. CLC chloride
channels are activated by strong hyperpolarization or cell volume changes (but
not ligand binding), comprises at least nine mammalian members (CLCO,
CLC1, CLC2, etc.).?® Slightly outward rectifying chloride channel CLCKI1 is
a kidney-specific channel involved in transepithelial chloride transport in the
inner medullary thin ascending limb of Henle loop (Part IT). Chloride channels
CLCNKA and CLCNKB are also found in the kidney, as well as calcium-
activated C1~ channel (CLCAn). Intracellular chloride channels (CLIC) are
located in the nuclear membrane. These channels could be involved in cell
cycle regulation. Eicosanoid-modulated chloride channels are directly gated
by EET.

3.1.1.6 Ton Channel Enzymes

Certain ion channels can have enzymatic activity. The cation channels TRPM6
and TRPMT are associated with an o-kinase. TRPMTY is involved in cellular
Mg homeostasis. TRPM7 channels are highly permeable to Ca*™. It is acti-
vated by phospholipase C. TRPM?7 is also a receptor for signal transduction.
It indeed modulates the function of the actomyosin cytoskeleton. TRPM7
phosphorylates the myosin-2A heavy chain. Myosin-2 is the major motor pro-
tein responsible for cell contractility.?® TRPM?7, activated by bradykinin, a

37 y-aminobuteryic acid (GABA) and glycine channels in the postsynaptic neu-
ron and skeletal muscles belong to the family of chloride channels. GABA is
synthezised from glutamate. Glycine channels are mainly located in the brain.
Other types include calcium-activated chloride channel, volume-regulated chlo-
ride channel, and calcium-dependent ATP /UTP-activated chloride channel.
The ion channel CFTR also functions as a regulator of other ion channels. CFTR
particularly regulates C1~ /HCOj; exchanger. CFTR also transports transport
ATP, sodium, bicarbonate ions, and water. CFTR is activated by protein kinase-
A, cAMP, and ATP binding. CFTR is phosphorylated by cGMP-dependent pro-
tein kinases-1a and -2. CFTR is expressed in endothelial cells, in cardiomyocytes,
in erythrocytes, in lung epithelia (for mucus formation), among others. CFTR
permeability depends on animal species. CFTR genes belong to gene family of
ATP-binding cassette transporters.

CLC1 is expressed in the sarcoplasmic reticulum of skeletal myocytes. CLC2,
ubiquitously synthetized, particularly in lung epithelia, is activated by cell
swelling or strong hyperpolarization.

Cell contractility associated with myosin-2 is regulated by Rho GTPases and
their effectors, myosin light chain kinases and phosphatases, as well as inhibitor

38

39

40
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Gg-PLC-coupled receptor agonist, initiates a Ca®™T-dependent phosphoryla-
tion of myosin heavy chains and disassembly of myosin-2A at the cell cortex,
promoting cell spreading and augmented adhesion to the extracellular ma-
trix [233].

3.1.2 Molecule Carriers

The membrane channels aquaporins regulate the water flux across the plas-
malemma. Aquaporin-1 not only leads to water flux but also is a cGMP-gated
ion channel. Aquaporin-7, the expression of which is inhibited by insulin, also
carries glycerol*! and thereby regulate fat accumulation. Binding sites for
plasma albumin are gp60 or albondin, gp30, and gpl8, expressed in particular
in the endothelium.

Copper is a cofactor for several enzymes, able to accept and donate elec-
trons as it changes its oxidation state between Cu™ and Cut™. It partici-
pates in the formation of reactive oxygen species when unbound to proteins
within the cell. Cu™-binding metallochaperones, such as antioxidant protein
Atox1, transport copper to different intracellular sites for storage or assembly
of cupro-enzymes. The intracellular copper concentration is controlled by the
balance between the activity of copper-efflux ATPases (ATP7A and ATP7B
effluxers) and copper permeases (Ctrl and Ctr2 importers). Cells use copper
toxicity to rid of pathogens. Activated macrophages and neutrophils release
ROS using NADPH oxidase and copper for storage in the phagosome.

Transcellular and paracellular (through the tight junction complex) trans-
ports of water and electrolytes maintain homeostasis at a given time (owing to
biological cycles). Claudin-7, claudin-3, and occludin regulate the permeability
of tight junctions, whereas aquaporin-5 is the major transcellular water trans-
porter in salivary acinar cells. Aquaporin-5 in salivary gland is required for
water transport not only across the plasmalemma but also through tight junc-
tions [234]. Aquaporins, claudins, and occludins are involved in the cross-talk
between both transcellular and paracellular transports, which are coordinated
rather than compensatory.

Glucose transporters (GluT) are responsible for the uptake of several
monosaccharides, such as glucose, fructose, mannose, galactose, and glu-
cosamine. Insulin regulates glucose homeostasis by increasing glucose-uptake
rate, especially into myocytes and adipocytes, using glucose transporter
GluT4. Adipokine serum retinol binding protein 4 (RBP4) is secreted by
adipose tissues in the absence of glucose uptake by GluT4. RBP4 restricts
glucose uptake in the liver and skeletal muscle, inhibiting insulin signaling.

myosin heavy chain kinases, which belong to the a-kinase family. Myosin-2 as-
sembles into bipolar thick filaments and generate a tension of the cell cortex by
pulling together oppositely oriented actin filaments.

41 Glycerol binds three fatty acids to form triglycerides. Glycerol released from fat
cells into the blood is taken up mainly by the liver and converted to glucose.
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RBP4 increases glucose output by the liver, stimulating the gluconeogenic
enzyme phosphoenolpyruvate carboxykinase in the liver [235].

ATP binding cassette transporters belong to a family of membrane proteins
involved in the cellular export or import of various substances (ions, phosphate
esters, inorganic phosphate and sulfate, glucids, lipids, cyclic nucleotides,
iron-chelator complexes, vitamins, peptides, and proteins), including rare
elements and drugs. Most of ATP-binding cassette transporters, importers
and exporters, are composed of two transmembrane domains for substrate
binding and carrying substrates across cell membranes, and two cytoplas-
mic nucleotide-binding (ATP-hydrolysis) sites. Transmembrane domains con-
tain a variable number of transmembrane helices. Exporters have a set of
12 transmembrane helices, importers are made of 10 to 20 transmembrane
helices according to the mass and chemical nature of their substrate. ABC
importers, but not ABC exporters, require a binding protein to carry the sub-
strate. In certain types of ABC transporters with two ATP binding sites,*?
ATP binding seems to cause unidirectional transport because it promotes an
outward-facing conformation, whereas dissociation of ATP-hydrolysis prod-
ucts elicits an inward-facing state [236]. The exporter cleft, only accessible
from the cytoplasm, is separated from the extracellular medium by a closed
gate. Binding of two ATP molecules on ATP-binding sites closes the gap. In
ATP-free ABC importers, the attached binding protein appears to play the
gating role. In the presence of apolipoprotein-Al, ABC-A1 promotes cellular
efflux of phosphatidylcholine, sphingomyelin, and cholesterol.

3.2 Plasmalemmal Receptors

There are two main kinds of proteic receptors, plasmalemmal and intracel-
lular, which bind specific ligands. At the cell surface, many different kinds
of receptors are expressed so the cell can respond to manifold environmental
signals.

Plasmalemmal receptors are mostly integral membrane proteins. They
have three basic domains: (1) an extracellular domain, the ligand-binding do-
main, (2) a transmembrane domain, anchoring the receptor in the membrane,
and (3) a cytoplasmic domain, which activates the effector. In some cases,
other membrane proteins interact with the receptor to modulate its activity.
Certain receptors cluster together in the membrane after binding the ligand.

The plasmalemmal receptors can be regrouped in several main families
(Table 3.5): (1) receptor tyrosine kinases (insulin and growth factor recep-
tors), (2) receptor tyrosine phosphatases (cluster determinant protein CD45
of T lymphocytes and macrophages), (3) receptor serine/threonine kinases
(activins and TGFf receptors), (4) receptor serine/threonine phosphatases,
and (5) G-protein-coupled receptors (i.e., adrenaline, angiotensin, bradykinin,

4% Vitamin B12 transporter has a nucleotide-free conformation.
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Table 3.5. Receptor families. Heterotrimeric G proteins (Gafy) coupled to recep-
tors transduce signals in various pathways. Both receptor tyrosine kinases (RTK)
and receptor protein tyrosine phosphatases (RPTP) include several subsets. There
are also receptor serine/threonine kinases (RSTK). Steroid receptors reside within
the nucleus except the glucocorticoid receptor located in the cytosol until it binds its
ligand. T-cell receptor is targeted by a combination of antigen fragment with a gly-
coprotein of the major histocompatibility complex. Toll-like receptors are members
of pattern-recognition receptors.

Receptor type Features
GPCRs Activation of GTPases and protein kinases
Ton transport
RTKs Cell growth and differentiation
Activation of GTPases and protein kinases
RPTPs Opposition to RTK
RSTKs Cell growth and differentiation

TGFp family

Nucleotide receptors  Flow-stress sensing

Steroid receptors Location in nucleus or cytosol
Ligands: glucocorticoids, mineralocorticoids, sex hormones

Cytokine receptors GTPase activation
NRTK activation

Nitric oxide receptors Association with guanylyl cyclase
Effectors: protein kinases B and G

Frizzled receptors Wnt signaling
Activation of cytosolic Disheveled
-catenin nuclear translocation

Notch receptors Gene transcription
Jagged/Serrate and Delta ligands
NFkB activation

T-cell receptor Dimeric receptor
for antigen Rise in intracellular calcium level
Activation of calcineurin

Toll-like receptors Detection of pathogen molecules
Activation of immune cells

vasopressin receptors; Table 3.6). Cell growth and differentiation are regu-
lated by the opposing activities of protein tyrosine kinases (PTK) and protein
tyrosine phosphatases (PTP). Both enzyme sets contain transmembrane or
receptor kinase/phosphatase families.
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Receptor ligands include hormones (App. A), neurotransmitters (Table 3.7),
growth factors (Table 3.8), antigens, immunoglobulins, complement fragments,
lipoproteins, etc.

The cytokine receptors are classified into several groups, which include: (1)
immunoglobulin superfamily receptors (e.g., IL1 receptor), (2) hematopoietic
receptors (class 1; e.g., high-affinity, trimeric IL-2 receptor, hematopoietic
growth factor receptors), (3) interferon receptors (class 2; e.g., receptors for
IFN1s, IFN2s and tissue factor), (4) tumor necrosis factor receptors (class 3),
and (5) G-protein-coupled receptors for hormones and neurotransmitters. Pro-
lactin receptors (PrlR) and growth hormone receptors (GHR) are members of
the cytokine receptor superfamily.

3.2.1 G-Protein-coupled Receptors

G-protein-coupled receptors represent the largest group of plasmalemmal re-
ceptors. GPCRs are implicated in diverse physiological processes, such as neu-
rotransmission, photoreception (vision), chemosensation, olfaction, cognition,
pain perception, metabolism, cell growth, cell differentiation, cell migration,
inflammation, immunity, and cardiac function, because GPCRs are activated
by multiple ligands and stimulators (Table 3.9). Responses resulting from
GPCR activation can integrate several intracellular signaling pathways.
G-protein-coupled receptors interact with guanine-nucleotide-binding
proteins in cardiovascular signal transduction.*3 Ligand-activated receptors

Table 3.6. Examples of G-protein-coupled receptors. A collection of distinct
GDP/GTP-bound G« subunits confer pathway specificity (Sect. 4.5). The activa-
tion of Go reduces its affinity for GBy with respect to inactive Ga(GDP). The active
Ga(GTP) then dissociates from the plasmalemmal complex and binds effectors to
trigger the corresponding signaling pathway. Intrinsic GTPase activity of G allows
its rebinding to GBy (G-protein cycle).

Ligand Activity

Glutamate Neurotransmission
(metabotropic)  Voltage-sensitive (some)
Cathecholamine Neurotransmission
Acetylcholine Neurotransmission

Angiotensin-2  Blood pressure regulation

Endothelin-1 Vasomotor tone
Adrenomedullin  Water and salt balance
Vasopressin Water and salt balance
Leukotriene Chemotaxis, inflammation
Calcium Hematopoiesis

43 On the cardiomyocyte membrane, angiotensin-2, endothelin-1, norepinephrine,
and prostaglandin F2x activate receptors coupled to Gq.
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Table 3.7. Receptors of the autonomic nervous system.

Type Location

Adrenergic receptors

l Vascular smooth muscle cell
(skin and splanchnic regions)

2 Presynaptic nerve endings
Platelets
Adipocytes

g1 Nodal tissue
Myocardium

B2 Vascular smooth muscle cell

(skeletal muscles)
Bronchial smooth muscle cell
Digestive tract

Dopamine receptor ~ Smooth muscle cells, neurons
Glutamate receptor  Astrocyte

Cholinergic receptors
Nicotinic Autonomic ganglia
(sympathetic and parasympathetic)
Adrenal medulla
Neuromuscular junction
Muscarinic Sinoatrial node
Non-vascular smooth muscle cell
Glands

catalyze the GDP-GTP exchange at a coupled G protein, and thereby pro-
mote the activity of effectors (second messenger-producing enzymes and

Table 3.8. Types of cytokine receptors.

Type Ligand

Class 1

GM-CSF subset Granulocyte-monocyte colony-stimulating factor
Interleukins IL3, IL5

IL6 subset Interleukins IL6, IL11, IL12

IL2 subset Interleukins IL2, IL4, IL7, IL9, IL15

Hormone receptors Growth hormone, prolactin

Class 2 Interferons IFN«, IFNfJ, IFNy

TNF receptors Tumor-necrosis factor

Immunoglobulin Macrophage colony-stimulating factor

superfamily Interleukins IL1
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ion channels). G-protein-coupled receptors thus act as guanine nucleotide-
exchange factors (GEF) for the subunits of G proteins. GDP release is the
rate-limiting step in G-protein activation. After receptor activation, G pro-
tein binds to the receptor, the subsequent conformational change decreasing
the affinity of the G protein for guanosine diphosphate.

G-protein-coupled receptors signal via heterotrimeric G proteins and via
various small monomeric GTPases to regulate the activity of effectors. Acti-
vated G and Gy proteins positively or negatively regulate various effectors
such as phospholipases (PLA, PLC, and PLD),* adenylyl and guanylyl cy-
clases, phosphoinositide 3-kinases, phosphodiesterases, protein kinase-C, and
ion channels (Table 3.10, Fig. 3.2). Subsequently, these effectors activate or
inhibit the production of second messengers (cAMP, ¢cGMP, diacylglycerol,
inositol trisphosphate, phosphatidylinositol(3,4,5)trisphosphate, and arachi-
donic and phosphatidic acids), and promote calcium influx, and opening or
closure of various ion channels.

Receptor signaling is regulated by both endogenous and exogenous actions.
G-protein-coupled receptors also act as scaffolds for the formation and loca-
tion of signaling complexes in the cell. The response properties are determined
by the relationship among the ligand, receptor, G protein, and associated
proteins. Activation of G-protein-coupled receptors can be sensitive to the

Table 3.9. Various GPCR ligands and stimulators activate cytoplasmic and nuclear
molecules using G-protein— and —independent pathways (Source: [237]).

Biogenic amines Noradrenaline, dopamine, serotonin,
Acetylchonine, histamine

Amino acids Glutamate, GABA

Proteins Angiotensin, bradykinin,
and Thrombin, bombesin, endorphins,
peptides Follicle-stimulating hormone, leuteinizing hormone,

Thyroid-stimulating hormone
Gastrin-releasing peptide, cholecystokinin,
Neuromedin-B, neurotensin, vasopressin, galanin

Lipids Lysophosphatidic acid, sphingosine-1-phosphate
Prostaglandins, leukotrienes
Platelet-activating factor, anandamine

Tons Calcium

Miscellaneous Light, odorants, pheronomes,
Nucleotides, endorphins

4 pLD1 /2 regulate cytoskeletal organization and endocytosis and exocytosis. G-
proteincoupled receptor signaling leads to direct stimulation of PLD1 by PKC.
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Figure 3.2. GPCR effectors with their associated molecular triggers: G (Gs, Gi,
Gq, and G12), GBvy, PKC, Src, and RTK.

plasmalemma lipid composition. Local cholesterol and sphingolipid concen-
trations affect the ligand binding and receptor transport.

Many G-protein-coupled receptors also exhibit ligand-independent consti-
tutive activity, changing their conformation to an active state upon stimula-
tion, owing to interactions with the plasmalemmal lipids. The plasmalemma
tension can then modulate the GPCR activity. The GPCR stimulation then
catalyzes G-protein activation.

Table 3.10. Gu effectors. Trimer G proteins are made of Gax and Gfy. Ga are
grouped into four main families: Gs, Gi, Gq, and G12. Activated G proteins pos-
itively or negatively regulate various effectors (phospholipases PLA2, PLCf, PLD,
adenylyl [ACase| and guanylyl [GCase] cyclases, phosphoinositide 3-kinases [PI3K],
protein kinase-C [PKC], phosphodiesterases [PDE]), Rho GTPases, and ion chan-
nels. GPCR can signal via either G proteins or NRTK Src, according to ligand level.
Besides, cross-talks exist between GPCRs and small GTPases (Source: [237]).

Go subset effectors
Gas ACase, PKA

Gad ACase, phospholipases, PDEs,
ion channels

Gaq PLCf, diacylglycerol, PKC,
calcium ions

Gol2 Rho, RhoGEFs
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G-protein-coupled receptors can form homodimers or heterodimers. Two
subunits of a receptor dimer coupled to G protein differ in their conforma-
tion [239]. A receptor dimer with a single ligand-bound subunit can trigger
G-protein activation. The interaction of G protein with the receptor dimer
prevents a symmetrical functioning of the dimer and explains the negative
cooperativity in ligand binding on GPCR dimers.

Ligand binding on G-protein-coupled receptors can be voltage sensitive,
GPCRs serving as sensors for both transmembrane potential and external
compounds [240]. Voltage-sensitive G-protein-coupled receptors are triggered
by the voltage across the plasmalemma.*> Gating currents act on structural
GPCR components.

3.2.1.1 Examples of G-Protein-coupled Receptors
Acetylcholine Muscarinic Receptors

Main G proteins (Sect. 4.5.1, Fig. 4.7) targeted by acetylcholine muscarinic
receptors are given in Table 3.11. M1 and M2 muscarinic receptors couple
voltage sensing to acetylcholine binding. Conformational changes are associ-
ated with charge motions.*% Ligand binding of GPCRs can then be modulated
by voltage, amplifying or attenuating the signaling.

The activation of muscarinic receptors in cardiomyocytes depends on plas-
malemmal potential. Depolarization reversibly induces changes in affinity
state of the receptor [242]. Depolarization reduces and increases the affin-
ity of M2 and M1 muscarinic receptors, respectively [243]. The activity of
P2Y1 receptors also depends on the plasmalemmal potential. P2Y receptor—
Ca™* fluxes are larger for a given depolarization than for equivalent amplitude
hyperpolarization [244].

Table 3.11. Acetylcholine muscarinic receptors and their main targeted G proteins
(Source: [241]).

Type Main transducer

ACh muscarinic receptors
M1/M3/M5 Gq/11
M2/M4 Gi/o

ACh nicotinic receptors
xl-o7 Ligand-gated ion channels

45 The resting potential difference across the 3 nm-thick plasmalemma is equal to
about 70mV. It can affect the conformation of membrane proteins.

46 Voltage sensitivity is detected not only in voltage-gated ion channels, but
also in ion transporters, such as sodium/glucose co-transporter, in voltage-
dependent phosphoinositide phosphatase, and glutamate G-protein-coupled re-
ceptors mGluR1 and mGluR3.
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Adenosine and Nucleotide (Purinergic) Receptors

Adenosine receptors inhibits ATP-using enzymes. Nucleotide receptors P2Y
are activated by adenosine diphosphate (ADP), adenosine triphosphate (ATP),
uridine triphosphate (UTP), and uridine diphosphate-glucose (UDP-glucose)
(Table 3.12).

Ubiquitously expressed nucleotide receptors or purinergic receptors include
P1 receptors and P2 receptors. P1 receptors bind adenosine, P2 receptors ex-
tracellular adenosine and purine nucleosides and nucleotides (Fig. 3.3) [300].
There are four subtypes of P1 receptors (Al, A2a, A2b, and A3). P1A2 is
coupled to Gs and stimulates adenylyl cyclase, whereas P1A1 and P1A3
are coupled to Go/Gi and inhibit adenylyl cyclase. P2 receptors P2X are
ion channels (ionotropic receptors)*” and P2Y are G-protein-coupled recep-
tors (metabotropic receptors). Both P2 receptor types comprise many mem-
bers. There are at least seven P2X receptor types (P2X1-P2X7) and fourteen
P2Y receptor types (P2Y1-P2Y14). Most P2X channels are cation-selective
pores that discriminate more or less efficiently different cations.

Purinergic receptors regulate the cardiac function. Receptors P2Y (espe-
cially P2Y6, P2Y7, P2Y9, and P2Y14) are found in the heart. In the blood
vessel wall, purinergic signaling controls the vascular tone, the wall remodeling
(smooth muscle cell proliferation), and the platelet aggregation. The differ-

Table 3.12. Adenosine and nucleotide receptors P2Y, their main targeted G pro-
teins, and order of ligand potency. Receptors P2X are ATP-gated ion channels for
Nat, K*, and Cat™ (Source: [241]).

Type Main transducer Potency order

Adenosine receptors

AR1/3  Gi/o
AR2A/B Gs

Nucleotide receptors
P2Y1 Gq/11 ADP > ATP
P2Y2 Gq/11 UTP ~ ATP
P2Y4 Gq/11 UTP > ATP
P2Y6 Gq/11 UDP >UTP > ATP
P2Y11 Gs, Gq/11 ATP >UTP
P2Y12  Gi/o ADP > ATP
P2Y13  Gi/o ADP > ATP
P2Y14 Gq/11 UDP-glucose

47 Purinergic receptors P2X are fast-acting channels that are selective for calcium.
When ATP binds to P2X plasmalemmal receptors, extracellular Ca®™ enters
and activates signal transduction pathways. These channels contain two trans-
membrane domains (hetero- or homo-oligomers).
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ent types of cells in the cardiovascular system selectivity express purinergic
receptor types (Fig. 3.4). Endothelial cells express purinergic receptors P2Y1,
P2Y2, P2Y4, P2Y6, and P2Y11,%® as well as P2X1,*° P2X2, P2X3, P2X4,
P2X5, P2X6, and P2X7.°0 P2X4 is the most abundant P2X receptor type
in vascular endothelial cells. Thereby, P2X4 receptor contributes to ATP-
and flow-induced Ca™™ influx in endothelial cells. P2 receptors (particularly
P2X4) on endothelial cells bind ATP, which triggers secretion of nitric oxide
and causes vasodilation. P2X receptors are implicated in autocrine loops in
endothelial cells. Vascular smooth muscle cells abundantly express receptors
P2X1, P2Y2, and P2Y6. P2 receptors are also located in the vessel wall adven-
titia. Perivascular adrenergic and cholinergic nerves have purinergic receptors.

P2X1 receptors are abundantly expressed in platelets. P2Y1 acts in platelet
aggregation and mediates the adenine nucleotide—induced release of nitric ox-
ide. P2Y12 has also been observed in platelets. P2Y13 can be detected in pe-
ripheral blood leukocytes. P2 receptors are found in every part of the nephron
(Table 3.13).

Adrenergic Receptors

o- and B-adrenergic receptors (AR) belong to the family of G-protein-coupled
receptors (Table 3.14). f1-Adrenergic receptors strongly increase cAMP lev-
els, whereas 32- and P3-adrenergic receptors can couple to Gi. In rat ven-
tricular cardiomyocytes, 2-adrenoceptors couple to Gs (preferentially) and
Gi-protein, activating either Gs or both Gs and Gi protein [245]. Adenylyl
cyclase activation by [32-adrenoceptors coupled to Gai2 can be done by pre-
venting Gai2 to interact with the inhibitory Gad site of adenylyl cyclase [246].

In cardiomyocytes, 31 and (2-adrenergic receptors activate p38 and ERK
mitogen-activated protein kinase, respectively (Sect. 4.3.2.4). al-Adrenergic

UuTP UDPglucose
ATP ADP cAMP adenosine
P2X P2Y ‘ CAR ‘ P1

-

Figure 3.3. Nucleotide receptor types and their ligands.

48 P2Y4 receptors are slightly expressed in endothelial cells, whereas P2X4, P2Y1,
P2Y2, and P2Y11 are the most abundant among the endothelial P2 receptors
[300].

49 P2X1 receptors are abundantly expressed by the endothelium of rat mesenteric
arteries [301].

50 PoX1, P2X2, P2X3, and P2X7 have similar levels in the endothelial cell layer of
internal mammary arteries, radial arteries and saphenous veins, whereas levels
of P2X5 and P2X6 are lower [302]. P2X4 expression differs between arteries and
veins. Both radial and internal mammary arteries have very low P2X4 levels.
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receptors can activate the phospholipase-C—protein kinase-C pathway, stress-
activated protein kinases (p38 and c-Jun N-terminal kinase), Rho and Rac
GTPases (Sect. 4.5), and Catt-calmodulin-dependent protein kinase [247].

SMC

N
ATP /\ vasoconstriction
J /\ mE
P11~ o Hpava |

adenosine ‘ ‘ ‘

Figure 3.4. Purinergic receptors in the vascular wall (adapted from [303]). ATP,
co-transmitter of noradrenaline and neuropeptide-Y, released from perivascular sym-
pathetic nerves bind receptors P2X1, P2X2, and P2X4 of smooth muscle cells and
induce vasoconstriction. Adenosine from ATP degradation binds to receptors P1A1
of sympathetic nerves and inhibits transmitter release. Stressed endothelial cells re-
lease: (1) ATP, which binds receptors P2Y1 (with a selective agonist action from
ADP) and P2X4; and (2) UTP, a ligand for P2Y2. Both ATP and UTP trigger nitric
oxide delivery to the smooth muscle cells with subsequent vasodilation.

vasodilation

Table 3.13. Purinergic receptors in the nephron (PCT: proximal convoluted tubule,
tDL: thin descending limb, TDL: thick descending limb of the Henle loop, tAL: thin
ascending limb, TAL: thick ascending limb of the Henle loop, DCT: distal convoluted
tubule, CD: collecting duct, Source: [304]).

P2X1 Afferent arteriole, glomerulus,

P2X2 Afferent arteriole

P2X4 PCT, tDL, tAL, TAL, DCT, CD
P2X5 TAL, DCT, CD

P2X6 PCT, TDL, tDL, tAL, TAL, DCT, CD

P2Y1 Afferent and efferent arterioles, glomerulus, TDL
P2Y2 Glomerulus, TAL, CD
P2Y4 PCT, TDL
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Several transcriptional targets of «l-adrenergic receptors have been iden-
tified in cardiomyocytes, particularly «-actin, 3-myosin heavy chain, atrial
natriuretic factor.?!

Angiotensin Receptors

The action of angiotensins (ATn1-ATn4) is mediated by angiotensin receptors
ATR1 and ATR2 (Table 3.15). ATR2 counteracts several growth responses
initiated by ATR1. Angiotensin-2 stimulates the vascular cells after binding
to the angiotensin-2 type 1 G-protein-coupled receptor. The angiotensin-2
receptor type 1 (ATR1) activates: (1) Gq, Gi/o, and G12/13 proteins, (2) ty-
rosine or serine/threonine kinases, (3) phospholipases PLC, PLD, and PLA2,
and (4) ion channels. Angiotensin-2 acts via AT1 G-protein-coupled recep-
tors on mitogen-activated protein kinase (Sect. 4.3.2.4). The targeted kinases
include receptor tyrosine kinases (PDGFR, EGFR, and IRS1; Sect. 3.2.2)
and non-tyrosine receptor kinases (Src, JaK/STAT, and FAK; Sect. 4.3.1).
Angiotensin-2 also promotes the association of scaffold proteins (paxillin, and
talin), leading to focal adhesion. Furthermore, angiotensin-2 stimulates vas-
cular NADPH oxidase via ATRI.

Phospholipase-CB1 (Sect. 4.2.1), then PLCyl, are activated by corre-
sponding stimulated G proteins, within 5s [249]. Diacylglycerol and inositol

Table 3.14. Adrenoceptors, their main targeted G proteins, and order of ligand
potency (alC-adrenoceptor is derived from olA-adrenoceptor; Source: [241]).

Type Main transducer Ligand potency order

alA  Gq/ll Ad~NAd
«lB  Gq/11 Ad~NAd
«lD  Gq/11 Ad~NAd
a2A  Gi/o Ad >NAd
a2B  Gi/o Ad >NAd
a2C  Gi/o Ad >NAd
B1 Gs Ad <NAd
B2 Gs, Gi Ad>NAd
B3 Gs, Gi/o Ad ~NAd

5! x1ARs target transcription factors, such as cJun (cJun stands for avian sar-

coma virus-17 oncogene; Jun comes from japanese ju-nana: 10 [Ju] + 7 [Nanal),
cFos (cellular Finkel Biskis Jinkins murine osteosarcoma virus sarcoma onco-
gene), and EGR1 (Early growth response factor-1), as well as transcriptional
corepressor CARP. The zinc finger-only protein Z{p260 of the Kruppel family of
transcriptional regulators, highly expressed in the embryonic heart, is downregu-
lated during postnatal development. Zfp260 is a nuclear effector of al-adrenergic
receptors. Zfp260 also is a transcriptional activator of atrial natriuretic factor
and a co-factor for cardiac regulator GATA4, used in MAPK signaling [248].
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trisphosphate are thus generated, the production ending within minutes. The
transient PLC activation is followed by a sustained activation of phospholi-
pase D via G proteins. Concomitant stimulation of phospholipase A2 initiates
arachidonic acid signaling. Effectors are kinases and GTPases, JaK, Src, Ras,
and MAPK (Sect. 4.3). Reactive oxygen species via activation of NADPH oxi-
dase are components of ATn2-mediated signal transduction in vascular smooth
muscle cells.

The vasculature is characterized by a low density of type 1 angiotensin-2
receptors in endothelial cells (ecAT1R) and the relative abundance in vascular
smooth muscle cells (smcAT1R). Endothelial cell activation by angiotensin-
2 via ecAT1R reduces the tone of vascular smooth muscle cells, via elevated
expression of endothelial nitric oxide synthase [250]. Angiotensin-2 stimulation
of ecAT1R thereby reduces smcAT1R-mediated vasoconstriction.

Angiotensin-2 also acts as a proinflammatory agent and growth factor. Af-
ter injury to the liver, ATn2 assists in tissue repair by stimulating: (1) hepato-
cytes and hepatic stellate cells to synthesize extracellular matrix proteins and
secrete cytokines; and (2) myofibroblasts to proliferate. ATn2 activates NFxB
via ATR1 and a protein set including CARMA3, Bcl10, and MALT1 [251].

Bradykinin Receptors

Bradykinin receptors are activated by bradykinin and its derived peptides
kinin and kallidin (Table 3.16). Bradykinin, synthetized by tissue kallikrein
from kininogen, stimulates endothelial 32-adrenergic receptors, subsequently
releasing nitric oxide®? and prostacyclin to control the vascular tone. Besides,
tissue kallikrein deficiency does not disturb uterine artery remodeling during
and after pregnancy [252].

Calcium-Sensing Receptors

Calcium-sensing receptors (CaR), types of G-protein-coupled receptors (Ta-
ble 3.17), are used by cells to sense the concentration of extracellular calcium
ions. There are seven transmembrane calcium-sensing receptors, especially
on hematopoietic stem cells. Calcium-sensing receptors retain hematopoietic

Table 3.15. Angiotensin receptors and their main targeted transducer, either G pro-
teins or protein phosphatases (Source: [241]).

Type Main transducer

ATR1 Gq/11
ATR2 PTP, PSTP

52 Endothelial nitric oxide synthase expression and, consequently, nitric oxide pro-
duction, increase during pregnancy.
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stem cells close to the endosteal surface of the bone marrow. CaRs inter-
act with the extracellular matrix components, particularly collagen-1. CaR is

also found in parathyroids, participating in parathyroid hormone response to
[CatT]..

Endothelin Receptors

Endothelin is secreted by endothelial cells and targets the neighboring smooth
muscle cells to regulate the vasomotor tone (Sect. 9.5.4; Table 3.18). Two

Table 3.16. Receptors of the bradykinin/kinin family, of histamine (5HTR3 are
ionotropic), serotonin, complement system, free fatty acids, and of lysophosphatidic
acid, with their main targeted G proteins (Source: [241]).

Type Main transducer

Bradykinin/kinin receptors
BR1, BR2  Gq/11

Histamine receptors

HR1 Gq/11
HR2 Gs
HR3/4 Gi/o

Serotonin receptors
5HTR1/5 Gi/o
5HTR2 Gq/11
5HTR4/6/7  Gs

Complement receptors
C3aR Gi/o, Gi/z
C5aR Gi/o, Gi/z, Gq/16

Free fatty acid receptors
FFAR-A1 Gq/11
FFAR-A2/A3 Gq/11, Gi/o

Lysophosphatidic acid receptors
LPAR1/2 Gi/o, Gq/11, G12/13

LPARS3 Gi/o, Gq/11, Gs
LPAR4 Gq/11, Gs
LPAR5 Gq, G12/13

Table 3.17. Calcium-sensing receptor, targeted G proteins, and order of potency
between extracellular concentrations of Cat™ and Mg™™ (Source: [241]).

G-Protein transducers Potency order

Gq/11, Gi/o, G12/13 [Ca™t].c > [MgtT]ee
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endothelin-1 receptors (ETRA and ETRB), that belong to the family of G-
protein-coupled receptors, bind ET1 with equal affinity to regulate gene ex-
pression for cell contraction, proliferation, and survival. Endothelin-1 acti-
vates extracellular signal-regulated kinase ERK1 and ERK2 (Sect. 4.3.2.4) by
GPCR-induced activation of the receptor tyrosine kinase EGFR (Sect. 3.2.2.1).
GPCRs can activate Src tyrosine kinases (Sect. 4.3.1.2) with subsequent
RTK phosphorylation. Once activated, Src and/or RTK phosphorylate She
adapter. Both phosphorylated Shc and activated RTK then bind growth
factor-receptor-bound protein Grb2 and its associated Ras guanine nucleotide-
exchange factor Son-of-sevenless to trigger Ras/MAPK signaling.

The docking protein growth factor-receptor—bound protein-2-associated
binder-1 (Gabl) is phosphorylated by: (1) receptor tyrosine kinases and cy-
tokine receptors to regulate cell survival and proliferation; and (2) G-protein-
coupled receptors. Type A endothelin-1 receptor phosphorylates Gabl and
activates ERK1 [253]. ET1-induced Gabl phosphorylation is stimulated by
phosphoinositide 3-kinase and Src tyrosine kinases and inhibited by PP1. Ty-
rosine phosphatase SHP2 potentiates ET1-induced ERK1 activation.

Glutamate Receptors

Metabotropic glutamate receptors are activated by L-glutamate, and L-
aspartate, among others ligands (Table 3.19). Ionotropic glutamate receptors
include members of NMDA /AMPA receptor channel family, which have a high
relative permeability to calcium ions and are blocked by magnesium at rest
potential. Protons and zinc ions also inhibit NMDA.

Neuronal stimulation and activation of astrocytic metabotropic glutamate
receptors (mGluR) induce an astrocytic calcium wave that propagates to as-
trocytic endfeet close to brain arterioles. Active neurons then rapidly (latency
< 2s) trigger dilation of intracerebral arterioles. Astrocytic calcium signaling
activates astrocytic large-conductance, Catt-sensitive KT channels (BK) for
local release of potassium into the perivascular space. A modest rise in ex-
tracellular potassium activates inward rectifier K* channels (Kir2.1) of brain
arteriolar smooth muscle cells, inducing membrane potential hyperpolariza-
tion and relaxation [254].5% Increased neuronal activity thus increases the

Table 3.18. Endothelin receptors, their main targeted G proteins, and order of
ligand potency (Source: [241]).

Type  Main transducer Potency order

ETRA Gq/11, Gs ET1~ET2>ET3
ETRB Gq/11, Gi/o ET1~ET2~ET3

53 Elevations of the concentration of external potassium ions that depolarize the
vascular smooth muscle cells induces vasoconstriction of cerebral arteries and
arterioles.
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local cerebral blood flow to supply sufficient amounts of glucose and oxygen
(functional hyperemia).

Leukotriene Receptors

Leukotriene receptors are activated by leukotrienes LTB4, LTC4, LTD4,
LTE4, 12S-HETE, and 12R-HETE (Table 3.20). Leukotriene B4, a chemo-
tactic and immune modulating agent implicated in allergic and inflammatory
reactions, acts via two G-protein-coupled receptors BLT1 and BLT2. BLT1
and BLT2 signal through three classes of G proteins, Gi, Gq-like, and Gz.%*
LTB4% is a chemoattractant produced by neutrophils, macrophages, and mast
cells for polymorphonuclear leukocytes and T lymphocytes. Leukotrienes are
involved in arteriosclerosis.

Table 3.19. Glutamate metabotropic receptors, GABA receptors, and their main
transducers. Glutamate ionotropic receptors include members of N-methyl-D-
aspartate (NMDA) and o-amino 3-hydroxy 5-methyl 4-isoxasole propionic acid
(AMPA), and kainate receptor families. GABA 4 are ligand-gated ion channels.
GABA g receptors can couple to ion channels CaV2.1/2.2 and Kir3 (Source: [241]).

Type Main transducer

Glutamate metabotropic receptors
mGluR1/R5 Gq/11
mGluR2/R3/R4/R6/R7/R8 Gi/o

y-Aminobutyric acid receptors
GABAg Gi/o

Table 3.20. Leukotriene receptors, their main targeted G proteins, and order of
ligand potency (Source: [241]).

Type Main transducer Potency order

BLT1  Gq/11, Gi/o LTB4 > 12R-HETE

BLT2  Gq/11, Gi/o LTB4 > 128-HETE > 12R-HETE
CysLT1 Gq/11 LTD4 >LTC4 > LTE4

CysLT2 Gq/11 LTC4 ~LTD4 > LTE4
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Prostanoid Receptors

Inflammatory cytokines stimulate the production from arachidonic acid of
lipid mediators, such as prostanoids. Rate-limiting enzymes in prostanoid
production include cyclooxygenases,®® in particular constitutively expressed
COx1 and inducible COx2. COx2 induced in macrophages and endothelial
cells by inflammation stimuli, such as oxidized low-density lipoprotein and
interleukin-1, produces eicosanoids that enhance vascular permeability and
promote cell chemotaxis.

The effects of prostacyclin (PGI2) and prostaglandin-E2 (PGE2) are trans-
duced by the I prostanoid receptor (IPR) and four E prostanoid receptors
(EPR), respectively (Table 3.21; Sect. 8.4). EPR2 and EPR4 are linked to
Gs activation of adenylyl cyclase, and EPR1 and EPR3 to Gq and/or Gi.
EPRI1 and EPR3 mediate PGE2-induced vasoconstriction. PGE2 can activate
platelets by EPR3. EPR4 mediates anti-inflammatory effects and activation
of metalloproteinase MMP9. Deletion of EPR2 and IPR causes salt-sensitive
hypertension.

Prostaglandin-E2 EPR1, an effector of cyclooxygenase-2, impair Na™-
Ca™™ exchanges and lead to neurotoxicity [256]. Membrane-associated pro-
teins involved in eicosanoid and glutathione metabolism (MAPEG) affect
the expression of endogenous PGE2 and PGI2. Microsomal prostaglandin-
E synthase-1 (mPGES1), a member of the MAPEG family, is a major source
of PGE2 formation. Deletion of mPGES1 does not increase blood pressure and

Table 3.21. Prostanoid receptors, their main targeted G proteins, and order of
ligand potency (Source: [241]).

Type Main transducer Potency order

DP1 Gs PGD2 > PGE2 > PGF2« > PGI2, TXA2

DP2 Gi/o PGD2 > PGE2, PGF2«a > PGI2, TXA2

FP  Gq/ll PGF2a >PGD2 > PGE2 > PGI2, TXA2

IP Gs PGI2 > PGD2, PGE2, PGF2a > TXA2

TP  Gq/ll TXA2, PGH2 >PGD2, PGE2, PGF2«, PGI2
EP1 Gq/l1 PGE2 > PGF2«, PGI2 > PGD2, TXA2

EP2 Gs PGE2 > PGF2«, PGI2 > PGD2, TXA2

EP3 Gi/o PGE2 >PGF2a, PGI2 > PGD2, TXA2

EP4 Gs PGE2 > PGF2«, PGI2 > PGD2, TXA2

54 The expression of BLT receptors can be enhanced in endothelial cells by
lipopolysacharides, cytokines, such as tumor necrosis factor-a and interleukin-
1B, and LTB4 [255].

55 LTB4 is synthesized from arachidonic acid by the concerted action of 5-
lipoxygenase, assisted by 5-lipoxygenase-activating protein, and of LTA4 hydro-
lase.

56 There are three isoforms of cyclooxygenases, COx1, COx2, and COx3.
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retards atherogenesis, whereas mPGES1-derived PGE2 accelerates atheroge-
nesis [257]. At the opposite, prostacyclin protects the cardiovascular function.

Tissue Factor and Protease-Activated Receptors

Protease-activated receptor are activated by proteolytic cleavage. Thrombin
and trypsin can be agonist proteases for certain protease-activated receptors in
vivo. Tissue factor can bind protease-activated receptor, a G-protein-coupled
receptor (Table 3.22). Platelet-activating factor (PAF) also acts via a single
G-protein-coupled receptor.

Tissue factor can have two distinct structural and functional modes, be-
ing either an initiator of blood clotting®”, or a co-factor for cell signaling,
unable to promote coagulation.®® In other words, plasmalemmal tissue factor
either: (1) binds the serine protease factor VIIa to activate the coagulation;
or (2) binds the G-protein-coupled protease-activated receptor-2 (PAR2), a
type of protease-activated receptors, to trigger signaling for inflammation and
angiogenesis, the tissue factor belonging to the cytokine receptor family.?®

Table 3.22. Protease-activated and platelet-activating factor receptors and their
main targeted G proteins (Source: [241]).

Type Main transducer

Protease-activated receptors
PAR1 Gq/11, Gi/o, G12/13
PAR2/3/4 Gq/11, Gi/o

Platelet-activating factor receptor
PAFR Gq/11, Gi/o

57 Tissue factor, an integral membrane protein, is normally excluded from the en-

dothelial wetted surface. Tissue factor also circulates and becomes active only
with a growing thrombus. Coagulation (Sect. 9.4) is triggered when tissue factor
is exposed to zymogen coagulation proteases in plasma after vessel wall damage.
It binds and activates factor VII. The complex made of coagulant tissue factor
and factor VIIa binds and activates factor X. Factor Xa acts with its cellular
cofactor Va for thrombin production. Thrombin cleaves fibrinogen to generate
fibrin and drives platelet aggregation.
Tissue factor is also activated in inflammation, vascular development, and cancer.
The noncoagulant form of tissue factor bound to factor VIla (binary signaling
complex) activates receptor PAR2. Factor Xa signals via protease-activated re-
ceptors PAR1 or PAR2 either as a monomer or as a ternary complex with tissue
factor and factor VIIa. Factor Xa is inhibited by antithrombin-3 and tissue factor
pathway inhibitor. Factor VIIa is also inhibited by tissue factor pathway inhibitor
bound to factor Xa. Thrombin is a potent activator of protease-activated recep-
tors, except PAR2. It activates PAR1 and PAR4 for platelet aggregation. Like
Factor Xa, thrombin is inhibited by antithrombin-3. Thrombomodulin hampers
the binding of thrombin with PAR1 on the endothelial cell surface.

58
59
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TF-PAR2 complex formation can be inhibited without preventing the coag-
ulation activity of the tissue factor.

Protein disulfide isomerase (PDI)® stabilizes a distinct tissue factor—factor
VIIa complex which does not bind factor X [258]. PDI inhibits the coagulation
activity of the tissue factor, and switches tissue factor to cell signaling.%!

Sphingosine-1-phosphate Receptors

Sphingosine-1-phosphate is a lipid growth factor (Sect. 10.1) that acts via a
G-protein-coupled receptor (Table 3.23). Sphingosylphosphorylcholine also ac-
tivates this receptor with equal, smaller, or greater potency than sphingosine-
1-phosphate according to the receptor type.

3.2.1.2 Crosstalks and Transactivations

G-protein-coupled receptors act via heterotrimeric G proteins. They could also
function in a G-protein—-independent manner. 32-Adrenergic receptors signal
via either Ga or via tyrosine kinase Src according to the ligand concentration,
low or high, respectively [259].

Certain GPCR effectors do not depend on G proteins. Cross-talks between
GPCRs and small GTPases exist.> GPCR signaling through G proteins can
activate Ras and Rho GTPases. Activated Ras triggers the mitogen-activated
protein kinase cascade. RhoA, Rab, Arf and ArfGEF can directly associate

Table 3.23. Sphingosine-1-phosphate receptors and their main targeted G proteins
(Source: [241]).

Type  Main transducer

SIPR1 Gi/o

S1IPR2 Gq, G12/13, Gs
S1PR3 Gq, Gi/o, Gs
SIPR4 Gi/o, G12/13, Gs
SIPR5 Gi/o, G12/13

60 Protein disulfide isomerase cleaves disulfide bonds in the extracellular domains of
certain receptors to regulate protein activity. Protein disulfide isomerase breaks a
disulfide bond that is required to activate the coagulation. Nitric oxide regulates
PDI activity, hence, suppresses the coagulant activity of tissue factor.

6! Disulfide/thiol exchange is required for the formation of TF-PAR2 complex.

52 The small GTPase superfamily includes at least five families: Ras GTPase sub-
family (Ras, Rap, and Ral) of regulators of cell signaling, Rho GTPase subfamily
(Rho, Rac, and Cdc42) of regulators of actin cytoskeleton, Rab GTPase subfam-
ily of regulators of vesicular transport, Arf GTPase subfamily (Arf, Arl, and Sar)
of regulators of vesicular transport, and Ran GTPase subfamily of regulators of
microtubule organization and nucleocytoplasmic transport.
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with GPCRs. GPCRs can also function as guanine nucleotide-exchange factors
for small GTPases.

The interactions between GPCRs and small GTPases is required for cel-
lular transport and cell migration. GPCRs are synthesized and modified in
the endoplasmic reticulum, then transported to the Golgi apparatus for ad-
ditional changes, lastly to the plasmalemma. Rab GTPases are implicated
in exocytosis. Rab GTPases also regulate GPCR endocytosis into early en-
dosomes, GPCR targeting to lysosomes for degradation or GPCR recycling
from early endosomes. Arfl and Arf6, with Arf GEFs (ADP ribosylation fac-
tor nucleotide—binding site opener ARNO) and p-arrestin, also control GPCR
endocytosis [260].

Activated Gi-coupled chemoattractant receptor, the N-formylmethionyl-
leucylphenylalanine receptor (fMLPR), leads to both Ras-dependent and
-independent activation of Ral GTPase. Ral GEF RalGDS interacts with Ras,
which activates Ral, hence, actin cytoskeleton reorganization (Ras-dependent
mechanism). Plasmalemmal translocation of complexes made by B-arrestin
and RalGDS allows binding to f/MLPR and uncoupling from G protein, thus
activates membrane-bound Ral (Ras-independent mechanism) [260].

Ligand binding to GPCRs activates small GTPases either directly or indi-
rectly.53 Rho-dependent responses can be activated by Gq and G12 (Fig. 3.5).
Furthermore, G12 can bind and activate Rho-specific guanine nucleotide-
exchange factors [261]. Mutant Gs-induced cAMP can activate small GTPases
Rapl and B-Raf, which in turn stimulate MAP2K and MAPK. GRvy activates
the MAPK pathway using a Ras-dependent process [262]. Gg-coupled recep-
tors use both PKC-dependent and -independent pathways to stimulate the
MAPK pathway.

The transactivation of receptor tyrosine kinases by GPCRs includes: (1)
the activation of RTKs via non-receptor tyrosine kinases; (2) the formation
of complexes between GPCRs and RTKs; and (3) the release of RTK ligands.
GPCR stimulation can stimulate receptor tyrosine kinases, such as epider-
mal growth factor receptors, via proteolytic cleavage due to metalloprotease
ADAM and release of EGF-like ligands, such as heparin-binding epidermal
growth factor, and via NRTK activation that can phosphorylate EGFR tyro-
sine residues. $2-Adrenergic receptor mediates extracellular signal-regulated
kinase activation via assembly of a multireceptor complex with the epider-
mal growth factor receptor following cointernalization of both receptors into
clathrin-coated vesicles [263]. Several NRTKs (Csk, Lyn, Btk,%* proline-rich
tyrosine kinase-2, and focal adhesion kinase) could mediate MAPK activation
by Gi and Gq [237]. Src or Src-like kinases can mediate the phosphorylation
of Shc caused by Gf3y subunits and by a-adrenoceptors, after recruitment of

53 GPCRs for lysophosphatidic acid and thrombin induce stress fibers, focal adhe-
sions, and cell rounding through Rho-dependent pathways [261].
64 Btk stands for Bruton tyrosine kinase.
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Figure 3.5. Interactions between GPCRs, small GTPAses and MAPKs. G-protein-
coupled receptors (GPCR) activate mitogen-activated protein kinase (MAPK) us-
ing many pathways. Gy can stimulate Ras by the activation of receptor and non-
receptor tyrosine kinases, thereby recruiting Sos to the plasmalemma. Activated Gaq
can stimulate: (1) Rafl via phospholipase-Cf3 (PLCR) and protein kinase-C (PKC);
(2) Ras via PLCB and activation of (2a) Ca'-dependent Ras guanine-nucleotide
releasing factor (RasGRF), and (2b) Ca™'- and PKC-regulated proline-rich tyro-
sine kinase-2 (PYK2) of the focal adhesion kinase family. GPCR stimulation also
leads to phosphorylation of Src homology and collagen (Shc), which subsequently
forms complexes with growth factor receptor-bound-2 (Grb2), and activation of
tyrosine kinases acting on Son-of-sevenless (Sos). PI3Ky can then act on the Shc—
Grb2-Sos—Ras pathway. PISKf stimulated by GPCRs drives activation of Rac and
p2l-activated kinase to enhance Raf activity. Gi and Gs, via the binding of cAMP
to exchange protein activated by cAMP (EPAC) RaplGEF EPAC and phosphory-
lation of Rapl by PKA, can use the Rapl pathway, which stimulates B-Raf. Gq,
via PYKZ2, with adaptor Crk and paxillin, can activate GEFs for Rac and Cdc42,
leading to the activation of MAP2K4/7 and JNK. G12 can stimulate MAP2K4/7
via apoptosis signal-regulating kinase-1 (ASK1). (8) G12/13, with regulators of G-
protein signaling (RGS) also targets RhoGEFs for Rho activation. G12/13 and Gq
can stimulate ERK5 (or big mitogen-activated kinase BMK1) via MAP2K5. G12,
Gq, and Gy can activate p38ain cooperation with Btk and Src. G12/13 and Gq
can also activate p38y and p385 via MAP2K3/6 (Sources: [237, 260]).

[3-arrestin and GPCR kinase GRK2. Src can be activated also by interaction
with Gi and Gs or (33-adrenoceptors.

Gq can stimulate MAPK: (1) via a PKC-dependent, Ras-independent pro-
cess, (2) PKC- and Ras-dependent mechanism, or (3) PKC-independent, Ras-
dependent manner, depending on the cell type and the receptor expression
levels.

PI3K isoforms can be required for GPCR-induced MAPK activation
(Fig. 3.5). PI3Ky is activated by direct interaction with Gfy-subunit. PI3Ky
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Figure 3.6. Cross-talks between receptors of angiotensin-2 (ATR1) and endothelin-
1 (ETRA) and epidermal growth factor receptor (EGFR) in the cardiomyocyte.
EGFR transactivation requires metalloproteases of the ADAM family, particularly
ADAM12, heparin-binding epidermal growth factor, docking molecule Grb2-binding
protein Gabl, Src tyrosine kinase, and phosphoinositide 3-kinase. EGFR transacti-
vation leads to MAPK activation.

can then act on the Shc-Grb2-Sos-Ras pathway. Gy dimers activate PI3Kf3,
which then stimulates PKB [264].

G-protein-coupled receptors interact with manifold intracellular molecules.
The adaptors arrestins bind many phosphorylated GPCRs for endocytosis. 32-
adrenoceptors can associate with the Na™-HT exchanger regulatory factor, an-
giotensin receptors ATR1A with Janus-activated kinase JAK2, metabotropic
glutamate receptors with Homers, which can form complexes with IP3 recep-
tors, muscarinic acetylcholine M3 receptors and ATR1A with GTPases Rho
and Arf [237].

GPCR ligands, such as lysophosphatidic acid, endothelin-1, platelet-acti-
vating factor and thrombin can induce a rapid transient phosphorylation of
epidermal growth factor receptors in fibroblasts and in vascular smooth muscle
cells. Catecholamines, angiotensin-2 and endothelin-1 act in cardiomyocytes
where they can activate heparin-binding epidermal growth factor with mem-
bers of a disintegrin and metalloprotease (ADAM) family and cause GPCR-
induced cardiac hypertrophy (Fig. 3.6). Different types of G proteins (Gi, Gq,
G12), different metalloproteases of the ADAM family (ADAM10, ADAM12,
ADAMI17), and different EGF-like ligands (heparin-binding epidermal growth
factor, transforming growth factor-o«, amphiregulin) are involved in inter-
receptor cross-talk (or transactivation) [265].
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3.2.1.3 Arrestins

[B-Arrestins-1 and -2 desensitize certain plasmalemmal receptors in conjunc-
tion with G-protein-coupled receptor kinases (GRK).%® They serve as endo-
cytic and signaling adaptors. They act on receptor tyrosine kinases, such as
insulin-like growth factor 1 receptor. (3-Arrestins act as a scaffold for intra-
cellular assembly of signaling complexes. Dissociation of (-arrestins allows
recycling of G-protein-coupled receptors via Rab-dependent mechanisms. f3-
Arrestins target active kinases to specific locations within the cell and can
regulate the lifetime of G-protein-coupled receptors in endosomes [266].

[-Arrestins associate with f2-adrenergic receptor, with angiotensin-2 type-
1A receptor (ATRIA; Sect. 4.5), with V2 vasopressin receptor (V2R), with
protease-activated receptor-2, and with parathyroid hormone receptor, to
activate the ERK branch of the mitogen-activated protein kinase pathway
(Sect. 4.3.2.4). In the case of ATR1A and V2R, G-protein-coupled recep-
tor kinases are required. G-protein-coupled receptor kinases and (-arrestins
switch off G-protein-dependent signaling, but transduce another kind of sig-
naling from receptors, such as the angiotensin-2 type-1A receptor.%® Such a
signaling causes positive inotropy and lusitropy (Chap. 7), possibly either by
regulating cytosolic Ca™* level or Cat™ sensitivity of troponin and myosin-
binding protein-C [267]. 32-Adrenergic receptors cooperate with Gi-protein
and B-arrestin in the cardiomyocyte, in addition to major 1-adrenergic sig-
naling, to stimulate CaV1.2 calcium channels and increase the intracellular
calcium level.

The association of G-protein-coupled receptor component of sonic Hedge-
hog receptor, smoothened (Sect. 3.2.7), with B-arrestin-2 and its phosphoryla-
tion by G-protein-coupled receptor kinase-2 promote smoothened endocytosis
in clathrin-coated pits [268]. B-Arrestins are implicated in endocytosis not
only of G-protein-coupled receptors, but also of VE-cadherin and other re-
ceptors. B-arrestin-2 binds to low-density lipoprotein receptor and enhances
LDLR endocytosis [269]. f-Arrestin-2 also binds type 3 transforming growth
factor-p receptor8” and triggers the receptor phosphorylation by the kinase
type 2 TGFf receptor, thereby down-regulating TGF signaling [270]. After
binding of Wnt proteins (Sect. 3.2.8) to Frizzled receptors, cytoplasmic Di-
sheveled is recruited to the plasmalemma and phosphorylated. The adaptor
[3-arrestin-2, also recruited by Frizzled-4, binds to phosphorylated Disheveled
and allows Frizzled-4 endocytosis [271].

65 B-Arrestins bind to activated G-protein-coupled receptors, after receptor phos-
phorylation by G-protein-coupled receptor kinases. They thus regulate receptor
endocytosis and signaling.

66 This signaling is thus carried out independently from Gaq/PKC pathway. B-
Arrestins interacts with the receptor and prevents the coupling between the
receptor and G proteins.

57 Type 3 transforming growth factor-f is also called p-glycan.
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3.2.2 Receptor Tyrosine Kinases

Proximal regulators of receptor tyrosine kinase signaling are assigned to dif-
ferent pathways (Fig. 3.7). They can specifically act according to the receptor
type or cell type. They include Raf (Sect. 4.3.2.4) and protein Ser/Thr phos-
phatases (Sect. 4.4).

The tyrosine kinase family includes growth factor receptors, such as vas-
cular endothelial growth factor (Sect. 10.1) and angiopoietin receptors, Tiel
and Tie2 (Sect. 10.4.1 and 10.4.2). Tyrosine kinase signaling is counteracted
by tyrosine phosphatases (Sect. 4.4), such as vascular endothelial protein tyro-
sine phosphatase. Activated receptor tyrosine kinases, including receptors for
epidermal growth factor, fibroblast growth factor, and platelet-derived growth
factor, are inhibited by glycosphingolipids, such as ganglioside GM3 [272].58
GM3 binds to and inhibits EGFR. It also interacts with fibroblast growth fac-
tor receptor and prevents receptor endocytosis. Although the growth factor
receptor is a typical example of RTK, receptor tyrosine kinases have other
ligands. The insulin also triggers a receptor tyrosine kinase.

Ras/Raf

nucleus

Figure 3.7. RTKs intervene in cell growth, apoptosis, differentiation,
and metabolisms. Main RTK effectors include phosphatidylinositol 3-kinase
(PI3K), phospholipase-C (PLC), phospholipase-D (PLD), phospholipase-A2
(PLA2), calmodulin-dependent kinases (CamK), protein kinase-C (PKC), protein
phosphatase-2A (PPA2), and Ras GTPase—Raf mitogen-activated protein kinase ki-
nase kinase (MKP: mitogen-activated protein kinase phosphatase).

68 Plasmalemmal glycosphingolipids are implicated in nanodomains with signal
transducers, tetraspanins, growth factor receptors, and integrins.
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3.2.2.1 Growth Factor Receptors

Signaling cascades start with binding of the signaling molecule with its plas-
malemmal receptor, which initiates interactions with proteins, such as the
adapters Grb2 and Shc, and the guanine nucleotide-exchange factor Sos. Sig-
naling components are often preassembled into complexes. Scaffold proteins
help to maintain these complexes and can contribute to specificity in various
signaling systems.

Growth factors (Sect. 10.1) are major ligands of RTKs [273]. The stem
cell factor (SCF) exerts its effects by binding to the tyrosine kinase cKit,5
involved in the hematopoiesis (Sect. 6.3) [274]. Axl and its homologs, Sky and
Mer, constitute a RTK subclass. Axl signaling is particularly implicated in
platelet functions. Interactions between Axl and o35 integrins, participate
in platelet activation and thrombus stabilization, via phosphatidylinositol 3-
kinase and protein kinase-B [275]. Axl receptor tyrosine kinases are activated
by the vitamin-K-dependent™ growth arrest-specific gene 6 proteic product
Gas6™ [276].

The binding of the ligand to two adjacent receptors forms an active dimer
(receptor dimerization), which is a tyrosine kinase (cross-phosphorylation).
This activating autophosphorylation™ leads to a phosphorylation cascade
within the cytosol, using the activated cytosolic tyrosine kinases. Signaling
proteins that bind to the intracellular domain of receptor tyrosine kinases in-
clude RasGAP, PI3K, phospholipase-Cy, phosphotyrosine phosphatase SHP,
and adaptor proteins.”

59 Like other hematopoietic growth factor receptors of the cell membrane, cKit is
internalized after ligand binding.

Vitamin-K—dependent plasma proteins (prothrombin, coagulation factors VII,
IX, and X, protein-C, protein-Z, protein-S, and Gas6) bind to negatively charged
phospholipid membranes via a y-carboxyglutamic acid (Gla)-containing module.
Gas6, a platelet-response amplifier, is structurally similar to the anticoagulant
protein S, a cofactor for activated protein C; but Gas6 lacks the element of
the anticoagulant activity of protein S. Gas6 inactivation prevents venous and
arterial thrombosis in mice with normal bleeding.

Kinases need to be phosphorylated, often by autophosphorylation, to trigger
their phosphorylating activity. Dual-specificity Tyr-phosphorylation-regulated
kinases (DYRK) phosphorylate themselves on tyrosine (Tyr), and subse-
quently phosphorylate their exogenous substrates on serine and threonine
(Ser/Thr) [277].

SHP1 is a negative regulator of several second messengers implicated in nitric
oxide generation (Sect. 9), such as JaK2 and ERK1/2.

The recruitment of transmembrane proteins to the clathrin coat involves adap-
tor protein complexes (AP), which interact directly with both clathrin and the
membrane receptors (Sect. 5.1).

70
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3.2.2.2 EGFR/ErbB/HER Family

Epidermal growth factor receptor regulates cellular processes and is implicated
in hyperproliferative diseases. Direct stimulation of the receptor tyrosine ki-
nase by ligand binding to the receptor extracellular domain yields formation of
receptor dimers (dimerization) and subsequent EGFR autophosphorylation of
two receptor molecules in several Tyr residues. Phosphorylated tyrosines pro-
vide docking sites for effectors and regulators, such as She, Grb2, and ¢-Cbl, to
activate intracellular signaling cascades and ubiquitination. Widely expressed
EGFR is activated by epidermal growth factor, heparin-binding EGF, trans-
forming growth factor-«, amphiregulin, betacellulin, epiregulin, epigen and
crypto.”™ Indirect EGFR phosphorylation (activation) occurs with hyperos-
molarity, oxidative stress, and mechanical stress, due to possible inactivation
of phosphatases that antagonize the intrinsic receptor kinase activity. EGFR
can also be stimulated by chemokines, cell-adhesion molecules and G-protein-
coupled receptors.

After EGFR phosphorylation, Cbl ubiquitin ligase is phosphorylated by
EGFR and ubiquitinates EGFR. Recruitment of adapters (Cin85, and en-
dophilins) leads to EGFR endocytosis. Endocytosis and proteolytic degrada-
tion of the epidermal growth factor receptor after ligand binding regulate EGF
signaling (signaling termination by negative feedback). p38 Kinase is required
for destruction of ligand-stimulated Cbl-bound EGFR [284].

The erythroblastoma viral gene product B (ErbB) proteins include four
receptor tyrosine kinases (ErbB1-ErbB4) and many extracellular ligands with
an epidermal growth factor domain. Whereas neuregulin Nrgl is expressed in
the endocardium, ErbB2 and ErbB4 are expressed in the myocardium [285].
ErbB systems are hierarchically configured into redundant modules to gen-
erate an output despite disturbances. Phosphorylated ErbB1 recruit signal
transducers such as adapter growth factor receptor bound Grb2 and Src-
homology-2-containing (Shc), which recruit Ras and activate the mitogen-
activated protein kinase cascades. ErbB1 also recruits STAT5. ErbB2 does
not bind EGF-like ligands, but is a partner of the three other ErbBs, favoring
their heterodimerization. Heterodimer ErbB3 activates PI3K. ErbB4 shares
recognition and signaling features with ErbB1.

The member of the EGF receptor-ErbB family, ErbB2/HER2, is a lig-
andless receptor kinase, which has pleiotropic effects. ErbB2 is a coreceptor
for GPCRs, which activate extracellular signal-regulated kinase ERK1/2 in
the heart.”® This tyrosine kinase receptor can form a RTK-GPCR complex
in cardiomyocytes [286].

7> Except crypto, these EGFR ligands are synthesized as membrane precursors that
undergo proteolysis to become active.

" ERK1/2 acts in the recruitment of B-arrestin, in the activation of the non-
receptor tyrosine kinase Src, and in the transactivation of tyrosine kinase recep-
tors.
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G-protein-coupled receptors can use EGFR as a downstream signaling
partner to generate mitogenic signals [265].77 This inter-receptor cross-talk
targets various GPCRs. Subsequently, GPCR-stimulated EGFR activates
downstream effectors, such as mitogen-activated protein kinases, phospho-
inositide 3-kinase™ (and PKB), and modulates ion channel activity, for cell
survival, proliferation, and migration, especially in cardiac hypertrophy, and
cancer cells (Fig. 3.8).

GPCR-induced EGFR transactivation depends on the cell type and the sig-
naling context. The cross-talk can involve Src tyrosine kinases. Protein kinase-
C and calcium ions can be required in cardiomyocytes, cardiac fibroblasts, and
vascular smooth muscle cells. MAPK activation by Gg-coupled bradykinin
receptor depends on phosphoinositide 3-kinase-f3 and protein kinase-Ce [289)]

EGF—hke llgand
GPCR

(Gi, Gq) ADAM
c
/7ﬂ Grh2/Sos
ion channels
Raf
\ MAPK /

cell survival, proliferation, migration

Figure 3.8. Inter-receptor cross-talk. Receptor tyrosine kinase (RTK), such as epi-
dermal growth factor receptor, can be a downstream signaling partner of G-protein-
coupled receptors, especially for the activation of mitogen-activated protein kinases
(MAPK) and phosphoinositide 3-kinase (PI3K), which leads to cell survival, pro-
liferation, and migration. The cross-talk involves a disintegrin and metalloprotease
(ADAM) and EGF-like ligand. Such pathways are implicated in hyperproliferative
diseases.

T Transduction of a mitogenic signal from the plasmalemma to the nucleus either
involves receptor tyrosine kinases, adapters Shc and Grb2, and the Ras/MAPK
pathway or Ras/MAPK activation by G-proteincoupled receptors and Gabl
[287]. RTKs can act as downstream mediators in GPCR mitogenic signaling
through intracellular cross-talk. The epidermal growth factor receptor is quickly
phosphorylated upon stimulation of fibroblasts with GPCR ligands, such as
endothelin-1, lysophosphatic acid, and thrombin.

8 Inhibition of phosphoinositide 3-kinase does not affect GPCR-induced EGFR
phosphorylation, but prevents MAPK stimulation in the presence of both GPCR
ligands and low doses of EGF [288]. PI3K plays an important role upstream from
Ras at Grb2 level in GPCR-mediated MAPK stimulation via both Gq and Gi
proteins.
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(Fig. 3.9).™ MAPK activation by Gi-coupled lysophosphatidic acid receptor
is regulated by PI3Ky and PKC( [290] (Fig. 3.9).%°

Angiotensin-2-induced phosphorylation of platelet-derived growth factor
receptor-f and thrombin-stimulated phosphorylation of insulin-like growth
factor-1 receptor is observed in smooth muscle cells. Angiotensin-2—induced
activation of mitogen-activated protein kinase mainly results from calcium-
dependent activation of receptor tyrosine kinase via Gg-coupled ATRI in vas-
cular smooth muscle cells. Angiotensin-2 rapidly induces the phosphorylation
of the epidermal growth factor receptor and its association with Shc and
Grb2 [291]. Angiotensin-2 induces Ca™T-dependent transactivation of EGFR
which serves as a scaffold for preactivated c-Src and for downstream adapters,
leading to MAPK activation in vascular smooth muscle cells.

Multisubstrate docking proteins, such as Grb2-associated binder-1 (Gabl)
and insulin receptor substrate IRS1/2, regulate RTK-induced PI3K activity.5!
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Figure 3.9. MAPK activation by bradykinin and lysophosphatidic acid via their
GPCRs coupled to Gq (BR) and Gi (LPAR), respectively. Protein kinase-C isoforms
(PKCe and PKC() are stimulated by corresponding phosphatidylinositol 3-kinase
isoforms (PI3Ke and PI3Ky) to activate MAPK pathway either at Raf or MAP2K
level.

™ Gq (Gall) coupled to the bradykinin receptor increases the production of phos-
phatidylinositol 3-kinase-f3 and activates PI3Kf3, which then associates with pro-
tein kinase-Ce and induces the translocation of PKCe from the cytosol to the
plasmalemma to transmit the mitogenic signal to the MAPK pathway.
Lysophosphatidic acid receptor coupled to the inhibitory G protein Gi activate
MAPK using either a Ras-dependent pathway or -independent cascade associ-
ated with phosphatidylinositol 3-kinase-y and protein kinase-C(. LPA also in-
duced the activation of MAP2K, but not of Rafl.

Docking molecules Grb2-binding protein Gabl and intracellular substrate for
insulin IRS1, also targeted by growth factors, and TRS2 are used by numerous
signaling pathways. These substances form the family of IRS1-like multisubstrate
docking proteins. Gabl is phosphorylated following activation of RTKs and cy-
tokine receptor. Gabl is a substrate for EGF and insulin receptors and a docking
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Zinc-dependent metalloproteases of a disintegrin and metalloprotease fam-
ily (ADAM) are involved in EGFR transactivation. G-proteincoupled receptor
ligands activate metalloproteinase and induce the shedding of heparin-binding
epidermal growth factor (HB-EGF) and subsequent transactivation of the
epidermal growth factor receptor in cardiomyocytes, leading to cardiac hy-
pertrophy [294]. The enzyme that sheds HB-EGF from the plasmalemma of
cardiomyocytes is a disintegrin and metalloprotease-12 (ADAM12). Stimula-
tions by ATn2 or ET1 of cultured rat neonatal cardiomyocytes activate EGFR,
after shedding of HB-EGF caused by ADAM12. ADAM12 shedding of HB-
EGF in cardiomyocytes thus represents a major signal transduction pathway
leading to cardiac hypertrophy resulting from pressure overload.

PI3K/PKB pathway is predominantly driven via phosphorylation of epi-
dermal growth factor receptors. The HER family consists of EGFR, HER2,
HER3, and HER4. Heterodimerization and phosphorylation of HER family
members drive signaling. Human epidermal growth factor receptor®? HER3
is particularly involved. Once phosphorylated by the epidermal growth fac-
tor receptor, ErbB3 associates with phosphatidylinositol 3-kinase and couples
growth factor receptor tyrosine kinases to phosphatidylinositol 3-kinase [295].
Similarly, ErbB3 can undergo a cross-phosphorylation by the receptor tyro-
sine kinase ErbB2 (HER2). The receptor tyrosine kinase ErbB2 is activated
by EGFR family members, but does not bind any known ligand. ErbB2 effi-
ciently interacts with EGFR and ErbB3, whereas ErbB3 and EGFR do not
form stable complexes [296]. Downstream effectors, mitogen-activated protein
kinase and Jun N-terminal kinase are durably inhibited when both EGFR and
ErbB2 activities are prevented.

3.2.2.3 Ephrin Receptors

The ephrin receptors (Eph) is the largest group of receptor tyrosine kinases.
They interact with ligands, the ephrins, to transmit bidirectional signaling
via between-cell contacts. The classification of the ephrin family members

protein for several proteins, including PI3K. Overexpression of Gabl enhances
cell growth [292]. Stimulation of the hepatocyte growth factor receptor tyro-
sine kinase induces mitosis, motility, and branching tubulogenesis of epithelial
and endothelial cell lines in culture via Gabl. Following stimulation of epithelial
cells with HGF, Gab1 associates with phosphatidylinositol 3-kinase and tyrosine
phosphatase SHP2 [293].

HERS3, also known as ErbB3, is a type 1 receptor tyrosine kinase similar in se-
quence to the epidermal growth factor receptor. ERBB3 (v-erb-b2 erythroblastic
leukemia viral oncogene homolog-3 is the gene that encodes the ErbB3 member of
the epidermal growth factor receptor family of receptor tyrosine kinases. ErbB3
does not have a kinase domain, but does form heterodimers with other EGFR
family members to get a kinase activity and activate signaling pathways, es-
pecially via PI3K. ErbB3 mediates the EGF responses in cells expressing both
ErbB3 and EGFR.

82
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is mainly based on the composition and cell-surface binding. There are two
classes of Eph receptors and ephrins, with EphA1-A8 and EphB1-B6. Ephrin-
A has a glycosylphosphatidyl inositol anchor, whereas ephrin-B is a transmem-
brane ligand.

Eph receptor tyrosine kinases, like other RTKs, initiate signal transduction
via autophosphorylation after ephrin binding (forward signaling). Moreover,
ephrins are plasmalemmal compounds with signaling capability (reverse sig-
naling). Ephrins hence act in bidirectional communications, to and from a
given cell. Ligands-A bind the receptors-A on the extracellular part of the
membrane. Ligands-B link to receptors-B, homo- and heterodimers, which
possess a cytoplasmic tail with a kinase signaling activity and an extracellular
part. Eph receptors are inhibited by protein tyrosine phosphatases. Tyrosine
phosphatase receptor-O specifically dephosphorylates both EphA and EphB
receptors for termination of Eph signaling [278].

Eph receptors and ephrins control cell migration and adhesion. EphrinB2
and EphB4 regulate vasculature morphogenesis and blood vessel permeabil-
ity during vasculogenesis as well as in postnatal angiogenesis. EphrinB1 and
ephrinB2 are expressed by endothelial cells in most arteries, ephrinB1, EphB3,
and EphB4 in veins®3 [279-281]. Pericytes and smooth muscle cells adjacent to
endothelial cells express ephrinB2 and EphB2. Interactions of Eph receptors
with ephrins require cell-cell contact because both the receptor and the lig-
and are membrane-bound. Eph receptors and ephrins mediate a cell repulsive
response in migrating cells, destabilizing between-cell contacts.

The binding capacities lead to several pathways regulated by Eph re-
ceptors, including Src, Ras, and c-Jun N-terminal kinases (JNK). Signal-
ing mediated by ephrins and Eph receptors regulates a variety of processes,
including cell shape, adhesion, separation, and motion (attraction and re-
pulsion). Ephrins and Eph receptors, indeed, modulate the activity of the
actin cytoskeleton, regulating the actin reorganization. Once EphA2, a down-
stream target of the mitogen-activated protein kinase (MAPK) pathway
(Sect. 4.3.2.4), is transported to the cell membrane, it binds to EphAl, and
downregulates MAPK signaling (negative feedback loop). EphB2 and its lig-
ands are involved in the growth of the vascular smooth muscle cells [282].
Furthermore, EphB2 and its ligands regulate interactions between endothelial
and either mesenchymal cells in developing arteries or smooth muscle cells in
adult arteries.

The tyrosine phosphorylation of ephrin-B1 induced by the receptor bond
recruits adapter Grb4. From the three SH3 domains of Grb4, ephrin-B1 can
be linked to numerous signaling molecules. Moreover, ephrin-B1 also contains
PDZ-binding motif for additional association with proteins, such as phos-
phatases and GTPase-activating proteins. The extracellular region of ephrin-

83 Whereas ephrinB1 is expressed by arterial and venous endothelial cells, ephrinB2
is expressed on arteries but not veins. EphrinB2 interacts with multiple EphB
receptor classes, such as EphB4 preferentially expressed on veins.
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B1 also binds to the extracellular domains of adjacent claudin-1 or -4, which
are major constituents of the tight junctions [283] (Sect. 2.3). The tyrosine
phosphorylation of the cytoplasmic domain of ephrin-B1 depends on claudin.
Phosphorylated ephrin-B1 stimulates the intercellular permeability, the for-
mation of the tight adhesion between adjacent cells being hindered by inter-
actions of claudins with ephrin-B1.

3.2.2.4 Angiopoietins

Angiopoietin-2 (Ang2) activates receptor tyrosine kinase Tie2 during lym-
phatic vessel development. Angiopoietin-2 either acts as a Tie2 antagonist or
as a Tie2 activator [297].8% Angiopoietin-2 is also expressed by stressed en-
dothelial cells, acting as an autocrine regulator of the receptor tyrosine kinase
Tie2 and the protein kinase-B pathway to protect the cell.

3.2.3 Receptor Serine/Threonine Kinases

A set of transmembrane receptors is characterized by intracellular serine/thre-
onine kinase domains. Receptor serine/threonine kinases (RSTK) include the
transforming growth factor-f (TGFf) receptors. The TGFf family is com-
posed of activins, inhibins, and bone morphogenetic proteins (BMP). They
are implicated in cell proliferation and differentiation Fig. 3.10). They also
regulate migration and adhesion of various cell types.

Receptor serine/threonine kinases can be divided into subsets. TGFf3 acts
via both type 1 and type 2 receptors. Ligands first bind to type 2 receptors,
which then phosphorylates type 1 receptors, thus initiating the signaling cas-
cade. TGF 3 regulates the cell cycle via proto-oncogene cMyc. The expression
of multiple type 1 receptors within different cell types can drive cell-specific
responses to TGFf3. TGFf type 3 receptor and endoglin present ligands to
the receptors.

3.2.4 Receptor Tyrosine Phosphatases

The cytosolic part of these transmembrane enzymes contains the phos-
phatase domain. Receptor tyrosine phosphatases form symmetric dimers, each

84 Rather than antagonizing angiopoietin-1 activity, angiopoietin-2 could instead
compensate for Angl signaling defect. When protein kinase-B activity is high, af-
ter strong Angl or Ang2 signaling, Ang2 expression could be stopped to prevent
overstimulation of the PKB pathway. Angiopoietin-2 expression by endothelial
cells, which is strong during angiogenesis, is indeed induced by the transcrip-
tion factor FOXO1 after inhibition of the PI3K/PKB pathway. FOXO1 could
also regulates the production of proteins that modulates Ang2 responsiveness.
Therefore, Ang2 administration to endothelial cells, shunting FOXO1 activity,
would not lead to efficient Tie2 activation.
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monomer blocking the active site of its partner. Ligand-binding to receptor
tyrosine phosphatases leads to dephosphorylation of target proteins.

Cell adhesions provide structural support and communication paths. Cell-
adhesion molecules are specialized plasmalemmal receptors, which form clus-
ters for intercellular contacts via their ectodomains. These dynamic molecular
clusters act in signaling via phosphorylation.

There are at least six subsets of transmembrane PTPs. Plasmalemmal re-
ceptor tyrosine phosphatases RTP2B% mediate cell adhesion. Their intracel-
lular catalytic regions dephosphorylate cadherin—catenin complexes, thereby
stabilizing the intercellular contacts [298].

Heparan sulphates regulate RTPs. Reactive oxygen species, such as hy-
drogen peroxide, as well as post-translational reversible oxidation, affect RTP
functioning. Many RTPs are thus transiently oxidized during signaling. Reac-
tive oxygen species produced by NADPH oxidase are controlled, since NADPH
oxidase subunits must assemble into a multiprotein complex with scaffold and
regulators and bind to inositol phospholipids and GTPase Rac, the latter
acting as a molecular switches [299].

3.2.5 Semaphorins and Plexins

Certain transmembrane semaphorins (Sect. 5.2) can function as both lig-
and and receptor (reverse or bidirectional signaling). The main receptors
for semaphorins are plexins, which regulate Rho GTPases. Plexin-A and
semaphorins-3 are expressed by endothelial cells. Cardiomyocytes synthesize
plexin-A1 and plexin-D1. Plexins interacts with both semaphorins on adjacent
cells and with semaphorins in the extracellular medium. Plexins can function
as both signaling receptors and as ligand-binding receptors in co-receptor
complexes for both plexins and vascular endothelial growth factor receptors

o

GRK cAMP cGMP PLC
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Figure 3.10. Receptor Ser/Thr kinases (RSTK) comprises transforming growth
factor-f family receptors. RSTKs are implicated in cell growth inhibition. Main
effectors are cAMP, cGMP, phospholipase-C (PLC), and GPCR kinases (GRK).

85 RTP2B family include RTPyu, which interacts with cadherin in the nervous sys-
tem, in the vascular endothelia and the intercalated discs of cardiomyocytes,
RTPk, RTPp (PTPRT), and PCP2 (RTP%, RTPm, or RTPA).
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in particular. Phosphorylated plexins stimulate kinases. Plexins A regulate
kinases Fes and Fyn. Plexin-B1 binds to and stimulates receptor tyrosine ki-
nases Met21 and ERBB2. Semaphorin kinase signaling activates extracellular
signal-regulated kinase.

Semaphorin-6 yields an example of reverse signaling in heart development.
Semaphorin-3 reduces endothelial cell motility, inhibiting angiogenesis. At the
opposite, semaphorin-4 promotes endothelial cell migration and angiogenesis,
its receptor plexin-B1 being expressed in endothelial cells.?® Semaphorin-4D
may act both remotely and locally like vascular endothelial growth factor
VEGF-A.

3.2.6 Notch Receptors

Notch proteins are a family of large transmembrane glycoproteic receptors.
They act both as plasmalemmal receptors and as regulators of gene transcrip-
tion. Ligand binding to Notch receptors triggers Notch proteolysis, releasing
the intracellular Notch parts (icNotch), i.e. the Notch transcription factors,
which migrate to the nucleus. There are four Notch genes, that encode re-
ceptors (Notchl-Notch4), which have at least five different Notch ligands
(Jagged1/Serratel, Jagged2/Serrate2, Deltal, Delta2, and Delta3).8”

Notch is maintained in a resting autoinhibited conformation in the ab-
sence of ligand. Notch signaling starts from Notch cleavages and the release
of an intracellular fragment. Because most Notch ligands are transmembrane
proteins, Notch signaling is associated with between-cell contacts, being re-
stricted to neighboring cells. Ligand-receptor binding induces two successive
Notch proteolytic cleavages. The cleavage of the ectodomain of ligand-bound
Notch receptor by ADAM-type metalloproteases followed by a cutting cat-
alyzed by y-secretase initiates Notch signaling. The extracellular first cleavage
requires the tumor necrosis factor-oa—converting enzyme (TACE). The cleaved
extracellular domain undergoes endocytosis by the ligand-expressing neigh-
boring cell. The second cleavage is done by a proteic complex (presenilins,
nicastrin, APH1, and PEN2 proteins). The cleaved cytoplasmic domain of
the Notch receptor is released and translocates into the nucleus, using the
endosomal transport. Arrestin kurtz form a trimeric complex with Notch re-
ceptor, leading to Notch ubiquitination and Notch signaling attenuation. The
basic Notch pathway is the same in most Notch-dependent processes. But,
the pathway regulations are different [306]. Lethal giant disc regulates Notch
endosomal transport and prevents Notch delivery to a compartment where it

86 Semaphorin-4D produced by malignant cells, in breast and lung neoplasms
among others, stimulates endothelial cell migration for angiogenesis [305].

87 Notch ligands are characterized by an N-terminal Delta, Serrate and LAG2
(DSL) domain for interactions with the Notch receptor. The ligands are subdi-
vided into two classes, (1) Delta or Delta-like (DIl) and (2) Jagged. The location
of both ligands and receptors within the cell affects Notch signaling.
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can be aberrantly activated. Moreover, Notch regulators are themselves con-
trolled for efficient interactions with other signaling pathways. E3 ubiquitin
ligases, which interact with Notch ligands, are required for ligand activation,
thereby for controlling the activity of the Notch pathway.

In the nucleus, the Notch-signaling pathway leads to DNA-binding protein
CSL (transcription factor CBF1/RBP-Jk, Su(h), and LAG1). The intracel-
lular fragment displaces a repression complex and, with CSL, recruits the
co-activator Mastermind (Mam). Mastermind is required to activate the tran-
scription. Together with co-factors, kinases, and ubiquitin ligases, Notch then
activates gene expression. Notch receptors regulate cell growth and death in
various cell types, as well as differentiation in embryo and tissue development
in adults. Notch receptor activation induces the expression of the specific
target genes hairy enhancer of split-3 (HES3) and related transcription fac-
tors (HRT), as well as sonic Hedgehog via PKB and the transcription factor
STAT3,%® and promotes regenerative responses following hypoxia [307].

The Hairy-related transcription factor family of basic helix-loop—helix
(bHLH) proteins, includes three members, Hrt1, Hrt2, and Hrt3.3° The tran-
scription of Hrt genes is activated by Notch in cooperation with CSL/RBP-Jk.
Hrt proteins interact with GATA factors and repress the transcriptional ac-
tivity of GATA-dependent genes. Hrt2 regulates cardiomyocyte identity. The
transcriptional repressor Hairy-related transcription factor-2 is expressed in
ventricular cardiomyocytes, in endothelial cells, and vascular smooth muscle
cells, but not in atrial cardiomyocytes. Hrt2 prevents the activation of atrial
genes in ventricular cardiomyocytes [308].

Notch is required in somitogenesis.?® Notch is also involved in cardiac
development, especially for cardiac valve and trabecula formation, and in self-
renewal of adult cells, particularly in hematopoiesis. Notch-signaling pathway
is also involved in many cancers, particularly human lung cancers.

In the immune system, B and T lymphocytes develop from common bone
marrow lymphoid-restricted progenitors. Notch is involved in the T-cell de-
velopment, T lymphocytes being formed once progenitors have left the bone
marrow and reached the thymus. The thymus produces multiple Notch ac-
tivators. At the opposite, Notch repression leads progenitors toward B-cell
development, B lymphocytes being essentially produced in the bone marrow.

Notchl upregulates expression of interferon-y in peripheral T lympho-
cytes via activation of nuclear factor-kB (NF«B). The intracellular domain
of Notchl directly interacts with NFkB and competes with IkBa, leading to
NFkB retention in the nucleus and activation of IFNy promoter [309]. At the

88 STATS is activated at the plasmalemma.

89 They are also called Hey, Hesr, CHF, and HERP. Hrt proteins hinder Notch-
dependent activation of their genes.

90 Somites are clusters of mesodermal cells that give birth to segmental body struc-
tures, such as blood vessels during embryonesis.
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opposite, IkBax can enter in the nucleus and bind to NFkB, exporting the
latter to the cytosol.

3.2.7 Hedgehog Receptors

The Hedgehog family of secreted proteins is involved in various developmen-
tal processes, especially in embryogenesis. Hedgehog signaling remains active
in adult life. Hedgehog signaling regulates adult stem cells for the mainte-
nance and regeneration of adult tissues. Hedgehog signaling is particularly
implicated in maintenance and self-renewal of neural progenitors in stem cell
niches of the postnatal brain. Hedgehog signaling is implicated in certain can-
cers. This family of morphogenic signals comprises three types of secreted
proteins: sonic Hedgehog (Shh), indian Hedgehog (Ihh), and desert Hedgehog
(Dhh).

Hedgehog receptor is composed of at least two proteins, Patched and
Smoothened. Patched is an integral membrane protein, smoothened a G-
protein-coupled receptor. Patched is an inhibitor of smoothened activation.
Binding of Hedgehog (Shh) to Patched (Ptc) relieves Patched inhibition of
Smoothened. There are two Hedgehog receptor PtcH1 and PtcH2. The three
mammalian Hedgehogs bind both receptors with similar affinity. PtcH2 is
mainly expressed in the testis, where it binds desert Hedgehog.

Hedgehog is translated into a protein, that is subsequently cleaved into two
proteins. One Hh end is responsible for its activity and can be palmitoylated;
the other acts as a cholesterol transferase, as the cholesterol modification of
Hh is involved for its transport. In particular, Sonic Hedgehog is synthesized
from a precursor, undergoing cholesterol-mediated cleavage.

Sonic Hedgehog can serve as an autocrine signal. Paracrine Hedgehog sig-
naling requires Dispatched protein. Sonic Hedgehog induces proliferation of
neuronal precursor cells. Sonic Hedgehog is also involved in the growth of
various tissues (prostate, gastrointestinal tract, lungs, skeleton, and muscles).
Shh is implicated not only in embryonic development of the vasculature, but
also adult angiogenesis. Hh upregulates Notch target genes.

The pathway downstream from Smoothened involves the Gli family of
transcription factors, with the activator Glil and the repressors Gli2 and Gli3.
Many molecules affect Hedgehog signaling in the extracellular space, at the
plasmalemma, or in the cytoplasma. The epidermal growth factor and insulin-
like growth factor pathways modulate Hh signaling acting on Gli via Ras,
MAPK, and PKB pathways in certain cell types. Protein kinase-A, glycogen
synthase kinase GSK3f3, and casein kinase CK1 phosphorylate Gli and prevent
activation of Shh pathway. Other protein kinases (casein kinase CK2, cyclin-
dependent kinase CDK9, CDK11, and protein phosphatase PP2A) positively
regulate Hh signaling. Hh-interacting protein-1 sequesters Hedgehog. The de-
velopmental protein Numb is an inhibitor of the Hedgehog pathway, which
is downregulated in cell progenitors and cancer cells. Numb not only inhibits
Notchl pathway by E3-ligase-dependent ubiquitination, but also suppresses
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Hedgehog signaling by Itch-dependent ubiquitination of Glil [310]. Cell ad-
hesion molecule-related /downregulated by oncogenes (CDO) and brother of
CDO (BOC) modulate Hh signaling in space and time, acting either directly
as coreceptors or indirectly downstream of Patched. 33-Hydroxysteroids reg-
ulate Smoothened.

Hedgehog signaling responds to mechanical loading. In particular, Hedge-
hog signaling is affected by equibiaxial cyclic strain (10% stretch, 1Hz, 24h
duration) and pulsatile flow (either 0.3 ml/mn, 0.2 Hz, pressure amplitude of
~0.8kPa, or 25 ml/mn, 2Hz, pressure amplitude of ~ 6.65kPa) in cultured
adult rat vascular smooth muscle cells [311]. Cyclic strains reduce the ex-
pression of sonic Hedgehog and Patched-1, reducing Gli2 activity and SMC
proliferation, and increasing SMC apoptosis. Although Notch signaling also
decays when smooth muscle cells bear cyclic strains, constitutive icNotch-3,
which acts on Hh signaling, is overexpressed in loaded cells. icNotch-3 can
thus compensate strain-induced inhibition of Hedgehog signaling. Pulsatile
flow exposure also decreases Hh signaling, with subsequent reduction in cell
proliferation and increase in apoptosis. Hh expression in vitro and in vivo
decays in cells subjected to chronic exposure of time-dependent wall stresses.

3.2.8 Wnt Receptors

Signaling by ligands of the Wnt family is characterized by two main path-
ways: (1) a B-catenin-dependent branch, the so-called canonical pathway, and
(2) B-catenin—independent non-canonical pathways. The non-canonical path-
ways function with downstream effectors Disheveled, GTPases Rho and Rac
(Sect. 4.5), and JNK (Sect. 4.3.2.4).

Activated (-catenins are required for canonical Wnt signaling, which trans-
mits signals from the extracellular environment and the Wnt receptor to the
nucleus. 3-Catenin resides in the cytoplasm. [3-Catenin is either destroyed or
activated. In the latter case, it can relay the Wnt signal into the nucleus.

In the absence of Wnt stimulation, cytosolic 3-catenin and -catenin—
binding proteins, scaffold axin, adenomatous polyposis coli protein (APC),
casein kinase CKlx, and glycogen-synthase kinase GSK3 form a complex,
that phosphorylates and degrades P-catenin.”! Consequently, the cytosolic
[3-catenin level remains low, and Wnt-responsive genes are repressed.

When a cell receives a Wnt signal, stimulated Frizzled receptor and the
low-density lipoprotein-receptor—related protein receptor LRP6 becomes ac-
tivated and forms a complex.”? The scaffold protein Disheveled is required
for the Frizzled-LRP6 aggregation and LRP6 phosphorylation. GSK3, which

91 Within the destruction complex, B-catenin is sequentially phosphorylated by
CKla and GSK3. Phosphorylated 3-catenin is then polyubiquitinated by E3
ubiquitin ligase and destroyed by the proteasome.

92 The low-density lipoprotein receptor (LDLR) family includes the low-density
lipoprotein-receptor—related proteins (LRP), apoliprotein-E receptor-2, and very
low-density lipoprotein receptors.
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phosphorylates (activates) LRPG6, is recruited to the receptor complex (sig-
nalosome), as well as casein kinase CK1y, which also phosphorylates LRP6.
LRP6 phosphorylation within the signalosome allows axin recruitment to the
receptor complex [312-314]. Thereby, B-catenin avoids axin-mediated degra-
dation and translocates to the nucleus.

In fact, two mechanisms eliminate axin-based degradation of (-catenin.
Stimulated plasmalemmal Frizzled receptors recruit the cytoplasmic adaptor
Disheveled, which exist as both monomers and polymers. The Wnt signal-
ing proteins Disheveled transduces both canonical and non-canonical Wnt
signals. Disheveled forms polymers required for signal transduction [315]. Di-
sheveled polymers serve as a scaffold for axin recruitment and inactivation
(Fig. 3.11). Frizzled receptors also function with LRP5-LRP6 coreceptors.
Phosphorylated LRP5-LRP6 by CK1 and GSK3 can interact with Axin, thus
potentiating Axin inactivation at the plasmalemma.

[3-Catenins activate transcription factors T-cell factor (TCF) and/or lym-
phoid enchancer factor, which stimulate target genes. Many Wnts promotes
the nuclear accumulation of (3-catenin, which then binds to TCF family mem-
bers, thus relieving TCF repression and activating target genes. In the nucleus,
histone acetyltransferase CREB binding protein (CBP) and p300 promotes
Wnt signaling.

Multiple molecules modulate Wnt/{3-catenin signaling. Wnt morphogens,
synthesized in the endoplasmic reticulum, undergo various modifications (gly-
cosylation, palmitoylation) for transport and functioning. Many factors are
involved in Wnt protein secretion: lipoproteins, the retromer complex, and

r
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X
Dvl polymers
/ Axin--CK1--GSK3--APC

Dvl monomers/polymers

{3 —catenin degradation
Axin recruitment & degradation

Figure 3.11. Wnt signaling and (-catenin degradation. Wnt stimulates Frizzled
receptors, which recruit Disheveled (Dvl). Disheveled transduces signals from the
Wnt receptor Frizzled, leading to the cytosolic accumulation and stabilization of
-catenins, and subsequently to the activation of transcription factors. Disheveled
forms polymers to transduce Wnt signals. Moreover, Disheveled polymers recruit and
inactivate Axin. A complex made by Axin, casein kinase CK1, glycogen synthase
kinase GSK3, and adenomatous polyposis coli protein (APC) leads to -catenin de-
gration. LRP5-LRP6 associated with Frizzled receptors prevents [3-catenin degra-
dation by inactivating this complex. Once the degradation complex is inactivated,
-catenins accumulate in the cytosol and translocate into the nucleus to regulate
the cell fate and regeneration (Source: [315]).
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the multipass transmembrane protein Wntless (Wls) [316].9% Wntless (Wls),
specifically found in Wnt-secreting cells, promote the secretion of Wnt pro-
teins. Heparan sulfate proteoglycans affect the transport of extracellular Wnt
proteins. Syndecan-4, a plasmalemmal heparan sulfate that binds fibronectin,
regulates Wnt signaling. It activates protein kinase-Ca and GTPase RhoA.
With integrins, it stabilizes focal adhesions. Nucleoredoxin interacts with Di-
sheveled, and inhibits the Wnt—f3-catenin pathway [317]. The redox-dependent
regulation of Wnt—f3-catenin signaling contributes to cell proliferation induced
by oxidative stress.

Hypoxia activates the heterodimeric transcription factor hypoxia-inducible
factor-1 (Sect. 4.8.2). HIF1 is composed of two subunits: oxygen-sensitive
HIF1lo and constitutive HIF1p3. HIF1 activates genes associated with gly-
colysis, angiogenesis, and pH regulation; HIF1 particularly targeting glucose
transporters, vascular endothelial growth factor, carbonic anhydrase-9, and
cyclooxygenase-2.

In normoxia, B-catenin, a transducer of the Wnt pathway and a coacti-
vator of T-cell factor and leukocyte enhancer factor activity, promotes cell
proliferation (Fig. 3.12). In hypoxia, 3-catenin potentiates HIF1 activity and
favors adaptation to hypoxia and cell survival [318]. f-Catenin binds HIF1.
The complex then binds to DNA via HIF1. Hypoxia inhibits the formation
of complexes between (-catenin and T-cell factor-4, inducing cell-cycle ar-
rest, because HIF1lx competes with T-cell factor-4 with HIF1lx for bind-
ing to (-catenin. In normoxia, the complex formed by (-catenin and T-cell
factor-4 stimulates von Hippel Lindau ligase for degradation of hydroxylated
HIF1l« [319].

Wnt signaling regulate cell polarity. Wnt signaling also determines the cell
fate via the association of 3-catenin with T-cell factor and leukocyte enhancer
factor. Wnt—f-catenin signaling regulates cell fate during embryogenesis as
well as regeneration in adults. Inappropriate activation of the Wnt pathway
can lead to cancer.

Embryonic stem cells implicated in cardiogenesis, both in cell differenti-
ation and spatial organization, are subjected to a biphasic pattern of Wnt
signaling, being first activated then inhibited, with a possible cross-regulation
between the canonical and non-canonical Wnt pathways [320].94 The canoni-
cal Wnt—f3-catenin signaling is required in early events that involve the fate of
embryonic stem cells and mesoderm generation, driving the evolution of meso-

93 Whatless, which works for Wnt proteins like the multipass transmembrane protein
Dispatched in the Hedgehog pathway for the Hh release from the producing cell,
is also known as evenness interrupted (Evi) or sprinter (Srt).

94 Wnt—B-catenin signaling before gastrulation promotes cardiac differentiation,
whereas signaling during gastrulation inhibits heart formation in both the mouse
and zebrafish embryos. Wnt3A stimulates mesoderm formation and activates
a negative feedback that represses Wnt pathway and increases cardiogenesis.
However, the kinetics of the expression and the concentrations of effectors of
Wnt signaling depend on the animal species.
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derm cells of the cardiac compartment into the cardiac lineage. Conversely,
during later stages of cardiac development, i.e., maturation of settled cardiac
cells in suitable regions of the embryo, Wnt signaling is inhibited, thus limiting
the size of the heart-forming field.

Cells of the first and the second heart fields contribute to the left ventric-
ular myocardium and the outflow tract, right ventricular myocardium, endo-
cardium, and smooth muscle of the great vessels, respectively. The pluripotent
progenitors of the second heart field, which are initially located outside the
heart, migrate into the heart and give birth to cardiomyocyte, endothelial,
and smooth muscle lineages. The transcription factor Isletl intervenes in the
fate and migration of second heart field progenitors. Isletl expression in car-
diac progenitors requires 3-catenin via the canonical Wnt signaling [321]. Wnt
signaling promotes right ventricular and interventricular myocardial expan-
sion [322]. In opposition, the canonical Wnt signaling hinders the first heart
field specification, the cells of which are characterized by Handl and Tbx5
transcriptional regulators.

Wnt proteins are not only implicated during development, but also in the
evolution of stem and progenitor cells during aging. Wnt signaling is more
active in aged cells [323]. Moreover, the activation of the canonical Wnt path-
way in aged myogenic progenitors leads to the conversion from myogenic to
fibrogenic lineages.

3.2.9 Receptors of the Immune System

T-cell receptor (TCR), targeted by a combination of antigen fragments with
a glycoprotein of the major histocompatibility complex, leads to activation

normoxia hypoxia

oxidative stress

/
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/ \\ FOXO
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Figure 3.12. Schift in (-catenin signaling according to oxygen availability. Dur-
ing normoxia, B-catenin—T-cell factor-4 (TCF4) complex stimulates von Hippel-
Lindau ligase (vHL), which degrades HIF1, thereby, avoiding cell-cycle arrest. In
contrast, during hypoxia, -catenin potentiates HIF1 activity leading to cell-cycle
arrest (Source: [319]).
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of protein phosphatase PP3 for nuclear factor of activated T cells (NFAT).
Dephosphorylated NFAT enters the nucleus, and with accessory transcription
factors, binds to the gene promoters. Pattern-recognition receptors distin-
guish microbial molecules from hosts. Toll-like receptors (TLR), members of
pattern-recognition receptors, are involved in the early detection of pathogen
molecules, which drive the activation of the adaptive immune response. Toll-
like receptors can also activate innate immune cells.

The differentiation and activation of granulocytes, monocytes/macropha-
ges, microglial cells, dendritic cells, osteoclasts, and platelets are regulated by
signals that activate plasmalemmal and intracellular receptors. These recep-
tors are implicated either in specific tasks associated with chemical pathways,
such as Toll-like receptors and growth factor receptors, or in modulating the
response magnitude (setting thresholds for cell responses to specific stimuli),
without inducing pathway activation, such as macrophage interferon-y recep-
tors.

The family of plasmalemmal triggering receptors expressed on myeloid cells
(TREM) are members of the immunoglobulin superfamily [324]. The TREM
family is encoded by the TREM cluster on chromosome 6p21, which includes
TREM1 and TREM2 genes, as well as the TREM-like subset, with TREML1
and TREML2 genes. The TREM-like genes encode TREM-like transcripts
TLT1 and TLT2.

TREM substances participate in particular to inflammation and coagu-
lation, among other functions. TREM1 and TREM2 forms a complex with
the signaling adaptor DAP12. Ligand binding to the receptor activates Src
kinase, which phosphorylates DAP12. The latter then binds to protein tyro-
sine kinase Syk. The downstream effectors, such as protein kinase PKB and
PKCO, mitogen-activated protein kinases, are then activated. TREM1 am-
plifies inflammatory signaling, acting synergistically with Toll-like receptors
and Nod-like receptors. TREM2 is involved in osteoclastogenesis. TREM?2
downregulates the expression of inflammatory cytokines by microglial cells.
TREM?2 is also implicated in clearing apoptotic neurons. TREM2 inhibits
TLR-induced cytokine production by macrophages.

TREM-like transcript-1 is expressed by platelets. In the absence of cell
stimulation, TLT1 is sequestered in o-granules of circulating platelets. Af-
ter activation, TLT1 translocates to the plasmalemma and contributes to
thrombin-mediated platelet aggregation. TLT1 recruits Src homology protein
tyrosine phosphatases SHP1 and SHP2 (Sect. 4.4). The TLT2 expression by
B lymphocytes, granulocytes, and tissue-resident macrophages is upregulated
by inflammation. TREM2 binds plexin-A1, particularly after plexin activation
by semaphorin-6D (Sect. 3.2.5).
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3.3 Intracellular Hormone Receptors

The receptors of steroid and thyroid hormones (App. A) reside either in the
cytoplasm, or in the nucleus. The cytoplasmic hormone-receptor complex
translocates to the nucleus. The nuclear hormone-receptor complex binds to
specific hormone response elements (HRE) of DNA for gene transcription.®
These hormone receptors thus are bi-functional, binding hormone and directly
activating gene transcription, hence behaving like ligand-activated transcrip-
tion factors for responsive genes. Steroid and thyroid hormone receptors are,
indeed, made of distinct domains. Among these domains of the single polypep-
tide chain, there are the transcription-activator domain, the DNA-binding
domain, and the hormone-binding domain. Thyroid hormones receptors are
nuclear receptors that bind DNA in the absence of hormone, usually repressing
gene transcription. Thyroid hormone binding causes the receptor to behave
as a transcriptional activator.

The steroid/thyroid hormone receptors can be decomposed into two sets.
Type 1 receptors is targeted by sex hormones. They include androgen recep-
tors, estrogen receptors, progesterone receptors, glucocorticoid receptors, and
mineralocorticoid receptors. The type 2 receptor set is composed of vitamin-
A receptors, vitamin-D receptors (for calcitriol, active form of vitamin-D),
retinoid receptors (RARs, RXRs), and thyroid hormone receptors.

Sex steroid hormone receptors regulate gene expression in vascular cells.
Cardiovascular coregulators include an estrogen receptor coactivator, the
steroid receptor coactivator-3 (SRC3), and myocardial androgen receptor
coactivator FHL2 [325].9¢ Estrogen receptors, androgen receptors and two
progesterone receptor isoforms (PR-A, PR-B) are expressed in the vascula-
ture. Estrogen receptors and progesterone receptors in vascular cells can be
activated in the absence of ligand by growth factor pathways. Sex steroid
hormone receptors, particularly estrogen receptors ERx and ER fexist in car-
diomyocytes, as well as aromatase.

Sex steroid hormone receptors can regulate other nuclear receptors, such as
the peroxisome proliferator-activated receptor PPAR« and the liver X recep-
tors, which govern metabolic pathways [325]. Sex steroid hormone receptors

95 Steroid hormones bind and activate their nuclear hormone receptors, which then
dimerize and bind to specific DNA response elements, interacting with coreg-
ulators (coactivators and corepressors). Hormone response elements are DNA
sequences of promoters of hormone-responsive genes.

96 SR(C3, also known as RAC3, AIB1, TRAM1, and pCIP, is a member of the p160
family of nuclear hormone receptor coactivators, with SRC1 and thyroid hormone
receptor interacting factor SRC2 (or TIF2). SRC proteins recruit protein acetyl-
transferases, such as cAMP response element-binding protein CBP/p300 and its
associated factor P/CAF, and protein methytransferases, such as coactivator-
associated arginine methyltransferase CARM1 and protein arginine methyltrans-
ferase PRMT1, to nuclear receptor target gene promoters to modify chromatin
structure and/or assemble transcription initiation complex.
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stimulate endothelial nitric oxide synthase and also cause vascular dilata-
tion by activated estrogen receptors. Estrogen receptors-o have protective
effects on injured blood vessels by promoting reendothelialization and inhibit-
ing smooth muscle cell proliferation. Estradiol acts on ER« to upregulate the
production of atheroprotective prostacyclin by activation of cyclooxygenase-
2 [326]. Conversion of testosterone to estrogen in males by aromatase allows
the maintenance of vascular relaxation. Testosterone thus is able to activate
both androgen receptors and estrogen receptors. Progesterone lowers the blood
pressure. Estrogen receptors-f3 are required for vasodilatation and normal
blood pressure in both males and females [325].

Nuclear steroid receptor coactivators, which enhance the transcription ini-
tiation mediated by nuclear receptors and other transcription factors, shut-
tle between the cytoplasma and nucleus where they act. Steroid receptor
coactivator-interacting proteins (SIP) sequester steroid receptor coactivators
in the cytoplasma [327]. Extracellular stimuli induce SIP phosphorylation by
casein kinase-2, thereby, dissociating from SIPs the steroid receptor coactiva-
tors, which can move to the nucleus.

Steroid receptor coactivator-3 is also a coactivator for transcription fac-
tor myocardin in vascular smooth muscle cells [328]. Myocardin, a serum re-
sponse factor cofactor exclusively expressed in cardiac and smooth muscle cell
lineages, is involved in SMC differentiation to the nonproliferative, contrac-
tile phenotype.?” Estrogens by acting on SRC3 can limit/prevent abnormal
proliferation of vascular smooth muscle cells.

The retinoids (retinoic acid, or vitamin A, and its derivatives) bind to
retinoic acid receptors (RAR). There are at least three RAR subtypes (RAR«,
RARSB, and RARYy). The retinoid X receptors (RXR) are retinoid-responsive
transcription factors, that enhance the DNA-binding activity of RARs and
of thyroid hormone receptors (Sect. 2.1). There are also three RXR subsets
(RXRa, RXRB, and RXRy).

Peroxisome proliferator-activated receptors, similarly to RAR/RXR com-
plexes, form PPAR/RXR heterodimers to specify the transcriptional response.
In particular, ligand-dependent transcription factor peroxisome proliferator-
activated receptor PPARS, a member of the nuclear hormone receptor su-
perfamily, binds to response elements. PPARs can act as lipid sensors in the
regulation of nutrient metabolism, upregulates VEGF (Sect. 10.1) in colon
carcinoma cells [329]. PPARS thus favors angiogenesis (Sect. 10.4.2) and can-
cer development. Moreover, PPARS inhibits epithelial tumor cell apoptosis
via VEGF autocrine positive signaling loop, using PISK and antiapoptotic
factor PKB. PPARS is induced by PGE2. It is also stimulated by Wnt—APC—
[3-catenin.

97 Steroid receptor coactivators regulate signaling by transcription factors such as
AP1, NFkB, HNF1x, MEF2C, E2F1, and TEF.
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Signaling Pathways

Signaling pathways can be defined by an initiation stage and an effector stage.
The initiation phase is triggered by ligand binding to its receptor. This bio-
chemical event generates the effector stage with more or less numerous chem-
ical reactions leading to specific cell responses. Signal propagation can be
achieved by proteic complex assemblings, protein activation cascades, protein
turnovers, and post-translational modifications of proteins, such as phospho-
rylation /dephosphorylation, glycosylation, ubiquitination, acetylation,! which
reversibly modify the properties of involved proteic effectors.

Transducers can involve: (1) mechanosensitive ion channels such as large
conductance, large pore, low ion selectivity carriers; (2) conformational chan-
ges of molecules; and (3) molecular switches in the plasmalemma or cytosol.
Signaling pathways contain between-protein interactions that occur in nodes
of signaling pathways. Similarly to lumped parameter models for blood flow
in the vasculature, pathway modeling can focus on effector interactions and
signaling networks can be considered to mimic electrical analogs, the effec-
tors being represented as nodes linked via electrical resistances. Mathematical
modeling of cell behavior are, indeed, based on molecular interactions inside
and between cells involved in cell signaling.

Protein—protein interactions act as simple nodes for cue transmission or
as hubs (multiple connection nodes). Molecular interaction forces of ligand—
receptor complexes can be measured using atomic force microscopy. The bind-
ing kinetics between plasmalemmal receptors and their extracellular ligands,
as well as the distribution of receptors, can also be assessed by mechanical
imaging [330].2

! Acetylation affects the functions of various proteins, such as histones, many
transcription factors, enzymes (histone acetyltransferases, histone deacetylases,
kinases, phosphatases, etc.), as well as cytoskeleton-associated proteins.

2 The heterogeneous distribution of vascular endothelial growth factor receptor-
2 (Sect. 10.1) in microvascular endothelial cells, as well as linkages between
VEGFR2 and the cortical cytoskeleton, has thus been demonstrated.
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Moreover, cells can differentially respond to a given substance according to
the location and kinetics of ligand binding and subsequent clustering of mole-
cules. The activation of gene transcription by transcription factors is achieved
via the recruitment of coregulators. Such between-protein interactions not
only connect transcription factors to the transcription machinery, but also
allow chromatin remodeling that favors the assembly of the transcription ini-
tiation complex.

Lipid-lipid and lipid—protein interactions are also required to form
signaling complexes. For example, phospholipase-D2 hydrolyzes plasmalem-
mal phosphatidylcholine into phosphatidic acid, which recruits GEF Son-of-
sevenless. Sos activates Ras in epidermal growth factor signaling (Sect. 4.3)
[331].3

Ubiquitination also remodels proteins and affects their location and inter-
actions with other proteins. Ubiquitination modulates the endocytosis route
(caveolin or clathrin association, degradation or signaling from endosome)
[332]. Signals transmitted by the receptor from the endosome could differ
from those initiated at the plasmalemma.

Regulated proteolysis is required in many cellular processes, especially
when the cell must react quickly. Gene expression and signaling particularly
undergo quality control. Irreversible proteolysis is initiated after a specific
post-translational cleavage using specific adapters. Proteases cleave targeted
substrates of the cytoplasma, plasmalemma, and extracellular matrix, there-
fore release reactants, convert structural matrix proteins to signaling mole-
cules, regulate growth factors, and modify signaling (Table 4.1).

Proteolysis at the cell surface includes two kinds of enzymes: (1) membrane-
tethered proteases, which are soluble enzymes; and (2) integral membrane
proteins responsible for the regulated intramembrane proteolysis. The trans-
membrane serine proteases are involved in cell signaling and interaction with
its environment. Proteases of the ADAM and BACE families cleave plas-
malemmal proteins.*

Intramembrane-cleaving proteases (ICliP) form a family of enzymes that
cleave hydrophobic substrates within the lipid bilayer. This family includes:
(1) the site-2 protease zinc metalloproteases, presenilin and presenilin-like
aspartyl proteases; and (2) the rhomboid set of serine proteases. Presenilin is
the catalytic component of y-secretase complex.

Environmental signals can be efficiently processed by the cell using a path-
way coordinating the activity of multiple functionally related mRNAs. The
coordination of gene expression, indeed, depends on coordinated transcription,
translational activation, and mRNA stability, as well as post-transcriptional

3 Grb2-Sos interaction afterward promotes Sos recruitment to activated recep-
tors. Phosphatidic acid can be converted to diacylglycerol by phosphatidic-acid
phosphatase, which recruits RasGRP1.

4 ADAMI10 targets E-cadherin; BACE1 processes P-selectin ligand-1, neuregulin-
1 and voltage-gated sodium channels; y-secretase cleaves Notch receptor; and
SPPL2 degrades tumor necrosis factor-«.
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events controlled by RNA-binding proteins (RNABP) and small non-coding
RNAs [334]. The components of the ribonucleoproteic process (RNA-binding
proteins, non-coding RNAs, and metabolites) interact with mRNA regulatory
elements, the untranslated sequence elements for regulation (USER). Such
RNA operons/regulons guarantee the coregulated expression of a set of pro-
teins acting in a given pathway. RNA operons can be activated or repressed
by RNABP phosphorylation.

4.1 Signaling Triggered by Ligand-Bound Receptor

The cell signaling pathways, once the receptor is activated by its ligand, in-
volve: (1) molecular transformations with a given reaction rate, (2) inter-
molecular associations due to changing binding affinity, and (3) intracellular
translocations for optimized reaction compartmentation (Fig. 4.1).

Signaling pathways can lead to phosphorylation of transcriptions fac-
tors, which in turn control the expression of target genes. Furthermore,
protein kinase-A (Sect. 4.3.2.2) and most mitogen-activated protein kinases
(Sect. 4.3.2.4) can link to target genes, either at the promoter, or at the tran-
scribed region of the genes [335].

Table 4.1. Protein cleavage and signaling. For example, proteolysis by matrix met-
alloproteinases creates space for cell migration, produces substrate fragments with
biological activity, releases ECM-bound growth factors, regulates tissue architec-
ture, activates or deactivates the activity of signaling effectors. MMP substrates
include growth factors, receptor tyrosine kinases, cell-adhesion molecules, cytokines
and chemokines, other MMPs, and proteases. In particular, MMPs release stored
VEGF for angiogenesis and also cleave VEGF. Truncated VEGF increases vessel
diameter; uncleaved VEGF increases vessel sprouting (Source: [333]).

Substrate Role/Cleaved fragment effect
Cleavage of structural matrix proteins
Collagen-1 Cell migration
Collagen-2 Bone morphogenetic protein antagonist
fragment
Collagen-4 Anti-angiogenic fragment
Collagen-18 Anti-angiogenic fragment

Cleavage of chemokines
Interleukin-8 Increase in chemokine activity
Monocyte chemotactic protein-1 Decrease in chemokine activity

Cleavage of signaling molecules
Insulin growth factor-binding protein Release IGF
Latent transforming growth factor-f TGFf
Vascular endothelial growth factor Truncated VEGF
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Plasmalemmal ligand-bound receptors are removed from the cell mem-
brane and incorporated into endocytic vesicles, which fuse with early endo-
somes. Ubiquitin drives the vesicle incorporation. Early endosomes contain
phosphatidylinositol 3-phosphate, early endosome antigen-1, and small GT-
Pase Rab5. Rabb is replaced by Rab7 in late endosome. The endosomal sorting
complexes required for transport (ESCRT0-ESCRT3) are used for transport
of ubiquinated proteins from endosomes to lysosomes via multivesicular bod-
ies. ESCRTs interact between them, and with clathrin and 3-phosphoinosides.
ESCRTO recruits ESCRT1, which connects ESCRT2; the latter links ES-
CRT3 [336]. In opposition to other ESCRTs, ESCRT3 does not recognize
ubiquitin; instead it recruits deubiquitinases to remove ubiquitin before in-
corporation into multivesicular bodies.

4.1.1 Signaling Initiation

Plasmalemmal receptor types include: (1) receptors coupled to G proteins®

which activate or inactivate enzymes to modulate the formation of second
messengers (Table 4.2, Sect. 4.5); (2) receptors, the cytoplasmic domain of
which® is activated when the receptor is linked to its ligand and activates

GPCR RTK
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Figure 4.1. Examples of pathways activated by G-protein-coupled receptors
(GPCR) and receptor tyrosine kinases (RTK). Several reaction cascades can be
triggered by each receptor. The pathways are selected according to the context. The
same modules can be used by different receptors, specific responses being achieved
by different processes (Source: [6]).

5 Subfamilies of G proteins include Gs and Gi, which respectively activate and
inhibit adenylyl cyclase to regulate the intracellular cAMP level. The receptor-
associated Gq family of G proteins stimulates enzymes that activate phos-
pholipases to release second messengers derived from membrane lipids. The
activated phospholipase-C releases IP3 and DAG, and phospholipase-A2 and
phospholipase-D initiate arachidonic and phosphatidic acid pathways.

5 Once the receptor cytoplasmic domain is activated by phosphorylation,
the receptor links to effectors, such as tyrosine kinases, guanylyl cyclase,
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one or more specific enzymes to simultaneously stimulate multiple signaling
pathways (Table 4.3);” and (3) receptors linked directly or indirectly to ion
channels.

Enzyme-linked plasmalemmal receptors have cytoplasmic domains that
either have an enzymatic activity or are associated with an intracellular en-
zyme. In both cases, enzymatic activity is stimulated by ligand binding to
the receptor. Transmembrane receptors with intrinsic enzymatic activity in-
clude adenylyl/guanylyl cyclases, tyrosine phosphatases, tyrosine and serine/
threonine kinases, and plexins.

4.1.2 Molecule Transformations and Multicomponent Complexes

Signal transduction allows the cell to adapt to the changing environment, us-
ing various procedures at the molecular scale. Information is often transmitted
via protein modifications, especially reversible protein phosphorylation. The
reversible phosphorylation targets not only the receptors and effectors of the
signaling set, including many transcriptional regulators, but also the asso-
ciated components of the signaling pathway (ubiquitin ligases, and guanine
nucleotide-exchange factors). Whatever the signaling substance, the ligand-
bound receptor undergoes a conformational change. The receptor is then usu-
ally phosphorylated by an associated protein kinase. The majority of proteins
contain multiple phosphorylation loci with different kinetics. The phospho-
rylation loci depend on the stimulus type, time dynamics, and subcellular
location. Owing to several phosphorylation loci, the proteins can serve as
hubs for signal integration.

Proteins participating in a shared cellular process, especially in cellular
transport and signaling pathways, can transiently interact between them or
form more or less stable proteic complexes. Furthermore, additional protein
interactions can occur within proteic complexes, between complexes, and be-
tween free proteins and complexes.

The location of signaling complexes at plasmalemmal microenvironments
modulates signaling outputs. Membrane rafts (Chaps. 2 and 5), which contain
a set of proteins, can change their size and composition in response to stimuli
for protein interactions [119]. Specific anchors allow to orientate non-specific
enzymes toward specific targets and remove them from undesirable substrates.

Most regulated processes in the cell, characterized by a great sensitivity
and a high specificity, especially the signaling pathways, with its triggers,
switches, transducers (activators and inhibitors), and adapters, require the
assembly and disassembly of multicomponent functional complexes made of
proteins and other molecules. For example, weak interactions between growth
factors and certain receptor domains are enhanced by cooperative interactions

phospholipase-C, and stimulators or inhibitors of GTPases involved in the cy-
toskeleton arrangement and endothelial permeability (Rho family).
" VEGFR2 receptors act on the PLC and Ras pathways.
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with additional receptor domains and/or other compounds, such as heparan
sulfate, to form specific complexes, the weak interactions being replaced by
stronger and specific dockings [337]. The assembling dynamic starts with non-
specific, transient associations. Assembling the first stages involve electrostatic
interactions between encounters. The non-specific complexes quickly separate.
Partners of specific complexes reorient and, after desolvation (water molecules
move away from protein surfaces), form much stronger links between them.

4.1.3 Molecule Translocations and Compartmental Organization

Signaling has a compartmental organization, the successive events acutely oc-
curring in spatially restricted domains. Signal transduction starts with interac-

Table 4.2. Examples of second messengers and corresponding receptor ligands. An-
tidiuretic hormone receptors interact with specific kinases. Atrial natriuretic peptide,
brain natriuretic peptide, C-type natriuretic peptides, produced by endothelial cells
and monocytes, are vasorelaxants, which also inhibit the proliferation of vascular
smooth muscle cells, via guanylyl cyclases coupled to the plasmalemmal natriuretic
peptide receptors. 31- and 32-adrenergic, as well as D1- and D5-dopamine receptors
interact with Gs and Gi subunits of G proteins coupled to adenylyl cyclase, whereas
«l- and «2-adrenergic receptors function with Gq coupled to phospholipase-C and
Gi, respectively (Sect. 4.5). Erythropoietin regulates the proliferation, differenti-
ation, and maturation of erythroid cells via Epo receptors, members of class 1
cytokine receptors, which use the JaK—STAT pathway. The parathyroid hormone
receptor is a G-protein-coupled receptor leading to cAMP pathway. The calcitonin
G-protein-coupled receptor is also associated with adenylyl cyclase. Whereas the
insulin receptor is a receptor tyrosine kinase, the glucagon receptor belongs to the
G-protein-coupled receptor family, which activates adenylyl cyclase. Somatostatin
acts on insulin and glucagon secretion via two somatostatin-receptor subtypes. So-
matostatin, produced by several body tissues, inhibits growth hormone release (neg-
ative feedback loop). The growth hormone receptor is a receptor tyrosine kinase that
activates receptor-associated tyrosine kinase JaK2. The prolactin receptor belongs
to the cytokine receptor superfamily. The oxytocin receptor is a G-protein-coupled
receptor that requires Mg*+.

Second messenger Activators

cAMP Catecholamines («2, 3), dopamine (D1-D5),
glucagon, calcitonin, oxytocin,
adrenomedullin, parathyroid hormone

cGMP Naturetic peptide, nitric oxide

Protein kinase Insulin, growth hormone, prolactin,
erythropoietin, growth factors, antidiuretic hormone
angiopoietins, ephrins

Phosphoinositides Catecholamines (1), angiotensin-2,
and calcium vasopressin
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tions between multiple types of proteins at the cell surface. Besides, cells con-
nected by gap junctions communicate rapidly with each other, either by ionic
current or diffusion of low molecular weight second messengers (calcium ions,
cAMP, cGMP, diacylglycerol, and inositol(1,4,5)trisphosphate). Cells then use
chemical communication, releasing stimulating molecules, which diffuse to a
target cell with suitable receptors.

Receptor excitation triggers the displacement of cytosolic adapters and
enzymes to the plasmalemma. These translocations correspond to effective
control mechanisms aimed at switching on the signaling pathway. A signaling
complex with scaffold proteins, possible membrane ion channels, and pos-
sible cytoskeletal components is assembled. The receptor complexes recruit
cytoplasmic signaling components, which initiate a biochemical cascade that
finally causes changes in gene expression.

Pathway cycles are formed by convertible types of signaling proteins, re-
sulting from activity of either kinase or phosphatase on phosphoproteins, or
activity of either guanine nucleotide-exchange factor or GTPase-activating
protein on small GTPases. Multisite phosphorylation increases the sensitivity
of the signaling dynamics. The activity of a cycle with two opposing enzymes
depends on the location of the involved molecules within the cell. This loca-
tion can depend on the time and space concentration gradient of the target
protein, hence on the protein diffusivity and the signaling dynamics with its
given response rates.

Table 4.3. Main receptors and effectors (GPCR: G-protein-coupled receptor; RTK:
receptor tyrosine kinase; RSTK: receptor serine/threonine kinase; cAMP: cyclic
adenosine monophosphate; cGMP: cyclic guanosine monophosphate; PK(A,B,C):
protein kinase-A, -B, -C; PL(A,C,D): phospholipase-A, -C, -D; MAPK: mitogen-
activated protein kinase; PI3K: phosphatidylinositol 3-kinase; AA: arachidonic acid;
Lkt: leukotriene; PG: prostaglandin; GRK: GPCR kinase).

Receptor Effectors

GPCR  cAMP/PKA
PLC/PKC
PLA, PLD
MAPK

RTK PI3K/PKB
PI3K/PLC
PLA/AA/Lkt,PG
GTPases/MAPK

RSTK  GRK
cAMP, cGMP
PLC/PKC/Ca™t
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Signaling molecules commonly do not spread by diffusion. They can in-
stead use endocytic vesicles (signaling endosomes) or other cell transport
means driven by given molecular motors [338]. Endocytosis indeed is not only
aimed at ending signaling via degradation of activated receptor complexes af-
ter internalization from the plasmalemma. The signal transduction can exploit
the compartmentation of endocytosis. Signaling factors (She, Grb2, and Sos)
can be found on early endosomes [339]. Endocytosis provides signaling tem-
poral regulation according to the transport kinetics. Endocytosis can either
lead to quick signal transduction, or inversely slow down the process.

4.1.4 Complicated /Complex Pathways

Signaling pathways can correspond to either linear or complex cascades
(Fig. 4.2). In linear cascades, a ligand binds to the receptor, which activates
an effector. This effector either carries out the action or stimulates another
single downstream effector, which in turn does the same activity until the
effector leads to the signaling response, whether the pathway requires a single
stage or is multi-tiered. Complicated pathways are composed of multiple steps
characterized by linear interactions.

Complex networks are characterized by nodes and hubs formed by effec-
tors. These nodes and hubs act as mesh nodes in spatial discretizations of
any explored organ for computational purposes, the node values of involved
physical quantities depending on the adjoining node ones and conversely, or as
nodes of a communication network, receiving and providing information from
and to neighboring ones. They usually are constituted by protein isoforms.
These related proteins cause a pathway divergence with multiple routes. The
node is positively and negatively regulated. Furthermore, the node can be the
biochemical site for cross-talk with other signaling networks.

The concept of stimulus-specific interconnected signaling pathways, which
includes timing, amplitude, and duration of signaling responses for coordi-
nated behavior in time and space, as well as subcellular locations and spe-
cific protein recruitments, relate extracellular signals to the expression of nu-
clear transcription factors of specific genes more efficiently than linear path-
ways [340]. Signaling networks have various kinetics, activation being either
transient or sustained [341]. Brief stimuli can cause sustained kinase acti-
vation at low concentrations of corresponding phosphatase (bistable behav-
ior) [342]. This state can be eliminated by kinase-induced increase in related
phosphatase. The signaling network can then respond proportionally (monos-
table state).

A single transduction pathway can be rather complex due to its numerous
inputs, outputs, and regulatory nodes. Moreover, different signaling pathways
interact. For example, synergistic activity results from co-stimulation with
ligands that mobilize calcium ions and from ligands that trigger cAMP pro-
duction. Co-stimulation of receptors causes a peculiar pattern of production
and suppression of members of a set of targeted molecules, whereas a single
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Figure 4.2. (Left) Complex pathway with non-linear interactions between effec-
tors (L: ligand; R: receptor; Ef: effector 4 in pathway stage s). Diagrams are useful
for representing reactions of a signaling process. The binding of a ligand to its
receptor triggers the activation of signaling pathways through effectors and intracel-
lular second messengers, which finally lead to biological effects. Complex signaling
pathways are characterized by cooperation, reciprocal effects, interaction, cross-talk,
and positive and negative feedback. (Right) Parallel interacting signaling pathways
activated by their respective signals (S1, S2, and S3), with targeted components (ef-
fectors Eq, E2, and E3) are actived when they simultaneously receive their signals.
Specificity is lost when both pathways are activated, although they are exposed to a
single signal due to mutual activation or shared component. They achieve different
responses when they are exposed to their own signals and either cross-inhibition or
insulation. Cross-activation between pathways triggered by S; and Sz downstream
from tier 1 is associated with mutual inhibition downstream from tier 2 (downstream
from the cross-activation node, here between E3 and Eg) to eliminate unwanted in-
teractions between pathways. Insulation between pathways triggered by Sz and S3
is achieved when shared component E3 is incorporated into different molecular com-
plexes (C2 or Cs, made of different adapters and scaffold proteins), each one being
specific for each signal that must be processed.

receptor stimulation can either favor or prevent the production of the entire
set of molecules. Input ligands can modulate signaling pathways rather than
control a given output.

Coupled positive and negative feedback loops induce complex dynamics,
favoring the occurrence of instabilities and oscillatory behavior. Positive feed-
back amplifies the signal, whereas negative feedback attenuates it. A given
effector can not only stimulate its activator, but also inactivate its inhibitors.
Signaling cascade steps with positive feedbacks are endowed with bistability,
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characterized by two stable activities, basal and stimulated. Negative feedback
can stabilize the cascade outputs (monostable state) and adapt the pathway
to parameter variations.

Information processing by cells requires the coordinated activity of a net-
work of signaling pathways. Cross-talk between pathways allows combinations
of stimuli. The architecture of the signaling network in which the majority of
inputs modulates signaling (only a few inputs independently control cellular
outputs) has been proposed in macrophages, selecting activation of toll-like
receptors, G-protein-coupled receptors, cytokine receptors, and receptor ty-
rosine kinases [343]. Cells can distinguish between adaptive and maladaptive
signals that share the same pathway.

Spatial and temporal signaling dynamics after receptor stimulation deter-
mine the specificity of cellular responses via activation of kinase and phos-
phatase cascades. Distinct spatio-temporal activation of a given signaling
pathway, according to temporal control and spatial distribution of activated
transducers, causes different responses. The magnitude of kinase activation
depends on the stimulus amount (activation differs from an all-or-none re-
sponse) [344]; but gene expression, which depends on the nature of the induc-
tive signal, can be independent of the amplitude of kinase activation.

The mitogen-activated protein kinase pathway (Sect. 4.3.2.4) governs cell
fate by transducing and processing multiple growth factor signalings. The Raf—
MAP2K-ERK cascade, controlled by Ras GTPase, particularly regulates cell
proliferation and differentiation. Ras recruits Raf MAP3K from the cytosol to
the plasmalemma for activation. In turn, MAP2K, ERK, and scaffold proteins
translocate to the plasmalemma to be activated also. The signal sensitivity
of the module is determined by its subcellular location [345]. The activation
threshold is low at the plasmalemma and high in the cytosol. The MAPK mod-
ule with a greater complex lifetime at the plasmalemma than in the cytosol
transmits signals with a larger efficiency. MAP2K and ERK dephosphoryla-
tion occurs about two and five times faster, respectively, in the cytosol than
at the plasmalemma. Cells can hence respond appropriately to physiological
stimuli, with maximal outputs for low inputs.

The Raf-MAP2K-ERK cascade is a module of three nodes® activated by
many external cues from growth-factor receptors, which hence must coordi-
nate these signals whereas keeping specific responses. Different effectors or
modules, upstream or downstream from the Raf-MAP2K-ERK cascade, or
their intracellular location can explain distinct regulatory mechanisms. Epi-
dermal growth factor uses the Rafl-MAP2K1/2-ERK1/2 pathway, as well as
neuronal growth factor, but they have different effects. EGF transiently ac-
tivates ERK, leading to cell proliferation, whereas NGF generates sustained
ERK activation, causing cell differentiation [346]. EGF stimulation promotes a
negative feedback loop from ERK to Rafl, whereas NGF elicits a positive feed-

8 A pathway node represents an effector, i.e., a single protein, proteic complex, or
gene, with a given task.
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back loop from ERK to Rafl, with a persistent response (Fig. 4.3). Another
short negative feedback from ERK1/2 to MEK1/2 exists for integrin signal-
ing. The cell response can be altered by pathway changes. Blockage of protein
kinase-C in NGF-stimulated cells transiently activates ERK (NGF-stimulated
cells proliferate rather than differentiate). Therefore, PKC? is involved in the
NGF-induced positive feedback. Conversely, concomitant PKC activation in
EGF-stimulated cells yields sustained ERK signaling, transforming negative
feedback from ERK into positive feedback (PC12 cells differentiate rather
than proliferate). Moreover, the response feature varies between EGF and
NGF. Augmentation in EGF level (negative feedback) gradually increases
ERK phosphorylation, whereas NGF (positive feedback) drives all-or-nothing
ERK activation (switch-like, bistable dynamics).

4.1.5 Modeling and Simulation

Mathematical modeling is aimed at describing the macroscopic reactions of
cells and tissues from the nanoscale mechanisms. Discrete-state models ig-
nore kinetic properties of the process. Modeling of behavioral networks is
mostly described by differential equations of rise or decay in concentration of

GFs
o~ (EGF,NGF)

RTK
7= Sh¢ —= Grb2/Sos —

Ras
= Rafl <----
positive | negative
1
feedback l/ : feedback
I
!
(PKC)
sustained activation transient activation
cell differentiation cell proliferation

Figure 4.3. The Raf-MAP2K-ERK cascade can be activated by multiple ligand-
bound receptors. Different receptors thus activate this common three-node module
of the corresponding signaling pathways which generates distinct outputs. Pathway
specificity can be determined according to the type of feedback loops. A positive
feedback loop from ERK to Rafl induces persistent activation leading to cell differ-
entiation (PC12 cells subjected to NGF stimulation via TrkA receptor differentiate).
A negative feedback loop from ERK to Rafl explains the occurrence of transient
activation generating cell proliferation (PC12 cells subjected to EGF stimulation via
EGF receptors proliferate; Source: [346]).
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biochemical species of interest. The equation parameters describing molecule
synthesis, decay, transformation and transport (rates of reaction and diffusion,
activation thresholds, etc.) must be identified using available data.? Hybrid
systems, which incorporate both continuous and discrete dynamics, model
both the logic of interactions and the dynamics of biochemical changes, sim-
plifying the parameter identification problem.

The temporal dynamics of signaling networks are commonly described by
chemical kinetics equations (currently ordinary differential equations), one for
each time-dependent molecule involved in the chemical transformation. The
concentration depends on production and consumption, both having given
rates. A set of coupled ordinary differential equations for the set of elemen-
tary reactions with forward and reverse rate constants usually gives the rates
of production and consumption of individual chemical species, using mass ac-
tion kinetics.'® Time integration of equations yields the concentration of each
implicated species at given times.

Physicochemical models of cell signaling pathways of short-term vascular
regulation and long-term vascular adaptation can be based on deterministic
or stochastic form of ordinary and partial differential equations. These models
not only describe the set of implicated elementary reactions, following a reduc-
tionist strategy (after a selection of the degree of details), but also changes in
location'!, as well as other non-enzymatic changes of state, such as assembling
into multi-component complexes.

4.2 Phospholipases and Phosphatidylinositol 3-Kinase

Inositol phosphates are intracellular second messengers that regulate various
cell processes, from calcium signaling to chromatin remodeling. Inositol(1,4,5)
trisphosphate (IP3) is the most well-known messenger. A phospholipase
type, phospholipase-C (PLC), splits phosphatidylinositol(4,5)bisphosphate

9 Parameter identification can be done by solving the model differential equations,
starting from a guess for the numerical values of the parameters, and solving the
equations using suitable numerical algorithms. The simulation results are then
compared with experimental data. If the results do not match, a new guess is
made for a new simulation. In the absence of a suitable parameter set, the model
must be modified.

The mass action law states that reaction rates are proportional to the concentra-
tions of the reacting species. More precisely, chemical reaction rates are defined
as the product of a rate constant and the concentration of the reactants. The
calibration stage is aimed at adjusting the model parameters to experimental
data.

Between-compartment transport is done with a given rate, whereas the trans-
port is assumed to be instantaneous within a compartment. Otherwise, species
concentrations must be described with respect to space using partial differential
equations.

10

11
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(PIP2) into IP3 and diacylglycerol (DAG). IP3 can be phosphorylated by ki-
nases to produce inositol hexakisphosphate IP6, mono- and bis-pyrophospho-
rylated inositol phosphates PPIP5 and PP2IP4. PPIP5 is implicated in gene
expression and protein phosphorylation, among other functions. Inositol-
(1,3,4,5)tetrakisphosphate (IP4) is the polar head group of phosphatidylinosi-
tol(3,4,5)trisphosphate, which allows the PIP3 effector to distinguish PIP3
from its precursor PIP2. IP3 phosphorylation into IP4 promotes PLCy phos-
phorylation [347].

4.2.1 Phospholipases

Phospholipases target phospholipids of the cellular membranes. Phospholi-
pases are involved with phospholipids in the transmission of ligand-bound re-
ceptor signaling. Activated phospholipases particularly leads to protein kinase-
C, which is maximally active in the presence of diacylglycerol and calcium ions,
released from its intracellular stores by inositol trisphosphate. There are four
main types of phospholipases, PLA, PLB, PLC, and PLD.

Phospholipase-A hydrolyzes one of the acyl groups of phosphoglycerides or
glycerophosphatidates. Phospholipases-A1l and -A2 hydrolyze the acyl group
at the 1- and 2-position, respectively. Phospholipase-A2 hydrolyzes phos-
phatidylcholine, producing free fatty acids and lysophosphatidylcholine, which
potentiate diacylglycerol activity. Phospholipase-A2 forms arachidonic acid,
which is involved in signaling. Arachidonic acid is the precursor of eicosanoids
(Sect. 8.4), such as leukotrienes and prostaglandins. Eicosanoids can also be
synthesized from diacylglycerol formed by phospholipase-C.

Phospholipase-B attacks lysolecithin, releasing glycerylphosphorylcholine
and fatty acid.'? Certain phospholipases B hydrolyze phosphatidylcholine,
phosphatidylinositol, and phosphatidylethanolamine.

Phospholipase-Cy hydrolyzes phosphatidylinositol(4,5)bisphosphate into
inositol trisphosphate (inositol(1,4,5)trisphosphate, IP3) and diacylglycerol
(DAG). Inositol trisphosphate and diacylglycerol are second messengers. The
phospholipase-C family includes many isozymes classified into six subsets:
PLCB, PLCo, PLCy, PLCe, PLC(, and PLCn. Each isoform require calcium
for catalysis. PLCf is activated by G protein, PLCb by high calcium levels,
PLCy by receptor tyrosine kinases, and PLCe by Ras guanosine triphos-
phatase.

Phospholipase-D hydrolyzes phosphatidylcholine, releasing phosphatidic
acid which in turn is converted to diacylglycerol by phosphatidic acid phos-
phomonoesterase. There are two isoforms, PLD1 and PLD2. Phosphatidic
acid serves as a signaling effector, being hydrolized to form diacylglycerol.'3

12 Phospholipase-B is also known as lysolecithin acyl hydrolase or lysolecithinase.

13 Phosphatidic acid and diacylglycerol are interconvertable owing to phospha-
tidic acid phosphohydrolase and diacylglycerol kinase. Fixation of serine, choline,
ethanolamine, or inositol on phosphatidic acid leads to phosphatidylserine, phos-
phatidylcholine, phosphatidyléthanolamine, or phosphatidylinositol.
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4.2.2 Phosphatidylinositol 3-Kinase

The family of phosphatidylinositol 3-kinases (PI3K) includes four sets of ser-
ine/threonine protein kinases, PI3K1A, PI3K1B, PI3K2, PI3K3 and an addi-
tional set, PI3K4. Heterodimeric PI3K contains a subunit that has enzymatic
activity. Phosphoinositide 3-kinases-1A is composed of: (1) one regulatory
subunit among five isoforms (p50c, p55x, p55y, p85x, and p85f), which con-
tains SH2 and SH3 domains interacting with other signaling proteins; and (2) a
catalytic subunit among three isoforms (p110«, p1103, and p1108) that phos-
phorylates inositol. pl110alsoform, but not p110f3, acts via the insulin receptor
substrate. PI3K catalytic subunits p110x and p1103 are ubiquitous, whereas
pl10y is expressed primarily in hematopoietic cells, myocytes, and pancreatic
cells. PI3K2 is made of three catalytic isoforms (C2e, C2f3, and C2y) without
regulatory subunit. PI3K3 of heterodimers, with catalytic (Vps34) and regu-
latory (p150) subunits, is mainly involved in cell transport. PI3K4 includes
related enzymes, such as mammalian target of rapamycin (mTOR).

Phosphatidylinositol 3-kinase is phosphorylated (activated) by various
receptor- and receptor-associated protein tyrosine kinases. PI3K is activated
by the receptors of hormones (insulin) and growth factors (PDGF, EGF,
IGF1, HGF and NGF; Sect. 10.1). PI3K phosphorylates phosphatidylinos-
itols at position 3 of the inositol ring (Sect. 2.1). In response to various
stimuli, phosphatidylinositol 3-kinase phosphorylates phosphatidylinositol
(4,5)bisphosphate to generate phosphatidylinositol(3,4,5)trisphosphate, to
which pleckstrin-homology domains of signaling proteins bind, as well as phox-
homology domains of certain proteins. PI3K thus generates substrates for
phospholipase-Cy, which produces second messengers (diacylglycerol and in-
ositol trisphosphate). The effectors also include serine/threonine kinases, pro-
tein kinase-B and 3-phosphatidylinositol-dependent protein kinase-1 (PDK1),
various isoforms of protein kinase-C (PKC), and members of the TEC family of
tyrosine kinases, including TEC, BTK (Bruton tyrosine kinase), ITK
(interleukin-2-inducible T-cell kinase), and RLK (resting lymphocyte ki-
nase) [348]. The PKB activation depends on PI3K products and can require a
sequential phosphorylation by two phosphoinositide-dependent kinases, PDK1
and PDK2.

4.3 Protein Kinases

Protein phosphorylation is the most widespread post-translational modifi-
cation in signal transduction.!* Protein phosphorylation is involved in cell
metabolism, transport, growth, division, differentiation, motility, muscle con-
traction, immunity, learning, and memory.

14 Many substrates must be phosphorylated at multiple sites to change their func-
tion.
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A protein kinase is an enzyme that reversibly adds phosphate groups to
target proteins to change the substrate activity, location, or binding with
other substances and regulate signaling pathways. Protein kinases catalyze
the transfer of phosphate from ATP to specific amino acids of proteins.'®
The phosphorylation rate depends on the kinase location. The order of the
stages (ATP binding, substrate binding, ADP release, and substrate release) of
protein phosphorylation depends on the kinase type. According to the targeted
residues, protein kinases are classified into: (1) tyrosine (Tyr) kinases, (2)
serine/threonine (Ser/Thr) kinases phosphorylating serine or threonine, and
(3) dual specificity kinases taht phosphorylate the three residues. In contrast,
protein phosphatases (Sect. 4.4) remove phosphate groups from amino acid
residues of proteins phosphorylated by protein kinases.'6

Any protein kinase must recognize its phosphorylation sites among mul-
tiple amini acids that compose the targeted protein. Multiple features allow
specific functioning: the structure of the catalytic site, the interactions be-
tween the kinase and its substrate due to complementary sequences, hydro-
gen bonding, surface charge and hydrophobicity, the formation of complexes
with scaffolds and adapters,!” competition between substrates,'® and error
correction.?

Tyrosine kinases are mainly associated with growth factor signaling. Ser-
ine/threonine kinases are principally related to second messengers, such as
cAMP (Sect. 4.11), ¢cGMP (Sect. 4.12), diacylglycerol (Sect. 4.2), inositol
trisphosphate, and calmodulin (Sect. 4.14). The protein kinase activity is
strongly regulated by phosphorylation, either by the kinase itself (autophos-
phorylation), or kinase-bound activators or inhibitors. Because enzymes can
have different phosphorylation sites, phosphorylation and dephosphorylation
either regulate the enzyme activity or directly launch enzyme activation or
inhibition.

15 The number of substrates and phosphorylation sites (from a few sites to hundreds
of sites) varies according to the kinase type. The amino-acid composition in
the neighborhood of the target residue plays a role. Adjoining proline-directed
kinases could regulate a larger number of proteins than non-Pro-directed kinases
[349].

16 The numbers of Tyr kinases and phosphatases are similar; but Ser/Thr phos-
phatases is much more numerous than Ser/Thr kinases.

17 Scaffold proteins coordinate interactions of kinases with other kinases and phos-
phatases. Scaffolds also can recruit regulators of kinases.

18 Any substrate can act as a competitive inhibitor for other substrates.

19 Tterative control of multiple phosphorylations on a given targeted protein mini-
mizes erratic phosphorylation. Any wrong phosphorylation (on an inappropriate
site) can be corrected by active phosphatase.
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4.3.1 Protein Tyrosine Kinases

Protein tyrosine kinases?® (PTK) modulate multiple cellular events, such as
differentiation, growth, metabolism, and apoptosis. PTKs include: (1) trans-
membrane receptor tyrosine kinases (RTK; Sect. 3.2.2); and (2) cytoplasmic
non-receptor tyrosine kinases (NRTK).

Non-receptor tyrosine kinases recruited in signaling pathways following
ligand binding to receptor include Janus, Src, and Tec kinase families.

4.3.1.1 Janus Kinases

The Janus kinases?! (JaK) are activated by the cytokine receptors. Intracel-
lular Janus kinases are involved in the JaK-STAT pathway. The JaK family
includes four members (JaK1, JaK2, JaK3, and tyrosine kinase TyK2). JaK1
and JaK2 are involved in interferons-II (interferon-y) signaling (Sect. 10.1).
JaK1 and TyK2 are associated with interferons-I. JaK2 is an effector of pro-
lactin receptors.

4.3.1.2 Src Kinases

The Src family of intracellular NRTKs are signaling proteins associated with
cell migration, proliferation, and adhesion, especially during angiogenesis
(Sect. 10.4.2). The Src kinase family includes Src, Yes, Fgr, Fyn, Lck, Lyn,
Blk, and Hck, which are either expressed in a wide variety of cells or have a
restricted expression pattern (Blk, Hck, Fgr, Lck, and Lyn). The Src family of
cytoplasmic PTKs have regions with similar sequences, the so-called Src ho-
mology (SH) domains.?? The Tec family,?® a subgroup of Src NRTKs, includes
Tec, Txk, Btk, Bmx, and Itk/Tsk/Emt.

Src becomes activated during the transit from the perinuclear region to the
plasmalemma, which requires the actin cytoskeleton and RhoB-associated en-
dosomes.?* Disruptions in actin filaments inhibit both the membrane translo-
cation and activity of Src [351]. The active Src colocalizes with RhoB, in the

20 Tyrosine kinases are enzymes catalyzing the phosphorylation of tyrosine residues
of proteins.

The Janus kinases have been initially named just another kinase.

The SH1 domain is a catalytic domain. The SH2 and SH3 domains are protein-
binding domains. SH2 usually binds phosphotyrosine-containing proteins and
SH3 interacts with cytoskeletal proteins.

They have a pleckstrin- and Tec-homology domain. Lyn protein-tyrosine ki-
nase is a member of Src-related family of protein tyrosine kinases, found in
hematopoietic cells, macrophages, platelets, and B lymphocytes. Tec kinases are
also expressed in many hematopoietic cells. In fibroblasts in particular, using
the Tec-homology domain, Tec binds to Lyn kinase. Lyn then phosphorylates
Tec protein, which thus acts downstream of Lyn in intracellular signaling path-
ways [350]. Tec/Btk tyrosine kinases can be activated in response to cytokines,
such as IL3 and IL6, probably via Janus kinases.
24 RhoB is an endosome-associated Rho GTPase (Sect. 4.5).

21
22
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perinuclear region. Fibronectin is a main Src-activating extracellular stimu-
lus. Src- and RhoB-containing structures are associated with Src-promoted
polymerized actin.

4.3.1.3 Focal Adhesion Kinases

Focal adhesion kinases (FAK) are tyrosine kinases that mediate several in-
tegrin signaling pathways. They can perform autophosphorylation on a ty-
rosine residue. FAKs interact with Src, PI3K, Grb2, p130Cas, and paxillin.
Hence, activated FAK controls cell adhesion and motility [352]. Tyrosine-
phosphorylated FAK promotes interactions with certain proteins, which allow
connections to the Rac and Rho GTPases and extracellular signal-regulated
kinase isoform ERK?2 cascade. FAK acts on the assembly and maturation of
focal contacts. FAK-Src kinase activity promotes phosphorylation of phos-
phatidylinositols. FAK-Src functions for the disassembly of focal contacts,
activating calpain and extracellular matrix metalloproteinases; it also regu-
lates cadherin-mediated cellular junctions. FAK signaling to Rho GTPases
regulates changes in actin and microtubules in cell protrusions of migrating
cells.

4.3.2 Protein Serine/Threonine Kinases

Numerous serine/threonine kinases function in signal transduction, either as
initiating nodes, the receptor serine/threonine kinases (Sect. 3.2.3), or as in-
termediate nodes, the non-receptor serine/threonine kinases (NRSTK). Typ-
ically, second messengers activate Ser/Thr kinases, whereas extracellular sig-
nals stimulate Tyr kinases. Kinases IKK of inhibitory factors IkB of the nu-
clear factor-«kB are serine kinases (Sect. 4.8.1).

Non-receptor serine/threonine kinases include cAMP-dependent protein
kinase-A (PKA), protein kinase-C (PKC), Rho-kinases, ribosomal S6 kinase,
p2l-activating kinase, Ber proteins, etc. Certain enzymes have been considered
to be Ser/Thr kinases, although they have a dual specificity, such as the
mitogen-activated protein kinases and glycogen synthase kinase-3.2°

4.3.2.1 Calmodulin-Dependent Protein Kinases

Calmodulin-dependent Ser/Thr protein kinases (CamK) require activated
calmodulin for their activity. Members of the CamK family are CamK1,
CamK2, and CamK4. Calcium—calmodulin-dependent protein kinase-2 phos-
phorylates a large number of substrates, such as ion channels and intracellular
proteins of signal transductions. For example, it increases PLA2 activity. It is
made of several subunits, especially a catalytic domain, a regulatory domain,
and binding domains to form oligomers and act on its targets.

25 Phosphorylation at different residues controls the enzyme activity. Ser/Thr phos-
phorylation causes inactivation and Tyr phosphorylation results in increased
activity.
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4.3.2.2 AGC Protein Kinases

AGC kinases form a set of kinases stimulated by growth factors and insulin.
About 70 among the 518 protein kinases encoded by the human genome are
members of the AGC family of serine/threonine protein kinases. The set of
AGC kinases includes protein kinase-A, several types of protein kinases-C,
protein kinases-B and -G, p70 ribosomal S6 kinases (S6K), p90 ribosomal
S6 kinases (RSK), mitogen- and stress-activated protein kinases (MSK), and
serum- and glucocorticoid-induced protein kinase (SGK) [353]. These kinases
regulate cell division, growth, survival, metabolism, motility, and differentia-
tion. Once phosphorylated, PKB and S6K intervene in PISK pathway, PKC
in calcium signaling, RSK and MSK in MAPK pathway, and PRK in Rho
signaling.

Nuclear Dbf2-related (NDR) protein kinases, a subclass of the AGC fam-
ily of protein kinases, control morphological changes, mitosis, cytokinesis, and
apoptosis. NDR kinases are regulated by phosphorylation by kinases and de-
phosphorylation by protein phosphatase-2A. There are four related kinases,
NDR1, NDR2, large tumor suppressor-1 LATS1 and LATS2.26

Protein kinase-B2” is activated by ligand-bound growth factor receptors
via phosphatidylinositol 3-kinase. Protein kinase-B mediates survival and pro-
liferation signaling via various effectors. Protein kinase PKB1 can block cancer
cell migration by inhibition of transcription factor nuclear factor of activated
T-cells and extracellular signal-regulated kinase [354]. Hyperproliferation and
antiapoptotic activities caused by stimulation of insulin-like growth factor-1
receptor are reversed by PKB2 downregulation [355].

The family of protein kinase-C includes multiple enzymes that have spe-
cific tissue expression. PKCs can be divided into three main groups: (1) the
calcium-sensitive isoforms (PKCa«, PKCB1, PKCB2, and PKCy), (2) the
calcium-independent isoforms (PKC§, PKCe, PKCn, and PKC8), and (3)
the atypical PKCs (PKC(C, and PKCA), which are neither activated by cal-
cium nor diacylglycerol. Activated by diacylglycerol and calcium ions, PKCs
are involved in signaling initiated by certain hormones, growth factors, and
neurotransmitters. Diacylglycerol causes PKC translocation from the cytosol
to the plasmalemma, where it binds calcium ions and plasmalemmal phos-
phatidylserine. These events relieve PKC autoinhibition. The phosphorylation
of various PKC substrates leads to either increased or decreased activity.?®
PKC also moves to the cytoskeleton, perinuclear sites, and the nucleus.

26 NDR1 is also known as serine/threonine kinase-38 (STK38), and NDR2 as
STK38L.

27 Protein kinase-B is also named Akt.

28 Phosphorylation of the epidermal growth factor receptor by PKC prevents EGFR
activity.
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Diacylglycerol Receptors and Kinases

There are many diacylglycerol receptors (DAGR), protein kinase-C (PKC)
and -D?° (PKD), chimaerins,*® and others. The receptors for activated C-
kinase (RACK) bind to and position newly activated PKCs to discrete cellu-
lar locations. The peptides associated with RACK-PKC interaction acts as
translocation activators or inhibitors. PKC6 and PKCe are implicated in the
evolution of the cardiac function after myocardial infarction [358]. PKCé and
PKCe are also implicated in vasculogenesis. PKCa and PKCe control integrin
signaling to extracellular signal-regulated protein kinase [359]. Protein serine/
threonine kinases-D (PKD) include PKD1/PKCyu, PKD2 and PKD3/PKCu.
They are located in the cytosol, nucleus, Golgi complex, and plasmalemma.

Diacylglycerol kinases®! phosphorylate diacylglycerol to stop its signaling
and produce phosphatidic acid. They then modulate PKC signaling because
protein kinases-C are activated by diacylglycerol, and Ras signaling, as well
as the protein recruitment to membrane domains.

4.3.2.3 AMP-Activated Protein Kinases

AMP-activated protein kinase (AMPK), a serine/threonine protein kinase, is
a heterotrimeric a3y molecule with a catalytic subunit-« and two regulatory
subunits, 3 and y. The y-subunit contains two binding domains for regulatory
nucleotides (AMP, and ATP) in a mutually exclusive manner. The AMPK ac-
tivity is modulated by AMP-to-ATP ratio and kinases. AMP-activated protein
kinase is activated by leptin and adiponectin.

Under normal conditions, the intracellular concentration of adenosine
triphosphate is on the order of 1 millimolar. AMP-activated protein kinase
belongs to the main enzyme set that regulates ATP levels, discriminating be-
tween the mono- and triphosphate compounds. ATP and AMP competitively
bind to the same AMPK site. AMPK then senses the relative ratio of ATP to
AMP and controls the cell metabolism according to energy availability.

Activated AMPK promotes ATP-producing catabolisms (fatty acid oxida-
tion, glucose uptake, and glycolysis) and impedes ATP-consuming metabo-
lisms (synthesis of fatty acid, cholesterol, glycogen, and proteins). AMPK is
phosphorylated (activated) by tumor suppressor LKB1. Serine/threonine pro-
tein kinase LKB1 and AMPK act as cellular energy sensors that regulate cell
metabolism, and hence, cell fate. The LKBI-AMPK pathway particularly

29 PKD function is determined by its intracellular location and cell context [356].
The release of reactive oxygen species from the mitochondria activates PKD.

30 The chimaerins have a DAG-binding C1 domain and a GTPase-activating pro-
tein (GAP) domain that targets Rho GTPases. They block Rac signaling, cell
proliferation and cytoskeletal reorganization [357].

31 Diacylglycerol kinases are classified into five subtypes according to their struc-
ture.
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phosphorylates acetyl coenzyme-A carboxylase (ACC), which catalyzes the
rate-limiting step in lipogenesis and tumor suppressors.

AMP-activated protein kinase increases the cell sensitivity to insulin [28].
In the liver, AMP-activated protein kinase phosphorylates (inhibits): (1)
acetyl-CoA carboxylase, which converts acetyl-CoA to malonyl-CoA for fatty
acid synthesis in the liver; (2) 3-hydroxy-3-methylglutaryl-CoA reductase,
thus decreasing cholesterol synthesis in the liver; and (3) CREB-regulated
transcription coactivator-2 (TORC2), which activates gluconeogenesis and
upregulates expression of insulin receptor substrate-2, a mediator of insulin
signaling. At the opposite, in muscles, activated AMPK promotes fatty acid
oxidation and activates PGCla promoter, thus increasing metabolism.

AMP-activated protein kinase regulates tight junction assembly and disas-
sembly [360]. AMPK is phosphorylated by LKB1, which controls cell polarity.
LKBI1, indeed, activates PAR1 kinases implicated in cell polarity and mi-
crotubule affinity regulating kinases (MARK). LKB1 phosphorylates AMPK
during tight junction assembly stimulated by calcium. Moreover, AMPK en-
hances the stability of tight junction from disassembly induced by calcium
depletion. AMPK also phosphorylates the regulatory site of the non-muscle
myosin regulatory light chain involved in mitosis and cell polarity [361]. LKB1
regulation of epithelial cell polarity and mitosis is due to MRLC phosphory-
lation by AMPK.

4.3.2.4 Mitogen-Activated Protein Kinases

Manifold mitogen-activated protein kinases (MAPK) form the MAPK fam-
ily. Mitogen-activated protein kinases are indeed targeted by kinases in the
upstream part of MAPK cascades, MAPK kinase (MAPKK, MAP2K, MEK,
or MKK) and MAPKK kinase (MAPKKK, MAP3K, MEKK, or MKKK; Ta-
ble 4.4). MAP3Ks can be activated by either extracellular signals or by MAP-
KKK kinase (MAPKKKK, MAP4K, or MKKKK), which can be linked to the
plasmalemma.

MAPK cascades (Fig. 4.4, Table 4.5) are composed of specific tiers of
signal transmission from environment stimulations. There are up to six acti-
vation levels in the cytosol and nucleus. The pathways are characterized by a

Table 4.4. Mitogen-activated protein kinase (MAPK) pathways. Each MAPK cas-
cade consists of main triple-decker part with a MAP kinase kinase kinase, a MAP
kinase kinase and a MAP kinase. Pathway effectors differ according to the stimulus

type.

Stimulus Growth factors Growth factors, stresses

MAP4K Ras, Rap Rho, Rac, Cdc42
MAP3K Raf ME2K, JN3K (MLK, TAK, ASK)
MAP2K MEK MEK

MAPK ERK ERK, JNK, p38
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three-tiered cascade defined by MAP3Ks, MAP2Ks, and MAPKs. Activated
MAPKSs can translocate to the nucleus to phosphorylate a number of tran-
scription factors, such as members of the ternary complex factor (TCF) family,
which associate with serum response factor and target Fos, and components
of the activator protein-1 complexes, such as Jun and activating transcription
factor ATF2.
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Figure 4.4. Mitogen-activated protein kinase cascades in cells of the vessel wall: a
pathway with several steps including the three-tiered part with MAP3K, MAP2K,
and MAPK. Mechanical stresses stimulate mediators of the MAPK cascade. Effec-
tors of the MAPK cascade lead to gene transcription for adaptation and, if necessary
when subjected to long-duration non-physiological magnitude forces, for remodeling
of the vasculature wall (Source: [362]).

Table 4.5. Extracellular stimuli activate the MAPK pathways via small GTPases.
Activated MAP3Ks (Raf, MAP3K, TGFB-activated kinase TAK) phosphorylate
MAP2Ks on two serine residues, which in turn phosphorylate MAPKs, extracellular
signal-regulated kinase (ERK), Jun N-terminal kinase (JNK), and p38 on both thre-
onine and tyrosine residues. Activated MAPKSs can translocate to the nucleus and
phosphorylate transcription factors (ternary complex factor TCF, activator protein
AP1 with JUN, and activating transcription factor ATF2). TCF forms a complex
with serum response factor (SRF).

Cascade 1  Cascade 2  Cascade 3

Tier 1 Ras MAP3K TAK
Tier 2 MAP2K1/2 MAP2K4/7 MAP2K3/6
Tier 3 ERK JNK p38

Transcription factor SRF-TCF SRF-TCF SRF-TCF
AP1 ATF2
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The set of MAP3Ks is composed of Raf, MAP3K1, MAP3K2, MAP3K3,
MAP3K4, mixed lineage kinases (MLK), Mos, Tao proteins, apoptosis signal-
regulating kinase ASK1, transforming growth factorp—activated kinase TAK1,
dual leucine-zipper kinase, and tumor progression locus Tpl2 [363, 364]. Reg-
ulatory domains of MAP3Ks interact with upstream regulators, such as Rho
and Ras GTPases. Activated MAP3K phosphorylates (activates) one or sev-
eral MAP2Ks. Many MAP3Ks also activate the IkB kinase-nuclear factor kB
pathway.

Activated MAP2K phosphorylates a specific MAPK. Activated MAPK
phosphorylates cytosolic and nuclear effectors. MAPK members have, in-
deed, many substrates: (1) other protein kinases belonging to either down-
stream components (MAPK activating protein kinases MAPKAPK1 and
MAPKAPK?2, ribosomal S6 serine/threonine kinase RSK, which phospho-
rylates downstream glycogen synthase kinase GSK3) or upstream elements
(Rafl, and Sos); (2) enzymes (phospholipases PLA2 and PLCy); (3) plas-
malemmal proteins, such as growth factor receptors (EGFR); and (4) tran-
scription regulators, such as the serum response factor, proto-oncogenes cFos,
cMyc, cJun, and other transcription factors (ATF2, Elkl, and MEF2), as well
as members of the steroid/thyroid hormone receptors. MAPKs are inhibited
by MAPK phosphatases (tyrosine phosphatases and serine/threonine phos-
phatases).

Mitogen-activated protein kinases are linked to various subcellular or-
ganelles, such as microtubules, endosomes, the endoplasmic reticulum and
the actin cytoskeleton. Active MAPKs often translocate from the cytosol to
the nucleus to phosphorylate nuclear targets. MAP2Ks can carry MAPK from
the cytoplasm to the nucleus and inversely.

The mitogen-activated protein kinase cascades include in their downstream
part several intracellular signaling networks. The three main MPAK cascades
involved in signal transduction include: (1) extracellular signal-regulated pro-
tein kinase, with its two isoforms ERK1 and ERK2, (2) c-Jun N-terminal
kinase (JNK), with its three elements JNK1, JNK2 and JNK3, and (3) p38
kinase isozymes. The two other MAPK families are ERK3, ERK4, and ERK5.
ERKS3 is mainly regulated by autophosphorylation. ERK5,32 activated by
growth factors, is required for angiogenesis and cardiovascular development.

The family of calcium—calmodulin-dependent protein kinases which act
downstream from mitogen-activated protein kinases includes: (1) the ribo-
somal S6-kinase group (RSK1-RSK4), (2) the mitogen- and stress-activated
kinase class (MSK1-MSK2), (3) MAPK-interacting kinases (MNK1-MNK?2),
and (4) MAPK-activated protein kinases (MAPKAPK or MK; MK2, MK3,
and MK5). RSKs are exclusively activated by extracellular signal-regulated
kinases. MSKs and MNKs are downstream effectors of both ERKs and p38s.
RSKs and MSKs regulate gene expression by phosphorylating Fos, as well as
cAMP-responsive element—binding proteins for RSKs or histone H3 for MSKs.

32 ERKS5 is also called big MAPK1 (BMK1).
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MNKSs phosphorylate eukaryotic translation-initiation factor elF4E and
factors which bind to certain mRNAs, to regulate the expression of a spe-
cific set of proteins. MNKs are particularly involved in growth control and
inflammation. MK2, activated by p38, is required for cytokine synthesis in
inflammation and the cell cycle. MK3, also activated by p38, regulates chro-
matin remodeling. MK5, which particularly interacts with ERK3, is activated
by ERK and p38, but not JNKs.

Autoinhibition is a functioning mode of protein kinase. As protein ki-
nases, its catalytic domain binds ATP and substrates phosphoryl transfer.
They change their activation region into an autoinhibitory module [365]. The
activation region must unlock from another molecule element to bind ATP.

Raf MAP3Ks

Raf activation includes translocation to the plasmalemma, induction of a con-
formational change by Ras and phosphorylation. Activated Rafl activates
mitogen-activated protein kinase MAP2K, extracellular signal-regulated ki-
nase (ERK). The kinetics (sustained or transient activation) and intensity of
Raf-ERK pathway stimulation by growth factors specify the signaling type.
Rafl is a direct effector of Ras GTPase. Its activation involves plasmalemmal
recruitment and binding to RasGTP. It is inactivated by protein phosphatase-
5 (Sect. 3.2.4) [366].

The Ras—Raf-ERK signal transduction pathway controls multiple pro-
cesses, such as proliferation, differentiation, senescence, and apoptosis, de-
pending on the duration and strength of the external stimulus and the cell
type. The Ras—Raf-ERK pathway is activated in most human tumors, espe-
cially tumor cells with BRAF3? or Ras gene mutations. When the MAPK
cascade is inhibited, tumor growth is completely hindered in BRAF mutant
and only partially in Ras mutant tumors [367].

The Ras-Raf-PI3K signaling pathway leading to protein kinase-B can act
either synergistically with or in opposition to the Ras—Raf-ERK pathway.
PKB phosphorylates Raf, which then can inhibit activation of the Ras—Raf-
ERK pathway. Cross-action between the Ras-Raf-ERK and the Ras—Raf-
PI3K-PKB pathways modulates cell life modes [368] (Sect. 4.3.2.2).

Activated Raf kinase inhibitor protein (RKIP),?*, a serine/threonine ki-
nase, binds to and inhibits Rafl kinase [369]. PKC-phosphorylated (active)

33 BRAF is a protein implicated in the growth and survival of cancer cells. It is
mutated in the majority of melanoma and a minority of colon, breast, and lung
cancers.

3% RKIP, or phosphatidylethanolamine-binding protein-2, disrupts the Rafl-
ERK1/2 and nuclear factor-kB pathways, interacting with associated kinases.
RKIP binds to several proteins that activate NFkB (transforming growth factor
B-activated kinase-1, IkB kinase-« and -3, and NFkB-inducing kinase), which,
after degradation of IkB, translocate to the nucleus to bind to target gene pro-
moters.
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RKIP inhibits G-protein-coupled receptor kinase-2. Ser/Thr GRK2 downreg-
ulates various G-protein-coupled receptors, particularly those hampering cell
locomotion. Moreover, RKIP does not inhibit Rafl, which can then phospho-
rylates MAPK and ERK. RKIP indeed binds to locostatin and is then unable
to inhibit Rafl kinase, hindering cell migration. RKIP thus performs anti-
cancer actions, particularly decreasing angiogenesis and vascular invasion.

Extracellular Signal-Regulated Kinases

Extracellular signal-regulated kinases ERK1 and ERK2, activated by growth
factors, regulate proliferation and differentiation. ERKs are expressed in many
tissues and belong to the cascade with Raf MAP3Ks (A-Raf, B-Raf, and C-
Raf/Rafl) and MAP2K1/2. Activators bind to receptor tyrosine kinases or
G-protein-coupled receptors. ERK pathway activation can be due to stimula-
tion of plasmalemmal proteins Ras via receptor tyrosine kinases in association
with adapter Grb2 and guanine nucleotide-exchange factor Sos. Activation of
Ras by Son-of-sevenless triggers Raf stimulation, Raf recruitment to the plas-
malemma, phosphorylation (activation) of MAP2Ks, and then activation of
ERK1 and ERK2. ERK1 and ERK2 have many targets, such as transcription
factors (NFkB, cJun, Elk1), kinases (RSK, MAPKAPK2), plasmalemmal re-
ceptors (EGFR), upstream tier activators (Rafl, Sos), and paxillin.

PKC can activate Rafl, and hence has a role in MAP4K. ERK1/235 shear
stress—dependent3S activation requires PKCe [370].37 Rafl, a ERK1/2 acti-
vator, is recruited to the plasmalemma, and activated by Ras, possibly phos-
phorylated by cSrc on the one hand and by diacylglycerol-regulated PKCox
and PKCe on the other hand [371].

Extracellular signal-regulated kinase-5, like ERK1/2, is activated by grow-
th factors, especially during the development of the cardiovascular sys-
tem. ERKS5 is required in endothelial cells. MAP3K2 and MAP3K3 activate
MAP2KS5, a specific kinase for ERK5. The ERK5 signaling pathway leads to
ERKS5 translocation into the cell nucleus. Activated ERKS5 also phosphorylates
substrates, such as the myocyte enhancer factor-2 [372]. ERKS5 is activated
by growth factors as well as oxidative stress and hyperosmolarity. ERKS5, as
well as ERK1/2, stimulates proto-oncogenes, such as cFos and cJun. ERK5
promotes the expression of cyclin D1, which regulates G1/S transition of the
cell cycle, implicating a cAMP response element.

35 ERK1/2 refers to both ERK1 and ERK2, which are activated by MAP2K1 and
MAP2K2.

36 Wall shear stress applied on endothelial cells activates extracellular signal-
regulated kinase isoforms ERK1 and ERK2 in endothelial cells in a time- and
force-dependent manner.

37 PKCe seems to be specific for shear ERK1/2 activation, PKCo and PKC( having
no effect on ERK1/2 activity.
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Protein kinases contains a site aimed at selectivity binding nucleotides
and inhibitors. Inhibitors prevent autophosphorylation, and thus dysregulate
signaling. A gatekeeper residue in ERK2 impedes autoactivation [373].38

c-Jun N-Terminal Kinases

The family of c-Jun N-terminal kinase regulates stress responses, neural devel-
opment, inflammation, and apoptosis. JNK1 and JNK2 are expressed in many
tissues. JNK3 is a specific compound of the brain. Many involved MAP3Ks
are activated by Rho GTPases. MAP3Ks activate MAP2K4 and MAP2K7.
JNKs are regulated by multiple scaffolds (JIP1-JIP4, B-arrestin-2, filamin,
and Crk2) for kinase activation and/or substrate selection.

p38 Mitogen-Activated Protein Kinases

p38 MAPKSs are activated by numerous factors: hormones, UV beams, is-
chemia, cytokines (interleukin-1, and tumor necrosis factor), osmotic pressure
changes and heat stresses.?® Four p38 isoforms (a,%° 8, v,! and §*2) act in a
cascade that involves MAP3Ks (MAP3K1-MAP3K4, TAK1, ASK1, MLK2-
MLK3, DLK, Tpl2, and Taol-Tao2). These MAP3Ks activate MAP2K3,
MAP2K4, and MAP2K6, which phosphorylate p38 [374]. In the classic path-
way (MAP3K-MAP2K cascade), p38 is phosphorylated (activated), down-
stream of MAP2K3 and MAP2K6. However, in some cells, such as activated T
cells, an alternative pathway for p38 activation exists. p38 MAPK is phospho-
rylated by Zap70, itself activated by Src kinases p56lck (MAPK-independent
p38-activation) [375]. p38 MAPKs are linked to scaffold proteins (JIP2, JIP4,
and OSM protein).*3

Stress-Activated Mitogen-Activated Protein Kinases

Stress-activated** MAPKs (SAPK) include JNKs and p38s activated by
MAP3K1-MAP2K4/7 and TAK1-MAP2K3/6 cascades, respectively. ASK1-
MAP3KS5 stimulates both JNK and p38. Activated JNK and p38 induce gene
expression vie different transcription factors, such as cJun, ATK2, Elk1, and
MEF2.

38 ERK2, activated by phosphorylations on two residues due to MAP2K1/2,
changes its conformation and phosphorylates cytoplasmic and nuclear proteins.
p38 MAPKSs are implicated in asthma and autoimmunity.
p38ax MAPK, also called CSBP1, is required for angiogenesis and erythropoietin
synthesis.

41 b38y MAPK is also termed ERK6 or SAPKS3.

42 1385 MAPK is also named SAPKA4.

OSM protein interacts with the actin cytoskeleton.

4 Various stresses (chemical, physical, and metabolic) are involved.
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SAPKs can be more or less implicated in cardiac remodeling associated
with overload or ischemia/reperfusion injury, modulating signaling pathways
associated with cardiac hypertrophy and cell apoptosis [376]. p38 MAPK can
promote remodeling with interstitial fibrosis, leading to a loss in contractibil-
ity, but without significant hypertrophy [377]. Cells can withstand relatively
high mechanical stresses owing to their dynamic cytoskeleton. p38 Kinases
(but not ERK or JNK) are responsible for stretch-induced activation of an
eicosanoid pathway that involves E-prostanoid receptor EP4 and cyclooxy-
genase COx2 (but not EP1 and COx1) via MAPKAPK?2 [378]. However,
prostaglandin PGE2 induces actin filament depolymerization in cells stretched
during a long time (6 hours, 5% elongation, 0.5 Hz).

Downstream of mitogen-activated protein kinase pathways, MAPK-acti-
vated protein kinases regulate gene expression at the transcriptional and post-
transcriptional levels and control the cell cycle. Moreover, MAPKAPKSs are
involved in actin remodeling, and consequently, in cell shape and cell motil-
ity [379]. Hsp27, an inhibitor of Rho-dependent (stress) actin fiber formation,
competes with cofilin for binding to the 14-3-3-protein. Increased release of
cofilin from the 14-3-3 protein is followed by cofilin dephosphorylation (inac-
tivation) and actin binding. Rho activation causes phosphorylation of cofilin
by LIM kinase and its release from the barbed ends of the actin filaments.

4.3.2.5 Rho-Kinases

Rho-kinase is a main effector of small GTPase Rho, which is implicated in
cell adhesion, cell motility, cell growth, cell contraction, and cytokinesis. Rho-
kinases are activated by autophosphorylation or RhoA (Sect. 4.5.3). Rho-
kinase activation, which depends on integrins, induces interaction with Rho
and rho-kinase translocation to the plasmalemma. Rho-kinases enhance the
formation of focal adhesions and the assembly of actin stress fibers. More-
over, rho-kinases bind with and phosphorylate (inhibit) myosin light chain
phosphatase (MLCP) which dephosphorylates the regulatory light chain of
myosin-2 (Fig. 4.5). Hence, rho-kinases regulate the strength and the speed
of actin—myosin crossbridging in smooth muscle and non-muscle cells.

There are two rho-kinase isoforms: RoK1 (RoKp) and RoK2 (RoKw).
RoK2 is the main type in muscles and brain. Rho-kinase-2 phosphorylates
(inhibits) myosin light chain phosphatase, and hence, increases myosin-2 activ-
ity even at a constant intracellular calcium level (calcium sensitization), and
ensures sustained vasoconstriction. RoK inhibitors suppress coronary artery
spasms and bronchospasms.
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Activated rho-kinases by lysophosphatidic acid*® reduce the peak current
amplitude of T-type calcium channels Cav3.1 and Cav3.3 without affecting
the voltage dependence of activation and inactivation [380]. They induce de-
polarizing shifts for activation and inactivation in Cav3.2 channels.

4.4 Protein Phosphatases

Protein phosphatases: (1) dephosphorylate phosphoserine (pSer) and phos-
phothreonine (pThr) in the cell, or (2) dephosphorylate phosphotyrosine
(pTyr), either exclusively or with pThr, at the plasmalemma or in the cyto-
plasma. Both tyrosine and serine/threonine dephosphorylations are associated
with cell growth, proliferation and differentiation, and turning off prolifera-
tion signaling. Protein phosphatases mainly act on proteins, but certain pro-
tein phosphatases are able to remove phosphate from either phospholipids or
mRNA. Inositide phosphatases (SHIP) and synaptojanins dephosphorylate in-
ositol phospholipids. The SH2-containing inositol 5-phosphatase SHIP1 binds
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Figure 4.5. Rho-kinase and protein phosphatase regulate the activity of myosin-
2, the nanomotor in smooth muscle and non-muscle cells. Myosin-2 is regulated
by phosphorylation and dephosphorylation of its myosin regulatory light chain
(MRLC) by Ca**-calmodulin-regulated myosin light chain kinase (MLCK) and
myosin light chain phosphatase (MLCP). Phosphorylated MRLC (pMRLC) ac-
tivates actin—myosin-2 binding. Myosin light chain phosphatase dephosphorylates
MRLC, thus inducing relaxation. Activated small GTPase RhoA stimulates rho-
kinase, which phosphorylates MLCP (pMLCP), thereby inhibiting MLCP activity
and increasing MRLC phosphorylation, favoring contraction. The Rho-rho-kinase
pathway contributes to the tonic phase of contraction in smooth muscle cells.

45 Lysophosphatidic acid (LPA) activates five different G-protein-coupled recep-
tors coupled to Gaq (LPA1-LPAS5), which activates phospholipase-C and pro-
tein kinase-C; Gai (LPA1-LPA3), which inhibits protein kinase-A; Gas (LPA4),
which stimulates PKA; or Gal2/13 (LPA1, LPA2, LPA4, and LPA5) which
activates RhoA.
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to tyrosine residues of numerous substrates. SHIP1 is involved in cytoskeleton
rearrangement for cell mobilization.

Protein tyrosine phosphatases (PTP) and protein tyrosine kinases (PTK)
act in partnership to coordinate their activities in the control of cell signaling.
Kinase—phosphatase cascades are characterized by protein—phosphoprotein cy-
cles that allow negative and positive controls and negative and positive feed-
back of a signaling pathway. The pathway from the platelet-derived growth
factor receptor (PDGFR, Sect. 10.1) to mitogen-activated protein kinases
ERK1/2, which involves Ras, Raf, and MAP2K, gives an example of kinase—
phosphatase control of signaling (Fig. 4.6).

4.4.1 Protein Serine/Threonine Phosphatases

The serine/threonine protein phosphatases include five known groups: PP1
(e, B, v1, and v2), PP2A, PP3 (PP2B), PP4, and PP5. In general, protein
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Figure 4.6. Kinase—phosphatase cascade induced by stimulation of the platelet-
derived growth factor receptor (PDGFR) associated with a balance between phos-
phorylation (activation) and dephosphorylation (inhibition). MKP is a flexibility
node of the pathway, modulating the cascade effect (Source: [342]). Control of
the Ras—ERK cascade needs the plasmalemmal recruitment of proteins serving as
adapters, anchors, and scaffolds (Grb, and Shc), and as regulators (Sos, and Ras-
GAP). These complexes can be activated at the plasmalemma or in the endosomes,
where they are able to recruit signaling molecules to trigger biological responses.
ERK1/2 activates cytoplasmic phospholipase-A2 (PLA2), which produces arachi-
donic acid (AA). The latter stimulates protein kinase-C (PKC) via diacylglycerol
(DAG). PKC in turn activates Raf (positive-feedback loop). Receptor tyrosine ki-
nases activate other effectors such as phospholipase Cy, which stimulates PKC. Pro-
tein phosphatase 2A (PP2A) dephosphorylates both Raf and mitogen-activated pro-
tein kinase kinase (MAP2K). Mitogen-activated protein kinase phosphatase (MKP)
dephosphorylates ERK1/2. MAPK phosphorylates MKP, reducing MKP degrada-
tion (negative feedback).
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phosphatases have less substrate specificity than protein kinases. Among Ser/
Thr phosphatases, chronophin regulates cofilin phosphorylation.

Protein phosphatase-1 (PP1) regulates the glycogen metabolism. The di-
verse forms of protein phosphatase-1 result from the association of a catalytic
subunit (PP1lc) and different regulatory subunits. These regulatory subunits
allow the targeting of various subcellular locations, and modulate binding
of stimulators and effectors. Protein phosphatase-1 contains binding domains
for hepatic and muscle glycogen and smooth muscle myosin, which target the
catalytic subunit to these substrates [381]. The hepatic glycogen-binding do-
main has two binding subdomains, one that suppresses the dephosphorylation
of glycogen phosphorylase, another that enhances the dephosphorylation of
glycogen synthase. The PP1c target depends on the interaction between the
regulatory subunits and catalytic subunit that form the PP1 complex. Pro-
tein phosphatases PP1 and PP2A account for more than 90% of all Ser/Thr
phosphatase activities in most cells.

Heterotrimeric protein phosphatase-2A (PP2A) is also a strongly regu-
lated phosphatase that fulfills numerous functions. Protein phosphatase-2A
is composed of catalytic (PP2Ac), scaffold (structural), and regulatory sub-
units. PP2A is regulated by one regulatory subunit among the set of regula-
tory subunits (classified into B/B55, B’/B56, and B” subsets), which control
PP2A substrate specificity, cellular location, and enzymatic activity. Protein
phosphatase-2A can both positively and negatively influence the Ras—Raf-
MAP2K-ERK signaling pathway (Fig. 4.6). Moreover, PP2A regulates G2—
M transition of the cell cycle. PP2A is required to keep the Cdc2—cyclin B
complex?S in its inactive precursor form. PP2A inhibits complete Cdc25 phos-
phorylation (activation). It is also positively implicated in the exit from mi-
tosis.

Calcineurin (PP3 or PP2B) activates the transcription of interleukin-2,
which stimulates growth and differentiation of T lymphocytes when the intra-
cellular concentration of calcium rises. Calcineurin is activated by the Ca™*—
calmodulin complex. The Catt—calmodulin complex activates PP2B by bind-
ing to its catalytic subunit and displacing the inhibitory regulatory subunit.

Protein phosphatase-4 is involved in microtubule organization at centro-
somes during mitosis and meiosis. PP4 contains a regulatory subunit that
interacts with the catalytic subunit [382]. The regulatory subunit target the
centrosomal microtubule organizing centers.

Protein phosphatase-5 is located in the cytoplasm, centrosomes and micro-
tubules, or the nucleus. PP5, provided with autoinhibition from its targeting
and regulatory domain, acts in microtubule organization and controls the cell
cycle. PP5 regulates steroid receptor signaling [383]. PP5 can be activated in
vitro by arachidonic acid.

46 The complex formed by Cdc2 and cyclin B prevents genome re-replication before
mitosis. The tyrosine phosphatase Cdc25 dephosphorylates (activates) Cdc2-
cyclin B.
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4.4.2 Protein Tyrosine Phosphatases

Classical protein tyrosine phosphatases can be classified as receptor-like
transmembrane enzymes (rPTP) and cytoplasmic (cPTP) proteins. PTPs can
dephosphorylate (inactivate) receptor tyrosine kinases (RTK), such as Eph re-
ceptors [384]. A second set of PTPs includes dual specificity phosphatases*”
which catalyze MAPK dephosphorylation (inactivation), such as cell-cycle
regulatory phosphatase Cdc25 and tumor-suppressor phosphatase PTEN.

Plasmalemmal phosphatase and tensin homolog PTEN*® can act as cyto-
plasmic tumor suppressor and phosphoinositide phosphatase that restricts the
activity of phosphatidylinositol 3-kinase by dephosphorylating phosphatidyli-
nositol(3,4,5)trisphosphate (PIP3) to phosphatidylinositol(4,5)bisphosphate.
PTEN also dephosphorylates tyrosine-phosphorylated focal adhesion kinases.
Phosphatidylinositol 3-kinase interacts with FAK in PKB phosphorylation.
Protein phosphatase-16 is also located in focal adhesions and associates with
focal adhesion kinases. PTEN interacts with adapter NHERF and platelet-
derived growth factor receptors [385]. Polyubiquination degrades PTEN,
whereas nuclear monoubiquitylated stabilizes PTEN. Ubiquination also reg-
ulates PTEN stability and its nuclear location, whereas PTEN favors chro-
mosome integrity [386]. PTEN acts on chromatin and regulates expression of
Radb1, that reduces the incidence of spontaneous DNA double-strand breaks.

The prototypic tyrosine phosphatase is the plasmalemmal regulator CD45
in leukocytes, nucleated hematopoietic cells and their precursors. Cluster de-
terminant protein CD45 is involved in differentiation of hematopoietic cell
lineages and immunity. CD45 positively or negatively regulates Src kinases
according to the cell type and context. CD45 also functions as a Janus kinase
that negatively controls the cytokine-receptor signaling. After stimulation, cy-
tokine receptors JaK1, JaK2, JaK3, and Tyk2 are phosphorylated. Activated
JaKs can phosphorylate transcriptional activators STATS for translocation to
the nucleus.

Table 4.6. Examples of signaling substances targeted by some protein tyrosine
phosphatases (SHP: Src homology protein tyrosine phosphatase; PTEN: tumor-
suppressor phosphatase (phosphatase and tensin homolog deleted on chromo-
some 10, an antagonist of the PI3K-PKB pathway); MKP: mitogen-activated
protein kinase phosphatase; Source: [384]).

Tyrosine phosphatase Signaling molecules
SHP2 PDGF, endothelin-1
PTEN PDGF, EGF

MKP (JNK phosphatase) TNF«

47 MAPK phosphatases act on both tyrosine and threonine.
48 PTEN stands for phosphatase and tensin homolog deleted on chromosome 10.
It is also called MMACI1 or TEP1.
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4.4.3 Dual-Specificity Protein Phosphatases

Dual-specificity mitogen-activated protein kinase phosphatases dephosphory-
late (inactivate) both phosphothreonine and phosphotyrosine on activated
MAPKSs (Sect. 4.3.2.4; Table 4.7). Certain MKPs are inducible, others are
stabilized or destabilized by phosphorylation, others display catalytic activa-
tion. MKP1, MKP2, MKP3, and MKP7 are regulated by phosphorylation.
ERK phosphorylation stabilizes MKP1 and increases its half-life, whereas it
elicits MKP3 degradation [387]. However, the interaction of MKP3 with its
specific substrate ERK2 enhances MKP3 activity.

Mitogen-activated protein kinase phosphatases are classified into two sets
according to intracellular location and transcriptional regulation. The first
set is primarily located in the nucleus and encoded by immediate-early genes.
It includes MKP1, MKP2, DUSP2, and HVH3. The expression of the nu-
clear MKPs is induced shortly after cell stimulation by growth factors and
stresses. The second set is located either primarily in the cytoplasm or in both
the cytosol and nucleus. They are characterized by slower kinetics. Mitogen-
activated protein kinase phosphatases, which are specific for MAPKs, could
also serve as anchors for MAPKSs and control their intracellular location.

4.5 Guanosine Triphosphatases

The receptor activation leads to biochemical events that can involve guanosine
triphosphatases. These proteins cycle between two conformations induced by
the hydrolytic activation—deactivation cycle, binding either guanosine diphos-
phate (GDP) or guanosine triphosphate (GTP). These protein switches are
flicked off (inactive GDP-bound state) and on (active GTP-bound state;
Fig. 4.9). This cycle is regulated to avoid pathological states. Once activated,
the switch activates the pathway effector immediately downstream from it.

Table 4.7. Types of mitogen-activated protein kinase phosphatases and their spe-
cific substrate with order of potency (Source: [387]).

MKP  Substrate (potency order)

MKP1 ERK < p38 ~ JNK
MKP2 p38 < ERK ~ JNK
MKP3 p38~ JNK < ERK
MKP4 JNK < p38 < ERK
MKP5 ERK < p38~ JNK
MKP7 ERK < p38 ~ JNK
DUSP2 JNK < p38 ~ERK
HVH3 ERK

HVH5 ERK < p38~ JNK
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The two major kinds of GTPases include: (1) the large guanine nucleotide—
binding proteins, the G proteins, and (2) the monomeric small guanosine
triphosphatases (small GTPases).

4.5.1 G Proteins

Heterotrimeric guanine nucleotide-binding proteins (G protein) are transduc-
ers of various extracellular signals (hormones, neurotransmitters, chemokines,
photons, odorants, tastants, nucleotides, and ions). G-protein heterotrimers
are attached to the inner leaflet of the plasmalemma. G proteins regulate
the production or influx of second messengers, such as cAMP and calcium.
The activation of G proteins is induced by ligand-bound G-protein-coupled
receptors®® (Fig. 4.7).

The G-protein heterotrimer is composed of a GDP-bound Ga-subunit
and a GRGy-dimer (Fig. 4.8). There are many isoforms of each of the three
subunits. Genes for 16 Go-subunits, grouped in four main classes, 5 G-
subunits, and 11 Gy-subunits, are identified, with possible splice variants®®
or post-translational modifications [388].>! A single receptor can stimulate
a single G protein (linear signaling). Some receptors promiscuously interact
with G proteins, whereas others specifically interact. A given G protein can
be regulated by several receptors, either positively or negatively (convergent
receptor signaling). A given receptor can activate several G proteins (diver-
gent receptor signaling), such as the a-adrenergic receptor targeting both Gs
and Gi.

The activated G protein is dissociated into GTP-bound Ga and GRGy
(or GBy; Fig. 4.8). The isolated GTP-bound G acts on a second messenger.
However, although certain G-protein heterotrimers dissociate after receptor
activation in vivo, other G-protein heterotrimers undergo simple rearrange-
ments, then possibly modulating G-protein effector activity [389).

49 Fach member of the GPCR family has a similar structure with seven trans-
membrane helices, an extracellular amino-terminus, an intracellular carboxy-
terminus, and three interhelical loops on each side of the plasmalemma. G-
protein-coupled receptors form both homo- and heterodimers. When a single
element of the dimer bind to its ligand, the dimer cannot fully activate the
G protein. Besides, when two receptors are dimerized to form a signaling unit,
the signal can differ from the response given by either receptor alone. Further-
more, the heterodimerization of a GPCR with another one affect the functioning
of the bound GPCR, modulating its activity.

Splicing is a modification of genetic information prior to translation.

There are several distinct subunit genes [388]: (1) a Gad subset with Gail, Gai2,
Gai3, Gaol, Gao2, Gatl, Gat2, Gagust, and Gaz; (2) a Gaq subset with Gol1,
Gaq, Gald, Gal5, and Gal6; (3) a Gal2 subset with Gal2 and Gal3; (4) a
Gas subset with Gas and Goolf; (5) a G subset from GB1 to GB5; and (6) a Gy
subset with farnesylated isoforms Gyl, Gyll, and Gy8cone, and with geranyl-
geranylated isoforms Gvy2, Gy3, Gy4, Gyb5, Gy7, Gy&olf, Gy10, and Gy12.

50
51
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Once the target has been stimulated, G fills its GTPase activity. When
GTP is hydrolyzed, G returns to the GDP-bound conformation, dissociates
from its target, and reassembles with Gy. The duration of G-protein acti-
vation is thus controlled by the intrinsic GTPase activity of Ga. Subclasses
of G subunits include: (1) Gs, which stimulates adenylyl cyclase and acti-
vate calcium channels; (2) Gi, which inhibits adenylyl cyclase and potassium
channels; and (3) Gq, which activates phospholipase-C, and protein kinases-
C and -D. Gq/11 stimulates the mitogen-activated protein kinase cascade.
G12/13 activates Rho GTPases. In dual signaling pathways activated by a
single G protein, both activated G and Gy stimulate effectors. In other
pathways, the major regulator is Gy, the activity of which can be suppressed
by excess Gu liberated by other activated G proteins.
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Figure 4.7. G-protein-coupled receptors (GPCR) are associated with three G-
protein subunits: Ga, which binds GDP (inactive state) or GTP, after ligand binding
and stimulation, Gf3, and Gy. Activated Go activates an effector. Several types of Ga
include Gas (stimulatory), Gaq, Gai (inhibitory), Gat, and Gal2. Gas stimulates
adenylyl cyclase (ACase), which produces a second messenger, cAMP. Gag-linked G-
protein-coupled receptor activates phospholipase C (PLC) which generates second
messengers, inositol trisphosphate (IP3), and diacylglycerol (DAG). Gai inhibits
adenylyl cyclase. Gat stimulates guanylyl cyclase (GCase), which forms ¢cGMP.
Gal2 activates RhoA GTP-binding proteins. Protein kinase-A (PKA) regulates my-
ocardial contraction, acting on contractile proteins, activating ion channels, such as
ryanodine receptors (RR) of the endoplasmic reticulum (ER) and voltage-dependent
calcium channels (VDCC) and sodium channels of the plasmalemma (GB Gy subunit
inhibits voltage-gated calcium channels VDCC), and carriers. PKA also increases
flow of metabolic energy, stimulating phosphorylase kinases and hormone-sensitive
lipases, and activates gene transcription. cAMP exert direct effects on other effec-
tors, such as RaplGEF. IP3 binds to its endoplasmic reticulum receptor IP3R and
causes release of stored Ca™" which rises transiently in the cytosol. PLC also ac-
tivates plasmalemma Cat™ influx channels, the transient receptor potential (TRP)
Ca™™ channels (TRPC) (adapted from [238]).
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4.5.2 Regulators of G-Protein Signaling

The interactions of GPCR, G protein, and effectors also involve the fine-tuned
regulators of G-protein signaling (RGS) proteins, which accelerate GTP hy-
drolysis. RGS act as GTPase-activating protein (Fig. 4.8). They are negative
regulators of the signal transduction mediated by Gi/o and Gq/11. The family
of small RGS proteins is composed of different members, encoded by differ-
ent genes of the cells of the vascular walls, which share a RGS homology
domain. However, their specific activities in GPCR signaling is associated
with another structural domain. The smaller RGS proteins likely function as
GaGAPs, whereas the larger RGS proteins and RGS-like proteins are Ga
effectors. Moreover, certain RGS proteins are involved in the assembly of sig-
naling complexes.

Cardiac RGSs hinder phospholipase-C activity via Gq/11, especially phos-
pholipase-C stimulation of endothelin-152 (Sect. 9.5.4). Hence, RGS4 has an
antihypertrophic effect. Furthermore, cardiac RGSs regulates the activation
and deactivation kinetics of Gpy-gated K* channels, thus the inward recti-
fier K* channel regulated by acetylcholine via Gi/o (RGSs accelerate GTP
hydrolysis rate of God/o and regulate ACh-dependent relaxation).?®

The membrane-attached RGS3, a GRy-binding protein [390] strongly ex-
pressed in the heart [391], attenuates signaling not only via Ged and Geg/11,
but also via Gpy-mediated signaling (through phospholipase-C, mitogen-
activated protein kinase, and phosphatidylinositol 3-kinase). RGS6 is rela-
tively abundant in atrial myocytes [392]. RGS-PX1, a Gas-specific GAP, in-
hibits adenylyl cyclase stimulation induced by the complex «-adrenoceptor—

GPCR - Gy - Go -GDP
M/RGS (GAP)
G oo — GTP - effector
+
G yB - effector

Figure 4.8. G-protein, its components, its activation—desactivation, and regulators
of G-protein signaling proteins (RGS).

52 Endothelin-1 has positive inotropic effects and stimulates heart wall growth via
Gq activation.

53 Binding of ACh to cardiac muscarinic M2-receptors enables GTP to replace
GDP at the Goa-subunit of Gi/o-proteins. The subunits dissociate and the G-
subunit activates K* channels. Phosphatidylinositol(1,4,5)trisphosphate inhibits
RGS activity on Gai/o-subunits. The rising intracellular Ca™ concentration
leads to the formation of Ca™+—calmodulin complexes. Ca™—calmodulin binds
to RGS, then inhibits the effect of phosphatidylinositol trisphosphate and acti-
vates RGS. Consequently, K* channels are inactivated. With decaying intracellu-
lar Ca™ concentration, Cat+—calmodulin dissociates and phosphatidylinositol-
trisphosphate inhibits RGS again.
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Gas. RGS-PX1 might then modulate the activity of cardiac Ca®™ channels.
RGS-PX1 binds to membranous phosphatidylinositol 3-phosphate, thus par-
ticipating to early endosomes. RhoGEFs have Dbl homology (DH) and pleck-
strin homology (PH) domains. The DH domain is responsible for exchange
activity and the PH one is likely involved in subcellular localisation. RGS-
like RhoGEFs act on Gal2 and Gl3 [390]. GPCRs coupling to G12/13 in
cardiomyocytes is associated with contractility [247], and protein kinase-C—
mediated activation of sarcolemmal Na™ /H* exchangers [393]. Another RGS-
like protein family, GPCR kinases (GRK), phosphorylate activated GPCRs.
GRK2, highly expressed in the human heart (as well as GRK5 and GRK6),
interacts with Gq/11 (GRK2 sequesters activated Goq).

The activity of RGS proteins is regulated within a cell. Phosphatidylinosi-
tol(1,4,5)trisphosphate inhibits RGS proteins [394]. Cat+—calmodulin restores
the GAP activity. Both PIP3 and Ca®™-calmodulin bind to the same RGS
site. Inhibition and disinhibition of GAP activity of RGS4 by these molecules
explain oscillations in the intracellular calcium concentration.®® Furthermore,
RGS proteins are targeted by different protein kinases.®®

RGS proteins are implicated in interactions involving various signaling
molecules associated with G-protein signaling pathways and ion carriers at the
plasmalemma, such as Ca™t, phospholipids (especially phosphoinositides),
and tyrosine kinases.’® Besides, lipopolysaccharides and angiotensin-2 increase
the expression of RGS proteins in vascular cells.

4.5.3 Small GTPases

The small Rho GTPases act in various cell activities, which require changes
in the cell cytoskeleton, such as its polarity, shape, adhesion, motion, division,
and differentiation.

During cell migration, Rho GTPases drive the membrane protrusion at
the leading edge and the contractility of the cell body. Rho GTPases indeed
regulate the assembly of filamentous actin (F-actin) in response to signal-
ing. Their effectors induce the assembly of contractile actin—myosin filaments
(stress fibers in particular) and integrin-containing focal adhesions. Conse-
quently, the small Rho GTPases act in vascular processes, such as smooth
muscle cell contraction, cell adhesion, endothelial permeability (Sect. 9.2),

5 At low [Ca™™];, GAP activity of RGS4 is hampered by PIP3. Hence, Gq/11 stim-
ulates phospholipase-C, which rise [Ca®™"];. Ca™™ thereby binds to calmodulin.
Ca™T—calmodulin reduces Gq/11 activation and [Cat™]; decays. When Catt-
calmodulin complex is dissociated, the PIP3 inhibition of RGS4 is restored.

55 Protein kinase-C phosphorylates RGS2, decreasing its Gq/11 inhibition. cGMP-
dependent protein kinase phosphorylates RGS4, inducing its translocation to
the plasmalemma. Protein kinase-A phosphorylates RGS9, inhibiting the GAP
activity on Gt.

56 Receptor tyrosine kinases regulate phosphoinositide activity.
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leukocyte extravasation (Sect. 9.3), platelet activation (Sect. 9.4), and mi-
gration of smooth muscle cells (SMC) and endothelial cells (EC) involved in
angiogenesis (Sect. 10.4.2) and wall remodeling (Sect. 10.7.2) [395]. They are
also required in vascular disorders associated with pathological remodeling
and altered cell contractility.

The Rho kinase (RoK), an effector of the small Rho GTPase, is involved
in atherosclerosis as well as in post-stenting restenosis. The phosphorylation
of the ezrin—radixin—moesin (ERM) family is significantly suppressed by RoK
inhibitor fasudil [396]. Rho GTPases also control other cellular activities [397].
Rho regulates several enzymes involved in phospholipid metabolism (phospho-
lipase D, phosphatidylinositol kinase). It controls delayed rectifier K™ chan-
nels.

The activation—inactivation cycle of Rho GTPasesis aregulated process. The
activation of GTPases into GTP-bound conformations is controlled by specific
guanine nucleotide-exchange factors (GEF), which catalyze GDP release to
induce association of GTP, thereby activating Rho GTPases (Fig. 4.9). GTP
is hydrolyzed to GDP by GTPase in combination with GTPase-activating
proteins®” (GAP). The Rho guanine nucleotide-exchange factors (RhoGEF)
has DH and PH domains. Other domains®® are specific to each member.

GDI
GDP

inactive Rho

GPCR

GAP—»T \LHGEF

active Rho
GTP

/ RoK

myosin Pase .
actomyosin

MLC =——— MLC—P/ interaction

MLCK <
Ca-Cam

Figure 4.9. Small GTPase states and effectors. Rho GTPases cycle between inac-
tive GDP- and active GTP-bound states. This cycling is controlled by three types
of regulatory proteins: (1) guanine nucleotide dissociation inhibitors (GDI), which
stabilise the inactive form; (2) guanine nucleotide-exchange factors (GEF), which
catalyze the exchange of GDP for GTP; and (3) GTPase-activating proteins (GAP),
which enhance the low intrinsic GTPase activity of Rho GTPases.

57 GTPase-activating proteins regulate the inactivation of small GTPases by accel-
erating their slow intrinsic GTPase activity.

®8 The regulator of G-protein signaling (RGS) domain acts as a GTPase-activating
protein (GAP).
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More than 80 Rho guanine nucleotide-exchange factors activate Rho GT-
Pases encoded by 22 genes, which regulate the actin cytoskeleton according to
the type of control input. Cdc42, Racl and RhoA intervene in the formation
of filopodia, lamellipodia, and contractile actin—myosin filaments, respectively.
GEFs link specific cytoskeletal responses to corresponding signaling. Repro-
grammed GEFs act on unrelated processes [398].

In the absence of signaling, the major fraction of small GDP-bound Rho
GTPases is located in the cytosol, and bound to guanine nucleotide dissocia-
tion inhibitors (GDI sequestration). Guanine dissociation inhibitors slow the
rate of GDP dissociation from Rho GTPases, which remain inactive. GDIs pre-
vent the translocation of Rho GTPases from the cytosol to the plasmalemma.

The three members of the VAV family (VAV1, VAV2, and VAV3) are gua-
nine nucleotide-exchange factors for Rho GTPases. They act not only on the
immune system, but also regulate angiogenesis [399]. VAV2 and VAV3 bind to
EphA2, in response to Ephrin-A1 stimulation, and trigger Racl GTPase ac-
tivity. They also attenuate the blood pressure via a catecholamine-dependent
stimulation of the renin—angiotensin system [400]. VAV 3-deficient mice exhibit
tachycardia and hypertension.

Cloned-out of library (Cool) proteins (p85 Cooll, p90 Cool2, and p50 splice
variant of Cooll) are guanine nucleotide-exchange factors.>® Cooll regulates
degradation of epidermal growth factor receptor. Cooll acts as a scaffold pro-
tein, linking Cdc42 to E3-ligase Cbl. Cooll is both an activator of Cdc42 and
an effector of activated Cdc42 (Table 4.8).

Small Rho GTPases can be activated via G-protein-coupled receptors,6°
tyrosine kinase receptors, and cytokine receptors. In particular, the growth
factors recruit Rho, Rac, and ERM.®! The activation of Rho proteins increases
the level of membrane-associated Rho proteins and decreases the cytosolic Rho
concentration.

Ras GTPases

Membrane-associated GTPases Ras and Rho activate intracellular pathways
in response to extracellular signals for multiple functions (Table 4.9). The
Ras activation by receptor tyrosine kinases involves the binding of Ras to
Ras-specific GEF Son-of-sevenless, which has been recruited to the plas-
malemma. The binding is followed by nucleotide exchange with Sos. G-protein-
coupled receptors can also initiate Ras signaling, using a Sos homolog, Ras
guanine nucleotide-releasing factor-1, which like Sos catalyzes Ras nucleotide
exchange.

59 Whereas Cool2 exhibits GEF activity, Cooll is characterized by autoinhibition,
containing an element that inhibits its GEF activity [401].

50 GPCR ligands, thrombin, endothelin, prostaglandin E2, angiotensin, a-adrener-
gics, sphingolipids, etc., activate Rho GTPases.

61 Ezrin, radixin, and moesin are involved in membrane recruitment of the Rho
GTPases. In endothelial cells, RhoA colocalizes with ERM proteins [402].
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The Ras GTPases include Ras, Rap, Ral, and others [403]. Rho, Rac, and
Cdc42 are the three best known classes of the Rho protein family. Rho kinases
are effectors of Rho GTPases. Rac and Cdc42 GTPases act via p2l-activated
kinases (PAK). Rho GTPases regulate cytoskeletal activity during cell motil-
ity, shape change, and contraction.’? Each Rho class has specific effects on
the actin cytoskeleton. Rho is involved in the formation of cytoplasmic stress
fibers, Rac in the formation of membrane ruffles and lamellipodia, and Cdc42
in the formation of filopodia (radial unipolar bundles). All Rho classes also
regulate the assembly of integrin-containing adhesion complexes, and thus
cell-matrix interactions and cell adhesion.

The components of the GTP-binding protein superfamily have a similar
effector domain, which interacts with downstream pathway targets. Both Rap
and Ras%? can bind the same effectors to regulate intracellular signaling events.

Table 4.8. Examples of small GTPases and their corresponding GEFs and regu-
lators. GEFs act both upstream and downstream of a small GTPase. GEF Tiaml,
an effector for Ras, also activates Rac for temporal and spatial coordination of Ras
and Rac pathways. Activated Ras activates its upstream GEF Sos (stimulatory feed-
back loop). Autoinhibition of Cooll GEF activity is relieved by EGF stimulation
via Src- and FAK-dependent phosphorylation of Cooll. Src-mediated phosphory-
lation of Cooll and Cbl promotes and inhibits Cooll-Cbl binding, respectively.
Activated Cdc42 promotes the formation of the Cdc42—-Cooll-Cbl complex, which
hinders EGFR signaling by sequestring Cbl away from EGFR, thus preventing Cbl-
catalyzed EGFR degradation. Cbl negatively regulates EGFR as well as other recep-
tor tyrosine kinases for platelet-derived growth factor, colony-stimulating factor-1,
stem cell factor, and fibroblast growth factor. EGFR hyperactivation is associated
with various human tumors. Conversely, the Cooll-Cbl-EGFR complex prevents
Cbl-catalyzed ubiquitination of EGFR, thus EGFR downregulation. Formation of
complexes with Cbl balance EGFR signaling and EGFR degradation. Cool2 binds
activated Cdc42 and promotes GEF activity for Rac; but activated Rac inhibits the
GEF activity of Cool2 (Source: [401]).

Small GTPase GEF Upstream regulator

Cdc42 Cooll-Cbl Src-FAK on Cooll (activation)
Cool1-Cbl Src on Cbl (inhibition)

Rac Tiam1l Ras-GTP
Cool2 Cdc42-GTP

Ras Sos Ras-GTP

52 The regulation of the non-muscle and smooth muscle F-actin cytoskeleton in-
volves phosphorylation of the regulatory myosin light chains, leading to the for-
mation of F-actin filaments.

53 The Ras GTPases, H-Ras, N-Ras, and K-Ras, have isoform-specific effects, in
particular due to their different location at the inner surface of the plasmalemma
and possibly in the Golgi complex membranes, both sites that are involved in
Ras signaling. H-Ras and N-Ras GTPases are palmitoylated and can be located
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Table 4.9. Main functions of small GTP-binding proteins (Arf: ADP-ribosylation
factors; Rab: Ras from brain; Ran: Ras-related nuclear proteins; Rap: Ras-related
proteins; Ras: superfamily of GTPases; Rho: Ras homology; Cdc42: cell-division
cycle-42; Rheb: Ras homolog enriched in brain).

Type Role

Arf Control of cell trafficking
(vesicle budding and maturation)
Phosphoinositide metabolism

Cdc42 Control of cytoskeleton

Rab  Control of vesicle transport
(clathrin-coated vesicle formation, endosomal motility)

Rac Control of cytoskeleton

Ran  Control of nuclear transport

Ras Control of differentiation and growth

Rheb  Cell growth

Rho  Control of cytoskeleton and integrin activity
Gene transcription

In the GTP-bound conformation, Ras binds to and activates effector proteins,
members of the Raf kinase family, phosphatidylinositol 3-kinase, and members
of the RalGEF family [405].

Oncogenic Ras proteins, H-Ras and K-Ras in particular, are activated by
most growth factors as well as integrins. R-Ras®* antagonizes H-Ras signal-
ing. In vitro, R-Ras enhances integrin-mediated cell adhesion, whereas H-Ras
inhibits integrin activities. R-Ras promotes the differentiation of myoblasts,
whereas H-Ras inhibits it.

R-Ras regulates cell survival and integrin activity, particularly in the re-
modeling of blood vessels. In vivo R-Ras is mainly expressed by smooth muscle
and endothelial cells [406]. In the absence of R-Ras, neointimal thickening in
response to injury and tumor angiogenesis are increased, whereas R-Ras ex-

in the plasmalemma and in the Golgi complex membranes. K-Ras GTPases lo-
calize in the plasmalemma. A de- and re-acylation (de- and re-palmitoylation)
cycle maintains the specific intracellular distribution [404]. Moreover, the ki-
netics of H-Ras and N-Ras GTPase trafficking are different. H-Ras GTPases,
stimulated by growth factors, are rapidly and transiently activated at the plas-
malemma, whereas they have a delayed and sustained activation at the Golgi
apparatus membranes. N-Ras GTPases are activated sooner than H-Ras GT-
Pases at the Golgi complex. Inhibition of palmitoylation blocks Ras activation.
De-palmitoylation redistributes farnesylated Ras in required membranes. Re-
palmitoylation, which occurs at the Golgi complex, enables Golgi membrane
anchorage. Ras is then redirected to the plasma membrane by exocytosis.
R-Ras differs from the other members of the Ras family. It contains a proline-rich
SH3 domain binding site. It can be phosphorylated by Eph receptors and Src.
Both the SH3 binding site and phosphorylation regulate R-Ras activity.
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pression is greatly reduced in hyperplastic neointimal smooth muscle cells and
angiogenic endothelial cells.

Formation of the GTP-bound Rapl state (activation) occurs through inter-
action with the Rapl-specific guanine nucleotide-exchange factor C3G. Under
basal conditions, C3G is associated with adapter Crk2. Stretch of the extra-
cellular matrix (ECM) is transduced into intracellular biochemical signals.
GTPase Rapl induce integrin-mediated adhesion and then influence actin dy-
namics. GTPase Rapl indeed activates integrins via a Rapl-GTP-interacting
adapter (RIAM) [407]. Stretch-mediated Rapl activation occur in intact cells,
as well as in stripped cells® [408]. Both cytoskeletons and intact cell stretch-
ing induces signaling using RaplGEF C3G and Crk2 (Rapl-Crk2-C3G path-
way). Stretch-induced phosphorylation of Crk-associated substrate (CAS) of
the cytoskeleton is due to Sre-family kinases (SFK). CrkII binds directly to
phosphorylated CAS, especially in cell-ECM adhesion sites.

Arf GTPases

The ADP-ribosylation factor (Arf) family of proteins belongs to the Ras su-
perfamily of small GTPases. Arf proteins regulate vesicular motions and or-
ganelle structure by recruiting coat proteins, modulating actin structure at
the plasmalemma and regulating phospholipid metabolism. Arf proteins are
also involved in various processes, such as secretion, endocytosis, cytokinesis,
and cell adhesion. Their cellular distribution (compartmentation)¢ and the
interacting molecules dictate the function of Arf GTPases. Several GEFs and
GAPs interact with Arf proteins.

The family of Arf GTPases includes Arf isoforms (Arfl-Arf6), Ras-related
protein Sarl, Arf-related protein ArfRP1, and Arf-like (Arl) GTPase. Arf
GTPases can be classified into three classes: class 1 (Arfl, Arf2, and Arf3)
regulate the assembly of coat complexes onto budding vesicles and activate
lipid-targeted enzymes, class 2 (Arf4 and Arf5), and class 3 (Arf6).

55 Extraction using Triton X100 leads to a remaining cell complex that contains

mainly cytoskeletal and adhesion proteins and few membrane lipids or cytoplas-
mic proteins.
Arfl regulates the early secretory pathway, from the Golgi apparatus to the en-
doplasmic reticulum and between Golgi cisternae, recruiting coat protein com-
plex 1, clathrin, and adaptor proteins (AP1, AP3, and AP4) [409]. Arfl also
interacts with membrin and SNAREs. Arf6 is located at the plasmalemma and
endosomal compartments, where it regulates endocytic membrane trafficking and
actin remodeling. It recruits clathrin and AP2. Arf6 acts on phosphatidylinosi-
tol(4)phosphate 5-kinase and phospholipase-D, for production of phosphatidyli-
nositol(4,5)bisphosphate.

66
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4.6 Nitric Oxide Synthases

Nitric oxide is synthesized by nitric oxide synthases (NOS), which use NADPH
and Oy as cosubstrates. Nitric oxide activates specific soluble guanylyl cyclase
(Sect. 4.12). Active NOS is a homodimer, whatever the isoform. NOSs are
hemeproteins; heme irons can bind NO in both ferric or ferrous states within
seconds from starting of NO synthesis. NO binding to the heme reversibly
inhibits NOS catalysis (negative feedback by the inactive NOS-NO complex).

Nitric oxide is produced by two Ca®™*-dependent constitutive NOS iso-
forms: neuronal NOS (nNOS or NOS1) and endothelial NOS (eNOS or
NOS3).57 Transiently-activated constitutive NOS synthesizes NO in response
to: (1) increased intracellular calcium concentrations by different activators
followed by calmodulin binding; and (2) to other stimuli, such as the wall
shear stress.

Endothelial nitric oxide synthase (eNOS) is expressed not only by the vas-
cular endothelium, but also by the airway epithelium and certain other cell
types. Calcium-activated calmodulin binds to and transiently activates consti-
tutive NOS dimers. Post-synthesis processing (primarily by acylation) incor-
porates eNOS to plasmalemmal caveolae. This compartmentation facilitates
protein-protein interactions and signal transduction. Within caveolae, eNOS
is targeted by G-protein-coupled receptors as well as other receptors (estro-
gen receptor, and high-density lipoprotein receptor SR-BI) [410]. Binding to
caveolin-1 inhibits NO synthesis by eNOS [411]. eNOS can be myristoylated,
palmitoylated, farnesylated, acetylated, and phosphorylated. These modifica-
tions assist in localizing the enzyme to various cell compartments. Except
phosphorylation, these changes do not significantly affect eNOS activity.

Certain protein kinases (PKA, PKB, and AMPK) phosphorylate Ser1177
residue and activate eNOS, whereas others, such as PKC, phosphorylate
Thr495 residue®® and promote dephosphorylation of Serl177 residue, hence
inhibiting eNOS [412] (Tables 4.10 and 4.11).%9 Phosphatases PP1 and PP2A
dephosphorylate Thr495 and Ser1177 residues of eNOS, respectively.

nNOS is, in particular, located in synapses. nNOS interacts with post-
synaptic density protein PSD95 and PSD93 in the nervous system, as well
as al-syntrophin in the striated muscle [414]. Caveolin-3 binds to nNOS and
inhibits NO synthesis.

A cytokine-inducible NOS (iNOS or NOS2) produces NO only in selected
tissues, such as lung epithelium, and cells, such as endothelial cells, dermal
fibroblasts, and CD8 T lymphocytes. NO plays a role in host defense. It is
typically synthesized in response to inflammation, and is implicated in vas-
cular diseases and transplant rejection. iNOS activity appears slowly after

57 The constitutive NOS are designated after the cell types in which they were
originally discovered.

58 Thr495 corresponds to a calmodulin binding site.

% VEGF stimulates PKB and PKC, IGF1 stimulates PKB.
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cytokine-exposure (TNF, IL, or IFN), is sustained, and can function indepen-
dently of calcium and calmodulin. However, calmodulin can be tightly bound
to iNOS;™ therefore, iNOS production is prolonged. Cells regulate inducible
NOS via aggresome [415]. The dynein—dynactin complex associates cytokine-
induced iNOS to the aggresome at the microtubule-organizing center.
Inducible NOS in non-stimulated T lymphocytes is implicated in athero-
sclerosis and graft intimal thickening. JaK /STAT signaling, which occurs dur-
ing T-cell activation, inhibits iNOS expression. Endothelial cells and other

Table 4.10. eNOS phosphorylation and dephosphorylation. Ser1177 phosphoryla-
tion leads to eNOS activation, and Thr495 phosphorylation to eNOS inactivation
(Source: [412]).

Serll77 Thr495
Phosphoryl® Dephosphoryl’ Phosphoryl® Dephosphoryl®
(activation) (inhibition) (inhibition) (activation)
Phosphatases PP2A PP1
Kinases PKA PKC PKC PKA
PKB (via PP2A)  AMPK (via PP1)
PKG
AMPK
CamK2

Table 4.11. Stimulators of multisite eNOS phosphorylation and dephosphorylation
of specific serine and threonine residues (Source: [413]).

Residue Phosphorylation Dephosphorylation
site stimulators stimulators
Ser114  Shear stress, ATP,
HDL VEGF
Ser615 ATP, bradykinin,
VEGF

Ser633  Shear stress,
ATP, bradykinin,
VEGF
Ser1177 Shear stress,
ATP, bradykinin, histamine,
thrombin, hydrogen peroxide,
insulin, estrogen,
adiponectin, leptin,
sphingosine 1-phosphate,
VEGF, IGF1
Thr495 Bradykinin, hydrogen peroxide,
VEGF

70 NOS affinity for calmodulin obeys the following order: nNOS < eNOS < iNOS.
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stromal cells induce iNOS expression in CD8 T cells, at a greater extent than
in CD4 T cells. Inducible NOS in resting T cells and low NO concentrations in-
crease T-cell proliferation in response to allogeneic endothelial cells of grafted
vessels [416]. iNOS induction depends on NF«B, which is inhibited by STAT.

Asymmetric dimethylarginine and monomethyl arginine inhibit all NOS
isoforms.”" Asymmetric dimethylarginine is a cardiovascular risk factor be-
cause it reduces NO signaling, hence eliciting endothelial dysfunction and
augmenting systemic and pulmonary blood pressure [418]. Its plasmatic con-
centration, indeed, rises particularly in pulmonary hypertension.

NO Effects

Nitric oxide acts not only on the vasomotor tone (Sect. 9.5.3), but also on
immunity, neurotransmission, ion conductance, glycolysis and apoptosis. Bi-
ological effects of NO can be mediated by modifications of proteins. The
ubiquitin-dependent N-end rule pathway recognizes degradation signals based
on a destabilizing N-terminal residue. Oxidation of N-terminal cysteine (be-
fore its arginylation) of regulatory proteins requires nitric oxide. NO regulates
particularly the heart proteolysis of RGS4, RGS5, and RGS16 [419].

NO Activity in the Heart

In the cardiomyocyte, the regulation of intracrine nitric oxide signaling
depends on the location (sarcolemma, or sarcoplasmic reticulum) of NO syn-
thase isoforms (NOS1, and NOS3) [420]. Nitric oxide inhibits B-adrenergic-
induced inotropy after compartmentation of NOS3 in caveolae, hampering
L-type Ca™™ channels. NOS3 binds to caveolin-3 of caveolae, which also in-
corporate -adrenergic receptors and L-type Ca™" channels. NOS1 associates
with ryanodine receptors of the sarcoplasmic reticulum and then stimulates
Ca™™ release. NOS1 and NOS3 thus have opposite effects on Ca™ influx.

Table 4.12. NO targets in the cardiovascular system (Source: [417]).

Target Function
Guanylyl cyclase c¢GMP formation
NADPH oxidase Enzyme inhibition

Tissue plasminogen activator Vasodilation, platelet inhibition
Ca'T-activated K™ channel Vasodilation

Cyclooxygenase-2 Prostaglandin synthesis
Cytoskeleton proteins Dysfunction

™' Methylarginines are formed by arginine methyltransferases. After proteolysis,
methylarginines are released. These endogenous amino acids are degraded by
dimethylarginine dimethylaminohydrolase.
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In the heart, NO is an important regulator of both perfusion and con-
tractility [421]. Endothelial NOS exerts paracrine and autocrine influences on
the cardiomyocyte. In the heart, nitric oxide produced by endothelial cells
favors the perfusion via vasodilation and prevention of platelet aggregation.
Nitric oxide in endothelial cells subjected to mechanical and chemical stim-
ulators increases the intracellular calcium level, which activates nitric oxide
synthase-3 by promoting the binding of Ca**-calmodulin to NOS3 and acti-
vation of PI3K and, subsequently, of PKB. Nitric oxide produced by cardiomy-
ocytes regulates the force and rate of contraction. Moreover, noradrenaline and
acetylcholine released from autonomic nerve endings stimulate their respective
receptors to activate NOS3 in cardiomyocytes (Fig. 4.10).

Both NOS1 and NOS3, constitutively expressed in cardiomyocytes are in-
volved.” NO acts on the excitation-contraction coupling. NOS3 facilitates the
electromechanical coupling in response to sarcomere stretch. NOS3 mediates
the slow rise in calcium transient and force (Anrep effect). NOSI hinders L-
type calcium current and enhances calcium reuptake into the sarcoplasmic
reticulum by SERCA (Fig. 4.10). NOS1 and possibly paracrine NO from
adjoining endothelial cells promote cardiomyocyte relaxation and thereby
ventricular filling, which increases stretch, whereas NOS3 sustains length-
dependent increase in calcium transient and force generation in stretched
fibers. Moreover, NOS1 and NOS3 attenuate (31/f2-adrenergic positive in-
otropy and chronotropy. NOS3 also potentiates acetylcholine activity. NOS
reinforces pre- and post-synaptic vagal control of the cardiac contraction.
They thus protect the heart against excessive stimulation by catecholamines.
In the ischemic myocardium, NOS1 augments the effect of constituve NOS.
Last but not least, NOS modulates oxygen consumption, promotes free fatty
acids rather than glucose oxidation, struggles against oxidative stresses, pre-
vents apoptosis at low concentrations, and acts in adaptive and regenerative
processes.

Cyclic adenosine monophosphate and cyclic guanosine monophosphate
have opposing effects in the cardiomyocyte.” A high NO concentration in-
creases the cGMP level leading to negative inotropy by a PKG-dependent re-
duction in myofilament responsiveness to calcium. (The calcium ions remain

72 NOS3 is distributed between plasmalemmal and T-tubular caveolae, in associ-
ated with myocyte-specific caveolin-3. NOS1 could be located in the sarcoplasmic
reticulum, NOS1a in mitochondria. NOS3 also exists abundantly in endothelial
and endocardial cells, and NOS1 in both adrenergic and cholinergic nervous
fibers.

7 ¢cAMP /cGMP binding proteins include: (1) cAMP- and cGMP-dependent pro-
tein kinases PKA and PKG, (2) several phosphodiesterases, and (3) A/G-kinase
anchor proteins. Phosphodiesterase PDE4 and PDES5 selectively degrades cAMP
and ¢cGMP, respectively. PDE1 and PDE2 target both cAMP or ¢cGMP. Com-
partmentalized signaling events involve scaffold proteins AKAPs and GKAPs for
PKA and PKG, respectively. Sphingosine kinase-1 interacting protein (SKIP),
an anchor for sphingosine kinase-1, can serve as AKAP.
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available.) Low NO concentration increases cAMP level by adenylyl cyclase
activation, leading to positive inotropy [422]. The negative cGMP effects in
cardiomyocytes are mediated by cGMP-gated ion channels, protein kinase-G,
and phosphodiesterases. cGMP-stimulated cAMP phosphodiesterase PDE2
and cGMP-inhibited cAMP phosphodiesterase PDE3 are regulated by the in-
tracellular concentration of cGMP. PDE3 is inhibited by an increase in cGMP
level, which raises the cAMP level. PKA then activates calcium channels,
countering the PKG effects. In contrast, cGMP can stimulate PDE2, thereby
reducing the cAMP level and PKA activity. Interaction between cGMP and
cAMP signaling pathways are impaired in failing cardiomyocytes [423].

cAMP-dependent protein kinase PKA phosphorylates target proteins, in-
cluding the L-type calcium channel for increased calcium influx using calcium-
induced calcium release, thereby enhancing CMC contraction [417]. ¢cGMP
activates PKG, which inhibits the L-type Ca*+-channel, and activates BKCa
channel and myosin light chain phosphatase.

Exogenous NO acting on soluble guanylyl cyclase triggers the cGMP—
PKG pathway. PKG1 then inhibits L-type Cat™t channels CaV1.2a [424].
Muscarinic receptor stimulation does not act on this cascade but stimulates
calmodulin-dependent cardiac nitric oxide synthase, which produces endoge-
nous NO. Muscarinic inhibition occurs rather via inhibition of cAMP signal-
ing via Gai2-dependent inhibition of adenylyl cyclase. Stimulation of 31/f32-
adrenergic receptor produces positive inotropy via Gas activation of adenylyl
cyclase activating cAMP levels (Fig. 4.10).

Nitric oxide produced by inducible NOS in all cardiac cell types, including
interstitial macrophages, under exposure to cytokines and other inflammatory
mediators exerts paracrine and autocrine effects. Large NO concentrations
decrease the contraction of cardiomyocytes and vascular smooth muscle cells.
NO produced by iNOS also induces apoptosis of various cell types. In the
cardiomyocyte, NO provokes TNF« synthesis using the cGMP-PKG pathway.
TNF« induces iNOS expression and yields a positive feedback inflammatory
loop [425].

4.7 NADPH Oxidases

Every cell type of the vessel wall contains NADPH oxidases (NOx), thereby
producing reactive oxygen species (Fig. 4.11) [249].7* These NADPH oxi-
dases have specific features, constitutive and inducible activities, and sub-

7 NAD(P)H oxidases belong to the small set of superoxide-producing enzymes of
the vasculature, which includes xanthine oxidase, cytochrome P-450, and un-
coupled nitric oxide synthase. Reactive oxygen species act on cell growth and
apoptosis, and cause vasodilation, driving signaling cascades via activation of
kinases and inhibition of tyrosine phosphatases and activating various transcrip-
tion factors.
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Figure 4.10. eNOS and nNOS cooperate to regulate the sympatho-vagal balance
in the heart. nNOS (NOS1) acts in the parasympathetic and sympathetic endings.
nNOS potentiates acetylcholine release and hampers noradrenaline release in the
synaptic cleft. eNOS (NOS3) is activated in cardiomyocytes by both stimulated mus-
carinic cholinergic and B3-adrenergic receptors. Activated eNOS in the cardiomy-
ocyte opposes adrenergic activity but reinforces vagal input. Catecholamine stimula-
tion of B3-adrenoceptors of cardiomyocytes activates eNOS via Gad, which increases
cGMP level and leads to negative inotropy. Co-located eNOS and ryanodine channels
RC2 in the T-tubule-sarcoplasmic reticulum junction favor calcium influx. cGMP
opposes cAMP-positive inotropy because it activates phosphodiesterase PDE2 for
cAMP degradation, although ¢cGMP can potentiate cAMP effects via inhibition of
PDE3. PKG activation reduces the L-type calcium current. PKG also decreases my-
ofilament sensitivity to calcium, thereby promoting relaxation. nNOS hinders L-type
calcium channels (VGCC) but promotes sarcoplasmic reticulum calcium ATPase
(SERCA). Exogenous NO acts on soluble guanylyl cyclase (sGC) for cGMP pro-
duction, and activates PKG1. Activated PKG1 inhibits L-type channels CaV1.2a.
iNOS triggered by cytokines and other inflammatory mediators in the cardiomyocyte
activates the cGMP-PKG pathway, and hence NFkB, leading to TNF« synthesis.
TNF« upregulates iNOS in cardiomyocytes. (Sources: [417, 421, 424, 425]).

strate specificity.” Protein kinase-C activates vascular NAD(P)H oxidase.
Phospholipase-D and -A2 could also stimulate NAD(P)H oxidase via effec-
tors. Thrombin, several growth factors, and angiotensin-2 stimulate NOx ac-
tivity in vascular smooth muscle cells and endothelial cells (Table 4.13). Both

7 Vascular NADPH oxidases are composed of subunits, especially catalytic
gp91lphox (also called nox2), or noxl in smooth muscle cells, as well as nox4
and nox5 (phox means phagocyte oxidase, nox NADPH oxidase). Stimulation
leads to subunit assembling.
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Figure 4.11. NAD(P)H oxidase in vascular cells (Sources: [249, 426]. NOx is upreg-
ulated in vascular smooth muscle cells by platelet-derived growth factor (PDGF),
transforming growth factor-f (TGF), and tumor necrosis factor-o« (TNF), and in
endothelial cells by angiotensin-2. Stimulation of the AT1 receptor (AT1R) by
angiotensin-2 (ATn2) activates phospholipase C via G protein. PLC produces inositol
trisphosphate (IP3) and diacylglycerol (DAG), releasing calcium from intracellular
stores and activating protein kinase-C (PKC), respectively. PKC phosphorylates
the catalytic NOx subunit. Calcium ions activate phospholipase-A2 (PLA2), which
produces lysophosphatidylcholine and arachidonic acid (AA). Arachidonic acid is
metabolized into prostaglandins by constitutive (COx1) and inducible (COx2) cy-
clooxygenases. Angiotensin-2 also activates the Src kinase, which participates to
the activation of the EGF receptor (EGFR) and activates protein tyrosine kinases.
Activated phospholipase-D produces phosphatidic acid (PA), which is converted to
DAG, subsequently enhancing PKC activity. Reactive oxygen species (ROS) ac-
tivate Src associated with EGFR. Long-duration exposure of vascular endothelial
cells to omega-3 fatty acid docosahexaenoate (DHA) causes its incorporation into
plasmalemma. DHA inhibits nuclear factor-«B (NFkB) and, subsequently, COx2.
Furthermore, it decreases the production of reactive oxygen species by inhibiting
NADPH oxidase (NOx), and reduces PKC association to the plasmalemma. Last
but not least, NOx is stimulated by pulsatile wall shear stress.

increase Rac GTPase activity. Besides, angiotensin-2 transactivates the EGF
receptor with ROS via Src.
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4.8 Transcription Factors Involved in Stress Responses

4.8.1 Nuclear Factor-kB

The genes regulated by transcription factor NFkB in coordination with dif-
ferent signaling pathways control cell proliferation, apoptosis, cell adhesion,
stress response, tissue remodeling, and innate and adaptive immunity. NFkB
activation depends on its induction pattern. For example, NF«kB regulation
of the Jun N-terminal kinase signaling can have opposing results according to
the cell type.

Nuclear factor-kB is inactive in resting cells due to sequestration in the
cytosol by its inhibitor. NFkB includes five members: NFxkB1 (p105/p50),
NFkB2 (pl00/p52), RelA (p65), RelB, and Rel (or cRel). NF«kB hence cor-
responds to any dimeric transcriptional factor of the Rel family. The NFkB
signaling module is at least composed of: (1) five homo- and hetero-dimeric
transcription factors, bound to NF«B dimers to favor cytosolic location in un-
stimulated cells; (2) five regulatory subunits, NFkB-bound inhibitors of NFxB
(IkB); and (3) three IkB kinases, with two catalytic subunits, IKKe (IKK1)
and IKKB (IKK2), and a regulatory subunit, IKKy, or NFkB essential mod-
ulator NEMO. IKK«, a negative regulator, limits NF«B activation. NEMO is
essential for NFkB activation.

After degradation of their cytoplasmic inhibitors IkB, the homo- and
hetero-dimers composed of the five NFkB/Rel proteins translocate to the
nucleus and bind various sites in the genome to interact with associated tran-
scription factors. NFkB thus activates transcription of numerous genes impli-
cated in inflammation, immune response, and antiapoptosis. Transcriptional
activation domains exist in RelA, RelB, and cRel, but are lacking in NFkB1
(p50) and NFkB2 (p52). NF«kB binding and unbinding on its target sites
within transcription gene is characterized by fast dynamics [427].

NFkB activation is triggered by multiple plasmalemmal or intracellu-
lar receptors. Cooperative and antagonistic cross-talks exist between NF«B

Table 4.13. Expression of NAD(P)H oxidase in vascular smooth muscle cells de-
pends on numerous compounds that either favor or prevent it.

Upregulation =~ Downregulation

ATn?2 Statins
ET1 Estradiol
Thrombin

PDGF

TGFp

TNF«

PGF2«x

oxLDL

WSS
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and other signaling pathways, with JNK, tumor suppressor and transcrip-
tion factor p53, and nuclear receptors [428]. Adapter Bcll0 is required for the
activation of NFkB by GPCRs stimulated by their ligands, such as endothelin-
1 [429].

Nuclear factor-kB signaling uses canonical and non-canonical pathways ac-
cording to the stimulus type. However, there is cross-talk between inflamma-
tory (canonical pathway) and developmental (non-canonical pathway) stimuli
in the immune system owing to a fourth inhibitor of NFxB. NFkB activation
in response to inflammatory stimuli (TNF) occurs via the canonical pathway.
The canonical pathway is characterized by phosphorylation using IkB kinases
IKKy and IKKf and proteolysis of IKKx, IKK3, and IKKe, which release
RelA—p50 heterodimers, which translocate to the nucleus and activate target
genes (NFkB/RelA pathway). Developmental stimuli, such as the one gener-
ated by the lymphotoxin-f3 receptor (LTBR), induce NFkB-inducing kinase-
and IKKa-dependent phosphorylation and partial proteolysis of pl00 to
generate pb2, leading to RelB-pb2 heterodimers that translocate to the
nucleus. Furthermore, LT3R can also activate RelA—p50 using the canoni-
cal pathway in the presence of NF«kB2/p100 [430]. Inhibitor p100 sequesters
RelA-—p50 dimers in the cytoplasm, thus inhibiting translocation to the nu-
cleus. Protein pl00 allows cross-talk between canonical and non-canonical
signaling pathways. However, inhibitor pl00 forms two different inhibitory
complexes with RelA for pathway specificity (insulation). One pathway me-
diates developmental NFkB activation.

NFkB regulates expression of cytokines, chemokines, and adhesion mol-
ecules. NFkB is, in particular, activated by inflammatory cytokines (tumor
necrosis factor-o, and interleukin-1) and cell stress (UV, and +y-irradiation).
The release of NFkB from IkB is stimulated by at least two cytosolic path-
ways: the classical and alternative pathway. The classical pathway is partic-
ularly triggered by bacterial and viral infections and inflammatory cytokines
(tumor-necrosis factor, and interleukin-1). This IKKk-dependent pathway
leads to activation of the inhibitor of NFkB kinase. The IKK complex phos-
phorylates IkBs for polyubiquitination and proteasomal degradation. NFkB
is then released, predominantly with elements composed of RelA, cRel and
p50, which enter the nucleus for transcription. Target genes of the classical
pathway encode mediators of inflammation, cytokines (TNF, IL1, IL6, and
IL8), chemokines, proteases, and apoptosis inhibitors. The alternative path-
way is initiated by CD40, lymphotoxin, and B-cell activating factor of the
tumor necrosis factor family. It involves NF«kB-inducing kinase (NIK), which
activates IKK o and processes pl100. p52/RelB heterodimers are released. The
two pathways mediate different immune functions.

Tumor necrosis factor receptors include TNFR1, TNFR2, CD30, and
CD40. Tumor necrosis factor receptor-1, the main TNF receptor, trimerizes
and forms a signaling complex with several adapters, including TNF receptor—
associating factor-2 (TRAF2) and TNF receptor-interacting protein. Thsi
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complexe then triggers nuclear factor-kB”® and mitogen-activated protein ki-
nase pathways.

In disturbed endoplasmic reticulum due to glucose starvation, perturbation
in intracellular calcium stores, or inhibition of protein glycosylation, protein
foldings are compromised. An adaptive response is then triggered to avoid al-
teration of the processing of unfolded proteins in the endoplasmic reticulum.
This reaction is mediated by three transmembrane proteins of the endoplas-
mic reticulum: (1) the protein kinase endoribonuclease IRE1, (2) the pro-
tein kinase-R-like endoplasmic reticulum kinase, and (3) the transcriptional
activator ATF6. In disturbed endoplasmic reticulum, TNFR1 activates Jun
amino-terminal kinase downstream from IRE1, which is linked to TNFR1 in
a complex [432, 433].

Hypoxia activates IkB kinase-f3, which degrades IkBx and releases tran-
scription factor NFkB. IKKf{ also amplifies cellular sensitivity to TNFa.
IKKp hydroxylation by prolyl hydroxylase,”” mainly PHD1, withdraws the
repression of NFkB [434].

NF«kB inhibits cell apoptosis induced by TNF «, upregulating the expres-
sion of antiapoptotic genes, such as cellular flice-inhibitory protein, BCL2
family proteins, and X-chromosome-linked inhibitor of apoptosis. NFkB acti-
vates cellular flice-inhibitory protein® (cFIIP). The mitogen-activated protein
kinase signaling cascade also regulates cell death and survival, particularly the
c-Jun N-terminal kinase pathway. JNK is activated by MAP2K4 /7, themselves
activated by MAP3Ks (MAP3K1/4, apoptosis signal-regulating kinase ASK1,
and TGFB-activated kinase TAK1). Cytokines, such as TNFa and IL1, rel-
atively quickly induce a transient MAPK activation leading to survival cues;
but TNF« generates a prolonged JNK activation and ROS accumulation in
the absence of cellular flice-inhibitory protein (cFI1IP), a prolonged MAPK
activation promoting cell apoptosis (Fig. 4.12). TNF« favors ROS accumula-
tion in the absence of NFkB. At the opposite, the expression of antioxidants
is upregulated by TNF« in the presence of NFkB and the long form of cFIIP
(cFIIPI). The long form of cFIIP interacts with MAP2K7 and inhibits the
interactions of MAP2K7 with MAP2K1, ASK1, and TAK1. cFIIP] binds to
MAP2K7 and MAP2K1, cancelling JNK and ERK pathways [435]. TNF« fa-
vors the interaction of cFIIP with MAP2K?7 during transient activation of JNK
activation, but also promotes a quick degradation of cFIIP] during prolonged
JNK activation degradation via ubiquitin ligase ITCH.

76 Tumor necrosis factor receptor-1 recruits receptor-interacting protein-1 (RIP1).
RIP1 is polyubiquitylated and targets the NEMO regulatory subunit of IkB
kinase to activate NFkB [431].

7" There are three known prolyl hydroxylase isoforms: PHD1, PHD2, and PHD3.

8 Cellular flice-inhibitory protein is also designated as cash or casper. The cellular
flice-inhibitory protein gene encodes two splicing variants, the long form of cFIIP
(cFIIP1) and the short form of cFIIP (cF1IPs).
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4.8.2 Hypoxia-Inducible Factor

Cells adapt to changes in oxygen availability. The cellular response to hy-
poxia involves two pathways associated with NFkB and the hypoxia-inducible
factor. Survival transcription factors stimulated by decreased oxygen levels
are mediated by the hypoxia-inducible transcription factor (HIF; Fig. 1.6).
Hypoxia-inducible factor-1 regulates the expression of genes producing mol-
ecules for angiogenesis, vasodilatation, glycolysis, and erythropoesis. The
hypoxia-inducible factor is an «/f heterodimer that binds hypoxia response
elements to hypoxia-inducible genes. The concentration of the HIF & subunit
(but not HIF) is regulated by oxygen.

HIF1 is constitutively synthesized. Two oxygen-dependent repression mech-
anisms exist. HIF1 is repressed either by prolyl hydroxylases (Sect. 4.8.1),
mainly by PHD2, with co-substrate oxygen to undergo E3-ligase-dependent
ubiquitination initiated by the binding of von Hipple-Lindau protein and sub-
sequent proteasomal degradation, or by asparagine hydroxylase, the factor
inhibiting HIF. HIF proteasomal degradation due to hydroxylation is mainly
catalyzed by HIF prolyl hydroxylase, which requires oxygen.”® Protein hy-
droxylation by HIF asparagine hydroxylase on manifold proteins (hypoxia-
inducible factor, IkB proteins, etc.), also corresponds to an oxygen-sensitive
signal for various cellular processes [436].%Y HIF hydroxylases thus inhibit
HIF. Reductions in the hydroxylation rate during hypoxia allow HIF to ac-

TNF o
transient prolonged
- cFIIP
- - +
MAPK MAPK < N
NFx B
cell survival cell apoptosis

Figure 4.12. TNF« can drive both cell survival and death cues. TNF« stimu-
lates MAP3Ks, which phosphorylate MAP2K7, which in turn activates JNK. NF«xB
upregulates the expression of antioxidants, antiapoptotic proteins, and cellular flice-
inhibitory protein (cFIIP). TNF« favors the interaction of cFIIP with MAP2K?7,
thereby inhibiting the prolonged activation of the JNK pathway.

™ Hydroxylation of HIF1x can be catalyzed by four oxoglutarate dioxygenases,
the three prolyl hydroxlyases (PHD1, PHD2 and PHD3), and an asparagine
hydroxylase.

80 Prolyl hydroxylation of HIF catalyzed by 2-oxoglutarate (PHD1, PHD2, and
PHD3) promotes interaction with the von Hippel-Lindau E3 ligase and VHL-
mediated proteolysis, whereas asparagine hydroxylation catalyzed by iron-
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tivate transcription. The hypoxia-inducible transcription factor regulates the
transcription of various genes, such as those coding for glycolytic enzymes,
erythropoietin, and vascular endothelial growth factor.

4.8.3 Forkhead Box Class O

Members of the class O of forkhead box transcription factors (FoxO1, FoxO3,
FoxO4, and FoxO6) are implicated in metabolism®! and cell fate.3? Forkhead
box class O transcription factors are also involved in stress responses, es-
pecially from reactive oxygen species. FoxOs upregulate several antioxidant
enzymes. FoxOs induce cell-cycle arrest and entry into cellular quiescence.

The FoxO activity is regulated by post-translational reversible modifi-
cations (phosphorylation, acetylation, and ubiquitylation). Phosphorylated
FoxOs either inhibit via phosphatidylinositol 3-kinase and protein kinase-B
or stimulate via c-Jun N-terminal kinase the transcription of target genes.
Both PI3K effectors, protein kinase-B and serum- and glucocorticoid-induced
kinase (SGK), phosphorylate FoxO in the nucleus, which is then exported to
the cytoplasm (Fig. 4.13).83 The signaling is modulated by Ser/Thr kinase
CK1 and the Ras—Ral pathway [438]. FoxO is phosphorylated not only by
CK1, but also by Ser/Thr kinase DYRK. PI3K signaling is counterbalanced
by PTEN.

Polyubiquitylation leads to subsequent slow proteasomal degradation of
FoxOs. Monoubiquitylation stimulates, whereas acetylation could inhibit Fox-
Os. FoxO monoubiquitylation, indeed, induces FoxO nuclear translocation.

dependent dioxygenase (HIF asparagine hydroxylase) prevents recruitment of
coactivators.

Transcription by FoxOs is regulated by insulin and/or insulin-like growth factor
via PKB, which leads to relocalization of PKB-phosphorylated FoxOs from the
nucleus to the cytosol [437]. FoxOs favor gene expression of enzymes of gluconeo-
genesis and suppress the expression of genes of glycolysis. FoxOs increase insulin
sensitivity (in normal conditions but not diabetes) by upregulating insulin re-
ceptor and IRS2. FoxOs regulate fatty acid oxidation. Fatty acid breakdown and
oxidative phosphorylation allow the ATP generation. FoxOs upregulate fatty
acyl-CoA carriers and sterol carrier proteins SCPx and SCP2 for suitable fatty
acid processing. However, FoxOs oppose other insulin functions. Insulin—PI3K
signaling stimulates cell-cycle progression, preventing FoxO-induced cell-cycle
inhibition.

FoxO targets genes involved in cell survival (Fas ligand, TGF2, etc.) and cell
cycle (cyclins).

The transcription factor FoxO3 is targeted by insulin and growth factor (IGF1)
signaling. In the absence of stimulation, FoxO is localized in the nucleus for
transcription of target genes. Growth or survival signals activate PKB which
phosphorylates FoxO. Moreover, PKB inhibits apoptosis signal-regulating ki-
nase ASK1 and glycogen-synthase kinase GSK3, which are implicated in cell
apoptosis. SGK is related to PKB via PI3K and phosphoinositide-dependent
kinase (PDK).

81

82

83
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JNK-mediated phosphorylation, acetylation, and monoubiquitylation of FoxOs
can be caused by oxidative stress. In turn, modified FoxOs intervene in cell ox-
idative stress resistance. Oxidative stresses enhance FoxO binding to histone
acetyltransferases and FoxO acetylation by HATs, such as p300, cAMP re-
sponsive element binding-binding protein (CBP), and CBP-associated factor.
FoxO deacetylation can be done by Sirtl and other histone deacetylases.

The small GTPase Rheb regulates the cell growth via the PI3K and TOR
pathways. The increasing activity of the Rheb-target-of-rapamycin—S6-kinase
pathway sensitizes the cell to oxidative stresses and is implicated in decaying
locomotor activity with aging [439].

Both FoxOs and p53 regulate cell cycle and apoptosis. Deacetylase Sirt1
and deubiquinase USP7 affect FoxOs and p53 in an opposite manner, whereas
JNK stimulates both proteins under stress conditions [437]. Sirt1l stimulates
FoxOs, hence increasing cell life duration, and concomitantly inhibits p53,
augmenting cancer risk. Conversely, USP7 inhibits FoxOs and stimulates p53.
Tumor suppressor pb53 controls FoxO regulators, such as SGK, PI3K, and
PTEN.

growth/survival signals oxidative stress

plasmalemma / \

|4
PI3K
PDK —= SGK
PIP2 ———= PIP3 ol
PTEN \

PKB

nucleus FOXO ~— DNA

Figure 4.13. FoxO transcription factor and interacting substances. FoxO is phos-
phorylated by several enzymes, especially protein kinase-B (PKB), and serum- and
glucocorticoid-induced kinase (SGK). Both PKB and SGK depend on phospho-
inositide 3-kinase (PI3K), which is counterbalanced by phosphatase and the tensin
homolog deleted on chromosome 10 (PTEN). Phosphorylate FoxO is translocated
to the cytosol. Growth and survival signals activate PKB.
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4.8.4 Tumor Suppressor p53

Tumor suppressor p53 accumulates in response to DNA damage, oncogene
activation, and hypoxia. However, the p53 level is controlled by Mdm2 ubig-
uitination, Mdm2 being upregulated by p53. Tumor suppressor p53 activates
or represses the transcription of specific genes. Tumor suppressor p53 not
only protects against cancer development, but also regulates glycolysis, repair
of DNA damage, and cell fate (cell-cycle arrest, cell survival, senescence, au-
tophagy, and apoptosis during ischemia). This transcription factor, indeed, has
additional targets independent of transcription. The known pb3-interacting
molecules include caspase-3 (apoptosis), and 14-3-3c(cell growth control)
among others (p21, Mdm2, Bax, and PUMA). It acts via the Ras-MAPK
pathway. eI[F5A promotes p53 expression. Tumor suppressor p53 undergoes
post-transcriptional modifications (phosphorylation, acetylation, methylation,
and ubiquitination), which affect its stability and activity [440]. Most of these
modifications can be reversed, owing to phosphatases, deacetylases, and deu-
biquitylating enzymes. Tumor suppressor p53 can be activated by various
signals using different pathways. Tumor-suppressor activities of p53 involve
Arf or not.

The AMPK pathway activates cyclin-dependent kinase inhibitor p21 and
p53 for short-term survival of cells subjected to transient glucose depriva-
tion. Tumor suppressor p53 regulates the expression of Tp53-inducible glycol-
ysis and apoptosis regulator (TIGAR), decreasing the activity of glycolytic
6-phospho 1-kinase. This diversion in the major glycolytic pathway into the
pentose phosphate pathway increases NADPH production, eliciting decay in
concentration of reactive oxygen species. However, sustained stresses switch
p53 function from cell survival to apoptosis, targeting PUMA. Tumor suppres-
sor ph3 induces both the extrinsic pathway via activation of cell-surface re-
ceptors, and predominantly the intrinsic pathway associated with cell stresses
(Fig. 4.14). Tumor suppressor p53 couples transforming growth factor-f to
the RTK-Ras—MAPK cascade to stop cell growth [441]. Kinases CKle and
CK16 phosphorylate p53 in response to RTK—Ras—-MAPK signaling.

Tumor suppressor pb3 regulates cell growth only at physiological levels.
Therefore, p53 concentration must be strongly controlled in an appropriate
range to avoid unwanted effects, such as tumorigenesis in the case of a rising
p53 level. The ph3-associated cellular protein-testes derived® (PACT) binds
to pb3 and inhibits it via Mdm2 to hamper apoptosis and favor cell growth
[442].

Tumor suppressor p53 also prevents cell migration, then tumor cell metas-
tasis. There is, indeed, a dual activity between Ras and p53 on GTPase RhoA
activation for cell motility, as p53 restricts Ras stimulation of RhoA [443].
Small GTPase Ras promotes RhoA translocation to the plasmalemma, where
RhoA can be activated. Concomitant loss in p53 inhibits pl90RhoGAP and
thus favors RhoA activation.

84 PACT is also called P2P-R or RBBP6.
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Figure 4.14. p53 function according to stress features, intensity, occurrence, and
duration.

4.8.5 Transcription Factor p73

Transcription factor p73 is a structural and functional homolog of the tumor-
suppressor p53, which favors cell growth, upregulating AP1. It also promotes
cell survival when it functions synergistically with cJun, targeting cyclin-D1.
p73 enhances the binding of phosphorylated cJun and Fral to AP1 [445]. The
synergy between p73 and cJun activities amplifies signaling.

4.9 Hippo Pathway

Cell proliferation during embryogenesis and in childhood becomes restricted
in adulthood, cell divisions serving for tissue maintenance. The Hippo path-
way promotes apoptosis, particularly when it is primed by irradiation, being
activated by p53 [444]. The p53 activation of the Hippo pathway is tempered
by Ras. The Hippo pathway restrains cell proliferation, possibly preventing
activation of the transcriptional coactivator Yes-associated protein (Fig. 4.15).
The Hippo pathway can then serve as a tumor suppressor.5®

4.10 Coregulators

Co-regulators participate in signaling by organizing molecular interactions
and determining pathway dynamics. For example, A-kinase anchoring proteins

85 Hippo signaling could be associated with at least two genes, Fat and Bantam.
The protocadherin Fat, which stabilizes large tumor suppressor kinase LATS,
might act as a transmembrane protein for ligand binding to prime the Hippo
pathway. The protocadherin Dachsous could extracellularly interact with Fat.
The Hippo pathway could repress miRNA Bantam, which elicits tissue growth
and inhibits apoptosis.
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Figure 4.15. The Hippo pathway requires two plasmalemmal proteins, Merlin (ob-
served in particular in endothelial cells and encoded by the NF2 tumor-suppressor
gene, its phosphorylation depending on p21l-activated kinase and its activator GT-
Pase Rac) and Expanded, which promote the phosphorylation (activation) of large
tumor suppressor kinase LATS by activated mammalian sterile-20-like kinase MST
(mammalian homolog of Hippo). The scaffold protein Salvador, which binds to LATS
and MST, favors MST phosphorylation. LATS activation requires plasmalemmal lo-
calization of Mob as tumor suppressor (MATS). LATS activated by MST phospho-
rylates (inactivates) the transcriptional coactivator Yes-associated protein (YAP).
YAP regulates the activity of various transcriptional regulators, such as p73, p53-
binding protein-2, etc. The protocadherin Fat might act as a transmembrane protein
for protocadherin Dachsous to trigger the Hippo pathway (Source: [444]).

control the location and substrate specificity of protein kinase-A. Inhibition of
PKA-AKAP interactions modulates PKA signaling. Annexins act on many
partners implicated in signaling cascades and on interactions with the cell
membrane and cytoskeleton.

4.10.1 A-Kinase Anchoring Proteins

Manifold cell functions can be specifically and efficiently controlled by a lim-
ited number of proteins over various distinct enzymes. Cell activities, partic-
ularly effector responses to receptor stimulations, are processed by protein—
protein interactions required in signaling molecules. Regulators and targets
must be appropriately located to achieve the cell functions, especially in the
heart the spatiotemporal regulation of firing action potentials by nodal cells
or the secretion of hormones by cardiomyocytes.

Signaling networks are particularly associated with focal cytosolic points
of enzyme activity, which transmit the action of the messenger in the cytosol.
Anchoring proteins yield a framework that orients these enzymes toward se-
lected substrates to elicit a specific physiological response. A-kinase anchoring
proteins®® (AKAP), signal-organizing molecules, target protein kinases and

86 A-kinase anchoring proteins are signaling and scaffold proteins. The first de-
scribed AKAP is microtubule-associated protein-2 (MAP2). All AKAPs share
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phosphatases to environments where the enzymes control the phosphoryla-
tion state of neighboring substrates [446]. A-kinase anchoring proteins bind
to diverse enzymes, such as protein kinases PKA®" and PKC, protein phos-
phatases, and phosphodiesterases [447]. AKAP coordinates different signaling
enzymes according to the binding partner.®®

AKAPs contribute to spatial regulation of signaling events, targeting the
enzyme to specific sites (plasmalemma, mitochondria, cytoskeleton, or cen-
trosome), where they are located.®® Within a site, a given AKAP can link to
diverse substrates. Different AKAPs within a given site can assemble distinct
signaling complexes.”® The displacement of enzymes into and out of these
complexes contributes to the temporal regulation of signaling events. AKAPs
can form complexes, including enzymes for both signal transduction and sig-
nal termination. These loci then regulate the forward and backward steps of a
given signaling process. The location of an AKAP complex can be modulated
by competition between binding partners, for example, between an enzyme
and a component of the cytoskeleton. It can also be modulated by AKAP
phosphorylation. The recruitment or release of AKAP-binding partners can
alter the response to signals or change the location of a signaling complex to
yield a dynamic localization and reorganization of AKAP complexes.

The muscle-specific A-kinase anchoring protein (mAKAP) forms com-
plexes with PKA, phosphodiesterase PDE4D3 and guanine nucleotide-exchan-
ge factors for GTPase Rapl Epacl [451]. In cardiomyocytes, assembling occurs
at the perinuclear membrane. PDE4D3 is an adapter for Epacl and ERKS5.
Phosphorylation of PDE4D3 by mAKAP-associated ERK favors cAMP pro-
duction and subsequent PKA and Epacl activation. Phosphorylation of
PDE4D3 by PKA reduces cAMP concentration and Epacl suppression of
mAKAP-associated ERK5 activity, as ERK5 induces cardiomyocyte hyper-
trophy.

common properties. AKAPs contain a PKA-anchoring domain. Most mammalian
AKAPs, indeed, bind protein kinase-A2. AKAPs are able to form complexes with
different signaling molecules.

87 Protein kinase-A1 in lamellipodia of migrating cells phosphorylates «4-integrins,
the cytoplasmic domain of which acts as AKAP specific to PKA1 located in cell
protrusions [448].

88 The same AKAP, AKAP79/150, can bind to different types of ion channels,
AMPA-type glutamate receptors and M-type potassium channels, and thus reg-
ulate their activities using different enzymes, PKA, PP2B, and PKC, in hip-
pocampal (PKA and PP2B are active, PKC inactive) and superior cervical gan-
glion neurons (PKA and PP2B remain inactive, PKC active) respectively [449].

89 Different AKAP types may have specific cytoplasmic distribution.

% PKC interacts with AKAP79, AKAP350, AKAP-Lbcl08, etc., PKN with
AKAPT9, and PKD with AKAP-Lbc108 [450].
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4.10.2 Annexins

Annexins are Catt-regulated proteins. Once bound to the cell membrane
with calcium ions (Catt-dependent linkage) or certain membrane phospho-
lipids via membrane-binding domain,”! annexins provide Cat+ signaling,
and thus regulate many cellular processes. Annexins indeed organize mem-
brane domains and interact with proteins. They are involved in membrane—
cytoskeleton attachments, endocysis, and regulation of ion fluxes across mem-
branes [452].

Annexins bind to many cytosolic proteins, such as Cat*t-binding pro-
teins.”? Annexins not only act inside the cells, but also have extracellular
functions. For example, annexin-A1 inhibits leukocyte extravasation. On the
vascular endothelium, annexin-A2 is a co-receptor for tissue plasminogen acti-
vator and plasminogen, inducing fibrinolysis. Annexin-5 might mask the mem-
brane phospholipids used by coagulant factors in the clotting cascade.

Annexins-2, -4, and -6 modulate plasmalemmal Cl~ channels and sar-
coplasmic reticulum Ca*™ channels. In association with S100A10, annexin-2
interacts with the Na® channel, the two-pore acid-sensitive Kt channel-1
(TASK1), and TRPV Ca'* channels.

Annexin-1 might merge opposing membranes of the invaginating bud to
close the neck of the nascent vesicle and allow scission from the plasmalemma.
Moreover, annexin-1 can act on vesicle fusion in the presence of Cat*. EGF
stimulation of EGF receptor tyrosine kinase leads to formation of a class
of endosomes,’® EGFR-containing multivesicular endosomes, which requires
phosphatidyl inositol 3-kinase and annexin-14 [453].

Annexin-2 is a component of the F-actin end, which propels newly formed
endocytic vesicles from the membrane to the cytoplasma (actin-dependent
transport). Annexin-2 is also involved in membrane raft formation, especially
in the smooth muscle cells. Annexin-2 forms a complex with caveolin-1 and
cholesteryl esters.

91 Annexin-A2 binds directly to phosphatidylinositol(4,5)bisphosphate. This asso-
ciation stabilizes actin assembly sites on the cell membrane.

92 Annexins-1 and -2 interact with S100A11 (or S100C) and S100A10 (or pll).
Annexin-A7 binds to sorcin, annexin-A11 to S100A6 (calcyclin).

93 Multivesicular endosomes that are composed of activated EGFR are distinct
from endosomes labeled by lyso-bisphosphatidic acid.

9 Annexin-1 is phosphorylated within EGFR-containing endosomes. Annexin-1
mediates vesicle formation after EGF stimulation (and not protein selection and
sorting). EGF or EGFR selection for vesicle inclusion and degradation is done
via endosomal sorting complexes required for transport. Annexin-1 can reduce
EGF signaling because it can remove the catalytic domain of EGFR.
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4.11 cAMP Signaling

Cyclic adenosine monophosphate is a second messenger produced by adeny-
lyl cyclase, which controls numerous cellular functions. The diversity of ac-
tion of this diffusible second messenger depends upon its location and subse-
quent metabolism in discrete subcellular compartments. The spatiotemporal
regulation of cAMP is indeed associated with nanodomains immediately be-
neath the plasmalemma. The compartmentation of second messenger cAMP
allows the spatial segregation of cAMP signaling events. The subplasmalem-
mal cAMP signaling module contains the A-kinase anchoring protein gravin,
phosphodiesterase-4, and protein kinase-A [454]. This multiprotein complex
regulates the activity of ion channels, plasmalemmal receptors, and enzymes.
cAMP signaling pathways require many components, as cAMP effectors in-
duce divergent responses. The targets of cAMP include: (1) cAMP-dependent
protein kinase-A (PKA), which mediates most of the actions of cAMP; (2)
cyclic nucleotide-gated ion channels; and (3) GEFs Epacl and Epac2, which
regulate Rap1 activity. The concentration of cyclic adenosine monophosphate
depends on adenylyl cyclases (ACase) and phosphodiesterases (PDE), partic-
ularly the PDE4 family. Cyclic adenosine monophosphate also acts at a family
of four cAMP receptors (CAR1-CAR4).

cAMP subcellular compartmentation has been particularly described in
cardiomyocytes [455]. In cardiomyocytes, the multiproteic complex formed
by cAMP, PKAs, and PDEs attracts G proteins, adenylyl cyclases, A-kinase
anchoring proteins, and phosphoprotein phosphatases. cAMP cascades are
activated by G-protein-coupled receptors, which can lead to opposing effects.
Moreover, the coupling between cAMP pathways and other signaling pathways
participates in the distinct effects of cAMP signaling.

The three (3-adrenergic receptors act via distinct cAMP signaling pathways
in neonatal cardiomyocytes of mice. p1- and p2-adrenergic agonists®® produce
different effects on myocardium contractility®® [456].

cAMP subcellular compartmentation, characterized by co-localization of
components of the cAMP cascade, is implicated in -adrenergic stimulation of
voltage-gated L-type calcium channel [457]. A molecular complex composed
of ryanodine channel RC2, FK506 binding proteins FKBP12.6, PKA, protein
phosphatases PP1 and PP2A, and anchoring protein mAKAP controls the
functioning of ryanodine channels of the sarcoplasmic reticulum. In failing

95 The sympathetic nervous system acts via B-adrenergic receptors of cardiomy-
ocytes and nodal cells. f-Adrenergic receptors are also involved in cardiac
remodeling.

Stimulation of {31-adrenergic receptors in [2-adrenergic receptor—knockout
cardiomyocytes produces the greatest increase in contraction rate via pro-
tein kinase-A. Activation of (32-adrenergic receptors in 31-adrenergic receptor—
knockout cardiomyocytes causes an initial increase in contractibility without
requiring PKA, followed by a decrease in contraction rate involving coupling to
a G protein.

96
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human hearts, these calcium channel tetramers are phosphorylated by PKA
and dissociated, hence, inducing defective channels [458].

4.11.1 Adenylyl Cyclases

Nine adenylyl cyclase sets catalyze the synthesis of the second messenger
cAMP. Many cell types express more than one adenylyl cyclase species. How-
ever, Ca™T—calmodulin-stimulated adenylyl cyclases, ACasel, are restricted
to neurons and to secretory cells.

Adenylyl cyclases are activated by Gs proteins and inhibited by Gi
proteins. Adenylyl cyclases are regulated by different signaling effectors,
particularly Ca™*. Like ACasel, ACase3 and ACase8 are also activated by
Catt—calmodulin [459]. Ca™*-PP3 inhibits ACase9. Ca™™ inhibits ACase6.
Cat*-inhibited ACaseb is mainly located in the striatum and the heart.
ACase2, ACase4, and ACase7 are insensitive to Ca™™, but stimulated by
protein kinase-C. ACase6 is inhibited by protein kinase-C. A soluble adenylyl
cyclase (sAC), which is responsive neither to G proteins nor other regulators of
membrane-bound enzymes, is stimulated by bicarbonates in a pH-independent
process.

Like G-protein-coupled receptors and glycosylphosphatidylinositol-ancho-
red proteins, adenylyl cyclases, especially Catt-regulated ones, can be found
in membrane rafts and caveolae. Certain regulatory complexes are made of
G-protein-coupled receptors, like B2-adrenergic receptors, with K+ channels
Kir3 and adenylyl cyclase [460]. These complexes are not disturbed by receptor
activation or functioning of G« subunit. However, Gy interfere with the
formation of the dopamine receptor-Kir3 channel complex, but not with the
maintenance of the complex.

4.11.2 Phosphodiesterases

Cyclic nucleotide phosphodiesterases hydrolyze cAMP. Phosphodiesterases
bind metal ions (Mg*+, Mn*+, and Zn*T) [461]. Calmodulin is a Cat+-
dependent regulator of phosphodiesterases. Certain members of the PDE
family induce vasodilation®” of pulmonary arteries”® [462] and via aortic

97 PDEA4D also controls cAMP levels in the respiratory conduits. Parasympathetic

control of the smooth muscle tone of the airways involves: (1) M1/M3-muscarinic
receptors coupled to phospholipase-C and Ca™™, and (2) M2-muscarinic recep-
tors inhibitory for adenylyl cyclase. Released acetylcholine from parasympathetic
nerves induces smooth muscle contraction, with a control by M2-muscarinic re-
ceptors to limit the bronchoconstriction magnitude.
In chronic hypoxia-induced pulmonary hypertensive rats, cAMP and cGMP PDE
activities rise. The increased cAMP—-PDE activity in the first pulmonary arterial
branches and intrapulmonary vessels is due to PDE3, augmented cGMP-PDE in
the main pulmonary artery to PDE1. PDES5 activity is higher in first pulmonary
branches and intrapulmonary arteries.

98
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endothelial cells? [463]. PDE2 are stimulated by ¢cGMP. PDE4, PDE7, and
PDES are specific for cAMP [464, 465]. Phosphodiesterases limit the diffusion
of second messengers, subsequently affecting the activity of cyclic nucleotide-
gated ion channels, cAMP-GEFs, and enzymes such as PKA and PKG.

PDE4 isoenzymes (PDE4A, PDE4B, PDE4C, and PDE4D) have multiple
promoters and transcription factors [466]. PDE4s are phosphorylated (acti-
vated) by PKA. Activation of PDE4D in vascular smooth muscle cells in-
creases its affinity for Mg™+ and decreases cAMP concentration.

Multiprotein signaling complexes create focal points of enzyme activity
that transduce actions of many signaling agents. PDE4D and PKA form a
complex coordinated by A-kinase anchoring proteins. In the heart, muscle-
selective A-kinase anchoring protein (mAKAP) assembles a cAMP signaling
module, which includes PKA and PDE4D3 [467]. PDE4 is recruited by -
arrestin near G-protein-coupled receptors'®® [468].

4.12 cGMP Signaling

Cyclic guanosine monophosphate (cGMP) is a second messenger implicated in
cell growth, smooth muscle cell relaxation, cardiovascular homeostasis, and in-
flammation, among other functions [469]. There are two well-known activators
of cGMP signaling: the atrial natriuretic peptide!®! and nitric oxide. Natri-
uretic peptides bind to a transmembrane receptor, the particulate guanylyl
cyclase (pGC).192 Nitric oxide acts in smooth muscle cells via soluble guanylyl
cyclase!®® (sGC).

9 Cultured bovine aortic endothelial cells only contain ¢cGMP stimulated PDE2
and rolipram sensitive PDE4. L-arginine/NO/cGMP pathway leads to vasodila-
tion.
32-Adrenergic receptor stimulation promotes production of cAMP. f3-Arrestins
desensitize p2-adrenergic receptor by binding to receptors and recruiting phos-
phodiesterases for cAMP degradation, hence restricting cAMP signaling magni-
tude.

The atrial natriuretic peptide increases endothelium permeability and lowers ar-
terial blood pressure in hypertension. B-type natriuretic peptide, another cGMP
signaling generator, is used as a diagnostic index for heart failure.

Particulate guanylyl cyclases belong to a plasmalemmal receptor family (GC-A—
GC-G). pGCs have intracellular cyclase domain. GC-A binds atrial and B-type
natriuretic peptides; GC-B links C-type natriuretic peptide.

sGC belongs to the hem nitric oxide/oxygen—binding protein family H-NOx. H-
NOx proteins bind both NO and Os. However, sGC is selective for NO, with
a NO-sensitive ferrous (Fet™) state and NO-insensitive oxidized ferric (Fe™ ™)
state. Two sGC isoforms, 1l and 1«2, have similar enzymatic activities. sGC
translocates from the cytosol to the plasmalemma after activation, implicating
heat-shock protein-70 and possibly other ions (Ca™ ", and Mg*™*) and substances
(ATP, and GTP).

100

101

102
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At least three types of cGMP-binding proteic effectors: (1) cGMP-modula-
ted cation channels, (2) cGMP-dependent protein kinases'?* (cGK), and (3)
cGMP-regulated phosphodiesterases'®® (PDE), transduce the cGMP signal.
c¢GK1 stimulates myosin phosphatase. ¢cGK1 can also interact with inosi-
tol(1,4,5)trisphosphate receptor—associated cGK1f (IRAG), inhibiting intra-
cellular Cat™ release. IRAG might be involved in the anti-platelet effects
of exogene nitric oxide. Vasodilator-stimulated phosphoprotein (VASP) acti-
vated by cGK1 inhibits platelet adhesion to endothelial cells. cGK1 stimulates
growth of vascular smooth muscle cells, stimulating sumoylation of the tran-
scription factor EIk1.

Nitric oxide is an intercellular signaling molecule in most cell types, having
diverse activities (blood flow regulation, neurotransmission, immune response;
Sect. 9.5). Guanylyl cyclase-coupled receptor activation by NO binding re-
versibly triggers a conformational change that transduces the signal with a
ligand-concentration dependent intensity. Downstream effectors include ki-
nases, phosphodiesterases, and ion channels. Receptor deactivation follows
NO unbinding.

Cyclic guanosine monophosphate is also linked to Rac GTPase for the reg-
ulation of actin cytoskeleton during cell migration. Constitutively active Rac
increases the activity of transmembrane guanylyl cyclases in a cell subjected
to a chemotactic signal [470]. Consequently, concentration in second messen-
ger ¢cGMP rises up to tenfold. Rac effector Ser/Thr p2l-activated kinases

NO ANP, BNP

sCG \
¢GK1 cAMP
NS
vasodilation platelet adhesion SMC growth

Figure 4.16. cGMP signaling pathways are involved in cellular functions (vasodi-
lation, clotting, angiogenesis, etc.). Signaling is induced by natriuretic peptides and
nitric oxide, via particulate guanylyl cyclase (pGC) and soluble guanylyl cyclase
(sGC). Effectors are cGMP-dependent protein kinases-1 (¢cGK1) and phosphodi-
esterases (PDE; adapted from [469]).

104 There are three known cGMP-dependent protein kinases: cytosolic cGK1, with
two isoforms cGKla and ¢cGK1f, and membrane-bound ¢cGK2. cGK1 regulates
the vasomotor tone and the blood pressure. cGK2 acts in intestinal electrolyte
transport and in bone formation.

105 PDEs hydrolyze cyclic adenosine monophosphate and/or cyclic guanosine
monophosphate.
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(PAK1, and PAK2) bind and stimulate the activity of guanylyl cyclases. The
Rac-PAK-GC-cGMP pathway is involved in fibroblast migration induced by
platelet-derived growth factor and lamellipodium formation.

4.13 Signaling via Cell Junctions

4.13.1 Elastin-Laminin Receptor

Certain transmembrane receptors couple the cells to the extracellular ma-
trix and can transduce applied loadings. Elastin strongly increases calcium
influx and inhibits calcium efflux in aorta smooth muscle cells [471]. It also
increases sodium influx in monocytes. k-Elastin induces a vasorelaxation me-
diated by the elastin—laminin receptor (ELR) and endothelial NO produc-
tion [472]. Cyclic stretch of the matrix of cell culture (30 mn duration), which
mimics pressure pulse effects on the vessel wall, inhibits the expression of the
proto-oncogene cFos, as well as the proliferation of coronary vascular smooth
muscle cells grown on elastin matrices [473]. These effects depend on ELR
signaling. In contrast, cells grown on a matrix do not exhibit changes in gene
expression or proliferation when the matrix is stretched.

The elastin—laminin receptor is located on both endothelial and smooth
muscle cells. Both laminin and elastin bind to cells via the elastin—laminin
receptor. The elastin—laminin receptor is a heterotrimeric receptor that rec-
ognizes several hydrophobic domains on elastin, laminin, and collagen-4. It
forms a transmembrane complex with other proteins.

4.13.2 Adhesion Molecules

Integrins, cadherins, and other adhesion molecules interact with growth factor
receptors. Cell adhesion is necessary for activation of growth factor receptors,
and growth factors are required to stimulate cell adhesion or motility. How-
ever, adhesion molecules can trigger ligand-independent activation of growth
factor tyrosine kinase receptors, translating environmental cues into intracellu-
lar signals [474]. Conversely, growth factors can act on adhesion molecules for
adhesion-independent signaling. The receptors for PDGF and VEGF, among
others, are activated by integrins [475, 476]. The EGF receptor associated
with E-cadherin can be tyrosine phosphorylated and then activates MAPK
and Rac without EGF stimulation [477].

Rapl GTPase induces the formation of an integrin-activation complex that
binds to integrins. Rapl GTPase can then mediate protein kinase-C activity
associated with the integrin activation, using adapter talin, a PKC substrate.
GTPase Rapl provokes the migration of talin toward the plasmalemma. GT-
Pase Rapl and protein kinase-Cx then induce, via Rapl effector RIAM and
with recruited talin, the formation of an integrin-activation complex that binds
to and activates integrins [478].
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Integrin-mediated cell adhesion regulates numerous cellular responses. In-
tegrins mediate either activation or inhibition of anchorage-dependent recep-
tors. The integrins are indeed mainly involved in positive signaling via tyrosine
receptor pathways. The integrins can also negatively regulate receptor tyro-
sine kinases [479]. Signaling cooperation exists between integrins and growth
factor receptors. For instance, the o, 33 integrin binds to the platelet-derived
growth factor receptor and the vascular endothelial growth factor receptor-2.
The collagen-activated integrin 431 attenuates epidermal growth factor re-
ceptor signaling via the activation of a tyrosine phosphatase TCPTP. TCPTP
regulates cell proliferation. Cell adhesion to collagen induces TCPTP translo-
cation to the cell cortex, where TCPTP co-localizes with and is activated by
o7 integrin.

The protein tyrosine kinase Syk of the intracellular Src family is a signal-
ing effector of immune receptors, which is also involved in integrin-mediated
responses. Cross-talks between integrins and immune-receptor signaling path-
ways for cooperation then occur from the proximal stage. Both immune path-
ways and integrin-mediated signaling also work with same effectors, phos-
pholipase PLCy2, and adapter SLP76. Integrin-triggered signaling during in-
teractions between lymphocytes and antigen-presenting cells implicates not
only protein tyrosine kinase Syk, but also adapters such as DAP12. (33-
Integrin clusters bound to fibrinogens on the platelet plasmalemma (whereas
B1-integrins link to collagen) phosphorylate (activate) Syk.

Overexpressed pl120-catenins disrupt stress fibers and focal adhesions, de-
crease RhoA functioning, and increase the activity of Cdc42 and Racl, thereby
promoting cell migration. p120Ctn binds the Rho exchange factor Vav2.
p120Ctn interacts with a transcriptional factor, the protein Kaiso!%® [480].
Both p120Ctn and Kaiso transcripts are increased at the wound border com-
pared with endothelial cells away from the wound border [481]. The C-terminal
(COOH-terminal) Src kinase (CSK) is involved in VE-cadherin signaling [482].
The association of VE-cadherin and CSK in endothelial cells is increased with
elevated cell density, inhibiting cell growth.

Signaling via Focal Adhesions

Focal adhesions are also important sites of signal transduction. Their compo-
nents propagate signals arising from the activation of integrins following their
association with ECM proteins, such as fibronectin, collagen, and laminin. The
interaction of integrins with matrix ligands can either generate or modulate
signals for motility, cell division, differentiation, and apoptosis [483]. Integrins
and pazillin are implicated in signal transduction. Paxillin binds to (3 inte-
grin cytoplasmic tail, Vine, or other cytoskeletal and signaling proteins [484].
Pax recognizes integrin sequences distinct from «-actinin binding sites. Pax

106 The p120Ctn-binding partner Kaiso is a member of the POZ-zinc finger family
of transcription factors implicated in development and cancer.
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binding is independent of FAK association, although both bind to the same
region of 31 integrin. Pax provides multiple docking sites for activated FAK
and Src [485]. Various regulatory proteins, such as calpain-2, protein kinase-C,
FAK, and Src, control the assembly of focal adhesion [146]. Focal adhesion dis-
assembly involves microtubules and dynamin, which interacts with the focal
adhesion kinase [486].

4.13.3 Signaling via Gap Junctions

Gap junctions allow communications between adjoining cells. The messenger
ATP is released by multiple kinds of stimuli (mechanical stresses, osmotic
pressure changes, rise in intracellular concentration of inositol trisphosphate,
decay in extracellular calcium ion level, etc.). Manifold ATP release mecha-
nisms include vesicular release, active transport via ABC transporters, diffu-
sion via stretch-activated channels, voltage-dependent anion channels, pores
opened by P2X7 receptors, and connexin hemichannels.

Connexin hemichannels, normally closed, are paths for ATP, NAD™, gluta-
mate, prostaglandins, etc. Hemichannels open following membrane depolariza-
tion and mechanical stimulation. Inositol trisphosphate activates hemichannel
composed of connexin 43. Decreases in extracellular Ca™ and Mgt levels
potentiate or trigger the opening of hemichannels, releasing particularly ATP
and glutamate. Connexin-32 and -43 have two and one calmodulin interac-
tion sites, respectively. A Ca*'-binding site exists for hemichannels made of
connexin-32. Connexin hemichannels open when the cytosolic calcium con-
centration rises [487]. However, [Ca™]; elevation following release from cell
storage compartments can close gap junctions.

4.14 Calcium Signaling

Among the second messengers, calcium regulates cellular functions in all cell
compartments on timescales ranging from milliseconds to days [488]. The cell
response to stimulation of certain receptor tyrosine kinases and G-protein-
coupled receptors depends on the amplitude and duration of calcium influx.
Calcium entry into the cell can be modulated to ensure the suitable response.

A small calcium proportion binds to effectors, such as annexins, calmod-
ulin, synaptotagmin, S100 proteins, and troponin-C (Sect. 7.7). The calcium-
signaling effectors are involved in cellular transport (operating in time of order
O[10 ps]), metabolism (operating in time of order O[s|), gene transcription
(operating in time of order O|mn)]), cell fate and motility (operating in time
of order O[h]), and myocyte contraction (operating in time of order O[10 ms]),
according to the location, timing, and calcium-bound molecules. Calcium ions
are mostly linked to buffers. Ca™™ buffers affect both the amplitude and the
recovery time of Ca™™ fluxes. Ca™" buffers have different expression patterns,
motility, and binding kinetics. Calcium ions mediate or stimulate multiple cel-
lular processes, such as the myocyte contraction.
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An Example: Myocyte Contraction

The myocyte contraction illustrates the role of calcium ions in cell functioning.
Several protein sets are involved in such a process: (1) plasmalemmal calcium
channnels for influx of calcium ions from and efflux to the extracellular space;
(2) calcium channnels in the membrane of intracellular calcium stores, mainly
the sarcoplasmic reticulum, to ensure a sufficient amount of calcium into the
cytosol for suitable activity; (3) second messenger to release calcium from its
intracellular stores; (4) the mitochondrial machinery to synthesize the energy
source ATP; (5) buffers; (6) sarcomere effectors; and (7) regulators such as
kinases and phosphatases (Fig. 4.17). Other molecules participate in myocyte
contraction, especially to coordinate the deformation of the cell compartments.
Dystrophin associates with cytoplasmic syntrophin and forms the dystrophin—
glycoprotein complex (DGC), which links plasmalemmal $-dystroglycan. The
latter binds «2-laminin/merosin of the basal lamina. Dystrophin thus stabi-
lizes the sarcolemma especially during contraction.

Instantaneous and Long-Lasting Responses to Calcium

Calcium signaling is characterized by instantaneous and long-lasting re-
sponses. Intracellular calcium control various events according to its spatial
and temporal distributions and magnitude. Cytosolic and plasmalemmal cal-
cium sensors, with high affinity for Ca™ (binding Ca™™ even at small in-
crement in concentration above resting levels) and distinct targets, transduce
calcium signals into functional changes. The best known calcium sensor is
ubiquitous calmodulin (Cam), a specific cytosolic receptor of Ca™*. Ca™t—
calmodulin complex activate calmodulin-dependent protein kinases. Calmod-
ulin regulates other targets, such as calcineurin (PP3) and phosphodiesterases.

Once released in the cytosol, Ca™* binds to calmodulin. The Catt-Cam
complex then interacts with other proteins for instantaneous response. In-
stantaneous reaction begins once the cytosolic concentration [Cat™t]; rises
(|Cat*];~107*[CatT],), and ends as soon as [Ca®™*]; returns to its basic
level. The release of cAMP is initiated by the occupancy of G-protein-coupled
receptors by ligands. cAMP is produced from adenosine triphosphate after
the activation of adenylyl cyclase by the receptor-activated Gs protein [489]
(Fig. 4.18).197

cAMP travels to the cytosol where it accumulates at specific sites [491].
AKAPs thus target PKA to locations of cAMP production, where phosphory-

107 The ligand-bound GPCR catalyzes the exchange of guanosine diphosphate
(GDP) for guanosine triphosphate (GTP) on the subunit of the associated G pro-
tein, which is activated to initiate or to inhibit signaling cascades. Gs activates
adenylyl cyclase, which converts ATP to cAMP [490]. cAMP binds to PKA,
the main intracellular effector of cAMP signaling, which is compartmented by
A-kinase anchoring proteins. cAMP can also activate cyclic nucleotide-gated ion
channels, phosphodiesterases and guanine nucleotide-exchange factors.
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Figure 4.17. Calcium messengers for myocyte contraction. Calcium influxes are due
to Ca™™ channel (Ca Ch), indirectly by nicotinic acetylcholine receptor (NAChR),
which drives Na® influx, thereby stimulating Ca®™ influx by the sodium-calcium
exchanger (NCX), to dihydropyridine receptor (DHPR) of the plasmalemma (PL)
and ryanodine receptor of the sarcoplasmic reticulum (SR). A fraction of imported
calcium enters in mitochondria (mitoc) by Ca®™™ uniporter (Ca uni). It stimulates
nitric oxide synthase (NOS) and mitochondrial creatine kinase (miCK), generating
NO and ATP. ATP is indirectly exported from phosphocreatine via cytosolic cre-
atine kinase (cyCK) for contraction and ion ATPase activity. Mitochondrial Ca™*
is exported by NCX and mitochondrial permeability transition pore (miPTP). Cy-
tosolic Ca™ ™ efflux is done by Ca™t ATPases of the plasma membrane (PMCA) and
the sarcoplasmic reticulum (SERCA), and by NCX. Na' is exported by sodium—
potassium ATPase. Nitric oxide can form with superoxide (O2—), produced by the
respiratory chain, peroxynitrite (ONOO—) (adapted from [492]).

lation is confined to a subset of potential substrates. cAMP controls the flux
of cell-entering Ca** and Ca™" activates the synthesis of cAMP.

The lasting contraction of the vascular smooth muscle cells, triggered by
Ca™'™ influx during the instantaneous response, is due to a long-lasting re-
sponse. When [Ca™]; increases, the Ca*t—Cam complex responsible for the
transient reaction interacts with the membrane Ca™ pump to augment its
functioning. Moreover, Ca™'-activated protein kinase-C (PKC) enhances the
Ca™ pump efficiency. The Ca™™ efflux thus compensates Ca™* influx [493].
Ca'tt recycling is enhanced with increased submembrane [Cat™], which ac-
tivates membrane-bound PKC (Fig. 4.18). Furthermore, signal-transduction
activation of phospholipase-C (PLC) generates inositol trisphosphate (IP3)
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and diacylglycerol (DAG) from phosphatidylinositol diphosphate (PIP2). IP3
induces Ca™™ release from the endoplasmic reticulum (ER). DAG remains
in the membrane and, as long as its membrane concentration is sufficient,!%®
PKC is fixed by DAG to the membrane and is activated. PKC thus acts as a
transducer during the long-lasting reaction.
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Figure 4.18. Second messengers (adapted from [493]). The activated receptor acti-
vates phospholipase C (PLC), which cleaves membrane-bound phosphatidylinositol
bisphosphate (PIP2) into inositol trisphosphate (IP3) and diacylglycerol (DAG).
IP3 travels to its receptor on the surface of the endoplasmic reticulum, which is
coupled to a calcium channel. Calcium (Ca) is thereby released from its ER stores.
Cytosolic calcium is then available for binding to calmodulin (Cam) or various cy-
toskeletal proteins. Protein phosphorylations are catalyzed by Ca—Cam—dependent
protein kinases. ATP is converted into cyclic adenosine monophosphate (cAMP) by
adenylyl cyclase (ACase), stimulated by stimulatory G protein (Gs) and inhibited by
inhibitory G protein (Gi). cAMP activates cAMP-dependent protein kinases, such
as protein kinase-A (PKA). DAG and Ca™™ activate protein kinase-C (PKC) at the
plasmalemma. Phosphorylation of cell proteins by PKC produces cell responses.

108 T,ong duration fixation of PKC on the plasma membrane provides a memory
effect, for subsequent amplified response. However, the delay between successive
stimuli must not be too long.
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4.14.1 Calcium Signaling Components

Several Ca™-regulated proteins maintain low intracellular concentration of
Catt ([Ca'™];) and couple changes in [Ca™™]; to physiological responses.
They include Ca™* membrane carriers and Cat™ effectors. According to the
Cat*-binding site, Ca™T effectors are grouped into different families. EF-
hand effectors include calmodulin, troponin-C, and the S100 proteins. Once
bound to Ca™, they regulate their cellular targets.

Different cues activate various types of Ca™ channels, such as receptor-
operated channels, second messenger—operated channels, store-operated chan-
nels, thermosensors, and stretch-activated channels (Table 4.14). Several types
of Ca™™ channels belong to the transient receptor protein family, which reg-
ulates slow cellular processes (smooth-muscle cell contraction, and cell pro-
liferation). Activated receptors yield entry in the cell of calcium from the
extracellular space and the formation of second messengers that release cal-
cium from its intracellular stores (Tables 4.15 and 4.16). Calcium effluxes
are then induced by the combined action of buffers, pumps and exchangers
(Tables 4.14, 4.16, and 4.17).

A set of substances (inositol trisphosphate, cyclic ADP ribose, nicotinic
acid adenine dinucleotide phosphate, and sphingosine-1-phosphate) modu-
late the calcium release from the endoplasmic reticulum and other organelles
(Fig. 4.19). Inositol(1,4,5)trisphosphate is produced from phosphatidylinosi-
tol(4,5)bisphosphate (PIP2) by different isoforms of phospholipase C. PLCf is
activated by G-protein-coupled receptors, PLCy by receptor tyrosine kinases,
PLC} by calcium influx, and PLCe by Ras. IP3 stimulates its receptor IP3R
at the membrane of the endoplasmic reticulum. IP3R is modulated by phos-
phorylation by calcium—calmodulin-dependent kinase-2 and protein kinases
PKA, PKC, and PKG, after possible recruitment of corresponding scaffold
proteins.

Phospholipase-Cy has dual roles in regulating cellular calcium concentra-
tions. It generates inositol trisphosphate, which releases calcium from intra-
cellular stores. It binds the transient receptor potential channel TRPC3 and
promotes its insertion into the plasmalemma, for calcium influx. The transcrip-
tion factor TFII-I outside the nucleus'® inhibits calcium entry into cells by
binding phospholipase-Cy, antagonizing interaction of phospholipase-Cy with
the calcium channel TRPC3. This competition in favor of TFII-I for binding to
PLCy thereby suppresses surface accumulation of TRPC3 channels and hin-
ders calcium influx across the plasmalemma [494]. Dephosphorylated TFII-I
could free PLy and elevate the density of plasmalemmal TRPC3.

Ubiquitously expressed extended synaptotagmin-like proteins (ESyt) bind
Ca™™ in a phospholipid complex of intracellular membranes (ESyt1) and plas-
malemma (ESyt2, and ESyt3) [495]. They then serve as calcium sensors, with

109 The cytosolic TFII-I fraction remains substantial after growth factor stimulation,
although the amount of nuclear TFII-I increases.
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multiple C2 domains. C2 domains are protein modules used as calcium and
phospholipid-binding sites and/or as protein—protein interaction domains.!1?

Table 4.14. Ca™ ™ signaling components: (1) Ca*™ channels (Source: [488]). Ca*™
channels are associated with channel regulators, such as triadin, junctin, sor-
cin, FKBP12, phospholamban, IP3R-associated PKG substrate IRAG, and IRBIT.
The ryanosine channel-2 complex, indeed, includes stabilizers, such as FKBP12.6,
calmodulin, and phosphatases PP1 and PP2a via scaffold proteins spinophilin and
PR130, respectively, kinases attached by A-kinase anchoring proteins, and calse-
questrin anchored by membrane-bound junctin and triadin. Ca®™" pumps are char-
acterized by their affinities (functioning thresholds), transport rates, and opening
duration. Secretory-pathway Ca™-ATPases could be responsible for Ca™ seques-
tration into Golgi compartments.

Voltage-gated channels CaV1.1-CaV14
CaV2.1-CaV2.3
CaV3.1-CaV3.3

Receptor-operated channels NMDA receptors
(NR1, NR2A, NR2B, NR2C, NR2D)
ATP receptor (P2X7)
nACh receptor

Second-messenger—operated channels Cyclic nucleotide-gated channels
(CNGA1-CNGA4, CNGB 1, CNGB 3)
Arachidonate-regulated Ca™™ channel
(IARC)

Transient receptor potential ion channels TRPC1-TRPC7
TRPV1-TRPV16
TRPM1-TRPMS8
TRPML, TRPNI

Inositol trisphophate receptors IP3R1-IP3R3

Ryanodine receptors RR1-RR3

Polycystins PC1-PC2

Calcium pumps Plasma membrane Ca™"-ATPases

(PMCA1-PMCA4)
Sarco(endo)plasmic reticulum
Ca™t-ATPases (SERCA1-SERCA3)
Golgi pumps (SPCA1-SPCA2)

Plasmalemmal Nat /Ca®™ exchangers NCX1-NCX3

Mitochondrial Ca™ channels Na™/Ca™™ exchangers
Ca*™ uniporter
H*t/Catt exchanger
Permeability transition pore

10 Synaptotagmins, ferlins, multiple C2 domains and transmembrane regions pro-
teins (MCTP) are components of three other families of proteins that contain
several C2 domains.
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4.14.2 Types of Calcium Signalings

Signaling pathways are characterized by their spatial distribution (celllular
compartmentation), associated with involved molecular complexes, and tem-
poral dynamics to keep the specificity of calcium signaling. Quick, brief, local-
ized calcium transients are associated with fast responses, transient, repetitive,
distributed calcium oscillations, which can generate calcium waves, trigger
slow responses. Calcium flux oscillations of given amplitude and frequency
are determined by the intensity of the stimulus. Furthermore, calcium is able
to regulate its own signaling pathways by affecting the functioning of Ca*+
channels.

Ca™™ influx for long-term effect can be triggered by inositol trisphosphate
on plasmalemmal IP3Rs and Orail channels (store-operated Ca™™ release—
activated Ca™™ influx, Sect. 3.1.1).

Table 4.15. Ca’ signaling components: (2) receptors (Source: [488]). G-protein-
coupled receptors are associated with G protein component subtype Ga Gq, G11,
G14, and G16. They are controlled by regulators of G-protein signaling RGS1, RGS2,
RGS4, and RGS16.

Components Types

G-protein-coupled receptors Muscarinic receptors (M1-M3)
al-Adrenoceptors (A-C)
Endothelin receptors (ETA, ETB)
Angiotensin receptor (AT1)
Bradykinin receptors (B1, B2)
Histamine receptor (H1)
Serotonin receptors (5HT2A, 5HT2B, 5HT2C)
Leukotrine receptors (BLT, CysLT1, CysLT2)
Ca™ " -sensing receptor (CaR)
Prostanoid receptor (PGF2alpha)
Thrombin receptor (PAR1)
Bombesin receptors (BRS1, BRS2)
Cholecystokinin receptors (CCK1, CCK2)
Metabotropic glutamate receptors (mGlul, mGlub)
Luteinizing receptor (LSH)
Neurotensin receptor (NTS1)
Oxytocin receptor (OT)
Substance-P receptor (NK1)
Substance-K receptor (NK2)
Substance-B receptor (NK3)
Thyrotropin-releasing hormone receptor (TRHR)
Vasopressin receptors (V1A, V1B)

Receptor tyrosine-kinases Platelet-derived growth factor receptors
(PDGFR«&, PDGFRR)
Epidermal growth factor receptors (ERBB1-ERBB4)
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Certain activated G-protein-coupled receptors trigger calcium influx (Ta-
ble 4.15). Both metabotropic glutamate receptor mGluR1 coupled to Gaq and
mGluR5 coupled to Gal1l in the nervous system activate PLCf3, but trigger
different types of calcium signaling via IP3R, generating a single Ca™" tran-
sient and an oscillatory pattern, respectively [488].11!

Table 4.16. Ca'™t signaling components: (3) Ca™* effectors (Source: [488]).

Phospholipases-C PLCB (1-4), PLCy(1, 2), PLC§ (1-4),
PLCe, PLCC

and inositol trisphosphate

Ca™T-binding proteins Calmodulin
Troponin-C
Synaptotagmin

S100A1-S100A12, S100B, S100C, S100P
Annexin-1-annexin-10

Neuronal Ca™ sensor

Visinin-like proteins (VILIP-1-VILIP-3)
Hippocalcin, recoverin

Kv-channel-interacting proteins (KchIP1-KchIP3)
Guanylate-cyclase-activating proteins
(GCAP1-GCAP3)

Ca™T-regulated enzymes Ca™T—Cam-dependent protein kinases
(CamK1-CamK4)
Myosin light chain kinase (MLCK)
Protein kinase-C
(PKCx, PKCB1, PKCB2, PKCY)
Phosphorylase kinase
IP3 3-kinase
Protein phosphatase (calcineurin)
cAMP phosphodiesterase (PDE1A-PDE1C)
Adenylyl cyclases
(ACasel, ACase3, ACaseb, ACase6, ACase8)
Nitric oxide synthase (eNOS, nNOS)
Ca'tt-activated proteases (calpain-1, calpain-2)

Ca'tT-sensitive ion channels Ca™'-activated KT channels
(small SK, intermediate 1K,
Large-conductance BK channels)
CI* channel (HCICA1)

11 In pancreatic acini, muscarinic receptors, which are more sensitive to the in-
hibition of RGS, induce small, localized Ca*™ transients, and cholecystokinin
receptors large, distributed Ca’™ transients. Among other GPCRs, bradykinin
receptors and neurokinin-A receptors give large, rapid calcium influxes, lysophos-
phatidic acid receptors, thrombin receptors, histamine receptors trigger small,
slow, persistant calcium fluxes.
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Scaffold spinophilin binds actin, regulators of G-protein signaling and G-
protein-coupled receptors. Bound to GPCRs, it reduces the intensity of cal-
cium signaling by GPCRs, such as al1B-adrenergic receptors [496]. In opposi-
tion, scaffold protein neurabin, which does not bind to a1B-adrenergic recep-
tors, increases the intensity of calcium signaling by «1B-adrenergic receptors.
Spinophilin prevents binding of RGS2 to cytosolic neurabin. Neurabin binds
RGS2, which is thus removed from GPCR. RGS2 inhibits calcium signaling
by GPCRs, especially «1B-adrenergic receptors. Conversely, neurabin hinders
binding of RGS2 to spinophilin associated with GPCR. Therefore, spinophilin
and neurabin act as a functional pair of antagonist regulators that tune the
intensity of calcium influx by GPCRs (Fig. 4.20).

4.14.3 Calcium and Nervous Control of Blood Circulation

The activity of the cardiovascular system is controlled by the nervous system.
Neuron activities depend on the temporal feature of the calcium signal
(Table 4.18).Localincreasesinintracellular calcium trigger neurotransmitter re-
lease less than 100 us after Ca™ influx. Ca™T-binding synaptotagmin acts as
a Ca™ sensor for fast neurotransmission [223]. Members of the neuronal cal-
cium sensor family are involved in manifold neuronal signaling pathways. The
mammalian set of neuronal calcium sensors contains NCS1,12 three visinin-
like proteins (VILIP), neurocalcin, hippocalcin,!'® recoverin,'!* three guany-
lyl cyclase-activating proteins (GCAPs),''5 and four voltage-gated potassium

Table 4.17. Ca™™" signaling components: (4) transcription factors and buffers
(Source: [488]).

Transcription factors Nuclear factor of activated T-cells
(NFATc1-NFATcA)
cAMP response element-binding protein
(CREB)
Downstream regulatory element modulator
(DREAM)
CREB-binding protein (CBP)

Cytosolic buffers Calbindin, calretinin, parvalbumin

Endoplasmic reticulum buffers Calnexin, calreticulin, calsequestrin, GRP

12 N(CS-1 regulates phosphatidylinositol 4-kinase-33, as well as many other pro-
teins.

13 Hippocalcin is expressed at high levels in hippocampal pyramidal neurons and
moderately in certain other neuron types.

114 Recoverin is expressed only in the retina.

15 GCAPs exist only in the retina. They are involved in light adaptation during
phototransduction.
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Figure 4.19. Calcium activities in cells. Ligand (L)-bound receptor (R) causes
the entry of calcium from the extracellular space and the formation of second mes-
sengers, such as inositol trisphosphate (IP3), cyclic ADP ribose (cADPR), nico-
tinic acid adenine dinucleotide phosphate (NAADP), and sphingosine-1-phosphate
(S1P). The second messenger releases calcium from its intracellular stores, the en-
doplasmic reticulum (ER; sarcoplasmic reticulum in the myocyte). IP3 is formed
from phosphatidylinositol bisphosphate (PIP2) by different isoforms of phospholi-
pase C, and targets its receptor IP3R. Metabolism-linked messengers cyclic ADP
ribose (cADPR) and nicotinic acid adenine dinucleotide phosphate (NAADP), gen-
erated by ADP ribosyl cyclase from NAD and NADP, respectively, favors Cat™
release from its stores. Ca™™ can also be transported into the cytosol via either
ryanodine receptor (RR) associated with plasmalemmal voltage-dependent calcium
channels, or by plasmalemmal, non-excitable store-operated channels (SOC; Orail
channel) coupled to Ca™ ™" sensor stromal interaction molecule-1 (STIM1) in regions
of the endoplasmic reticulum close to the plasmalemma. Most of the intracellular
calcium binds to buffers; the remaining part targets effectors. Afterward, calcium
ions leave its effectors and buffers and is removed from the cell by various exchang-
ers and pumps. Na™ /Ca™" exchanger (NCX) and plasma-membrane Ca™"-ATPase
(PMCA) expell Ca™™ in the extracellular medium, and sarco(endo)plasmic reticu-
lum Ca*™*-ATPase (SERCA) pumps fill the stores. Mitochondria participate to the
recovery. They quickly sequester Ca™™ via uniporters; Ca™™ is then slowly released
into the cytosol to be extruded by SERCAs and PMCAs. (Source: [488]).

channel-interacting proteins (KChIP1-KchIP4), with several spliced KChIP
isoforms. 16

116 Members of the KChIP family are characterized by: (1) differential expression
according to the neuron type and regions for a given neuron type (hippocampus,
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The cardiomyocyte permanently bears calcium influxes and effluxes for
contraction and relaxation. Adaptative responses associated with modifica-
tions in gene transcription then require changes in the calcium signaling
pathway. Calcium ions act indirectly on transcription factors. For example,
the effector PP3 dephosphorylates the transcription factor nuclear factor of
activated T cells NFAT3, which can enter into the nucleus to induce gene
transcription, in opposition to the PI3K pathway which inhibits glycogen syn-
thase kinase-3, thus inactivating NFAT3 (Sect. 7.7.7). Elevation of cytosolic

neurabin

_____

N GPCR

=
N\
| — Ca

Figure 4.20. A functional pair of antagonist regulators of GPCR-triggered cal-
cium influx. Both spinophilin and neurabin bind regulators of G-protein signaling
RGS2, which hampers calcium influx by G-protein-coupled receptors. GPCR-bound
spinophilin prevents RGS2 binding to cytosolic neurabin, thus inhibiting calcium
influx. Conversely, neurabin hinders RGS2 binding to spinophilin, removing RGS2
away from GPCR, and thereby favoring GPCR-driven calcium influx.

Table 4.18. Time scales of calcium-regulated processes in neurons (Source: [223]).

Neurotransmission <1lms
Channel activity > 1ms
Short-term plasticity > 100 ms
Long-term potentiation < 10s
Long-term depression  >10s
Gene expression >10s

cortex striatum, and cerebellum); and (2) differences in target and location. They
augment Kv4 expression, shift the activation voltage threshold, slow the channel
inactivation, and accelerate the recovery rate from inactivation. KChIP3, also
called calsenilin, interacts with presenilin, like KChIP4, and amyloid precursor
protein. It alters Ca™™ release from the endoplasmic reticulum. KChIP3 is a
transcriptional repressor, known as a downstream regulatory element antagonis-
tic modulator (DREAM) at low Ca™™ concentration. Ca™" binding to KChIP3
hampers KChIP3 binding to the downstream regulator element (DRE) of the
gene promoter.
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calcium levels can be caused by angiotensin-2 and endothelin-1 via GPCR
(Gq), and phospholipase-Cp which generates inositol trisphosphate. Diacyl-
glycerol can target, via protein kinase-D, histone deacetylases and could re-
cruit the mitogen-activated protein kinase pathway to activate the cAMP
response element-binding protein.

The adrenergic pathway enhances calcium signaling via adenylyl cyclase,
which produces cAMP. The latter leads to phosphorylation by PKA of calcium
channels CaV1.2 and ryanodine receptors-2, as well as phospholamban which
inhibits SERCA channels. Calcium ions are involved in cardiac hypertrophy
and congestive heart failure. Decay in SERCA activity, at least partially due
to enhanced inhibition by phospholamban, is associated with a decline in (3-
adrenergic signaling.

4.15 Mechanotransduction

Mechanotransduction occurs at the endothelium plasmalemma, as well as
within the blood vessel and cardiac wall (Sect. 9.5; Fig. 4.21). Nowadays, nu-
merical simulations deal with fluid-structure interaction because of the strong
coupling between the blood dynamics and the compliant wall mechanics.!!”
Although the blood flow simulations in any explored segment of the vascu-
lature are carried out in a deformable fluid domain, the numerical results
remain questionable because: (1) the material constants are most often not
known in vivo, and (2) the vessel wall is assumed to be a more or less passive
material.''® The blood vessel wall is a living tissue that is able to quickly
react to the load applied on it by the flowing blood. In a given region of a
blood vessel segment, the endothelial and smooth muscle cells sense the large-
amplitude space and time variations in small-magnitude wall shear stress and

17 Blood vessel wall deformability allows the transient storage of blood in the elas-
tic arteries (close to the heart) during the ventricular ejection (Chap. 8). Con-
sequently, the blood permanently flows in the arterial tree downstream from
the heart during the cardiac cycle. The highly deformable venous compartment
plays the role of blood reservoir, adapting the operative blood volume to the
body needs. Artery collapsibility is used to measure the arterial blood pressure
in the systemic circulation (Part II). Vein collapsibility is targeted by treatment
of dysfunctional superficial veins of the lower limbs. The artery distensibility al-
lows the propagation of the pressure wave, which runs from the heart toward the
microvessels. The wall displacements determine the local time-dependent size of
the blood vessel lumen.

The size of the computational domain depends on the controled motions of the
blood vessel wall. In addition to the flow governing equations (Conservation
Equations in Concluding Remarks) coupled to the equations of the wall me-
chanics, the set of equations to be solved can incorporate the equations that
describe the biochemical reaction cascades triggered by stresses imposed by the
flowing blood on the flexible wall.

118
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wall stretch generated by the large-magnitude blood pressure. These cells re-
spond with a short-time scale to adapt the vessel caliber according to the
loading, especially when changes exceed the limits of the usual stress range.
The mechanotransduction pathways determine the local vasomotor tone, i.e.,
the lumen bore of the reacting blood vessel, hence affect the wall deformation,
taking into account the short-term adaptation to stresses applied at its wetted
surface.

Various cell types react to loading with a cell production that depends
on the stress direction. Several investigator teams have developed bioreactors
(Sect. 10.3.3) that comprise microgrooved silicone cell-growing surfaces, which
are subjected to stretching. Cultures of confluent, elongated, aligned cells
are then obtained. The expression of atrial natriuretic peptide, connexin-43,
and N-cadherin in cardiomyocytes increases when the cell is subjected to
strain perpendicular to the main cell axis imposed by microgrooves [497].
However, the expression of these proteins do not significantly vary with respect
to unstretched cells when the loading direction is parallel to the main cell
axis. When the stretching direction is similar to the microgroove axes, tendon
fibroblasts growing on microgrooves take on elongated shape according to the
microgroove direction. When the stretching direction is oriented at 45 and 90
degrees with respect to microgrooves, tendon fibroblasts do not change shape.
Whatever the stretching direction, o-actin expression by tendon fibroblasts
is upregulated in response to 8% cyclic uniaxial stretching [498]. However,
the closer the stretching direction to the microgroove axes, the higher the
a-actin production. The longer the stretching duration, the greater the -
actin synthesis. Mesenchymal stem cells differentiate and adapt their protein
synthesis according to the mechanical loading in bioreactors [499].

Mechanical stretching of cultured cardiomyocytes, which leads to cardiomy-
ocyte hypertrophy, activate angiotensin-2 type 1 G-protein-coupled receptor
AT1R [500],11? The release of angiotensin-2 by the stimulated cardiomyocytes
can mediate a ligand-dependent stretch-induced response (autocrine con-
trol) [501]. Angiotensin-2 acts as an initial mediator of the stretch-induced
hypertrophic response.

Mechanotransduction at the endothelial plasmalemma drives many cell re-
sponses (Tables 4.19 and 4.20; Sect. 9.5). Heterotrimeric G protein subunits
Gaq/all and Gai3/ oo are activated within 1 second of flow onset, providing
the earliest mechanochemical signal transduction events in sheared endothe-
lium [202]. Certain amino acids of transmembrane helices interact to lock the
receptor in an inactive state. The receptor activation results from motion of
its transmembrane helices embedded in the lipid bilayer solvent.

Mechanical stress across the plasmalemma of endothelial cells can directly
activate G-protein-coupled receptors. Hemodynamic shear stresses applied to
the plasmalemma of endothelial cells change the conformation of bradykinin-

119 Mechanical stretch induces association of the AT1 receptor with Janus kinase-2,
and translocation of G proteins into the cytosol.
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B2 G-protein-coupled receptor, independently of ligand binding [502]. The
response time to stimulation by shear stress is about 80s. Hypotonic stress
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Figure 4.21. Mechanotransduction and interactions between vascular cells. Time-
dependent three-dimensional shearing (torque), stretching (tension), and bending
result from loading applied by the flowing blood on the vasculature walls. Shear
stress at the wall has a low magnitude but strongly varies both in magnitude and
direction during the cardiac cycle (Part II). Pressure applied on the vessel wall by
the blood has high magnitude and undergoes large amplitude variations during the
cardiac cycle. The mechanical loading sensed by the endothelium is transduced into
chemical signals that allows the endothelial cell to adapt. Furthermore, cues are sent
to adjoining cells, especially smooth muscle cells, to regulate the vasomotor tone.
Interactions between flowing molecules (clotting factors) and cells (leukocyte, or
thrombocyte) and the endothelium to regulate blood coagulation, cell extravasation
and aggregation on the one hand (Chap. 9), and between the extracellular matrix,
mural cells and the endothelium required for cell growth and tissue maintainance on
the other hand are also summarized. Endothelial cells detect hemodynamic stresses
via mechanosensors (adhesion molecules, mainly integrins, ion channels, and plas-
malemmal receptors such as GPCRs and RTKs). Signaling pathways augment the
activity of transcription factors. Time-dependent hemodynamic stresses on the en-
dothelium as well as within the wall are implicated in: (1) the vascular tone (vessel
bore) regulation; (2) wall adaptation (short-term) and remodeling (long-term); (3)
tissue evolution (angiogenesis); and (4) vasculature diseases and tumors (Chap. 10
and Part II).
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and membrane fluidizing agents also lead to a significant increase in receptor
activity.120

Table 4.19. Elements of endothelial cell responses to blood flow.

G proteins (Gs), RTK

Ton channels Catt, KT, Na™, and Cl~ channels
Adhesion molecules VE-Cadherin, PECAM]1, integrin
Transport substances Caveolin

Second messengers IP3, cGMP

Vasoactive compounds PGI2, NO, ET1, adrenomedullin
Growth factors PDGF

MAPK production ERK1/2

Gene expression cFos, cJun

Receptors

Table 4.20. Endothelial cell signaling pathways triggered by blood stresses (RTK:
receptor tyrosine kinase; ET: endothelin; NO: nitric oxide; MAPK: mitogen-
activated protein kinase; ERK: extracellular signal-regulated protein kinase; PI3K:
phosphatidylinositol 3-kinase; FAK: focal adhesion kinase; AKAP: A-kinase anchor-
ing protein; NOx: NAD(P)H oxidase; HSPG: heparan sulfate proteoglycan; LKIF:
lung Kruppel-like factor; TxnIP: thioredoxin-interacting protein; ROS: reactive oxy-
gen species; Sect. 9.5).

G proteins Ras, PKC-ET, ERK
RTK PI3K, MAPK
VEGFR2 Cbl-PLC-PI3BK-ERK, PECAMI1, VE-cadherin

Ca™™ channels
MSK™ channels
VGK™ channels
Na™ channels
VE-cadherin
PECAM1
Integrin
Occludin

FAK

Caveolin

HSPG

NOx

elastin-laminin receptor

LKIF
TNF«

ROS

TxnIP (ASK1)
NO

ET

NO

NOx, TGFp

PKA/C-AKAP-SAP-Pyk

ERK1/2

PIBK-PKB (with VEGFR2, 3-catenin, and SHP2)
ERK; NK«xB; PI3K (VEGFR2)

Rho—csk, VEGFR2-Shc, IKK-NKxB, Cdc42, Rac
cell junction

Grb2-Src-Rho-MAPK

NOS, COx, PGI2; ERK1

NO

ERK

cFos

NO, ET, adrenomedullin

ASK1

ERK1/2

MAPK, VCAM1

c¢GMP, Ca™* (MLCK), ERK1/2

collagen, Ca™™

120 B2 pradykinin G-protein-coupled receptor can be stimulated by ligand binding,
shear stresses generated by fluid flow, plasmalemma stretches caused by osmolar-
ity changes, or plasmalemmal fluidity variations switches from inactive to active

conformation.
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Transport and Cell Motion

Molecule transports regulate not only the composition of the plasmalemma,
but also the interaction between the cell and its environment. Cell motility
allows tissue adaptation to environmental cues.

5.1 Endocytosis and Secretion

Intracellular trafficking pathways can be described by compartments that ex-
change their membranes and cargo proteins in an organized sequence of events
between cell constituents, the material fluxes being strongly controlled owing
to various sources of signaling, especially signaling molecules in trafficking
membranes.

5.1.1 Cell Transport Features
5.1.1.1 Membrane Curvature

Membrane curvature is an important event in the generation of vesicular
or tubular structure in the plasmalemma. Endophilin, with its membrane-
binding domain, such as the BAR domain, is required in the formation of
highly curved membrane patches. These domains can interact with dynamin
and actin regulatory proteins, forming narrow tubular invaginations of the
plasmalemma.

The molecule endocytosis, as well as secretory transfer, occur by the trans-
port of vesicles between donor and acceptor membranes. Although transport
between cellular membranes is mostly due to spherical vesicles (diameter of
60-100 nm), tubules and larger transport structures exist, either from mem-
brane budding or vesicle merging (e.g., fusion between vesicles, endosomes,
and/or lysosomes, to form multivesicular body vesicles).
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Membrane fusion is usual process in cell endo- and exocytosis. It is regu-
lated by many proteins, such as membrane-anchored soluble N-ethylmaleimi-
de-sensitive factor attachment protein (SNAP) receptors (SNARE) and pro-
tein phosphatases. Conformational changes of these proteins at least could
assist the formation of a fusion neck delineating a pore between the two mem-
branes in contact. A fusion neck can be formed quickly, with a time scale of
an order of magnitude of O(100ns) [503].

Endocytosis! is the uptake of nutrients and vesicle-mediated internaliza-
tion of plasmalemmal lipids and associated proteins, especially receptors. Ex-
ocytosis corresponds to the transport of newly synthesized proteins from the
endoplasmic reticulum, through the Golgi apparatus to the plasmalemma.

5.1.1.2 Exocytosis

Proteins destined for secretion or the plasmalemma are synthesized and in-
serted in the endoplasmic reticulum. In the endoplasmic reticulum, proteins
fold properly owing to chaperones such as protein disulfide isomerase. How-
ever, misfolding can occur. Misfolded proteins are either retained in the en-
doplasmic reticulum or carried back into the cytosol for degradation by the
proteasome.

Certain proteins are secreted owing to a specific stimulation using different
export routes.2 Molecule transport is easier through transmembrane channels
and pores, the molecules interacting with their carriers. Specific binding sites
can exist inside the channel, apparently leading to an increase in transmem-
brane transport.

5.1.1.3 Endocytosis

Endocytosis defines the internalization of molecules from the cell surface into
membrane compartments, and then into vesicules for cellular trafficking. En-
docytosis is required in a wide range of cellular functions, including nutri-
ent uptake, regulation of growth factors, cell-surface homeostasis, synaptic
transmission, and immune defense. Endocytosis is regulated by extracellular
molecular signals.

Internalized material is transported from the cell cortex by the early en-
dosome. Substances either are recycled to the plasmalemma by recycling en-
dosomes, or conveyed by late endosomes and subsequently by lysosomes for
degradation. The vesicles are delivered to target membrane, using molecular
motors along microtubules or actin filaments.

1 At the end of the nineteenth century, Metchnikoff observed particle ingestion by
cells.

2 They include proangiogenic lectins FGF1 and FGF2 (expelled by heat shock
and shear stress, respectively), interleukin-1f (secreted by activated monocytes),
macrophage migration inhibitory factor (released by monocytes in the presence
of bacterial lipopolysaccharides), and galectin (during differentiation).
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Early endosomes move from the cell periphery to the cell core, where they
can mature.> However, endosomes do not necessarily mature. The mature
endosomes fuse with late endosomes and can be targeted for degradation.

Endocytosis includes various transport types. Phagocytosis (@ayerv: to
eat) refers to uptake of big particles, especially by macrophages; pinocyto-
sis (mvw: to drink) refers to uptake of liquid and certain macromolecules.
Fluid-phase pinocytosis deals with dilution of the molecule in the absorbed
medium. Adsorptive pinocytosis refers to adsorption of the substance on the
membrane with or without the receptor. Endocytic pits (membrane indenta-
tions) and vesicles (membrane invaginations) correspond to micropinosomes,
macropinosomes, and phagosomes. Coated vesicles lose their coat when they
form endosomes (larger vesicles), which mature before interacting by fusion
with lysosomes. Lysosomes are vesicles with hydrolytic enzymes digesting the
molecules conveyed by endocytosis. Lysosomes recycle both produced and
incorporated molecules. Transcytosis from apical to basal membranes is an
endocytosis followed by an exocytosis.

The endocytosis uses several mechanisms. The two major paths include
clathrin- and membrane-raft endocytosis. Clathrin-mediated receptor endo-
cytosis promotes signaling, whereas caveolar internalization is required for
receptor turnover.

Molecule internalization can also be done by via structures that con-
tain glycosyl-phosphatidylinositol-anchored proteins and fluid-phase mark-
ers? [504]. Internalization, after binding to the plasma membrane, can require
membrane rafts and caveosome-like structures (devoided of caveolin)® [505].

Endocytosis and signaling are strongly coupled. Removal of receptors from
the plasmalemma and subsequent internalization determines the signaling
competence of receptors. Receptors are then either recycled to the cell mem-
brane or transported to lysosomes for degradation. Reversible protein changes,
such as phosphorylation and ubiquitination, drive this process. In the endo-
some, ubiquitin serves as a molecular tag on trafficking cargoes.

5.1.1.4 Endocytosis Events

Endocytosis begins at the plasmalemma with the binding between a molecule
and its corresponding surface receptor (Sect. 9.2). The receptors are concen-
trated in membrane microdomains in association with a network of endocytic
adaptor proteins. Ligand-receptor interactions, indeed, often need aggrega-
tion of numerous ligand-receptor complexes in a site where the membrane
begins to invaginate, followed by cell absorption and intracellular transport.

3 GTPase Rab5 characterizes an early endosome. During endosome maturation,
Rabb5 is replaced with Rab7.

4 This pathway is not only caveola- and clathrin-independent, but also dynamin-
and Arf6-independent.

5 This pathway is caveola-, clathrin-, dynamin-2-, and Arf6-independent, but
cholesterol-, and tyrosine-kinase—dependent.
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The bulging leads to the vesicle formation. Membrane budding is initiated
by protrusion of plasmalemmal patches with carrier proteins of the outer
membrane and their extracellular ligands. Membrane coat proteins, such as
clathrins, assemble and capture the ligand-bound receptors. An initial inward
protrusion of the plasmalemma generates a coated invagination.

Actin polymerization regulators as well as actin assembly and stabilization
promoters associated with the coat stimulate actin filament formation. These
actin filaments drive slow inward movement of the coat. Scission molecules
separate the budded membrane from the adjoining plasmalemma to form a
coated vesicle. The vesicle moves rapidly into the cell, being coupled to the
cytoskeleton for efficient delivery to the target organelle, and the coat com-
ponents are removed for another cycle of vesicle formation. When it reaches
its target organelle, the vesicle is tethered to the target membrane before fus-
ing with it. In summary, vesicle history can be divided into several successive
steps: initiation, assembling, budding, detachment, uncoating, displacement,
docking, and fusion.

5.1.1.5 Transport Factors

The cytoskeleton is involved in the spatial distribution, motility, and mor-
phology of endocytic compartments. The actin cytoskeleton intervenes during
early endocytosis, and acts in endosome dynamics and distribution. The mi-
crotubules are required for the motility of early endosomes.

Kinesins act as nanomotors. These ATPases translocate cargoes along
microtubules. Certain kinesins (kinesin-8, and kinesin-13) also control mi-
crotubule polymerization dynamics, as they are microtubule depolymerases.
Kinesin-1 drives the movement of rough endoplasmic reticulum, Golgi appa-
ratus, mitochondria, and secretory and endocytic vesicles. Kinesin-1 contains
two motor heavy chains (KHC) and two light chains (KLC). KLCs interact
with multiple cargo molecules. Many different KLC1 splicing isoforms exist,
but a given kinesin-1 has a single KLC isoform, and thus a given targeted
cargo.

Cytoplasmic microtubule-activated ATPase dynein is the primary nanomo-
tor for transport of vesicles, organelles, proteins, and RNA cargoes from the
cell periphery toward the nucleus along the microtubule cytoskeleton. Among
microtubule-associated proteins, dynactin moves progressively along micro-
tubules in the absence of molecular motors. Dynein requires dynactin for func-
tioning. The skating domain of dynactin is used by motor dynein to maintain
longer interactions with microtubules during each binding [506]. Tight binding
prevents premature dissociation of the dynein—dynactin—cargo complex from

5 Dynein is a minus-end-directed microtubule nanomotor, which can be controlled
either by regulation of its subunits or regulation via accessory proteins, such as
dynactin. Nuclear distribution genes encode dynein chains and dynactin compo-
nents.
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the microtubule. Moreover, dynactin maintains a bind with the microtubule
but does not impede the dynein velocity along the microtubule.

Motor protein complexes, such as sets of kinesins and dyneins, operate with
better efficiency than single molecules [507]. Multimotor transport depends
on the architecture of the molecule assembly and its ability to bind multiple
microtubule sites. Complexes formed by dynein, its activator dynactin, and
actin-related protein ARP1, moves in the two directions (toward plus and
minus microtubule ends) along microtubules [508]. The direction switch for
backward excursions allows flexible navigation through a crowded cellular
environment.

Transport myosins are made of two major domains: a motor domain that
binds F-actin and a tail domain for cargo binding. Myosins-1, -5, -6, -7,
-10 are involved in cellular transport. Processive myosins, such as myosin-
5, can remain attached throughout the sequential steps of their activity along
actin filament. Myosin-5 is a two-headed (dimeric) motor protein responsi-
ble for intracellular transport on actin filaments and positioning of certain
vesicles (secretory vesicles, lysosomes, peroxisomes) and organelles.” Distant
cargo-binding domains regulate cargo type (cargo-specific receptors), attach-
ment /detachment and destination [509]. Myosin-5 has functional similarities
with kinesin and differs from myosin-2 activity. Myosin-5 functioning is medi-
ated by Rab GTPases, which bind to myosin either directly or via adapters.
The light chain domain serves as a mechanical lever arm, due to tilting of
the myosin neck. The two heads maintain association with actin during dis-
placement. At each step, the trailing head becomes the leading head. An-
other orientational change occurs without producing significant motion along
actin. The lever arms probe their local environment prior to executing a full
step [512].

Cell organelles are carried along microtubules by kinesin, then locally along
actin by myosin-5a. Myosin-ba can travel according to a spiral path along
actin. At intersecting filaments (either actin or microtubules), the nanomotor
adapts to transport its cargo to the cell periphery [513]. Myosin-5a not only
easily maneuvers at actin filament intersections, but also when encounter-
ing a microtubule, steps onto the microtubule and begins a one-dimensional
diffusive search for a kinesin.

7 At nanomolar calcium concentrations, myosin remains folded, whereas at micro-
molar calcium levels the ATPase is activated and myosin unfolds [510]. Myosin-5
hydrolyzes ATP to move toward the plus end of actin filaments. Strain between
the two heads of a moving myosin-5 can modulate the ADP release rate. ADP
release is rate limiting in myosin kinetics. In addition, the forward motion rate
of the nanomotor depends on ATP concentration, whereas load-dependent back-
stepping can occur in the absence of ATP, as ATP binding is inhibited by molec-
ular loading. This mechanical asymmetry can be explained by the strength of
actin binding of a nanomotor head that is modulated by the lever arm confor-
mation, myosin-5 functioning as a ratchet [511].
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Myosin-6, the single nanomotor that moves along actin filaments toward
the minus end, participates in endocytosis. It is recruited to clathrin-coated
pits and uncoated endocytic vesicles, as well as liposomes in the presence of
calcium. Myosin-6 links clathrin-coated pits via the adapter protein Dab2.
Adaptor synectin,®, used in internalization of plasmalemmal receptors, is in-
volved in the association of myosin-6 with uncoated endocytic vesicles [514].

Annexin-2 is a ubiquitous Ca*T-binding protein for actin-dependent vesi-
cle transport.? Annexin-2 is present both as a cytosolic monomer and a het-
erotetrameric complex at the outer cytoskeleton linked to the plasmalemma,
interacting with receptors and ion channels. Annexin 2 is located in cell re-
gions undergoing actin remodeling. It indeed reduces the polymerization rate
of actin monomers in a dose-dependent manner [515]. Annexin-2 inhibits fil-
ament elongation at the barbed ends.

Substrate transport within the cell requires a cluster of subtances: assem-
bling and docking proteins, coat components, adaptors, effectors, and regu-
lators, which target, tether, and fuse membranes. Vesicle movement between
the cell compartments involves containers that are composed of coat protein
complex (CoP1, and CoP2; Fig. 5.1), clathrin, and caveolin, involved in the
different steps of endocytosis and exocytosis. These coats can also be linked to
adaptors to ensure efficient substrate selection and coordination with vesicle
formation.

Rab proteins constitute the largest set of Ras GTPases, reflecting the
complexity of intracellular transport.'® Rab cascades regulate the four steps
in vesicular transport to achieve specificity and directionality in intracellular
transport: budding,'! delivery,'? tethering,' and fusion'* with the membrane
of the target compartment (Fig. 5.2). Rab proteins undergo a membrane inser-
tion and extraction cycle, which is partially coupled to the switch activity be-
tween GTP- and GDP-bound states. GDP dissociation inhibitor (GDI) binds
to and maintains Rab protein in the cytosol. GDI displacement factor (GDF)1®

8 Synectin is also called the GAIP interacting protein-C terminus (GIPC).

9 Annexin-2 is also required for the formation of tight junctions.

10 The greater the plasmalemma complexity, the larger the Rab protein number.

1 During the carrying vesicle formation, the suitable transport and fusion molecu-
lar complex must be incorporated into the vesicle before scission from the donor
membrane, involving Rab proteins.
Vesicles are transported through the cytoplasm toward target membranes by
using either actin-dependent motors, such as myosins, or microtubule-dependent
motors, such as kinesins or dyneins. These nanomotors or motor adapters are
Rab effectors. Rabs often interact with nanomotors via intermediary proteins.
Vesicle tethering brings the vesicle and target membrane into close proximity for
merging.
Rabs affect vesicle fusion via soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptors.
15 GDFs are integral membrane proteins that displace GDI from the Rab proteins

for activation.

12
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14
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allows membrane attachment of Rab proteins. Membrane-bound Rabs are ac-
tive and can be stimulated by guanine nucleotide-exchange factors and bind
to their specific effectors. In the absence of efficient intrinsic guanine nu-
cleotide exchange, Rabs indeed interact with effectors via guanine nucleotide
exchange factors and GTPase-activating proteins, which promote the cyclic
assembly and disassembly of Rab-containing complexes. Rab effectors couple
membranes to the cytoskeleton, recruiting kinesin and myosin, initiate vesicle
docking, and mediate membrane fusion. Active Rabs are incorporated into
specific membrane domains by effector- and GEF-mediated positive feedback
loops [516]. Active Rabs can then recruit additional effectors into these do-
mains for cell transport. Rab—GEF effector complexes stabilize activated Rabs
on membranes. After inactivation by specific GTPase-activating proteins, the
GDP-bound Rabs can be extracted from the membrane by GDI and recycled
back to the cytosol. Rab proteins regulate the dynamic assembly and disas-
sembly of proteic scaffolds implicated in vesicle motions. Rab-regulated hubs
are building blocks for vesicle formation based on Rab GTPases, which func-
tion as coding systems regulating the dynamics of specialized plasmalemmal
patches, the so-called membrome [517].

Rabb regulates endocytic membrane dynamics from the vesicle formation
to the endosome fusion. Clathrin-coated vesicles possess Rabb exchange-factor
activity. RabGAPS5 affects endosomal Rab5 effector EEA1 and blocks endo-
cytosis via endosomes [518].

CoPl-coated vesicle clathrin—coated vesicle

smooth vesicle multivesicular body
transport

trans—Golgi P

L protein modification

and sorting
mid-Golgi (
cis—Golgi *
Q CoP2—coated vesicle

ERGIC - T
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Figure 5.1. The Golgi apparatus receives proteins via transition vesicles from the
endoplasmic-reticululm—Golgi intermediate compartments (ERGIC), a smooth re-
gion of the rough endoplasmic reticulum. The Golgi apparatus modifies proteins
within its three compartments. The proteins are sorted for destination sites using
different types of vesicles.
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Rab GTPases and soluble N-ethyl-maleimide-sensitive factor attachment
protein receptors, docking/fusion plasmalemmal proteins,'® direct the trans-
port of vesicles involved in endocytosis and exocytosis to their single des-
tinations, SNAREs being required for membrane recognition and fusion.
SNARE Proteins are divided into Q- and R-SNARE subgroups. Docking
and fusion mediated by SNARE complexes are regulated by specific effec-
tors that either promote or prevent SNARE assembly. There are several
types of SNARE-binding proteins, such as synaptotagmins, which could regu-
late SNARE-mediated fusion, and complexins. These accessory proteins affect
SNARE sorting and location. SNARE proteins are also regulated by protein
kinases and phosphatases, and by other signaling proteins.

donor membrane

icle
/ vesicl \

RabGTP
. RabGTP
budding T
\
GEF
RabGDP / fusion
RabGAP
RabGDP
RabGDI

acceptor membrane

Figure 5.2. Regulation of vesicle transport by Rab GTPases (Source: [518]).

16 Soluble N-ethylmaleimide-sensitive factor attachment protein receptors are
important components of protein complexes that act as lipid mergers for
membrane fusion between trafficking vesicles and target compartments. In
particular, SNAREs form nanoclusters heterogeneously distributed in the plas-
malemma, allowing docking of secretory vesicles. The stability of these nan-
odomains depends on steroid lipids, such as cholesterol. SNARE proteins form a
family of 36 members in humans [519]. Many SNAREs reside predominantly
or selectively in given cell compartments. Syntaxins-1, -2, -4, SNAP23, and
SNAP25 are located at the plasmalemma, syntaxin-5, vesicle-associated mem-
brane protein (or synaptobrevin) VAMP4 in the membrane of the Golgi appa-
ratus. SNARE proteins involved in transport between two cell compartments
are found in both compartment membranes, as well as in the associated vesi-
cles. SNARE proteins clamp the membranes together and initiate fusion. Merged
opposing membranes form an aqueous pore that connects the distal leaflets of
the membranes in contact. After membrane fusion, SNARE complexes are dis-
assembled and SNARE proteins are recycled owing to Aaa (ATPases associ-
ated with various cellular activities) proteins, N-ethylmaleimide-sensitive factor
(NSF), and soluble NSF attachment proteins (SNAP cofactors).
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Ras GTPases exist with their partners in the Golgi complex. Here, they
are regulated with modes of activation and deactivation that differ from those
at the plasmalemma.

Arf6 GTPase and its exchange factor, the ADP-ribosylation factor nu-
cleotide site opener (ARNO), are involved in vesicle-coat formation and in
actin cytoskeletal remodeling. Endosomes and lysosomes have an acidic lu-
minal content induced by a proton-pumping vacuolar ATPase (V-ATPase).
Arf6 and ARNO are recruited from the cytosol to endosomes owing to
intra-endosomal acidification [520].17 Hence, endosomal acidification promotes
transport between early and late endosomes.

GEP100 (pl100), a guanine nucleotide-exchange protein activator of the
ADP-ribosylation factor, is partially colocalized with Arf6 in the cell periph-
ery. It accelerates guanosine triphosphate binding by Arf6, which participates
in protein transport near the plasmalemma, including receptor recycling.'®

The cAMP-PKA pathway acts on many trafficking steps [521]. The
cAMP-PKA pathway includes protein kinase-A, adenylyl cyclase, which
synthesizes cAMP, adenylyl cyclase activators, such as Go protein, phos-
phodiesterases which hydrolyze cAMP, and PKA-anchoring scaffold proteins.
Protein kinase-A is actived when the catalytic and regulatory subunits disso-
ciate in the presence of cAMP. The entire set of components is located on the
plasmalemma. PKA recruits Arfl to the Golgi complex. PKA phosphorylates
certain SNARESs.

Protein kinase-C is recruited into cellular membranes for transport regula-
tion. PKC is required in the transport of glucosaminoglycans from the Golgi
apparatus to the plasmalemma. PKC is involved in carrier membrane fission
from the trans-Golgi network.

G« proteins are located in cellular membranes, particularly thoses of the
Golgi complex. G proteins are involved in the regulation of the CoP1 transport
and transport between the trans-Golgi network and plasmalemma.

Transport vesicles can be classified according to the components of the
protein coat and transported molecules. Anterograde and retrograde trans-
port is mediated by distinct sets of cytosolic coat proteins,'® CoP1, and CoP2.
Hence, three major kinds of coating proteins are involved in the transport be-
tween intracellular membranes and the plasmalemma: (1) the clathrin—adaptin
complexes for endocytosis and vesicular trafficking between the Golgi, lyso-
somes, and endosomes; (2) the CoP1 complex for intra-Golgi and Golgi-to-
endoplasmic reticulum displacement; and (3) the CoP2 complex?? for vesicular
motion from the endoplasmic reticulum to the Golgi stack.

17" Arfl is not recruited by an acidification-dependent mechanism.

18 Tt is also involved in cell adhesion and cell migration, interacting with x-catenin,
a regulator of adherens junctions and actin cytoskeleton remodeling.

19 Coat proteins are heptameric complexes with f, v, 8, and ¢ subunits.

20 Coat protein complex CoP?2 is composed of: (1) Sarl GTPase; (2) Sec23 and
Sec24 (Sec23 is a Sarl-specific GTPase-activating protein; Sec24 selects trans-
ported substances); and (3) Sec13 and Sec31 (Sec13/31 has a structural role).
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Sarl GTPase, a member of the Ras family of small GTPases, recruits: (1)
CoP2 vesicle to the membranes of the endoplasmic reticulum;?! (2) Arfl,
CoP1, and clathrin vesicles to the Golgi complex; and (3) plasmalemmal
Arf6 phosphatidylinositol(4,5)bisphosphate kinase, Arll, and ARFRP1 to the
trans-Golgi network. Arfl GTPase, involved in CoP1 coat assembly and recy-
cling from Golgi stack to the endoplasmic reticulum, links with Rab1B, which
modulates CoP1 recruitment to compartments of Golgi apparatus.?2

Phosphorylated phosphoinositides are strongly implicated in endocytosis.
Phosphatidylinositol(3)phosphate is found on the surface of endosomes, where
it can recruit proteins. Among such proteins, certain ones coordinate the ac-
tivity of the small GTPases Rab, some are involved in ubiquitination for
subsequent lysosomal degradation, and others are required for multivesicu-
lar body formation. Phosphatidylinositol(4,5)bisphosphate is required in cell
transport, especially in clathrin-dependent endocytosis of plasmalemmal pro-
teins, such as nutrients and growth factor receptors. It is synthesized by phos-
phatidylinositol(4)phosphate 5-kinase in association with clathrin adaptor
protein AP2. It also serves as a substrate for the synthesis of phosphatidyli-
nositol(3,4,5)trisphosphate. Phosphatidylinositol 3-phosphate (PtdIns3P) or
its metabolite PtdIns(3,5)P2 in endosomes is required for maturation of the
transport of certain receptors assigned to recycling or degradation, at the
microtubule-associated tubularization stage [523].

The ubiquitin®® (Ub) is involved in signal transduction and endocytosis
in particular [524, 525]. It acts on protein—protein interactions implicated
in membrane fusion. Monoubiquitination causes the internalization of plas-
malemmal receptors by clathrin-dependent or -independent mechanisms, ac-
cording to the stimulation intensity and the ubiquitination status.2* It is also
required for the cellular transport associated with endosomal sorting.

Cargo partitioning into intralumenal vesicles of multivesicular endosomes
usually involves protein ubiquitination, hepatocyte growth factor-regulated

21 Transport from the endoplasmic reticulum to the Golgi complex requires assem-
bly of the CoP2 complex at endoplasmic reticulum outlets. Cytosolic small CoP2-
coated vesicles contain SNARE Sec22b necessary for downstream fusion [522].

22 Arfl also associates with Rab11A, dynamin-2, clathrin light chain-A, clathrin-

binding protein HRS/HG, HRS/HG-interacting protein TSG101, and TSG101-
interacting protein EAP30. Arfl can form clusters with RablB/C, GEF
TRAPPC4, Rabl tether Grasp-55, TIP47, and CoP2 components Sec13R and
Sec24C.

The ubiquitin, activated by an ATP-dependent enzyme El, is attached to target
proteins by ubiquitin-conjugating enzyme E2 in association with a ubiquitin-
protein ligase E3 to induce their degradation by a 26S proteasome. Ubiquitin-
like proteins also control the activities of proteins. Ubiquitin-like proteins are
activated by specific E1 and are transferred to their substrates by E2.

Slight stimulations lead to clathrin-dependent endocytosis. Strong stimulations
increase the level of receptor ubiquitination and favor membrane raft/caveola
endocytosis.

23

24
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tyrosine-kinase substrate, and endosomal sorting complexes required for trans-
port. However, intralumenal vesicle sorting in fibril formation does not require
hepatocyte growth factor-regulated tyrosine—kinase substrate [526].

Integrins?® control the translocation of GTP-bound Rac to the plasma
membrane, before Rac binding to effectors. Integrin—regulated Rac bind-
ing sites are within cholesterol-enriched membrane nanodomains. Integrins
prevent the internalization of these plasmalemmal nanodomains, and hence
control Rac signaling. This internalization is mediated by dynamin-2 and
caveolin-1 [527].

Proteoglycans close to the external face of the plasmalemma participates
to cell transport. The fibroblast growth factor FGF2 is secreted to transmit
angiogenic signals via a ternary complex with FGF receptors and extracellular
heparan sulfate proteoglycans [528].

5.1.1.6 Transport Sorting

Once membrane-bound vesicles enter the endosomal system, they are sorted
for delivery to their specific destinations. Incorporation into the intraluminal
vesicles of multivesicular bodies involves different mechanisms. Transport sort-
ing is regulated by ubiquitination and by hepatocyte growth factor-regulated
tyrosine-kinase substrate endosomal and endosomal sorting complexes re-
quired for transport ESCRT1, ESCRT2 and ESCRT3 [529].2° Endosomal
sorting complexes are necessary for transport select proteins to be included
in vesicles. Another mechanism, which does not require direct ubiquitination
exist for certain substances. The lipid-driven process of multivesicular body
formation involves lipid lysobisphosphatidic acid [526]. Furthermore, protein
processing can require a passage by intraluminal vesicles of multivesicular
bodies.

The intracellular transport of substances deals not only with the flux of
molecules from the extracellular spaces, but also with the transfer of com-
pounds manufactured by the cell toward the targeted (intra- or extracellular)
medium (Fig. 5.3). In both cases, the cell membrane must be crossed. The cell
secretion from a donor organelle requires the budding of transport vesicles,
their displacement, and the fusion of the vesicles with an acceptor membrane,
once the vesicles loaded with a specific compounds have recognized the appro-
priate target. Large GTPase d