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ABSTRACT

Adducins are a family of membrane skeleton proteins encoded by three related
genes (ADD1, ADD2 and ADD3 or o, - and y-adducin genes). Both ADDI and ADD3
are ubiquitously expressed, while the B-adducin gene shows a pattern of expression
restricted to brain and haematopoietic tissues. Adducin is found as either a heterodimer
or heterotetramer of /B or o/y subunit composition in most tissues. Human
erythrocytes mainly contain o/f heterodimers, whereas the y-subunit is also found at
low levels in mouse red blood cells (RBCs). In erythrocytes, adducin is localised at the
actin-spectrin junctions (junctional complexes), where it promotes the association of
actin to spectrin, and bundles and caps the fast-growing ends of actin filaments. The
junctional complexes comprise of other proteins, such as tropomodulin, tropomyosin,
Protein 4.1, p55 and dematin, promoting and modulating spectrin—actin interactions,
forming membrane associations, and regulating actin filament length. A mouse strain
bearing a targeted mutation in the B-adducin gene was previously created in our lab and
it was demonstrated that the mutant mice had abnormal erythrocytes, developing mild
spherocytic hereditary elliptocytosis. These abnormalities were associated with
alterations in the levels of several erythrocyte skeletal proteins: a-adducin, o-
tropomyosin and actin were down-regulated, while the levels of y-adducin and
tropomodulin were increased. In addition, o- and B-subunits of the dimeric CapZ, the
main muscle actin-capping protein of actin filaments barbed-ends, and which is mainly
found in the cytoplasm of normal erythrocytes (ECapZ), were ~9-fold upregulated in
RBC mutant skeletons, suggesting the existence of a compensatory mechanism.
Moreover, purified adducin was re-incorporated into adducin deficient ghosts partially
displacing ECapZ. The erythrocyte skeletal composition of dematin-adducin double
knock-out mice (DAKOs) was also analysed. Despite their stronger phenotype and the
presence of more significant alterations in red cell skeletons than those observed in the
single mutants, the levels of ECapZ o~ and -subunits remained unaltered in the RBC
skeleton of DAKOs. These results reflect the severe haemolytic anaemia manifested by
the double mutant mice, and suggest the importance of adducin and dematin in the
maintenance of the shape and mechanical properties of the erythrocyte membrane
skeleton. Other actin-rich structures were also analysed, such as that of lens eye fibre

cells, and showed analogous variations of most cytoskeletal proteins (except for CapZ



which showed no changes) suggesting different skeletal organisation between
erythrocytes and lens fibre cells.

In addition to its presence in erythrocytes and eye lens cells, B-adducin is also
very abundant in the brain where it is detected as a protein of similar size to the versions
found in spleen, but it is translated from a peculiar brain-specific mRNA of 8-9 kb,
instead of 3.5—4.5 kb of that detected in spleen. The molecular basis of this difference
was discerned by determining the structure of the brain-specific B-adducin transcript in
rats, mice and humans. Brain- and spleen-specific promoters and first exons, apparently
not conserved in humans, were identified in rodents. It was demonstrated that 3-adducin
brain mRNAs are processed in all three species by a common mechanism utilising
tissue-specific alternative polyadenylation sites (denominated A4 in the brain), which
generates an unusually long 3'-untranslated region (3’-UTR) of about 5-6 kb. Proximal
erythroid-specific polyadenylation regions in rodents (A; and A;3) and humans (A;, A,
and Ajz) were also identified. In all of these regions, the elements defining the core
polyadenylation signals were identified: the hexanucleotide motif, the U-rich and GU-
rich elements, and the cleavage site itself, known as the poly(A) site. A study of the 3-
adducin tissue-specific alternative polyadenylation mechanism was initiated by
performing transient transfection assays of chimeric minigenes mimicking the structure
and the arrangement of the polyadenylation sites in the B-adducin gene. It was shown
that minigene-derived B-adducin transcripts were correctly polyadenylated at the Ay
brain-specific site in HeLa cells. Using a deletion strategy to analyse the contribution of
the core polyadenylation elements to poly(A) site selection by the chimeric minigenes,
it was observed that the lack of the U-rich region of the A4 site directly decreased the
efficiency of pre-mRNA processing, and that the use of an upstream cryptic poly(A)site
is trigged by the absence of the Ay site hexanucleotide motif. In addition, the long brain-
specific B-adducin mRNA is localised with dendrites, highlighting the importance of the
5-6 kb 3’-UTR in the subcellular localisation of the B-adducin transcript in the brain,
and probably in other regulatory functions not yet addressed.

To summarise, the molecular alterations underlying the red cell shape and
structure abnormalities found in mutant B-adducin mice, in double adducin-dematin KO
mice, and also those found in other actin-rich structures, such as eye lens fibre cells,
were characterised. Additionally, the molecular basis of the size differences in the
mRNAs from brain and spleen in humans, rats and mice was determined. Preliminary
experiments aimed to characterise the tissue-specific mechanisms regulating those

differences were also performed.
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ABBREVIATIONS

The standard abbreviations used in this dissertation follow IUPAC rules. All

abbreviations are defined also in the text when they are introduced for the first time.

Abbreviations mentioned only once are not included in this table.

ABBREVIATION
DNA Deoxyribonucleic acid
cDNA Copy DNA
RNA Ribonucleic acid
nt Nucleotides
dNTPs Deoxynucleoside triphosphates (A, C, G and T)
N Nucleotide (A or C or G or T)
R or Pu Purine (G or A)
Y or Pyr Pyrimidine (T or C)
bp Base pairs
kb Kilobase
aa Amino acid
kDa Kilodalton
MW Molecular weight
++ B-adducin homozygote wild type (controls)
+- -adducin heterozygote
-/- -adducin homozygote mutant, knockout, or -adducin deficient
KO Knockout
DAKO Dematin headpiece domain and 3-adducin double knockout
RBC Red blood cell
HS Hereditary spherocytosis
HE Hereditary elliptocytosis
SphHE Spherocytic HE
HSt Hereditary stomatocytosis
BP Blood pressure
OF Osmotic fragility
GPA/GPB/GPC/GPD Glycophorins A, B, C and D
DHP Dematin headpiece domain
PKC Protein kinase C
PKA Protein kinase A (cAMP dependent)
CBC Cap-binding complex
snRNA Small nuclear RNA
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snRNP
hnRNP
SR
USE
DSE
CPSF
CstF
CF

Pol 11
CTD
PAP
PABP
TSS
PIC
Inr
ORF
UTR
EST
ARE
miRNA
LS
mN1
mE1
hE1
Rpm
DTT
EDTA
IPTG
TBE
SDS
Tris
PBS
IPTG
ddH,0
ATP
ADP
c-AMP
R.T.
O.N.

Small nuclear ribonucleoprotein particles
Heterogenous ribonuclear protein
Arginine-serine rich protein

Upstream element

Downstream element
Cleavage/polyadenylation specificity factor
Cleavage stimulation factor

Cleavage factor

RNA polymerase II

C-terminal domain of Pol II

Poly(A) polymerase

Poly(A)-binding protein

Transcription start site

Transcription pre-initiation complex
Initiator element

Open reading frame

Untranslated region

Expressed sequence tag

AU-rich element

microRNA

mRNA localisation signal

First brain-specific exon of mouse B-adducin
First erythroid-specific exon of mouse -adducin
Erythroid-specific exon of human B-adducin
Revolutions per minute

Dithiothreitol

Ethylenediamine tetra-acetic acid
Isopropyl-B-d-thiogalactopyranoside
Tris-borate-EDTA (buffer)
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1 INTRODUCTION

1.1 Cells membrane cytoskeleton

The cytoplasm of eukaryotic cells is spatially organised by a network of protein
filaments known as the cytoskeleton. This network contains three principal types of
filaments: microtubules, intermediate filaments and actin filaments (Figure 1.1 A, B,
and C). They connect organelles in different regions of the cell and are used as tracks
for the transport between them. In addition, filament networks provide mechanical
support, which is especially important for animal cells, which do not have rigid external
walls. The cytoskeleton forms an internal scaffold for the large volume of cytoplasm,
holding it like a framework of girders supporting a building. Each of the three types of
protein filaments is a helical polymer that has a different arrangement and function in
the cell. By themselves, however, the three types of filaments could provide neither
shape nor strength to the cell. Their functions depend on accessory proteins that link the
filaments among them and to other cell components. Accessory proteins are also
essential for the controlled assembly of the protein filaments in particular locations, and
they provide the motors that either move organelles along the filaments or move the

filaments themselves (Lodish, 2003).

1.1.1 - Microtubules -

Microtubules are long and stiff cylindrical structures (diameter of 25 nm) (Figure
1.1 A), and usually have one end anchored in the centrosome and the other free and
extend throughout the cytoplasm. They govern the location of membrane-bounded
organelles and other cell components and during the M phase of the cell cycle they
create the mitotic spindle. Microtubules comprise tubulin molecules, each of which is a
heterodimer consisting of two closely related and tightly linked globular polypeptides
called o+ and S-tubulin. The microtubule structure is built of 13 linear protofilaments,
each composed of alternating a- and -tubulin subunits and bundled in parallel to form
a cylinder. Since the 13 protofilaments are aligned in parallel with the same polarity, the
microtubule itself is a polar structure which has both a plus (fast-growing) and a minus
(slow-growing) end. The minus-ends of microtubules are stabilised due to being
embedded in the centrosome while the fast-growing ends are free to add tubulin

molecules. Therefore, each microtubule is a highly dynamic structure that alternately
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grows by the addition (polymerisation) or shrinks by the loss (depolymerisation) of
tubulin subunits: this behaviour is called dynamic instability. Their polymerisation and
depolymerisation are controlled by the presence of the GTP bounds to the -tubulin and

Mg?* ions, and GTP-hydrolysis, respectively (Kreis and Vale, 1999).
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Figure 1.1: Cytoskeletal filaments. The three major types of filaments that form the cytoskeleton:
microtubules, intermediate filaments and actin filaments are represented in Panels A, B, and C,
respectively.

1.1.2 - Intermediate filaments -

Intermediate filaments are tough, rope-like polymers of fibrous polypeptides that
resist stretch and play a structural or tension-bearing role providing mechanical stability
to cells and tissues. They are called "intermediate" because they have a diameter of 8-10
nm, between that of actin filaments and microtubules (Figure 1.1 B). In most animal
cells an extensive network of intermediate filaments surrounds the nucleus and extends
towards the cell periphery, where they interact with the plasma membrane. In addition,
a tightly woven basketwork of intermediate filaments, the nuclear lamina, underlies the
internal side of the nuclear envelope. Intermediate filaments are particularly prominent
in the cytoplasm of cells that are subject to mechanical stress (for example, in epithelia,

neuronal and muscle cells. A variety of tissue-specific forms are known to differ in the
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type of polypeptide they comprise: the keratin filaments of epithelial cells, the
neurofilaments of nerve cells, the glial filaments of astrocytes and Schwann cells, the
desmin filaments of muscle cells, and the vimentin filaments of fibroblasts and many
other cell types. Nuclear lamins, which form the nuclear lamina, are a separate family of
intermediate filament proteins. The monomers of the different types of intermediate
filaments differ in sequence and molecular weights, but they all comprise a homologous
structure: two globular domains (N- and C- terminus) linked by a central rod domain

that forms a coiled-coil structure when the protein (Kreis and Vale, 1999)

1.1.3 - Actin filaments -

Actin filaments (F-actin) are flexible helicoidal polymers with a diameter of 5-8
nm (Figure 1.1 C). They consist of a tight helix of uniformly oriented globular actin, or
G actin. Actin is the most abundant protein in many eukaryotic cells, often constituting
up to 5% of total cell protein (in skeletal muscle cells it reaches about 10% of their
mass). Each actin molecule is a single polypeptide of 42 kDa folded to create two
structural domains divided by a central cleft where ATP and Mg** are bound. All higher
eukaryotes have several isoforms of the protein encoded by a highly conserved family
of genes that reside in different chromosomes. Four different o-actins are found in
muscle cells and are associated with contractile structures. Instead, - and y-actins are
the principal constituents of non-muscle cells, where Yy-actin accounts for stress
filaments and B-actin is in the front (or leading edge) of moving cells when actin
filaments polymerise. Although there are subtle differences in the properties and
functions of different forms of actin, their primary structures are highly conserved and
all assemble into filaments that are essentially identical (Kreis and Vale, 1999). Like
microtubules, actin filaments are polar structures, with two structurally different ends: a
relatively inert and slow-growing minus-end (or pointed-end) and a fast-growing plus-
end (or darbed-end). The difference in elongation rates at the opposite ends of actin
filaments is caused by a different G-actin critical concentration (C.) values at the two
ends. C. is the concentration of G-actin where equilibrium between polymerisation and
depolymerisation reactions is reached: C. at the minus-end is higher than that of the
plus-end. At G-actin concentration between the C. of the two ends a particular dynamic
behaviour, called treadmilling, occurs: actin molecules are added continually to the
plus-end of the filament and are lost continually from the minus one, with no net change

in filament length. Polymerisation of actin requires ATP as well as cations, (K" and
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Mg2+), while ATP hydrolysis weakens the bonds in the polymer and thereby promote
de-polymerisation. Several actin binding proteins influence the polymerisation of actin
filaments, and thus their length and stability. Capping proteins, such as tropomodulin,
CapZ and adducin bind to the ends of the filaments preventing monomer association
and dissociation, while tropomyosin, stabilises F-actin interacting along its length. Other
filament-binding severing and capping proteins are cofilin, severin and gelsolin: they
bind to F-actin, break them into shorter filaments and remain attached at the plus-end
preventing further addition or exchange of actin subunits. In addition, thymosin and
actin-depolymerising factor (ADF) inhibit the assembly of actin into filaments, while
profilin has a role in stimulating the polymerisation of actin by accelerating the
exchange of ATP for ADP (Fowler, 1996; Fowler, 1997; Pollard et al., 2000). Section
1.2.2 analyses in details several of these proteins.

The dynamic modulation of the polymerisation and depolymerisation processes
implies that actin filaments can form both stable and labile structures in cells. Stable
actin filaments are a crucial component of the contractile apparatus of muscle cells
(sarcomere) and membrane skeleton of erythrocytes, and form the core of particular
cellular cell-surface protrusions such as microvilli, lamellipodia, microspikes,
stereocilia, etc. Many cellular activities such as locomotion, chemotaxis, phagocytosis,
and cytokinesis depend on labile structures constructed from actin filaments (Fowler,
1996; Pollard et al., 2000).

Actin filaments normally exist in different arrangements (linear bundles, two and
three dimensional networks) maintained essentially by actin filament cross-linking
proteins (fimbrin, o-actinin, filamin, spectrin and dystrophin). Because these proteins
also bind integral membrane proteins, these networks are generally located in the
cortical region adjacent to the plasma membrane: actin filaments lying just beneath the
plasma membrane form the cell cortex. It is mainly this actin-rich layer that gives the
cell mechanical strength, and controls the shape and surface movements of cells in
accordance to the cell environment (Kreis and Vale, 1999).

The cell cortex network is attached to the plasma membrane in numerous ways:

e Direct connections between actin filaments and membrane: integral membrane
proteins directly interact with actin filaments;
e Indirect connections between actin filaments and membrane: more complex and

common complex linkages that connect actin filaments to integral membrane proteins
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through peripheral membrane proteins, like filamin in platelets, dystrophin in muscle

cells, ERM proteins (ezrin-radixin-moesin) in epithelial cells, etc.

1.2 Plasma membrane and cytoskeleton of erythrocytes

The plasma membrane of the red blood cells (RBCs) has been extensively
studied more than any other eukaryotic membrane for a number of reasons: a) RBCs are
available in large numbers relatively uncontaminated by other cell types; b) since these
highly specialised cells lack transcellular filaments system, nucleus and internal
organelles, the plasma membrane is their only cellular structure; C) it can be easily
isolated and studied avoiding the serious problem of contamination by internal
membranes (in other cell types the cytoplasmic membrane typically constitutes less than
5% of the cell's membrane). The RBC membrane is basically comprised of a lipid
bilayer with its associated proteins (Bennett and Gilligan, 1993).

The erythrocyte cytoskeleton is the filamentous network of proteins that
underlies the cytoplasmic surface of the membrane and is anchored to it. It is composed
of proteins that are structurally homologous to those participating in the formation of
eukaryotic cell cytoskeleton, being a similar but less elaborated filamentous network of
proteins. The main components of the RBC skeleton are spectrin and actin that are
organised as a hexagonal spectrin network linked to short actin filaments. The spectrin-
actin junctions comprise a group of accessory proteins that promote and modulate
spectrin-actin interactions, regulate the actin filament length and form membrane
associations. The most important members of these junctions are tropomyosin,
tropomodulin, adducin, Protein 4.1, p55, Protein 4.2 and dematin. The junctions that
create the vertexes of the polygonal structure of the skeleton are known as junctional
complexes (Figure 1.2) (Bennett and Gilligan, 1993).

SDS-PAGE analysis of the proteins of red cell ghosts (a product obtained during
the RBC protein purification process that contains skeletal and membrane constituents)
indicates the presence of a dozen of distinct species (often identified as "Band" proteins)
(Fairbanks et al., 1971). By contrast, two dimensional separation employing
isoelectrofocusing and SDS-PAGE demonstrated the membrane to be composed of
more than a hundred different proteins (Low et al., 2002; Rosenblum et al., 1982).

According to their location, the proteins of the RBC membranes can be divided
into two general groups: integral RBC membrane proteins and peripheral RBC

membrane proteins (Figures 1.2 and 1.3).
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Figure 1.2: Erythrocyte cytoskeleton. Panel A shows a schematic model of protein organisation of
erythrocyte membranes. The scheme is adapted from Bennett and Gilligan, 1993. A RBC membrane
electron microscopic image is shown in Panel B. The structural organisation of the cytoskeleton is clearly
visible: spectrin tetramers appear as spokes and interact with junctional complexes (hubs) generating a
hexagonal network. Ankyrin molecules are detectable as dark spots located along the spokes of spectrin.
The image in Panel B is from Lodish et al., 2003.

1.2.1 - Integral RBC membrane proteins -

The integrals proteins are tightly bound to the RBC membrane through
hydrophobic interactions with lipids in the bilayer (Figures 1.2 and 1.3). These proteins
span the membrane and have distinct structural and functional domains, both within the
bilayer and on either side of the membrane. The most abundant and well characterised

proteins that belong to this group are (Tanner, 1993):
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® Band 3 (anion exanger-1): is a member of a family of anion transporters. It is the
major transmembrane protein of the RBCs (~10° copies of polypeptide chains per RBC
arranged as dimers), constituting about 25% of total membrane proteins. It is encoded
by the AE] gene whose expression is largely restricted to erythrocytes. In addition to
RBCs, Band 3 is expressed in both mouse and human kidneys as different isoforms. In
RBC membranes Band 3 has a structural function in RBC membranes: it acts as an
anchor site to the membrane of the skeleton, primarily through its interaction with
ankyrin and secondarily binding to Proteins 4.1 or 4.2 (Bennett and Gilligan, 1993). In
addition, it is as a membrane anion transporter, AE1 mediates Cl-/HCO3- exchange,
thus enhancing the blood capacity for carrying CO, from tissues to the lung, and for

acid-base homeostasis (Jennings, 1989).
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Figure 1.3: Peripheral and integral RBC membrane proteins. The figure shows a schematic
representation of the erythrocyte plasma membrane and of the cytoskeletal network located on its
cytoplasmic surface. The integral proteins, Band 3, glycophorins A and C (GPA and GPC, respectively)
aquaporin and palmitoylated protein Rh are represented. Spectrin tetramers, actin filaments and the
protein that constitute the junctional complex creating the skeletal network, such as tropomyosin,
tropomodulin, adducin, Protein 4.2 and dematin (Protein 4.9) are indicated. The direct (between skeletal
and membrane proteins) and indirect (mediated by ankyrin) interactions between the skeleton and the
membrane are shown. The scheme is adapted from Lux et al. 1995.

® Glycophorins: are sialic acid-rich small transmembrane glycoproteins divided
into four groups: glycophorin A -GPA-, B -GPB-, C -GPC- and D -GPD- (Figures 1.2
and 1.3). They constitute ~2% of the total RBC membrane protein. Glocophorins A, B,
C and D are different polypeptides (36, 20, 32, and 23 kDa, respectively; GPD is a
truncated form of GPC) and are the products of three distinct genes. The majority of the
carbohydrates on the RBC surface (90% sialic acids) are anchored to these proteins and
impart a strong net negative charge to the cell surface. This is functionally important in

reducing the interactions of erythrocytes with one another as well as with other cells,
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including vascular endothelium. In RBCs, GPA is the major component present at 5-9 x
10° copies per cell. GPC is also present anchoring the red cell skeleton to the membrane
through the binding of Protein 4.1 and of p55 (Marfatia et al., 1995; Marfatia et al.,
1997). GPC, unlike GPA and GPB, has a pattern of expression that is not limited to the
erythroid lineage suggesting that it probably also has a role in cytoskeletal interactions

in many other tissues (Chasis and Mohandas, 1992).

Other two abundant RBC integral-membrane proteins are Aquaporins (such as

Aquaporin-1) and Palmitoylated proteins (Rh30 and Rh50) (Tanner, 1993).

1.2.2 - Peripheral RBC membrane proteins: the erythrocyte cytoskeleton -

The cytoskeletal network located on the cytoplasmic surface of the lipid bilayer
of RBCs is generated by the interactions between peripheral membrane proteins
(frequently called horizontal interactions). The RBC skeleton appears as a regular
network in which the basic unit is composed of a hexagonal spectrin lattice. The sides
of this structure consist of long, flexible spectrin tetramers, while the vertexes are
formed by the attachment of the tail ends of spectrin with the short actin filaments and a
group of accessory proteins that promote and modulate spectrin-actin interactions,
regulate the actin filament length and form membrane associations. All the molecules
that interact at the vertexes create the junctional complex (Figure 1.2 and 1.3) (Bennett,
1989; Gilligan and Bennett, 1993; Shen et al., 1986). This structural model of the
erythrocytes skeleton organisation has been confirmed by high resolution electron
microscopy of isolated membranes (Figure 1.2 B) (Liu et al., 1987; Shen et al., 1986).
The most important members of these junctions are tropomyosin, tropomodulin,
adducin, protein 4.1, p55, protein 4.2 and dematin. A brief description of the most
important components of the membrane skeleton is below:

e Spectrin: is the most abundant and principal component of the cytoskeleton, in
fact, it constitutes about 25% of the membrane-associated protein mass (~ 2.5 x 10°
copies per cell). Spectrin is a heterodimer formed by two large, structurally similar
subunits encoded by two genes at different chromosomal location: o and 3 subunits
(260 and 246 kDa, respectively). Each polypeptide is a long, thin, flexible rod (~100 nm
in length) organised into a number of independently folded domains. The two
antiparallel polypeptide chains, loosely intertwine and attach noncovalently to each
other at multiple points. The heterodimers self-associate “head-to-head” to form ~200

nm-long tetramers. Tetrameric species of spectrin appear to predominate in the
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membrane skeleton (Bennett and Gilligan, 1993). The “tail” ends of six tetramers are
linked together by binding to short actin filaments and to other cytoskeletal proteins at
the junctional complex (Bennett, 1989; Shen et al., 1986) (Figure 1.2 ).

® Actin filaments: as opposed to the actin filaments observed in nonmuscle cells

which are generally long and vary in length, erythrocytes actin filaments (or
protofilaments) are relatively short and uniform (Figure 1.4): they are composed of 12-
18 monomeric units of G-actin and have an approximatelength of 33-37 or ~67 nm,
depending on experimental conditions (Coleman et al., 1989; Shen et al., 1986). In each
red blood cell there are approximately 3-4 x 10* of these short structures (Fowler, 1996).
Different mechanisms have been proposed to describe how such short actin
protofilaments are generated. According to the “ruler” mechanism, several actin binding
proteins regulate the assembly, the stability and especially the length of the short F-actin
in RBCs: an external “molecular ruler,” made out of actin-binding proteins such as
tropomodulin and tropomyosin, protect a segment of the short actin filament of about 37
nm consisting of ~12 G-actin preventing elongation and depolymerisation (Sung et al.,
2000), while capping and bundling by adducin can stabilise the protofilaments (Fowler,
1996). Confoundingly, the recently discovered “helix” mechanism affirms that the
intrinsic properties of actin filaments, for example turns, chemical bonds, and
dimensions of the helix, may favour its fragmentation into short protofilaments under
mechanical stress (Sung and Vera, 2003). Each short actin filament is linked by about
six spectrin tetramers tails at the junctional complex: these interactions create the
hexagonal lattice that composes the basic units of the cytoskeleton. Other skeletal
proteins, such as tropomyosin, adducin tropomodulin, bind and stabilise the short
protofilaments (Bennett and Gilligan, 1993).

® Adducin: is a heterodimeric protein composed by the association of «, f and
y subunits. Oligomers in human erythrocytes comprise o/f} subunits (Gardner and
Bennett, 1986), while o/yas well as o/ combinations of subunits are detectable in
mouse RBC (Gilligan et al., 1999; Muro et al., 2000). These heterodimers are present in
erythrocytes at ~3 x 10° copies/cell (Gardner and Bennett, 1986).Adducin has several
functions: it recruits spectrin to actin filaments (Bennett et al., 1988; Gardner and
Bennett, 1987; Hughes and Bennett, 1995), bundles actin filaments (Mische et al., 1987;
Taylor and Taylor, 1994), and caps the fast-growing ends of actin filaments (Kuhlman

et al., 1996) (Figure 1.4). These activities indicate that adducin promotes the formation
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of spectrin-actin junctions and increases their stability. More information about this

protein can be found in Section 1.7.

Erythrocyte actin filament

Adducin

Barbed end Actin Tropomodulin Pointed end

Adducin tail

~0.06 um

Figure 1.4: The short erythrocyte actin filament. The figure shows a molecular model of the RBC
protofilament. Two molecules of tropomyosin are localised along each of the two grooves of the actin
filament. Two tropomodulin molecules are associated with the terminal actin subunit of the F-actin
pointed-ends and to the N-terminus of each of the two tropomyosin dimers. The C-terminal tail domains
of adducin are associated with 3 subunits of spectrin along the actin filaments, whereas its N-terminal
head domains cap the darbed-end of the protofilament. The scheme is adapted from Fowler et al., 1996.

e CapZ: is a capping protein for the barbed-end of actin filaments in non-erythroid
cells. Its main function is to prevent monomer association and dissociation by capping
F-actin barbed’ends, but it also facilitates actin polymerisation by binding to and
stabilising monomers or oligomers of actin forming nuclei for filaments assembly and
elongation (Casella et al., 1986; Schafer and Cooper, 1995). It is a highly conserved
heterodimer formed by the association of o and B subunits (36 kDa and 32 kDa,
respectively). Different isoforms of the subunits are present in a wide variety of tissues
and organisms. C-terminal ends of both subunits are required for effective barbed-end
capping of filaments (Casella and Torres, 1994; Schafer et al., 1994). Erythrocytes
contain abundant amounts of a non-muscular isoform of CapZ (ECapZ) composed
mainly by the a;[3; subunits, as described for CapZ from many other non-muscle cells
(platelets, neutrophils, etc) (DiNubile et al., 1995). Despite purified ECapZ is fully
functional in blocking actin elongation from barbed filament ends, as well as in
nucleating actin polymerisation, this erythroid capping protein is mainly located in the
cytoplasm and is not associated with protofilaments in the RBC membrane skeleton
(Kuhlman and Fowler, 1997). This contrasts with what is observed in platelets, where
the same CapZ is located in the cytosol and sometimes in association with actin
filaments (Barkalow et al., 1996), or in striate muscle, where all the capping protein is

associated with the filament at the Z disks of the sarcomere (Rybicki et al., 1988).
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Therefore, erythrocytes contain two actin filament barbed-end capping proteins: ECapZ
with a high affinity (K. ~1-5 nM) and adducin with a lower affinity (Kcap ~100 nM) for
the end of actin filaments, but of the two, adducin caps and stabilises the protofilament
barbed-ends. How adducin can outcompete ECapZ with its apparently higher affinity
(20-100 fold) is unclear. The absence of ECapZ from the F-actin in the RBC skeleton is
not due to a defect of the protein, nor to a cytosolic inhibitor factor, or even to its
insufficient concentration in the cytoplasm. It was hypothesised that this peculiar
phenomena is determined by the presence of additional co-factors or specific cellular
conditions in the RBC that could induce (Kuhlman and Fowler, 1997):

a) an increase of adducin affinity for the protofilaments. For example, it binds
more tightly to spectrin-actin complexes than to pure actin filaments (Gardner and
Bennett, 1987), thus interactions with spectrin and actin in the junctional complex may
increase its affinity for actin filament darbed-ends. Adducin capping activity my also be
regulated by specific phosphorylation or dephosphorylation reactions(Matsuoka et al.,
2000);

b) a reduction of the apparent high affinity of ECapZ for F-actin. High
concentrations of ECapZ in the cytoplasm could induce its overcrowding and
consequently might reduce the apparent high affinity of the capping protein for the
protofilaments (Kuhlman and Fowler, 1997).

e Tropomodulin: is a globular protein (~40 kDa) present as approximately 3 x 10*
copies per RBC. It is a capping protein that binds to the pointed-end of the actin
protofilaments (Fowler, 1996) (Figure 1.4). The C-terminal end of the protein contains
an actin binding domain, important for capping activity, while the N-terminal portion
contains the binding sites for the N-terminal ends of the two tropomyosin molecules that
are associated with actin filament (Kostyukova et al., 2006; Sung and Lin, 1994). The
presence of tropomyosin is required for tight capping of F-actin pointed-ends. In fact, in
the absence of tropomyosin, tropomodulin only partially inhibits monomer association
and dissociation at the minus-end of filaments (Weber et al., 1994). Therefore, the
tropomodulin/tropomyosin complex blocks the elongation and depolymerisation of the
actin filaments at the pointed-end contributing to the stability and length determination
of the actin filament (Fowler, 1996). Tropomodulin is a highly conserved protein among
species and tissues. It’s abundant in striated muscule cells where it plays an essential
role in the assembly of the sarcomere and it is also a fundamental cytoskeleton

component in erythrocyte membranes and eye lens cells (Fowler, 1996; Woo and

25



Fowler, 1994). The function of tropomodulin in other non-muscle and non-erythroid
cells is still not well understood.

e Tropomyosin: is a rigid rod-like fibrous molecule composed of two small
polypeptides (35 kDa) associated to form a coiled-coil structure (~33-35 nm) (Figure
1.4). RBC skeletons each contain ~7 x 10* dimeric molecules of tropomyosin and they
correspond to approximatelly 1% of the membrane protein (Fowler and Bennett, 1984;
Shen et al., 1986). Tropomyosin exists in a large number of isoforms [high and low
molecular weight (MW) isoforms] which are generated in different tissues by the
alternative use of promoters and the alternative RNA processing of different genes (at
least 4 distinct genes have been characterised in mammalians: o, 3, y, and 8) (Lin et al.,
1997), suggesting that the different isoforms are not functionally equivalent (Gunning et
al., 2005). Among the different tropomyosin isoforms, TM5 and TMS5b (29 and 28.7
kDa, respectively) are the 2 major forms expressed in human erythrocytes. Although
they are products of 2 different genes (y-TM and a-TM genes, respectively), they share
several common features, including molecular weight (both are low MW isoforms), the
presence of similar binding domains, and a high affinity for actin and tropomyosin
(Sung et al., 2000; Sung and Lin, 1994). The rod-like structure and the actin-binding
ability of dimeric tropomyosin allow it to localise, polymerised end-to-end, along each
of the two grooves of the actin filament, providing structural stability and modulating
the filament length (Figure 1.4). In RBCs, two dimeric tropomyosin molecules are
associated with the short protofilament protecting 6-7 actin monomers in one strand (or
12-14 G-actin in the double helix) (Cooper, 2002; Fowler and Bennett, 1984). The
tropomyosin ability to bind and reduce depolymerisation of actin filaments is improved
when tropomodulin simultaneously interacts with both the pointed-end of the actin
filament and to the terminal tropomyosin molecule: in fact, tropomodulin seems to
strengthen the binding of the terminal tropomyosin molecule to the pointed-end of the
protofilament (Weber et al., 1994). In erythrocytes, the binding of tropomodulin to
tropomyosin also seems also to block the ability of the tropomyosin dimer to self-
associate in a head-to-tail structure (Fowler, 1990; Sung and Lin, 1994). In non-
erythroid cells, tropomyosin can regulate many properties of F-actin: increase filament
stifftness, protect filaments from the depolymerising effects of severing and
depolymerising factors (cofilin, gelsolin, ADF, etc), enhancing F-actin stability and,

moreover, influence myosin mechanochemistry (Cooper, 2002; Gunning et al., 2005).
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In conclusion, the combined action of tropomyosin and tropomodulin strongly
influences the length and increases stability of the actin filaments.

® Protein 4.1: is a complex family of erythroid (4.1R) and non-erythroid protein
4.1 isoforms generated by the involvement of both multiple genes and alternative
splicing pathways (Conboy et al., 1991; Takakuwa, 2000). Interestingly, several 4.1R
pre-mRNA splicing events exhibit developmental switches in their expression patterns,
implying that distinct 4.1R functions are critical at different stages of cell differentiation
(Baklouti et al., 1996). Moreover, in RBCs alternative splicing regulates the expression
of alternative translation initiation sites in exon 2 (AUGI1) and exon 4 (AUG2)
generating 135 kDa and 80 kDa isoforms of the protein, respectively (Baklouti et al.,
1996; Chasis et al., 1996). Among the different 4.1R isoforms the 80 kDa one is the best
characterised. It was estimated that each RBC contains ~2 x 10 copies of this molecule
(Bennett and Gilligan, 1993). By multiple protein-protein interactions, 4.1R promotes
the formation of two ternary protein complexes in the erythrocyte membrane: spectrin-
actin-4.1R and GPC-4.1R-p55 complexes (Figures 1.2 and 1.3). They are critical to the
structural integrity of the skeleton and to its attachment to the membrane lipid bilayer
(Bennett and Gilligan, 1993; Marfatia et al., 1994). Thus, by lateral interactions with the
spectrin/actin network and vertical interactions with the cytoplasmic domain of
transmembrane proteins GPC and Band 3, 4.1R is essential for maintaining erythrocyte
shape and membrane mechanical properties (deformability and stability) (Chang and
Low, 2001).

® p55: is the major palmitoylated phosphoprotein associated with the cytoplasmic
side of the erythrocyte membrane (Bennett and Gilligan, 1993; Ruff et al., 1991).
Approximately 8 x 10° molecules of p55 are detectable in each mature erythrocyte. It is
a member of a family of cytoskeletal and signalling proteins termed membrane-
associated guanylate kinase homologues (MAGUKSs). As a component of the GPC-
4.1R-p55 ternary complex, p55 modulates the interactions between Protein 4.1 and
GPC, regulating the stability and mechanical properties of RBC plasma membrane
(Marfatia et al., 1995; Marfatia et al., 1994).

® Dematin (or Band 4.9): is an actin-bundling protein that was originally identified
as a component of the junctional complex of the human erythroid membrane skeleton
(Siegel and Branton, 1985) (Figure 1.2 A). It is also abundantly expressed in the human
brain, heart, skeletal muscle, kidney, and lung (Kim et al., 1998). Dematin is a trimeric

protein composed of two copies of a 48 kDa polypeptide and one copy of a 52 kDa
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polypeptide, generated by alternative splicing by the same pre-mRNA (Azim et al.,
1995). Both subunits of dematin consist of a N-terminal core domain that includes one
actin binding site and a highly conserved protease-resistant C-terminal headpiece
domain (DHP) (75 residues) which is homologous to the headpiece domain of villin (an
actin-binding protein of the brush border cytoskeleton of absorptive epithelia cells) and
contains an actin-binding site, a cAMP-kinase phosphorylation site, and the residue
involved in trimer formation (Azim et al., 1995; Rana et al., 1993). DHP is essential for
dematin actin bundling activity in vitro (Siegel and Branton, 1985) and allows the
correct maintenance of the mechanical proprieties of the erythrocyte skeleton (Khanna
et al., 2002). Dematin is also a substrate for multiple protein kinases: phosphorylation of
dematin (in the DHP) by cAMP-dependent protein kinase is known to abolish its actin-
bundling activity in vitro (Husain-Chishti et al., 1988) but not eliminate actin binding
activity (Azim et al., 1995). Because actin bundles appear to be absent in mature red
cells, the role of dematin in actin bundling events remains unclear. Therefore, the
physiological function of dematin might be accounted for its actin-binding activity or by
as yet unknown binding functions in mature erythrocytes. In this context, dematin
stoichiometry in human erythrocytes is significant: a quantitative assay revealed ~4,3 x
10* copies of trimeric dematin (Husain-Chishti et al., 1988). Because there are 3-4 x 10*
actin oligomers per erythrocyte (Fowler, 1996), it is likely that one dematin trimer is
associated with one actin oligomer in vivo. It has recently been postulated that dematin
could function as a molecular bridge between the junctional complexes and the plasma
membrane by an actin-independent mechanism (Chen et al., 2007).

® Protein 4.2: is a 72 kDa peripheral membrane protein. Approximatelly 2 x 10°
copies of this component are detectable in each RBC. Isoforms of the protein exist also
in many non-erythroid cells. In RBCs, Protein 4.2 binds to the cytoplasmic domain of
Band 3. In solution, it can also bind directly to ankyrin and Protein 4.1. Interaction with
Band 3 and ankyrin may promote and stabilise the vertical interactions between the
skeleton network and the plasma membrane in vivo (Bennett and Gilligan, 1993)

(Figures 1.2 and 1.3).

RBC cytoskeleton is connected to the overlying lipid bilayer membrane by
multiple interaction mechanisms (vertical interactions) (Figures 1.2 and 1.3 A):

® Direct linkages between skeleton and membrane: are mainly mediated by

skeletal Protein 4.1. It binds spectrin (N-terminus) and actin at the junctional complex

as well as the cytoplasmic domain of both Band 3 and GPC (Bennett and Gilligan,
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1993; Marfatia et al., 1994). Another direct interaction is the GPC-p55-4.1R ternary
complex, which is constituted by three binary protein-protein interactions, GPC-4.1R,
GPC-p55, and 4.1R-p55. In the complex, p55 stabilises the interaction between the two
GPCin a Ca2+—dependent manner (Nunomura et al., 2000). Since isoforms of Protein
4.1, p55 and GPC are present in many non-erythroid cells, their interactions may be
prototypical of similar associations between cytoskeleton and membrane in other cells.

e [Indirect linkages between skeleton and membrane: are mediated by ankyrin.

Ankyrine is a large intracellular protein (210 kDa) that comprises three independent
domains: a N-terminal Band 3-binding domain, followed by a [B-spectrin-binding
domain and a C-terminal regulatory domain. By simultaneously connecting the [3
subunit of spectrin (C-terminus) with the cytoplasmic domain of the transmembrane
protein Band 3, ankyrin links the spectrin network to the membrane. This interaction is
the major site of attachment between the membrane skeleton and the plasma membrane
(Bennett, 1982).

Ankyrin deficiency results in severe changes in red cells morphology and a
markedly shortened RBC lifespan (Delaunay, 2007), whereas the absence of GPC
causes only a slight change in RBC shape and survival (Chasis and Mohandas, 1992),
together suggests that the GPC—4.1 linkage is functionally less significant than the Band
3—ankyrin—spectrin linkage. Moreover, Protein 4.2, which binds ankyrin in vitro, may

help stabilise the ankyrin—Band 3 interaction (Bennett and Gilligan, 1993).

1.3 Membrane skeleton role: deformability, stability and shape

During their 120-day life span in circulation, erythrocytes are constantly
subjected to the flow dynamics of the cardiovascular system and frequently undergo
extensive passive deformation by passing through narrow capillaries. The survival of
the erythrocytes depends on the capacity of the plasma membrane and membrane
skeleton to resist to forces of pressure in order to avoid cell fragmentation.

Therefore, the fundamental role of the RBC cytoskeleton is to confer an elastic
behaviour to membrane. The elasticity allows for a degree of the membrane
deformation and, consequently, increases membrane stability by maintaining overall the
structural integrity and biconcave shape of erythrocytes (Chasis and Mohandas, 1986).
Other distinct cellular features, such as erythrocyte shape and cytoplasmic viscosity, can

also influenced the elasticicity of RBCs (Mohandas and Chasis, 1993).
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1.3.1 - Membrane deformability and stability -

Deformability determines the extent of membrane deformation that can be
induced by a defined level of applied force, whilst stability is the maximum extent of
deformation that a membrane can undergo, beyond which it cannot completely recover
its initial shape and thereby undergoes fragmentation. Normal levels of membrane
deformability and stability allow RBCs to circulate without fragmenting, whilst a
decrease in these mechanical properties leads to a collapse of the membrane under
normal physiological circulatory stresses. These membrane properties are correlated to:

1) Spectrin tetramers conformational state: deformability derives from the
reversible conformational changes from the folded and unfolded state of spectrin
(Chasis and Mohandas, 1986; Mohandas and Chasis, 1993).

2) The strength degree (the avidity) of the intra- or inter-molecular interactions at
junctional complexes and/or of the associations between integral membrane proteins
and skeletal network: a decrease in these connections induces a reduction in membrane
stability and vice versa. The grade of association of the mentioned proteins can be
regulated by several mechanisms such as phosphorylation and the intracellular
concentration of some molecules or ions (e.g. 2,3-diphosphoglycerate, Ca®*) (Mohandas
and Chasis, 1993; Mohandas and Evans, 1994).

In the erythrocyte non-deformed state, spectrin molecules exist in a folded
conformation. During a reversible deformation of the RBC membrane, where changes
in shape occur but the surface area remains constant, a rearrangement of the skeletal
network takes place in which some spectrin molecules become uncoiled and extended
whilst others become more compressed and folded. In this condition, the membrane
behaves as a visco-elastic solid: after undergoing elastic extensions, it is capable of
completely recovering its initial shape. Should external forces increase further, the
membrane becomes increasingly extended and some of the spectrin molecules attain
their maximal extension resulting in the interaction between the other skeletal proteins
becoming weaker. When the limit of reversible deformability is achieved, a continued
application of fluid force induces an increase in surface area and the break of junctional
complexes, leading to permanent, “plastic”’, deformation and membrane fragmentation
(Mohandas and Evans, 1994).

Whereas normal erythrocytes completely recover their shape following repeated
cycles of deformation during circulation, pathologic RBCs with weakened junctions

between skeletal proteins fail to recover their initial shape and undergo “plastic”
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deformation generating elliptocytes, spherocytes and other RBC shapes in haemolytic

anaemia (Delaunay, 2007; Hoffman, 2000).

1.3.2 - Cell shape -

The distinctive biconcave disk shape of erythrocytes is acquired during
reticulocyte maturation and is generated by the reorganisation of membrane
phospholipids, skeletal components and membrane integral proteins (Chasis et al.,
1989). These reorganisations include the loss of membrane lipids and integral proteins
(such as transferrin, insulin and fibronectin receptors), and a major reorganisation of the
skeletal protein network (Mohandas and Chasis, 1993).

The biconcave disk shape of normal erythrocytes creates an advantageous
surface area-volume relationship, allowing the RBC to undergo marked deformation
while maintaining a constant surface area. The normal human adult red cell has a
volume of 90 fl and a surface area of 140 um”. If the erythrocyte were a sphere of
identical volume, it would have a surface area of only 98 umz. The excess surface area,
provided by the discoid shape, allows the RBC to undergo extensive deformation. The
erythrocyte must maintain this favourable surface area-volume relationship during its
circulating life span. Either membrane loss (leading to reduction in surface area) or an
increase in cell water content (leading to increase in cell volume) will create a more
spherical shape with less redundant surface area. This loss of surface area redundancy
leads to decreased cellular deformability, compromised red cell function and reduced

survival (Mohandas and Chasis, 1993).

So, derangements in the structural organisation as a result of changes in any of
the individual components of the membrane, be they either lipid or protein, lead to

altered cell deformability, stability and shape that are the cause of many RBC disorders.

1.3.3 - Cytoplasmic viscosity -

Cytoplasmic viscosity is regulated by haemoglobin concentration and cell water
content of the cell. In the range of physiological RBC haemoglobin concentration (27-
35 g/dl), the contribution of cytoplasmic viscosity to cellular deformability is negligible.
Concentrations greater than 37 g/dl, however, increase viscosity exponentially. When
cytoplasmic viscosity arrives to high levels, its contribution to cell deformability begins
to dominate. Thus, the failure of normal volume homeostasis mechanisms, which results
in cellular dehydratation, can limit cell deformability owing to increased cytoplasmic

viscosity.
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1.4 Disorders of the red blood cell membrane

Progress in the characterisation of the structure and function of erythrocyte
membrane proteins and their genes has provided considerable advances in the
understanding of the molecular pathology of RBC membrane disorders such as the
characterisation of mutations or deficiencies in membrane proteins as a well-defined

cause of hereditary haemolytic disease (Table 1.1).

MW Gene Involvement
MW (calc) Copies per Total Gene Chromosomal Amino  Size No. of in Hemolytic
Band  Protein (gel) (kd) (kd)  Cell (1079 (%) Symbol  Localization Acids  (kb)  Exons  Anemias
1 o-Spectrin 240 280 240 16 SPTA1  1922-qg23 2,429 80 52 HE, HS
2 B-Spectrin 220 246 240 14 SPTB 14g23-q24.2 2,137 >100 32 HE, HS
21 Ankyrin 210 206 120 405 ANK1 8p11.2 1,881 >100 40 HS
29 o-Adducin 103 81 30 2 ADDA 4p16.3 737 85 16 N
2.9 B-Adducin 97 80 30 2 ADDB 2p13-2p14 726 ~100 17 N
3 Anion ex- 90-100 102 1,200 27 EPB3 17q21-qter 911 17 20 HS, SAO,
changer 1 HAc
4.1 Protein 4.1 80 66 200 5 EL11 1p33-p34.2 588 >100 23 HE
4.2 Pallidin 72 77 200 5 EB42 15q15-q21 691 20 13 HS
4.9 Dematin 48 + 52 43 140 1 — 8p21.1 383 — — N
4.9 p55 55 53 80 — MPP1 Xq28 466 - — N
5 B-Actin 43 42 400-500 55 ACTB 7pter—q22 375 >4 6 N
5 Tropomodulin 43 41 30 TMOD 9g22 359 —_ _— N
6 G3PD 35 37 500 3.5 GAPD 12p13.31-p13.1 335 5 9 N
7 Stomatin 31 32 — 25 EPB72  9q33-q34 288 12 7 HSt
7 Tropomyosin 27 + 29 28 80 1 TPM3 1931 239 — - N
PAS-1  Glycophorin A 36 500-1,000 85 GYPA 4q28-q31 131 >40 7 HE
PAS-2  Glycophorin C 32 14 50-100 4 GYPC 2q14-qg21 128 14 4 HE
PAS-3  Glycophorin B 20 100-300 10 GYPB 4q28-q31 72 >30 5 N
Glycophorin D 23 20 1 GYPC 2q14-qg21 107 14 4 N
Glycophorin E — — — GYPE 4q28-q31 59 >30 4 N

Table 1.1: Major RBC membrane proteins and their involvement in hereditary haemolytic
anaemias. Abbreviations: HE, hereditary -elliptocytosis; HS, hereditary spherocytosis; H, no
haematological abnormalities reported; SAO, Southeast Asian ovalocytosis; Hac, hereditary
acanthocytosis; HSt, hereditary stomatocytosis; G3PD, glyceraldehyde-3-phosphate dehydrogenase. The
table is from Hoffman et al., 2000.

According to morphological and clinical phenotypes, RBC membrane disorders
can be classified into three general groups: hereditary spherocytosis, hereditary

elliptocytosis or hereditary stomatocytosis (Delaunay, 2007; Hoffman, 2000).

1.4.1 - Hereditary spherocytosis (HS) -

This disorder is the most common cause of non-immune haemolytic anaemia in
people of Northern European ancestry.

HS is characterised by the presence of spherical erythrocytes or spherocytes in
the peripheral blood. These pathological RBCs are generated by molecular defects that
lead to the deficiency or dysfunction of the skeletal and integral membrane proteins that
participate in the vertical interactions: spectrin, ankyrin, Band 3 and Protein 4.2.
Consequently, those erythrocytes having weak connections between the skeleton and the
overlying lipid bilayer membrane are susceptible to release skeleton-free lipid
microvesicles from the cells resulting in the loss of membrane surface area. This
produces spherocytosis with a strong reduction in cell deformability and stability,

leading to a faster lysis of the RBC.
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A typical HS patient is relatively asymptomatic: mild jaundice may be the only
symptom. Only uncommon cases have a life-threatening haemolysis. Anaemia, which is
usually mild to moderate, may be absent in some cases because of the compensatory
bone marrow hyperplasia. Splenomegaly is present in most HS patients and is produced

by the increased removal of abnormally shaped erythrocytes by the spleen.

1.4.2 - Hereditary elliptocytosis (HE) and related disorders -

HE is a heterogeneous group of red cell membrane disorders with a wide
spectrum of clinical presentations, ranging from asymptomatic elliptocytosis to life-
threatening haemolytic anaemia with poikilocytosis and red cell fragmentation.

HE and related disorders commonly exhibit the presence of elliptical red cells in
peripheral blood. These altered erythrocyte result from molecular defects that lead to the
deficiency or dysfunction of the skeletal proteins that participate in the horizontal
membrane protein associations: spectrin, protein 4.1 and GPC. These defects induce the
assembly of a disrupted and unstable skeletal lattice in RBC precursors which allow the
cells to undergo “plastic” deformations and to permanently acquire the elliptical shape.
On the basis of erythrocytes morphology, HE can be divided into three major groups:

e Common HE: is characterised by biconcave elliptocytes and, in some patients,
rod-shaped cells. The clinical severity of common HE is highly variable, ranging from
an asymptomatic condition to a severe recessively inherited haemolytic anaemia,
designated hereditary pyropoikilocytosis (HPP), in which numerous red cell fragments,
microspherocytes, and poikilocytes are revealed in circulation.

e Spherocytic HE (SphHE): is a rare condition (5-10 % of all HE cases), also

called haemolytic ovalocytosis, and it is characterised by the presence of round “fat”
ovalocytes (elliptocytes that are less prominent and less elongated than in mild HE),
spherocytes and some microspherocytes and microelliptocytes in the blood. Thus, it is a
phenotypic hybrid of HE and HS. This disorder is usually mild to moderate and is often
incompletely compensated. The molecular bases of SphHE are not completely known.

e South Asian Ovalocytosis (SAQ): is highly prevalent in the malaria-infested

countries. It is characterised by the presence of typical ovalocytes in the peripheral
blood: rigid, spoon-shaped cells that have either a longitudinal slit or a transverse ridge.
A remarkable feature of these cells is their resistance to infection and invasion by
several strains of the malaria parasite (including Plasmodium falciparum and knowleis).

The heterozygote is asymptomatic but the homozygote form is lethal in utero.
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1.4.3 - Hereditary stomatocytosis (HSt) -

HSt designates a heterogeneous group of hereditary haemolytic anaemias. The
disorder is characterised by the presence of stomatocytes: RBCs with a three-
dimensional shape of a cup or a bowl. These cells show abnormalities in cation
permeability (Na® and K") that lead to changes in red cell volume: increase
(Hydrocytosis) or decrease (Xerocytosis) volume of stomatocytes.

Deformability of the overhydrated erythrocytes is decreased and their osmotic
fragility is markedly increased, inducing haemolysis and leading to a moderate-severe
anaemia. The molecular basis of this permeability defect is not completely unknown.
Decrease or absence of the integral membrane protein Band 7.2b (stomatin) has been
found in erythrocyte membranes of affected patients. However, targeted disruption of
the stomatin gene in mouse does not result in stomatocytosis unequivocally
demonstrating that Band 7.2b does not play a direct role in red cell cation transport and
suggesting that stomatocytosis is most probably the result of an abnormality in an
erythrocyte membrane protein that is involved in the insertion and retention of Band
7.2b in the red cell membrane. The mechanism of cellular dehydratation is unclear and
complex, involving a net intracellular loss of cation content and cell water decrease.
Opposite to the overhydrated cells, dehydrated RBCs have a decreased fragility, even if
the disorder is characterised by a moderate to severe haemolysis.

Considering that isoforms of RBC membrane skeletal proteins are also
expressed in non-erythroid tissues, mutations in their genes have also the potentiality to
cause non-erythroid defects. In some cases mutations of skeleton proteins induce clear
pathological states in other systems: for instance, Protein 4.1R and ankyrin defects are
able to cause neurological deficits. In other cases, such as the B-adducin null mutation,
other adducin isoforms are upregulated to partially compensate for the primary
deficiency. In such situations, the effects may be subtle but could increase under stress

or with age(Birkenmeier and Barker, 2004).

1.5 Knock-out mouse models of erythrocyte membrane proteins

The mouse is a very valuable system for the study of mammalian RBC structure
and function for the following reasons: a) both fetal and adult erythropoiesis proceed in
a similar manner in humans and mice; b) the structural components and organisation of
the human and mouse erythrocyte membranes are similar; c) genetically engineered

mice provide useful insights of the function of RBC membrane proteins , and also in
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non-erythroid cells (Mohandas and Gascard, 1999). Therefore, engineered mouse
strains of erythrocyte membrane proteins provide a tool for addressing questions
regarding the specific etiology of red cell defects and expand our ability to more
precisely define the specific contribution of the various membrane proteins to the

erythroid and non-erythroid membrane structure and function.

1.5.1 - Targeted disruption of Band 3 -

Two knockouts models of mouse Band 3 have been developed, one in which
both the erythroid and kidney isoforms were deleted (Peters et al., 1996) and another in
which only the erythroid isoform was selectively inactivated, leaving the kidney Band 3
intact (Southgate et al., 1996). Both Band 3-null mice were severely anaemic, neonatal
mortality was extremely high and erythropoiesis was accelerated as reflected by
splenomegaly/hepatomegaly and extensive reticulocyte production. Identical red cell
phenotypes were noted in both KO strains: RBCs were spherocytic with an extensive
loss of surface area. Remarkably, spectrin was incorporated in normal amounts,
although with slower kinetics, whilst the levels of other major skeletal components
(actin, Protein 4.1, GPC, p55, adducin and dematin) and the skeletal architecture were
normal. In contrast, ankyrin was synthesised in normal amounts but its assembly was
reduced by 50 % due to rapid turnover, while both Protein 4.2 and GPA were
completely devoid in the Band 3 null red cell membranes. These data imply that Band 3
provides the critical binding site for Protein 4.2 assembly onto the membrane and that it
may be a chaperon partner for GPA trafficking to the membrane. Moreover, these
results indicate that Band 3 is not required for proper RBC skeleton assembly in vivo
but is essential for membrane stability (Hassoun et al., 1998; Peters et al., 1996;

Southgate et al., 1996).

1.5.2 - Targeted disruption of Protein 4.1 -

The Protein 4.1-null mice have been reported to be viable and did not exhibit any
gross abnormalities. Moderate haemolytic anaemia was detected and the RBC were
mycrocytic and dehydrated (Shi et al., 1999). In contrast to the elliptocytic morphology
seen in human 4.1R deficiency (Hoffman, 2000), Protein 4.1-null red cells were
spherocytic and presented also fragmented cells. Mouse null erythrocytes membranes
contained no p55 and had reduced amounts of spectrin, ankyrin and GPC. Abnormal
erythrocyte morphology, lower membrane stability, and reduced expression of some

skeletal proteins detected in mutant mice together indicated that the loss of 4.1R
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compromises membrane skeleton assembly in erythroid progenitors and its attachment
to the membrane (Shi et al., 1999). These findings not only reinforce the key role of
Protein 4.1 in modulating the mechanical integrity of the RBC membrane, but they also
enable the identification of an important function of 4.1 in assembly of the full

complement of membrane skeleton during erythroid differentiation.

1.5.3 - Targeted disruption of tropomodulin -

Two knockout models of tropomodulin have been generated (Chu et al., 2003;
Fritz-Six et al., 2003). In both cases, tropomodulin null embryos died around embryonic
day 10 due to abnormalities in cardiac contractility, vascular morphogenesis and
haematopoiesis. The absence of tropomodulin led to a primary defect in de novo
myofibril assembly, resulting in aborted heart development, and induced the formation
of mechanically weakened primitive erythroid cells. These defects reflect the essential
role of erythrocyte tropomodulin in the assembly of both cardiac sarcomeres and the

membrane skeleton in erythroid cells.

1.5.4 - Targeted disruption of tropomyosin -

Two different groups have shown that target disruption of o-tropomyosin gene
leads to embryonic lethality (Blanchard et al., 1997; Rethinasamy et al., 1998). They
reported that heterozygous mice were viable and reproduced normally, and cardiac
morphology, histology and function remained unaltered (sarcomeres had normal
morphology and contractility). No viable homozygous mice were obtained after the
targeted deletion of the 7y-tropomyosin gene, which eliminates all the non-muscle
isoforms generated from it (Hook et al., 2004). These data demonstrate that total o- or Y
tropomyosin deficiencies are incompatible with life. No studies were caaied out on
potential alterations of RBC and their membrane components induced by the deletion of

a single allele in viable heterozygous o and Y tropomyosin mutant animals.

1.5.5 - Skeletal and cardiac actin-deficient mice -

Of the four muscle actin genes (skeletal, cardiac, vascular, and enteric), only the
skeletal and cardiac ones have been disrupted to date (Crawford et al., 2002; Kumar et
al., 1997). The two animal models died in the early neonatal period. Newborn skeletal
muscles from skeletal-actin deficient mice were similar to those of wt mice in size, fibre
type, and ultrastructural organisation although they showed a marked reduction in force
production compared to that of controls. Homozygous null animals at birth showed an

increase in cardiac and vascular smooth-muscle actin mRNA in skeletal muscle. Thus,
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while this increase can partially compensate for the lack of skeletal actin in null mice, it
is not sufficient to support adequate skeletal muscle growth and/or function (Crawford
et al., 2002). A similar partial compensation mechanism was also observed in cardiac
actin-null mice: increased expression of vascular smooth muscle and skeletal actins was
detected in the hearts of newborn homozygous mutants but apparently it was
insufficient to maintain myofibrillar integrity and to prevent the severe structural and
functional heart perturbations induced by the cardiac actin deficiency (Kumar et al.,

1997). No animal models lacking non-muscular actin have been generated to date.

1.5.6 - Targeted disruption of Protein 4.2 -

Deficiency of Protein 4.2 in mice resulted in mild spherocytosis. The membrane
skeleton architecture was intact, and the content of spectrin, ankyrin, Protein 4.1,
adducin and p55 in deficient RBC membrane was normal. However, Band 3 and Band
3—mediated anion transport were decreased. Mutant RBCs showed significant changes
in membrane cation transporter activities that induced altered cation content (K*/Na")
resulting in cell dehydration (Peters et al., 1999). These results show that Protein 4.2 is
important for the maintenance of the normal surface area of erythrocytes by stabilising

Band 3 mediated interactions and is required for normal RBC cation transport.

1.5.7 - Targeedt disruption of dematin headpiece domain -

Targeted deletion of the headpiece domain (DHP) of both 48-kDa and 52-kDa

subunits of dematin generated viable mice that developed compensated anaemia with
spherocytosis and microcytosis (Khanna et al., 2002). The headpiece null RBCs were
osmotically fragile and exhibited a marked reduction in deformability and stability. The
headpiece deletion induced a loss of spectrin and actin from the RBC membrane
skeleton and GPC from the lipid bilayer of erythrocytes, with the consequent formation
of a weakened membrane skeleton that was weakly anchored to the bilayer. No any
other detectable alterations of the main membrane proteins were detected in dematin
headpiece mutant animals (DKO). In addition, atomic force microscopy revealed that
the mutant appears to lack specific vertical interactions between the cytoskeleton and
the plasma membrane (Chen et al., 2007). The absence of the DHP did not influence the
dimer-tetramer equilibrium of spectrin, which is consistent with the model supporting a
role of dematin at the tail end of spectrin where actin oligomers cross-link spectrin into
the membrane skeleton. Finally, DKO revealed the importance of the headpiece domain

in dematin trimer formation. Together, these results provide evidence for the
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physiological significance of dematin and demonstrate a role for the DHP in the
maintenance of structural integrity and mechanical properties of erythrocytes in vivo

(Chen et al., 2007; Khanna et al., 2002).

The effects of B-adducin target deletion and that of the double inactivation of

dematin and B-adducin will be described in Sections 1.8 and 1.9.

1.6 The skeleton of the eye lens fibres membranes

The vertebrate ocular lens is an optically dense, bi-convex, flexible living lens,
located between the reflecting surface of the cornea and the retina, and is composed of
cells that, similarly to RBC, are very rich in skeletal components (Woo et al., 2000).

It is an encapsulated and avascular tissue comprising a single cell type originally
derived from the surface ectoderm. In the mature lens, a monolayer of epithelial cells
underlies the anterior capsule, which acts as a thick basement membrane of these
epithelial cells. The rest of the lens mass comprises lens fibre cells that are derived by
differentiation from the most proximal of the epithelial cells located near the equator of
the lens. This differentiation process continues throughout the lifespan of the host with
new lens fibre cells laid down over pre-existing fibre cells. Thus, lens fibre cells are
arranged as concentric layers, with the oldest fibre cells (nuclear fibre cells) at the

centre, or nucleus, and the youngest at the lens surface (Menko, 2002) (Figure 1.5).

Equatorial
epithelium

Cortical
fibre

Figure 1.5: Histology of ocular lens. Panel A shows a schematic representation of the four distinct
regions of differentiation present in eye lens: the central epithelium composed of epithelial cells
committed to the lens lineage; the equatorial epithelium comprised of two distinct regions, the zone of
proliferation in its most anterior aspect followed by the transition zone where the lens epithelial cells
withdraw from the cell cycle and initiate their differential program; the cortical fibre zone in which the
distinctive morphogenesis that characterise lens fibre cells differentiation occurs; and the nuclear fibre
region, where the fibre region became mature. The scheme is adapted from Menko, 2002. A histological
image of a hematoxylin (purple) stained lens sagittal section is shown in Panel B. Central epithelium,
equatorial epithelium and fibres are indicated with letters “C”, “E” and “F”, respectively.
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During differentiation, cuboidal epithelial cells at the equator first exit from the
cell cycle then elongate progressively to form highly elongated, polarised epithelial
cells, called cortical fibre cells. Concomitant with these morphological changes,
differentiating epithelial cells also initiate the expression of fibre cell-specific proteins
including the crystallin and intermediate filament proteins. This process is also
accompanied by an increase in the ratio of filamentous actin and is characterised by the
reorganisation of actin and lens-specific intermediate filaments networks. Finally, lens
fibres lose most of their cellular organelles including the nuclei, and some cytoskeletal
components, such as microtubules and vimentin intermediate filaments, are also
degraded. During fibre elongation, the cells migrate along the epithelium and detach at
the suture where they form contacts with their counterparts from the opposite side of the
lens. The continuous addition of new fibre cells at the lens periphery leads to a gradual
inward movement of older and mature cells to the centre of the lens to form the nucleus.
This process created the ocular lens: a fascinating and unique tissue that grows
continuously throughout the lifespan of the host (Menko, 2002).

The main functions of the lens are to transmit and focus visible light on the
retina. The optical proprieties required to do this are transparency, reflection power
(high reflective index and curvature or symmetrical shape) and properties of
accommodation. The transparency and the reflective power of the lens are due to its
symmetrical shape and optical homogeneity. Transmission of light to the retina is
allowed by the tightly ordered packing of small soluble proteins (like crystallin) in the
cytoplasm, the absence of organelles and the arrangement of lens fibre in layers
approximately perpendicular to the light entering the eye thereby reducing to a
minimum the light absorption and scattering. Essential for the maintenance of the
transparency are those cytoskeletal structures that are able to interact with cytoplasmic
soluble proteins and to control their distribution and orientation in the lens fibres (Clark
et al., 1999). Visual accommodation principally derives from the lens fibres
deformability which is correlated to the structural organisation of actin filaments (Yeh
et al., 1986).

In common with other non-erythroid cells of mammals, lens fibres possess:

® Microtubules: they increase in number as the epithelial cell starts to elongate,
and orientate along the axis of the future fibre. They have been found in epithelial cells
and cortical fibres but not in the nuclear fibres: in fact, they are lost completely during

the fibre cells maturation. Microtubules in association with motor proteins play an
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important role in transporting lens proteins in vesicles during fibre cell differentiation

and elongation (Lo et al., 2003).

o [Intermediate filamenst: are the major cytoskeletal elements of the eye lens and
are present as unique beaded filaments. Two specific proteins, CP49 and filensin,
constitute the intermediate filaments that are synthesised during lens differentiation.
They possess unique structural features and unusual assembly characteristics, which
distinguish them from canonical intermediate filament proteins (Prescott et al., 1996).
Lens-specific intermediate filaments are the key cytoskeletal elements in organising and
maintaining lens fibre cell architecture and are essential in determining the optical
properties (transparency) of the lens as they appear to provide attachment sites for
crystalline (Clark et al., 1999; Perng and Quinlan, 2005).

® Actin filaments: actin is one of the major cytoskeletal proteins in the lens and has

been purified and characterised in the lens fibres of several species. Besides actin, the
lens also contains isoforms of most erythrocyte membrane skeleton components (Aster
et al., 1984; Faquin et al., 1988; Ireland et al., 1983; Repasky et al., 1982; Woo and
Fowler, 1994). Unlike the RBC skeleton, the lens contains approximately 2000 actin
monomers per tropomodulin molecule (in RBCs the ratio is ~12-18:1), suggesting that
the majority of actin is assembled into long filaments, and not into short, actin filaments
(Woo et al., 2000). Ultrastructural analysis also confirmed the presence of relatively
long actin filaments extending into the cytoplasm of lens fibre. In the lens, actin
filaments have several roles. Most of the events that occur during the process of
differentiation of lens epithelial cells into fibre cells are highly coordinated through the
reorganisation of actin filaments (Rao and Maddala, 2006). In mature nuclear fibres, the
actin skeleton provides stability to cells, maintaining the membrane integrity and the
overall elongated shape. Moreover, it supports an important scaffolding function for the
organisation of cytosolic and membrane-bound proteins in the lens fibres. All these
roles are essential to maintain the transparency of the elongated, long-lived cells of the
lens. The membrane skeleton also plays a role in conferring deformability during visual
accommodation (Clark et al., 1999; Rao and Maddala, 2006).

The main skeleton components (actin, tropomyosin, and spectrin) are expressed
and membrane-associated in all lens cells (both undifferentiated and differentiated). In
contrast, tropomodulin is expressed concomitantly with lens fibre cell differentiation
and assembles onto the membrane skeleton only after fibre cells have begun to elongate

(Lee et al., 2000; Sussman et al., 1996). As in erythrocyte skeletons, both tropomodulin
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and tropomyosin co-localise with actin filaments on fibre cell plasma membranes (Woo
et al., 2000). Furthermore, actin filaments, tropomyosin and tropomodulin, once
assembled, remain membrane-associated and are not proteolysed during fibre cell
maturation and aging, despite degradation of a-spectrin and other cytoskeletal filament
systems such as microtubules and canonical intermediate filaments (Lee et al., 2000;
Prescott et al., 1996). This seems to indicate that tropomodulin may be required for
actin filament stabilisation and/or determination of filament length in the membrane
skeleton of lens fibre cells, as it is in the sarcomeres of cardiac myofibrils and in the
membrane skeleton of RBC (Lee et al., 2000). It was demonstrated that tropomodulin-
actin complexes do not contain spectrin in lens cells. Instead, spectrin is associated with
actin in different complexes that do not contain tropomodulin. These results suggest that
tropomodulin-capped actin filaments and spectrin-cross-linked actin filaments are
assembled in distinct structures in the lens fibre cells skeleton creating a membrane-
network organisation that is different from that of erythrocytes (Woo et al., 2000). In
addition, a large soluble pool of actin, tropomodulin and spectrin, which does not exist
in erythrocytes, was identified in lenses. This difference implies the presence of distinct
pools of cytoskeletal components in the lens: membrane-bound (forming the membrane
skeleton) and soluble pools (constituting precursors necessary for rapid assembly of the
membrane skeleton during fibre cell elongation) (Woo and Fowler, 1994). In
conclusion, the molecular organisation of the membrane skeleton along the lateral
membranes of the lens fibre cells may be qualitatively different from erythrocytes,

despite the fact that many of the components are identical isoforms in both cell types.

1.7  Adducin
As we previously introduced (Section 1.2) adducin is one of the components of

cytoskeletal network. Next paragraphs will focus on all the details about this protein.

1.7.1 - Adducin genes and their expression -

Adducin is encoded by three closely related genes termed o, B and y adducins
(ADDI1, ADD2, and ADD3, respectively in humans), which have a different
chromosomal location in humans, rats and mice. The primary transcripts of all three
adducin genes undergo alternative splicing, generating a wide variety of mRNAs. Most
encode truncated isoforms compared with the originally described ones, although there
is no evidence that all the alternatively spliced forms are translated into proteins

(Citterio et al., 1999; Gilligan et al., 1997; Lin et al., 1995; Tisminetzky et al., 1995;
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Tripodi et al., 1991). Both o~ and y-adducins are expressed ubiquitously, while -
adducin expression is mainly restricted to brain and haematopoietic tissues, suggesting a
different transcriptional regulation and function for all three genes (Gilligan et al., 1999;

Muro et al., 2000; Tripodi et al., 1991).

1.7.2 - Badducin gene -

The human P-adducin gene spans over 100 kb and comprises 17 exons. Its
primary transcript undergoes a complex pattern of alternative splicing generating the
B—Add97 and B—Add63 mRNAs families (Figure 1.6). A splicing event at the junction
of exon 13a/intron generates the mRNAs belonging to f—Add97 family. On the other
hand, if the splicing does not occur, and the intron 13 is retained the B-Add63 is
generated. In this case, an in-frame stop codon 87 bp downstream from the 5’-splice
junction of exon 13a should be used to eventually translated a truncated form of the
protein belonging to f—Add63 family (Gilligan et al., 1997; Tisminetzky et al., 1995).

[-Add97 family. The B-1 form (or ADD97) is the main variant present in human

red cells and brain. It comprises all exons (coding for 726 amino acids), except for exon
15, and is the most abundant and best characterised one. Alternative exclusion of
different combinations of internal exons (from exon 3 to 10) gives rise to different
isoforms of ADD97 lacking the central regions of f—adducin (Gilligan et al., 1997,
Sinard et al., 1998; Tisminetzky et al., 1995).

[-Add63 family. The B-2 form (also called ADDG63), is generated upon

utilisation of a polyadenylation site found in the unspliced intron that follows exon 13.
It has been identified as a clone from a mouse (then rat) spleen cDNA library and its
protein product has not yet been characterised (the proteins should share 531 N-terminal
amino acids with B-1 form, but diverge to a novel 30 amino acid C-terminus). Similarly
to the ADD97 family, various isoforms generated by alternative splicing that lack the
same groups of exons constitute the ADD63 family (Figure 1.6) (Gilligan et al., 1997,
Tisminetzky et al., 1995; Tripodi et al., 1991)

A peculiar mRNA of approximately 8-9 kb was found in brain of rats and mice
(Gilligan et al., 1999; Joshi et al., 1991; Tripodi et al., 1991). In this tissue, the long 3-
adducin transcript is the most abundant mRNA form detected. None of the previously
described B-adducin mRNA isoforms has been able to account for the presence of this
long transcript. However, the translated product of this long mRNA in brain is

approximately 110 kDa, roughly similar to the 97 kDa B-adducin isoform of erythroid
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tissues. This small difference is not explained by the huge size difference between the
brain 8-9 kb transcript and the 3-4 kb mRNA found in haematopoietic tissues(Bennett et
al., 1988; Muro et al., 2000).
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Figure 1.6: Alternative splicing of human B-adducin pre-mRNA. A scheme of the alternative spliced
mRNA forms belonging either 3-Add97 or f-Add63 families is presented in Panel A and B, respectively.
Lines connecting exons are indicated whenever a coding sequence is bypassed and alternative splicing
occurs. The initiation of translation occurs in exon 3. Alternative stop codons and 3’-UTRs are found
within exons 13b and 17 in B-Add63 and B-Add97, respectively. Exons 9, 11 and 12 can function as
acceptor of splicing for both the f—Add97 and P—-Add63 mRNAs families (Tripodi et al. 1991;
Tisminetzky et al. 1995; Gilligan et al. 1997; Sinard et al. 1998).
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In humans, the f—Add97 mRNAs family is detected in all neuronal tissues (with
highest expression in the cerebellum), bone marrow, fetal brain, and fetal liver.
Similarly, B-Add63 mRNAs are detectable in all neuronal and haematopoietic tissues,
although the level of expression is lower than that of B-Add97 family. Surprisingly,
only the B-Add97 mRNAs family shows expression in adult and fetal lung. Expression
of B-Add mRNAs families in the mouse is similar to that of human with high levels in
brain and spleen (Gilligan et al., 1999).

It was observed that the level of expression of B-adducin transcript in brain
seems to be linked to cellular density. The highest expression of B-adducin mRNA is
seen in the stratum pyramidale of all of the hippocampal regions and in the molecular,
Purkinje, and granular layers of the cerebellum. Other areas of high cellular density also
show high levels of B-adducin mRNA, including the granule layer of the olfactory bulb,
piriform cortex, layer 2 of the tenia tecta, bed nucleus of the stria terminalis, and several

hypothalamic nuclei. Lower levels of expression are observed in the cortex and striatum

(Rabenstein et al., 2005).

1.7.3 - Adducin protein structure -

Adducin was isolated from human erythrocytes as a mixture of heterodimers
and heterotetramers, and no monomeric adducin has been observed in all types of cells
tested so far. In human RBC oligomers comprise o/[3 subunits, and in other cells include
o/y as well as o/ combinations of subunits (Dong et al., 1995; Gardner and Bennett,
1986; Hughes and Bennett, 1995). In reticulocytes, the striking difference in the amount
of the a- and B-adducin mRNAs, being o-adducin mRNA abundant and B-adducin
mRNA rare, suggests that synthesis of the B subunit may be the limiting factor in
assembly of adducin heteromers (Joshi et al., 1991).

The primary sequences of o and B adducin display 49 % identity and 66%
similarity at the amino acid level in humans, while Yy subunit shares 60-70% sequence
similarity with either o— or B—adducin. Moreover, a, B and y subunits have shown a
very high homology among humans, rats and mice (approximately 90%) at amino acid
level. The identity is almost complete for the functional domains suggesting a total
conservation of adducin functions across species (Muro et al., 2000).

All adducin subunits contain the following three domains (Figure 1.7)

(Matsuoka et al., 2000):
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e N-terminal protease-resistant head domain: is the globular portion of the
molecule and the most conserved region among adducin subunits. There is little
information regarding functions of this domain, even though it seems to contain
oligomerisation sites;

e The neck domain: contains oligomerisation sites and therefore is required for
oligomerisation. It is also involved in promoting the interactions of adducin with
spectrin and actin;

e (C-terminal protease-sensitive tail domain: is highly conserved among the three
adducin subunits. At the C-terminal end at the domain is localised a 22-residue
MARCKS-related domain, having high homology to the myristoylated alanine-rich C
kinase substrate (MARCKS) protein. In addition, the domain has clusters of lysine
residues that confers polybasic nature to the region and contains the major sites for
protein kinase C and A, and calmodulin binding. This domain is able to mediate contact
between adducin and spectrin-actin complexes.

In conclusion, dimers or tetramers of adducin are formed by two or four head
domains in contact one another to form a globular core, and interacting neck domains
and tail domains extending away from the core (Hughes and Bennett, 1995; Matsuoka

et al., 2000).
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Figure 1.7: A model of human adducin monomer. The figure shows a scheme of the adducin monomer
structure. A sphere, a box and a line are used to represent the head, neck and tail domain, respectively.
The calmodulin-binding region is indicated as a solid black box, and the amino acid sequences of the C-
terminal MARCKS-related domain of o,  and y adducin are presented. The major phosphorylation sites
of PKA, PKC and Rho-kinase are indicated by asterisks. The phosphorylation sites of PKC identified in
MARCKS-related domain are underlined. PKA and Rho-kinase preferentially phosphorylated the Ser/Thr
residues present in and close to the neck domain (indicated with their residue numbers). The figure is
adapted from Motsuoka et al., 2000.
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1.7.4 - Adducin in vitro activities -

In vitro assays have shown that adducin recruits spectrin to actin filaments
(Bennett et al., 1988; Gardner and Bennett, 1987; Hughes and Bennett, 1995), bundles
actin filaments (Mische et al., 1987; Taylor and Taylor, 1994) and caps the fast-growing
ends of actin filaments (Kuhlman et al., 1996) (Figure 1.8). Each of these individual
activities may reflect different aspects of adducin function in living cells. Adducin is the
first example of an actin-capping protein that recruits other proteins to actin filament
and that have the ability not only to associate with the end of the actin filament but also
with the its sides. The single MARCKS-related and the neck domains are necessary but
not sufficient for the mentioned activities of adducin: in fact, each single domain itself
exhibits minimal spectrin-recruiting, actin-capping and actin-binding activities or

almost completely lost them (Matsuoka et al., 2000).
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Figure 1.8: A schematic model of adducin association with actin filament and spectrin. In the figure
the actin filament appears as two steep helices twining slowly round each other. A single spectrin repeat
domain is a three-helix bundle. The adducin head domains cap the fast-growing end of F-actin. Adducin
C-terminal tail domains bind spectrin and actin filament to form the ternary complex. The figure is
adapted from Liet al., 1998.

1.7.5 - Regulation of adducin functions -

Adducin activities are regulated by phosphorylation in serine and threonine
residues and by the Ca**-calmodulin binding (adducin was originally purified based on
its calmodulin binding activity). Protein kinase C (PKC) and cAMP-dependent protein
kinase (PKA) phosphorylation inhibits and down-regulates, respectively, both the

adducin actin-capping and spectrin-recruiting activities. By contrary, Rho-kinase
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phosphorylation (Rho-kinase) enhances adducin-actin interactions. In addition, Fyn
kinase (a Src-family tyrosine kinase involved in neuronal development, transmission,
and plasticity in mammalian central nervous system) phosphorylation seems to slightly
increase the capping activity. Finally,Ca**-calmodulin inhibits adducin activities (Gotoh
et al., 2006; Matsuoka et al., 2000).

The major phosphorylation sites common for PKA and PKC and the main
calmodulin-binding site are localised in the MARCKS-related domain. Other PKA,
Rho- and Fyn-kinase phosphorylation sites are present in the neck and tail domains
(Gotoh et al., 2006; Matsuoka et al., 2000) (Figure 1.7). Interestingly, calmodulin-
binding of B-adducin is inhibited by PKA and PKC phosphorylation of the MARCKS-
related domain. Calmodulin in turn inhibits the rate of PKA and PKC phosphorylation
of B-adducin (but not o-adducin). These findings suggest a complex reciprocal
relationship between the regulation mechanisms of adducin functions (Matsuoka et al.,

2000).

1.7.6 - Adducin cellular localisation and in vivo activities -

Adducin is localised at junctional complexes of the cytoskeleton in mature
erythrocytes (Derick et al., 1992) and is expressed in early erythropoiesis when the
spectrin-actin network is forming (Nehls et al., 1991). In epithelial tissues, adducin and
spectrin are both concentrated at sites of cell-cell contact (Kaiser et al., 1989). In brain
adducin is expressed at high levels and it is identified as a constituent of synaptic
structures (Bennett et al., 1988; Seidel et al., 1995). In rat, a-adducin is found to be
highly enriched in regions with high synapse densities of the hippocampus (CA1 and
CA3 regions), corpus striatum, cerebral cortex and cerebellum and in particular, it is
localised at distinct sub-cellular structures. It is present in a subset of dendrites,
dendritic spines, growth cones and pre-synaptic terminals, suggesting the possibility
that adducin plays some role in dynamic assembly-disassembly underlying synaptic
plasticity (Matsuoka et al., 1998; Seidel et al., 1995).

In vivo studies showed that adducin phosphorylation by different kinases, such as
PKC and Rho-kinase, can have different effects in its subcellular localisation. For
instance, PKC induces the redistribution of adducin away from cell contact sites of
epithelial cells and its concentration in dendritic spines of hippocampal neurons. Rho
and Fyn kinase produce adducin translocation and accumulation in the membrane area

and in the leading edge of cells. These results indicate that the phosphorylation of
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adducin by Rho-kinase, Fyn as well as PKC plays crucial roles in the regulation of

synaptic plasticity, membrane ruffling and cell motility (Matsuoka et al., 2000).

1.7.7 - Adducin and hypertension -

Extensive studies have demonstrated a link between adducin and hypertension
in rats and humans. Human a-adducin gene polymorphisms (Cusi et al., 1997) were
found to be significantly associated with hypertension although this observation was
dependent in the ethnical origin of the populations (Bianchi et al., 2005). In addition,
adducin polymorphisms associated to abnormal cell sodium reabsorption have been
found in a congenital rat strains after having been selected for high and low blood
pressure (BP) [Milan hypertensive (MHS) and normotensive (MNS) rat strains,
respectively] (Bianchi et al., 2005).

The direct involvement of the adducin gene family in the modulation of BP is
supported by the detection of hypertension in B-adducin deficient mice (Section 1.8)
(Marro et al., 2000)

A long series of parallel studies in the MHS model and hypertensive patient
indicate that an altered adducin function may cause hypertension through enhanced
constitutive tubular sodium reabsorption. In human or rat renal cells, mutated a-adducin
causes a rearrangement of the actin cytoskeleton impairing the Na-K pump endocytosis

and increasing its activity (Bianchi et al., 2005).

1.8 B-adducin knock-out mice

To elucidate the in vivo function of f—adducin our group carried out a targeted
disruption of the § subunit gene generating B-adducin knockout (KO) mice model by
replacing exons 9 to 13 with a NeoR cassette (Muro et al., 2000). This deletion ensured
the elimination of all B-adducin mRNA isoforms and the exons that encompass the most
important functional domains: the oligomerisation domain, the calmodulin-binding
domain of the neck region, PKA phosphorylation sites, the region containing the Q529R
polymorphism associated with hypertension in rats, and a major part of the tail domain
responsible for modulating adducin activity. Deletion of exons 9 to 13 corresponded to
a reduction of 744 bases of the B-Add97 mRNA and the elimination of all the 3' coding
and noncoding end of B-Add63. Although a deleted mRNA form was present in the

brain, spleen and other tissues of mutant mice, no protein (normal or deleted forms) was
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detected either in these tissues nor in RBC skeleton and cytoplasm of B-adducin null
mice.

Mutant mice reached adulthood without showing any obvious phenotypical
abnormality, and they reproduced at the same rate as their wild-type littermates. Except
splenomegaly, no differences by gross histological and pathological analysis of mouse
organs from KO mice were detected. Haematological analysis showed a significant
decrease in the hematocrit, mean corpuscular haemoglobin (MCH), and haemoglobin
values in -/- mice. Erythrocytes of mutant animals evidence a marked increase in the
osmotic fragility (OF) (Figure 1.9), they were significantly smaller (decrease in mean
corpuscular volume -MCV-) and had an increase in mean corpuscular haemoglobin
concentration (MCHC) values. These modifications were due to a loss of membrane
surface and dehydration that resulted in the observed increase in OF. Higher levels of
bilirubin were detected and reticulocyte count was increased. All these haematological
evidences indicate that B-adducin mutant mice suffer from a mild anaemia with

compensated haemolysis.
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Figure 1.9: Osmotic fragility of RBCs. The graph shows the data obtained testing the OF of
erythrocytes from +/+ (&), +/— (C), and —/— (/) mice. Results (mean + standard error) are expressed as
percentage of lysis in graded salt concentrations. Cs, values were determined by logarithmic linearization
of the OF curve. The figure is from Muro et al., 2000.

In addition, the peripheral blood smears of P-adducin -/- mice showed
heterogeneity of the erythrocyte shapes, including normal erythrocytes, elliptocytes,

rounded elliptocytes, and occasional spherocytes (Figure 1.10).
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The observed RBCs osmotic fragility and mild elliptocytosis defined a
phenotype in mutant mice similar to that present in the human disorder denominated

spherocytic hereditary elliptocytosis (SphHE) (Section 1.4.2) (Hoffman, 2000).

+/+

Figure 1.10: Morphology of RBCs. Native (A and E Panels) and May-Gruenwald Giemsa stained (B
and F Panels) light microscopy and scanning electron (C, D, G, and H Panels) microscopy of peripheral
blood smears of wild-type (A, B, and C Panels) and mutant mice (D, E, and F Panels) are shown. The
abnormal morphology and the decrease in the concavity of erythrocytes of mutant mice are visible. [Bar
10 um (A, B, C, E, F, and G Panels), 5 um (D and H Panels)]. The figure is from Muro et al., 2000.

Quantification of the relative amounts of RBC skeletal proteins in B-adducin
ghosts and skeletons showed normal levels of - and B-spectrin, ankyrin, Band 3,
Protein 4.2, and Protein 4.1 (Figure 1.11 A). However, a 15% reduction in actin levels, a
threefold increase in Hb retention and the lack of an unidentified 65 kDa protein were
observed in RBCs ghosts and skeletons from mutant mice. The levels of various
unknown proteins were slightly increased in the region of 18-40 kDa in the -/- skeletal
preparations (Figure 1.11 A). Moreover, the levels of the a-adducin subunit was
reduced to about 20% of that of the wild-type mice (Figure 1.11 B) and a fourfold
upregulation of the y-adducin subunit levels was observed in mutants (Figure 1.11 C).

The molecular analyses indicated that the absence of B-adducin and consequent
altered levels of the o- and y-adducin subunits and others erythrocyte skeletal proteins
may produce defective junctional complexes affecting the normal structure of the
membrane skeleton, producing a marked increase in OF, altered haematological
parameters, erythrocyte dysmorphology and inducing the pathological condition in the

B-adducin deficient mice.
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Figure 1.11: Analysis of ghost and skeletal proteins in f—adducin mutant mice. Panel A shows
Coomassie blue stained gels (SDS-PAGE) of ghosts and membrane skeletons from normal (+/+) and
mutant (—/—) mice. The major proteins are indicated on the right. Variations between normal and mutant
animals are indicated by arrows. Western blot analysis of ghost proteins of adult wild-type (+/+),
heterozygous (+/—), and homozygous mutant (—/—) mice using anti o-adducin and anti y-adducin
antibodies are shown in Panels B and C, respectively.

In parallel to our B-adducin knock-out mouse, Gilligan’s group created a mouse
model deficient for adducin [ subunit (AKO) (Gilligan et al., 1999)and minor
differences between both models were observed. We see predominance of elliptocytes,
whereas their predominant feature is spherocytosis. Erythrocytes from both animal
models are osmotically fragile and have smaller MCV, and all other haematological
parameters are similar. Regarding the amount of the erythrocyte skeleton components, a
slightly reduction of spectrin and a significant decrease in GPC level were detected in
the mutant ghosts when compared with the control, while no significant alterations were
shown in the amounts of GPA, ankyrin, protein 4.2, and p55 between erythrocyte ghosts
of mutant and control mice (Chen et al., 2007; Gilligan et al., 1999). Both models were
analysed in different genetic backgrounds: our mouse mutants were backcrossed for 5
generations, being at least 98% identical to the C57Bl1/6 genetic background, whereas
Gilligan et al. studied the B-adducin mutation phenotype within a mixed 50% SvC129
and 50% C57Bl1/6 genetic background. It has been previously reported for other gene
knockout models that the phenotype may vary with different genetic backgrounds. This
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observation could be the cause of the differences seen between our mutant animals and

those of Gilligan’s group.

1.8.1 - Badducin deficient mice and hypertension

The knockout model also gave us the opportunity to study the direct association
between B-adducin and hypertension in a well-defined genetic background(Marro et al.,
2000). We found that mutant animals developed hypertension, with no changes in the
heart rate. A sharp decrease of a-adducin (70%) levels and a lesser reduction in -
adducin levels (50%) was observed in the heart of mutant animals. Despite the observed
marked changes in adducin expression, no alterations of heart morphological,
mechanical, or electric properties have been detected in the KO animal, suggesting a
lack of involvement of these proteins in heart function. Although altered kidney events
seem to connect adducin polymorphisms to the development and maintenance of
hypertension in rats and humans (Bianchi et al., 2005), preliminary studies of kidneys of
B-adducin deficient mice showed normal gross histological analysis and serum
creatinine levels suggesting a normal kidney function (Marro et al., 2000).

In conclusion, the development of hypertension in B-adducin mutant mice
strongly and directly evidences that hypertension is triggered by a mutation in the
adducin gene family although the precise mechanism remains uncertain. Anyhow, the
absence of B—adducin and concomitant modification of o— and y—adducin levels in
heart and other tissues, together with previous data on rat adducin polymorphisms
(Bianchi et al., 2005) support the hypothesis that the abnormal adducin complex

assembly might be an important determinant of BP.

1.8.2 - AKO mice and synaptic plasticity underlying learning and memory -

The expression of o and y subunits in the brain of B-adducin deficient mice have
changes similar to those detected in RBC: decrease in a-adducin and increase in y-
adducin levels (Gilligan et al., 1999). Neurophysiologic analyses revealed that mutant
mice exhibit deficits in both short- and long-term synaptic plasticity. Moreover,
behavioural analyses evidenced that learning (spatial and general) and memory were
impaired in AKO animals(Rabenstein et al., 2005). These data together with the
observation that o- and B—adducin mRNAs are found to be highly enriched in regions
with high synapse density thought to be critically involved in learning and memory
suggest that adducin is involved in setting synaptic strength, as well as synaptic

plasticity associated with learning and memory. Therefore, the loss of adducin seem to
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result in synapses that are less responsive to stimulation and therefore may impair
normal processes underlying learning and memory (Gilligan et al., 1999; Rabenstein et

al., 2005; Seidel et al., 1995).

1.9 Dematin-adducin double knock-out mice

Stoichiometrically, dematin and adducin are major constituents of the junctional
complex and, by virtue of their actin binding and bundling properties, they are believed
to regulate the dynamics of actin protofilaments in the erythrocyte membrane. To test
whether they perform a redundant function at the RBC, the double knock-out mouse
strain lacking B-adducin and the headpiece domain of dematin (DAKO) was
generated(Chen et al., 2007). DAKO was created by crossing of DKO (Khanna et al.,
2002) and AKO (Gilligan et al., 1999).

DAKO mice showed that the combined mutations resulted in more severe
haematological alterations. A significant decrease was observed in the erythrocyte
counts, haemoglobin and hematocrit content. The high reticulocyte counts (12-fold
increase) and the increased total serum bilirubin levels in the peripheral blood of double
mutant mice indicated the presence of a regenerative anaemia and explained the severe
splenomegaly observed in mutant animals. The double mutant mice exhibited marked
spherocytes, acanthocytes, fragmented erythrocytes and ghosts, and these altered
erythrocytes showed increased osmotic fragility. All this data indicated that the DAKO
mice develop a severe haemolytic but regenerative anaemia.

The analyses of the protein expression profile of double mutant ghosts and
skeletons revealed some alterations in the levels of the RBC cytoskeletal components.
About 15% reduction of both spectrin and actin, and a modest decrease in Protein 4.1
were evidenced in the DAKO ghosts and skeletons. No significant alterations were
observed in the amounts of GPC and, like in the single mutants, in the levels of GPA,
ankyrin, Protein 4.2, and p55 in DAKO erythrocyte ghosts. Atomic force microscopy
revealed differences in the skeletal structures between wt and DAKO erythrocytes: large
protein aggregates and a decrease in filament number were evidenced in the mutant
membrane cytoskeleton. These observations seem to indicate the presence of
cytoskeletal network damages and suggest that both vertical and horizontal associations
of the cytoskeleton appear to be broken in the double mutant.

In conclusion, the inability to maintain the membrane stability and to regulate

cell shape, which induce the erythrocyte reduced life span and the severe haemolytic
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anaemia in DAKO animals, are caused by alterations of the erythrocyte cytoskeleton
architecture and probably by the fact that the linkage of the spectrin-actin network to the
membrane is compromised. Together, these results reveal the essential role of dematin
and adducin in the maintenance of an efficient erythrocyte skeleton, and suggest the

functional redundancy of the two proteins at the junctional complex (Chen et al., 2007).

1.10 mRNA processing reactions

For eukaryotes coding genes, simply copying the genetic information from a
DNA template into a RNA transcript by RNA Polymerase II does not result in the
completion of mRNA synthesis. Before a gene transcript is ready to be transported out
of the nucleus, it has to undergo three major processing events to produce the fully
translatable mRNA. These comprise the acquisition of a cap structure at the 5’ terminus,
the splicing out of introns within the body of the pre-mRNA, and the generation of a 3’
end, usually modified by the addition of a poly(A) tail. When pre-mRNAs are not
processed efficiently, they are rapidly degraded in the nucleus. These modifications of
the primary RNA (in particular 5’-capping and 3’ polyadenylation) are necessary not
only for the protection of mature transcripts but also for the regulation of translation.
Therefore, small changes in overall RNA processing efficiency in a particular cell or the
effective strength of a particular splicing or polyadenylation site can serve as an
important control point for gene expression in a tissue or developmental stage-specific

manner (Rio, 1993; Shatkin and Manley, 2000; Zhao et al., 1999).

1.10.1 - Capping -

The first pre-mRNA processing step occurs as soon as ~20-30 nt have been
synthesised by RNA Polymerase II. A three-step reaction adds a cap structure to the 5’
end of all the transcripts. This structure consists of a guanine nucleotide connected to
the mRNA via an unusual 5’-5" triphosphate linkage. In the nucleus, the S’cap is
recognised by the cap-binding complex (CBC) which mediates the mRNA nuclear
export. In the cytoplasm, the cap structure bound to CBC plays an important role in the
stabilisation of the mRNA, since it represents an obstacle for 5'-3' exonucleases(Meyer
et al., 2004). In addition, in the cytoplasm the nuclear cap binding proteins are replaced
by the translation initiation factor, elF-4E. The cap bound to elF-4E and other
translation initiation factors enhances translation by promoting the engagement of the

ribosomal subunits with the mRNA (Shatkin and Manley, 2000). This is at least partly
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achieved by the interaction of eIF4G with poly(A)-binding protein (PABP), resulting in

a translationally competent circular mRNA-protein complex (Mangus et al., 2003).

1.10.2 - Splicing -

With a few exceptions mammalian genes are interrupted by noncoding
sequences (introns) and to generate a functional message from the DNA template,
mRNA splicing must occur. The transcribed pre-mRNA contains several consensus
elements, which are essential for the splicing reaction. The 5’ exon-intron junction or
splice site is marked by the consensus sequence AG/GURAGU (R, purine; Y,
pyrimidine). The end of the intron, the 3’ splice site, is defined by (Y),NYAG/RNNN.
About 20-50 nt upstream of the 3’ splice site lies the branchpoint CURA?®"y with a
highly conserved adenosine followed by the pyrimidine-rich track.

Splicing event occurs in two transesterification reactions whose net result is the
fusion of two exon sequences and the release of the intervening intron as a loop-shaped
structure. Five U-rich small nuclear RNAs (snRNAs) Ul, U2, U4, U5, and U6
associated with proteins in small nuclear ribonucleoprotein particles (snRNPs), together
with many other proteins, assemble over the intron to form the spliceosome, the
ribonucleoprotein complex that catalyzes the splicing events. Interaction of the Ul
snRNA with the 5’ splice site initiates spliceosome assembly. The 3’ splice site and
adjacent pyrimidine tract are identified through interactions with a dimeric splicing
factor U2AF35/65. This in turn, helps recruits U2 snRNP to the branchpoint. After Ul
and U2 snRNPs associate with the pre-mRNA, the trimeric snRNP complex of U4, U5
and U6 join the initial complex to form the spliceosome. After formation of the
spliceosome, extensive rearrangements in the pairing of snRNPs and the pre-mRNA
lead to the release of the Ul and U4 snRNPs and convert the spliceosome into a
catalytically active conformation which mediates the first transesterification reaction.
Following further rearrangements between the snRNPs, the second transesterification

bonds the two exons releasing the intron associated with the snRNPs (Rio, 1993).

1.10.3 - 3' end formation: polyadenylation signals and machinery -

An essential step in protein encoding mRNAs maturation and transcription
termination is posttranscriptional cleavage of mRNA precursor. After cleavage, most
eukaryotic mRNAs, with the exception of replication-dependent histone transcripts (in
higher eukaryotes), acquire a poly(A) tract that in mammalian consists of 150-250

adenosine residues at their 3’ ends. The formation of this poly(A) tail is directed by
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sequences present in the pre-mRNA, the polyadenylation signals (cis-regulatory
elements), and by the polyadenylation machinery, consisting of at least six multimeric
proteins, the cleavage and polyadenylation factors (trans-acting factors) (Wahle and

Kuhn, 1997; Wahle and Ruegsegger, 1999; Zhao et al., 1999).

- Mammalian polyadenylation signals -

The 3’-end processing consisting in the cleavage of a eukaryotic transcript and
the poly(A) tail addition occurs at specific polyadenylation sites [poly(A) sites] (also
called cleavage sites) located downstream from stop codons in the 3'-untranslated region

(UTR). The genomic sequence surrounding a poly(A) site is referred to as the poly(A)

region.
A
. 10-30mt . <30nt
<< ,+\ >
— = T T — . ——
cA
Hexanucleotide
? ? motif ? ?
UAUA G-rich
UGUA C-rich
B
Frequency (%)

Hs Mm Hs.B

AAUAAA 53.18 59.16 58.2

AUUAAA 16.78 16.11 14.9

UAUAAA 4.37 3.79 3.2

AGUAAA 3.72 3.28 2.7

AAGAAA 2.99 2.15 1.1

AAUAUA 2.13 1.71 1.7

AAUACA 2.03 1.65 1.2

CAUAAA 1.92 1.80 1.3

GAUAAA 1.75 1.16 1.3

AAUGAA 1.56 0.90 0.8

UUUAAA 1.20 1.08 1.2

ACUAAA 0.93 0.64 0.6

AAUAGA 0.60 0.36 0.7

Figure 1.12: Elements of mammalian polyadenylation signals. Panel A shows a schematic
representation of the positions and sequence features of the elements that define a mammalian
polyadenylation signal. The hexanucleotide motif, polyadenylation or cleavage site (frequently defined by
the CA dinucleotide), USE (upstream element) and DSE (downstream element) are evidenced with red,
gray, blue and violet boxes, respectively. In orange boxes are indicated some putative auxiliary elements
identified by in silico analyses. The scheme of Panel A is adapted from Zhao et al., 1999 and Hu et al.,
2005. The table in Panel B indicates the frequency of the hexanucleotide motif variants in the humans
(Hs) and mice transcriptomes (Mm) reported by Tian et al., 2005 and identified in humans one by
Beaudoing et al., 2000 (Hs.B).
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In mammalian poly(A) regions, several elements define the core polyadenylation
signal determining the use of a specific poly(A) site: the highly conserved
hexanucleotide AAUAAA motif found 10-30 nt upstream of the poly(A) site and the
less conserved elements located upstream and downstream it (upstream and downstream
elements, USE and DSE, respectively) and the poly(A) site itself. Additional sequences
outside of this core recruit regulatory factors or maintain the core signal in an open and
accessible structure (Zhao et al., 1999) (Figure 1.12 A). Some features of these cis-
regulatory elements are described below:

e Hexanucleotide or AAUAAA motif. The consensus sequence AAUAAA was

initially revealed by a comparison of nucleotide sequences preceding the poly(A) sites
in several mRNAs (Proudfoot and Brownlee, 1976) and then has been found in most
polyadenylated mRNAs of animal cells (Zhao et al., 1999). Extensive mutagenesis
studies and the analysis of naturally occurring mutations have conclusively established
that this hexanucleotide is essential for both cleavage and poly(A) addition (Manley,
1988; Wahle and Keller, 1992). The sequence AAUAAA is one of the most highly
conserved sequence elements known (Proudfoot, 1991). Several groups, analysing
human ESTs and UTRdb using different algorithms, estimated AAUAAA incidences
varying from 48.1 to 59% and identified numerous single-base variants of the canonical
AAUAAA hexamer (Figure 1.12 B) (Beaudoing et al., 2000; Beaudoing and Gautheret,
2001; Gautheret et al., 1998; Graber et al., 1999; Tabaska and Zhang, 1999; Tian et al.,
2005). In all the hexanucleotide signal variants positions 3, 4, and 6 are highly
conserved, while positions 1, 2 and 5 are tolerant to point mutations. They are described
by an NNUANA consensus (where N is any nucleotide). This suggests a model where
an unique polyadenylation machinery is tolerant to a limited level of mutation in its
regular signal. The most frequent variant is AUUAAA (incidence from 10.9 to 17%)
(Figure 1.12 B), whose activity is comparable to that of the canonical sequence: it
directs cleavage in vitro with an efficiency of 66%, relative to the wild-type level
(Sheets et al., 1990). Mutations of any other nucleotide strongly reduce the cleavage and
polyadenylation efficiencies in vitro (Conway and Wickens, 1987; Sheets et al., 1990)
and in vivo (Wickens and Stephenson, 1984). The abundance of single-base variants of
AAUAAA correlates with their measured processing efficiencies (Graber et al., 1999).
In addition, the reduced processing efficiency correlated to the hexanucleotide variants
is also confirmed by the evidence that the number of ESTs associated with the canonical

AAUAAA hexamer is higher than that associated with any other variant of the signal
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(Beaudoing et al., 2000; Tian et al., 2005). However, polyadenylation efficiency does
not strictly depend on the hexameric signal: “strong” sites may contain variant signals
while “weak” sites may comprise canonical AAUAAA hexamers. In fact, the flanking
USE, DSE and in auxiliary sequences also affect polyadenylation efficiency (Legendre
and Gautheret, 2003). In addition, polyadenylation signals with hexamer motif variants
are usually associated with alternative or tissue-specific polyadenylation (Edwalds-
Gilbert et al., 1997).

e Downstream element (DSE). The second element of the core polyadenylation

signal is within approximately 30 nt downstream of the poly(A) site (Figure 13 A). This
element is observed in a large portion of genes and is poorly conserved. Two main types
of DSEs have been described, a U-rich element and a GU-rich element (Figure 1.12 A).
The U-rich element is a short run of U residues (Chou et al., 1994; Gil and Proudfoot,
1987). The GU-rich type has the consensus like YGUGUUYY (Y = pyrimidine) in
several genes(McLauchlan et al., 1985). A polyadenylation signal may have only one
DSE (Chou et al., 1994; McDevitt et al., 1986) or may have both a U-rich element and a
GU-rich element working together synergistically (Gil and Proudfoot, 1987). However,
some DSEs contain no matches to either the canonical U- or GU-rich motif (Sittler et
al., 1994). The proximity of the DSE to the poly(A) site can affect the cleavage site
position (Mason et al., 1986) and the efficiency of cleavage (Gil and Proudfoot, 1987;
McDevitt et al., 1986). Point mutations or small deletions in the DSE have only weak
effects, while larger deletions are required to abolish polyadenylation process: this is in
agreement with the idea that the DSE is poorly defined and possibly redundant
(Zarkower and Wickens, 1988) and evidenced that this element is required for an
efficient processing of the mRNA 3’-end.

e Poly(A) site. The selection of the cleavage site is determined mainly by the
distance between the upstream AAUAAA sequence and the DSE (Chen et al., 1995).
The local sequence surrounding the cleavage site is not conserved, although adenosine
is found at the cleavage site of 70% of vertebrate mRNAs(Sheets et al., 1990). Thus, the
first nucleotide of the poly(A) tail in most mRNAs is probably template encoded(Moore
et al., 1986; Sheets et al., 1990). A study involving saturation mutagenesis demonstrated
that the order of preference for the cleavage site nucleotide follows the order of A > U >
C G (Chen et al., 1995). The penultimate nucleotide is most often a C residue (in 59%
of all genes analysed) (Sheets et al., 1990). Thus, a CA dinucleotide defines the poly(A)
site for most genes (Figure 1.12 A).
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e Upstream element (USE). This sequence element is common among viral

polyadenylation signals, such as adenovirus (E3, L1, L3 and L4), Epstein-Barr virus,
simian virus 40 (SV40) late, ground squirrel hepatitis virus, and retroviruses such as
human immunodeficiency virus type 1 (HIV-1) (Zhao et al., 1999). More recently,
functional USEs have also been identified in the poly(A) regions of many cellular genes
such as complement factor C2 (Moreira et al., 1995), lamin B2 (Brackenridge et al.,
1997), collagen (Natalizio et al., 2002), cyclooxygenase isoenzymes-2(Hall-Pogar et al.,
2005), etc. The position and sequence of the USE are poorly defined. It is often a U-rich
sequence, in which a consensus sequence has not emerged, located within the 100 nt
upstream the AAUAAA element (Hu et al., 2005) (Figure 1.12 A). Its role in both viral
and cellular genes is to enhance the polyadenylation process: it improves the cleavage
efficiency by acting as recognition site for 3’-end processing factors (Carswell and
Alwine, 1989; Hall-Pogar et al., 2007; Moreira et al., 1998).

o Auxiliary sequences. In addition to the above mentioned core polyadenylation

signal sequences, some auxiliary elements localised upstream and/or downstream the
poly(A) site that can generally enhance polyadenylation efficiency in both viral and
cellular systems have been characterised. G-rich sequences (GRS) located downstream
of the DSE are common positive auxiliary elements in mammalian polyadenylation
signals. The SV40 late pre-mRNA contains a GRS in its polyadenylation site
downstream of U-rich element that is able to enhance processing efficiency (Bagga et
al.,, 1995; Chen and Wilusz, 1998). More recent studies revealed that ~34% of
mammalian polyadenylation signal contain short GRS in the region downstream the
DSE. All the analysed GRS bind hnRNP H/H’ stimulating polyadenylation events
(Arhin et al., 2002). Recently, a bioinformatic analysis of human cDNA/ESTs
sequences revealed that poly(A) sites may have an additional set of cis-acting elements
that were conserved among yeast and plants and may be involved in the regulation of
mRNA polyadenylation. These novel elements include upstream and downstream G-
rich and C-rich elements, as well as other upstream elements (Figure 1.12 A). The
functions of all these sequences remain to be validated (Hu et al., 2005). Moreover,
other sequences which are binding sites for splicing factors can positively or negatively
modulate the efficiency of 3’ processing (Section 1.11.2)

The elements described above are thought to work by acting as sequence
recognition sites for factors that stabilise the polyadenylation complex. However, it was

evidenced that the secondary structure of these elements influences polyadenylation.
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For instance, secondary structure downstream of the murine secretory immunoglobulin
M poly(A) site is critical for positively regulating the use of this site (Phillips et al.,
1999), while a stem-loop containing the HIV-1 core poly(A) signal (Klasens et al.,
1999) and base-pairing in HDV mRNA (Hsieh et al., 1994) reduce 3’-end processing.

Three possible mechanisms by which auxiliary elements and USE enhance in
vitro 3'-end processing have been proposed. First, these sequences can promote
processing efficiency by maintaining the core elements in an unstructured domain,
which allows the general polyadenylation factors to efficiently assemble on the RNA
substrate. Second, they can enhance processing by forming a stable structure, which
helps focus binding of cleavage stimulation factor (CstF) to the core elements of
polyadenylation signal preventing the factor from sliding along the pre-mRNA. Finally,
the interaction of specific proteins with these sequences may play an active role in
stimulating 3'-end processing, probably increasing or stabilising the association of the
polyadenylation factors with the RNA substrate. Therefore, these sequences serve as an
integral part of the polyadenylation signal affecting signal strength and possibly
regulations (Chen and Wilusz, 1998).

Although critical, the mechanisms of polyadenylation site selection are not yet
fully understood. In particular, it is not completely clear how the polyadenylation
machinery is able to distinguish bona fide polyadenylation signals from the multiple
look-alikes interspersed along the 3’-UTR. It seems that among the potential
polyadenylation sites it is selected the one that allows a stable assembly of the
polyadenylation machinery (Weiss et al., 1991). In fact, the strength of cis-regulatory
elements for binding trans-acting factors can determine the efficiency of the
polyadenylation reaction in a specific site. Therefore, not strictly the presence of a
“strong” (efficiently processed) hexanucleotide motif but also the sequences flanking it,
DSE, USE and auxiliary sequences contribute to the definition of bona fide
polyadenylation sites from randomly occurring hexamer motifs (Legendre and
Gautheret, 2003). This is demonstrated by the evidence that alterations of the 3' regions
of genes induce variations in polyadenylation site selection and processing of transcripts

causing a number of diseases (Chen et al., 2006).

- Cleavage and polyadenylation factors -

Multiple protein factors, generally highly conserved, are required for the
formation of mRNA 3’-ends. The main factor involved in cleavage and polyadenylation

in mammals are described below (Zhao et al., 1999).
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e (Cleavage/polyadenylation specificity factor (CPSF): is required for both the

cleavage and poly(A) addition reactions and, consistent with this function, recognises
AAUAAA, a signal also essential for both reactions. The binding of purified CPSF is
very weak but can be greatly enhanced by a cooperative interaction with cleavage
stimulating factor (CstF) bound to the downstream signal sequences (DSE). It is a large
protein complex containing basically160, 100, 70, and 30 kDa subunits, referred to as
CPSF-160, CPSF-100, CPSF-73, and CPSF-30, respectively. The largest subunit (160
kDa) is crucial for AAUAAA recognition even if the participation of other CPSF
subunits facilitates the recognition of the motif. CPSF-160 interacts specifically with the
77-kDa subunit of CstF and with Poly(A) polymerase (PAP), which is consistent with
the cooperative interactions of CPSF with CstF or PAP in forming stable complexes on
the RNA precursor. Interestingly, the 160 kDa subunit inhibits the activity of PAP in
nonspecific assays, implying that CPSF may facilitate both poly(A) synthesis and
termination. The 100 and 73 kDa subunits of CPSF are closely related and possess
endonuleolytic activity. CPSF-73 seems to catalyze the cleavage reaction. The role of
CPSF-30 is most probably to cooperate with CPSF-160 in the recognition of RNA
substrates and, through an interaction with Poly(A)-binding protein (PABP) to stabilise
the polyadenylation complex.

® (Cleavage stimulation factor (CstF): interacting with the DSE it is necessary for

mRNA cleavage. It can also stimulate poly(A) addition on substrates binding to the
USE. It consists of three polypeptides of 77, 64, and 50 kDa. CstF-77 was shown to be
the middle subunit bridging CstF-64 and CstF-55 and its direct interaction with CPSF-
160 probably contributes to stabilisation of the CPSF-CstF-RNA complex. CstF-64
binds the DSE of pre-mRNAs, while the 50-kDa subunit interacts with the C-terminus
of CTD of RNA polymerase II.

e Cleavage factors (CF) I, _and II,: are needed only for cleavage as they are

supposed to form the endonuclease responsible for the cleavage of pre-mRNAs. CF I,
consists of fourth polypeptides and increases the stability of the CPSF-RNA complex,
suggesting that this factor may also interact with CPSF and contribute to the overall
stability of the 3'-end-processing complex. The interaction of CF I, with RNA substrate
seems to be an early step in the assembly of the 3'-end-processing complex, which
facilitates the recruitment of other processing factors. CF II,, has not been purified and

its function has not yet been clarified, but it is essential for cleavage.
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® RNA polymerase Il (Pol II): the conserved C-terminal domain (CTD) of Pol II

largest subunit has properties that make it an authentic cleavage factor. On the contrary,
Pol II does not appear to be involved in the poly(A) addition step. CTD interacts with
CPSF and CstF, this probably stabilise the cleavage complex or induce allosteric effects
on it. The involvement of Pol II in cleavage is consistent with studies showing that
protein-encoding mRNAs transcribed by Pol I and Pol III were mostly not
polyadenylated, and that CstF colocalises with phosphorylated Pol II in vivo.

® Poly(A) polymerase (PAP): is the key polypeptide in the process of

polyadenylation. It catalyzes the addition of the poly (A) tail (activity which adds
adenosine residues to the 3’-ends of RNAs), but also participates in the cleavage of pre-
mRNA by stimulating or actively participating in the process. It is a polymorphic
enzyme and exists in two active forms: PAP I and PAP II. In AAUAAA-dependent
polyadenylation, PAP is recruited to the processing complex by interaction with CPSF-
160. PAP, differently to the other polymerases, does not require a template strand: in
fact, it. catalyzes the addition of adenosine to the 3’-end of mRNA in a sequence-
independent manner

e Poly(A)-binding protein (PABP): tends to form oligomers binding specifically to

the poly(A) tail. It is required for the rapid elongation of the poly(A) tail and to control
its length.

1.10.4 - Steps in processing: assembly, cleavage, and polyadenylation -

The mutually cooperative interactions of CPSF, CstF, CF I,,, PAP, and PABP in

catalyzing accurate and efficient cleavage and polyadenylation have been well
documented (Wahle and Kuhn, 1997; Wahle and Ruegsegger, 1999; Zhao et al., 1999).
Figure 1.13 shows the model of mRNA 3'-end formation in mammalian cells. The
initiating step in the assembly of a functional cleavage/polyadenylation complex is the
recognition of signals on the pre-mRNA by CPSF and CstF in a process assisted by CF
I,. CPSF binds to AAUAAA element through CPSF-160 with the help of the others
CPSF subunits, and CstF binds to the DSE via CstF-64. The individual interactions of
CPSF and CstF with their cognate sequences are weak but are stabilised by the cross-
factor interaction of CPSF-160 and CstF-77. A final component of the initiation
complex is Pol II. The CPSF-CstF interactions define the region in which cleavage site
must lie. The formation of a cleavage-competent complex requires the additional

recruitment of CF II,, and PAP. The contacts of CF I, and CF II,, with the other factors
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and RNA are not known, but PAP at this point probably interacts with CPSF-160. The

assembly of all of these factors may be sufficient to enable cleavage to occur.
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Figure 1.13: Schematic representation of mammalian mRNA 3’-end processing. The cleavage
complex formation, cleavage and poly(A) tail synthesis steps are indicated. The scheme is adapted from

Zhao et al., 1999.

There is no indication of a reorganisation of the complex before catalysis, as

occurs during the splicing reaction. However,

since it seems that reconstitution of

polyadenylation in vitro requires only CPSF and PAP, significant changes probably take

place after cleavage, with release and degradation of the 3'-cleavage product and
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dissociation of the CstF, Pol II, CF I,, and CF II,, cleavage factors. The situation may
be different in the cell, with some factors remaining in the processing complex. This
possibility is supported by evidences that CstF can stimulate polyadenylation if a CstF-
binding site is present upstream of the hexanucleotide motif. Assembly and cleavage are
followed by polyadenylation. The interaction with CPSF serves to recruit PAP to the
AAUAAA-containing substrate. A complex of CPSF and PAP is adequate for a slow
polymerisation of an adenosine tract, but full processive activity requires PABP. In fact,
the poly(A) addition is slow (distributive synthesis) for the first 11-14 adenosine
residues until a binding site for PABP has been created. Then, when PABP binds to this
initial tail, it increases the stability and processivity of the PAP-CPSF complex and
therefore stimulates the rapid elongation of the poly(A) tail to the final 150-250
adenosine residues found on nuclear poly(A) mRNA. When the tails reach this length,
processive elongation switches to a slow and distributive mode again. PABP is
necessary to terminate poly(A) addition at this point, but the mechanism to regulate the
length of the added tail is not yet clear.

Poly(A) tail synthesis termination seems to be coupled with the disruption of the
critical interaction between CPSF and PAP and their release from the finished product.
The dissociation of the polyadenylation complex is followed by the release of the final
product. It is very important to notice that cleavage and polyadenylation are closely
coupled. The fact that PAP and CPSF are in involved in both the reactions indicates that

cleavage is immediately followed by the release of the final product.

1.10.5 - Role of the poly(A) tail -

Poly(A) tails are essential structural and functional elements of eukaryotic
mRNAs. They are important for the regulation of mRNA export from the nucleus to the
cytoplasm, mRNA stability, translation initiation and efficiency. Transcripts which are
not polyadenylated, or cleaved in the case of histone mRNAs, are degraded or not
transported efficiently into the cytoplasm, and the amount of protein expressed from that
gene decreases (Huang and Carmichael, 1996; Sachs and Wahle, 1993).

The role of poly(A) tail in nuclear export is probably attributable to PABP. In
fact, there is evidence that the yeast equivalent of PABP interacts with nucleoporines
and nuclear pore associated proteins. This view is consistent with the observed
nucleocytoplasmic shuttling of yeast and mammalian PABPs (Mangus et al., 2003).

The poly(A) tail of mRNA promotes translation in synergy with the cap. This

function is mediated by the interaction of the PABP with a number of translation
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factors, including the initiation factors eIF4G and the termination factor eRF-3 (Mangus
et al., 2003; Sachs et al., 1997). The interaction of the scaffold factor eIF4G with both
the cap-binding factor eIF4E and PABP circularises the mRNA into the “closed loop”
complex. This complex is thought both to stabilise the association of the cap-binding
initiation factors and to facilitate the recycling of ribosomes that have terminated their
translation of the mRNA. In addition, the regulation of poly(A) tail length controls
mRNAs translation in the oogenesis and early development of many animal species. In
most cases, long poly(A) tails (80-500 adenine residues) correlate with translation, and
short tails (20-50 A) with repression of translation. Many of these regulated mRNAs
are maternal, which are stored in an translationally inactive form in the growing oocyte
and are translationally activated at specific stages of oocyte or early embryo
development (Sonenberg and Dever, 2003).

The mRNA stability is mainly regulated by the presence of the PABP at the level
of the poly(A) tail (Mangus et al., 2003). In the two general processes of mRNA
degradation, decapping and deadenylation pathways, poly(A) tail removal occurs before
the transcripts is degraded (Meyer et al., 2004). PABP can be an antagonist of poly(A)
shortening: in fact, its presence on the poly(A) tail provides a protective effect, which is,
in part, attributable to physical hindrance of the deadenylase and in part to inhibition of
deadenylase activity. Moreover, PABP can facilitate and stabilise the binding of
additional factors to their target sequence in the 3’-UTR, which mainly retard rapid
mRNA decay precluding access of endonuclease to their recognition site (for example,
oCP proteins in the 3’-UTR of a-globin mRNA). As noted above, PABP also interacts
with the termination factor eRF3, a consequence of which is a decrease in the number of
PABP multimers associated with the poly(A) tail. This observation links translation
termination to poly(A) shortening and suggests one mechanism for orchestrating a
standardized 'clock’ that limits the lifetime of a poly(A) tail and, in turn, the mRNA to
which it is appended (Mangus et al., 2003).

1.11 Crosstalk between mRNA processing events

Although each of the reactions above described -capping, splicing and
polyadenylation- can be analysed biochemically as distinct processes, they are
interlinked and they influence one another's specificity and efficiency (Figure 1.14)

(Proudfoot et al., 2002).
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Figure 1.14: Molecular inter-connections between mRNA processing reactions. A schematic
representation of the eukaryotic pre-mRNA structure is shown in the figure. Some of the main sequence
elements and protein factors involved in capping, splicing and polyadenylation are indicated. Red arrows
specify the interconnections between the mRNA processing reactions. The scheme is adapted from
Proudfoot et al., 2002.

1.11.1 - Capping interactions with splicing and polyadenylation -

The capping process plays an important role in splicing significantly enhancing
the formation of spliced mRNA. In fact, it was demonstrated that the cap structure
enhanced the excision of the first, cap-proximal intron, but had a lesser effect on the
splicing efficiency of the second intron. Depletion of the 80 kDa subunit of the cap-
binding complex (CBC) resulted in significant inhibition of splicing. Furthermore, CBC
positively influences the interaction of Ul and U6 snRNAs with the 5" splice site.
However, especially in mammalian systems, the question of how the cap and splicing
components interacts remains unsolved. hnRNP F has been identified as a potential
candidate that links the CBC with the splicing machinery. It can specifically interact
with both CBC subunits and, moreover, hnRNP F-depleted extracts show a reduced
splicing efficiency (Proudfoot et al., 2002).

Around the same time that the cap-splicing interconnection was discovered, a
similar efficiency dependence of polyadenylation on the cap structure was showed. The
cap structure has been shown to enhance the efficiency of 3’ processing in vitro (Cooke
and Alwine, 1996; Gilmartin et al., 1988; Hart et al., 1985). The addition of a cap
analogue to HeLa cell nuclear extract resulted in a reduction in poly(A) site cleavage.
Moreover, uncapped pre-mRNAs were found to be poorly processed by nuclear
extracts, and to compete less efficiently for 3’ processing factors than capped pre-
mRNAs. It was discovered that CBC plays a key role in pre-mRNA recognition and 3’-
end processing. It enhanced the cleavage reaction significantly, but showed only a
modest effect on the poly(A) addition reaction. Similar to splicing, CBC appeared to
have a stabilising effect on the polyadenylation complex with its target pre-mRNA. It
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was also evidenced that the communication between the 5’-and 3’-ends of the pre-
mRNA during processing is mediated by the physical association of the CBC with 3’
processing factors bound at the poly(A) region. These data provides further support for
the hypothesis that pre-mRNAs and mRNAs may exist and be functional in the form of
"closed-loops," due to interactions between factors bound at their 5’-and 3’-ends

(Flaherty et al., 1997).

1.11.2 - Connections between splicing and polyadenylation —

Several evidences have been accumulated in support of a physical connection
between the splicing and the polyadenylation machinery (Figure 1.14). Depending on
the context, splicing factors can stimulate or inhibit cleavage and poly(A) addition.
Moreover, some of the interactions between splicing and polyadenylation factors appear
to have evolved into regulatory mechanisms, and there are several cases in which the
cell uses splicing factors to influence the decision of how or when to polyadenylate an
mRNA precursor (Proudfoot et al., 2002). Splicing and polyadenylation cooperate in:

® Recognition of constitutive 3'-terminal exons or 3 ’-terminal exon definition.

Experiments that revealed the process of exon definition in RNA splicing
evidenced that an interaction of splicing and polyadenylation factors could bridge the
last exon and define its 3’-splice site and its poly(A) site (Niwa et al., 1992).

In higher eukaryotes the 3’ and 5" splice sites are recognised synergistically
through interactions stretching across the exon. SR proteins are the key players in this
process. They are recruited to the exon through interactions between their RNA binding
domains and specific exon enhancer sequences (exonic splicing enhancers). SR proteins
also interact through serine arginine-rich (RS) domains with other RS domain
containing proteins in Ul and U2 snRNPs. Considering that Ul snRNP contacts the 5°-
splice site and the U2 snRNP defines the 3’splice site (the larger 65 kDa subunit of U2
snRNP interacts with the pyrimidine tract while the 35 kDa subunit directly contacts the
3" splice site AG sequence, their interactions with the bridging SR proteins permit
precise identification of the exon in the pre-mRNA (Konarska, 1998). This exon
definition mechanism is also applied to the terminal exon of pre-mRNA, although in
this case the end of the exon is defined by the poly(A) signal. Consequently, both
splicing and polyadenylation factors interact to define the last exon affecting the
efficiency of both the polyadenylation and last intron removal (Niwa et al., 1992). The
cross talk of these two processes across a terminal exon involves factors such as U2AF

U2 snRNP, which are associated with early recognition of the 3’-splice site. In fact,
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U2AF65 is able to interact with the C-terminal domain of PAP and the 59 kDa subunit
of CF I, (Kyburz et al., 2006; Millevoi et al., 2006; Vagner et al., 2000). U2AF65/CF
I, complex stimulates in vitro cleavage and polyadenylation (Millevoi et al., 2006).
Moreover, it was demonstrated that CPSF is necessary for efficient splicing activity and
that mutations in the pre-mRNA binding site of the U2 snRNP resulted in impaired
splicing and in more reduced cleavage efficiency (Kyburz et al., 2006).

In addition, alsoUl snRNP and its components seem to be involved in the 3’-
terminal exon definition and polyadenylation processes. For instance, 3’-end processing
was stimulated at the SV40 late polyadenylation site by the interaction between snRNP-
free U1 A protein to USE (Lutz and Alwine, 1994). Moreover, the direct contact of UL A
with the CPSF 160-kDa subunit stabilised the interaction of CPSF with its substrate
stimulating polyadenylation process (Lutz et al., 1996). It was also demonstrated that
snRNP-free UlA interacts with the polypyrimidine tract-binding protein-associated
factor (PTB) forming a complex that was hypothesised to be involved in the recognition
of the 3'-terminal exons (Lutz et al., 1998). Moreover, Ul A and PTB were USE-specific
factors able to promote the COX-2 alternative polyadenylation (Hall-Pogar et al., 2005).
Finally, interaction between the Ul snRNP, PAP and CF I, were also documented even
though their functional role have to be determined (Awasthi and Alwine, 2003; Raju
and Jacob, 1988).

Interestingly, terminal exon definition also appears to be employed in a negative
way, as a number of studies demonstrate that poly(A) site recognition is inhibited by the
proximity of a 5’ splice site (Proudfoot, 1996). This inhibition will not normally occur
in the terminal exon of a gene but it may arise when a poly(A) site is positioned within
the body of a gene. In papillomaviruses, which again maximize their gene expression
repertoire by employing internal poly(A) signals, Ul snRNP 70 kDa subunit binding to
the 5’-splice site results in inhibition of polyadenylation via a direct interaction with
PAP (Gunderson et al., 1998). Examples of a similar type of regulation are well
documented in retroviruses, where functional poly(A) signals may exist in the
transcribed portion of the 5’ LTR sequence: promoter-proximal poly(A) site is repressed
by interaction of the Ul snRNP with a downstream 5’splice site localised (Ashe et al.,
1997).

® Recognition of alternative 3 ’terminal exons.

Another example of splicing and polyadenylation crosstalk comes from genes

where alternative polyadenylation leads to the expression of different gene products. In
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these genes poly(A) sites are located in different exons and the formation of the 3’-end
is mediated by alternative splicing (Edwalds-Gilbert et al., 1997). Section 1.13.3 is

focused on this topic.

1.12 Transcription and mRNA processing of protein-encoding gene

Despite capping, splicing and polyadenylation have traditionally been viewed as
posttranscriptional processing events, in more recent years it has emerged that these
reactions are not only capable of influencing each other but are also tightly linked to
transcription therefore, it is now believed that most mRNA processing reactions occur
cotranscriptionally. Much of this linkage involves the transcribing enzyme itself, RNA
polymerase II (Pol II), and specifically the C-terminal domain of its largest subunit
(CTD). A large body of evidence indicates that the CTD has a significant role in
enhancing the efficiency of all three of the mRNA processing reactions (Bentley, 2005;
Calvo and Manley, 2003; Proudfoot et al., 2002). The findings that evidence the
association of polyadenylation and the different stages of gene transcription are

elucidated below.

1.12.1 - Transcription initiation and elongation -

Experimental data evidence that certain polyadenylation factors can interact with
the CTD, that this enhances polyadenylation efficiency, and that the interaction can
begin back at the promoter (Calvo and Manley, 2003). The initial indication of an early
and direct linkage of transcription and polyadenylation factors came from the discovery
that the general transcription factor TFIID, which has a central role in promoter
recognition and assembly of preinitiation complexes during transcription initiation,
could be copurified with CPSF. In detail, the interaction with TFIID recruits CPSF to
the promoter and brings its transfer to Pol II concomitant with transcription initiation
(Figure 1.14) (Dantonel et al., 1997). Moreover, the findings that transcripts generated
by Pol II lacking a CTD are not processed efficiently (splicing, polyadenylation, and
transcription termination are all inhibited), that in vitro CTD binds not only CPSF but
also CstF, (McCracken et al., 1997) and it is required for the 3' cleavage reaction even
in the absence of transcription (Hirose and Manley, 1998), confirmed the association
between polyadenylation and transcription processes.

Moreover, it was observed that several transcriptional coactivators, such as the
yeast Subl (PC4 is equivalent to Sub1 in humans) and Ssu72 factors, whose function is

to assure proper assembly of the transcription preinitiation complex at the promoter and
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to help the transcriptional machinery to identify the start site of transcription, are
associated to components of the polyadenylation machinery. These interactions ensure
proper loading of the polyadenylation factors onto the transcriptional apparatus and
influence downstream events. For instance, Subl interacts with CstF to modulate its
activity at the 3’-end, whereas Ssu72 works in the context of CPSF to facilitate cleavage
(Calvo and Manley, 2003).

In addition, more recent studies in yeast point to the existence of gene loops, in
which a transcriptionally active termination region can be physically linked to its
promoter site, whose function is probably to promote transcriptional reinitiation by
facilitating recycling Pol II from the termination site to the promoter. Interestingly, it
was observed that the looping is dependent upon Ssu72 and Ptal (an additional factor of
the polyadenylation machinery) components of the transcription preinitiation-3’-end
processing complex (Ansari and Hampsey, 2005; O'Sullivan et al., 2004).

All these evidences point to an intricate and complex network of interactions that
link events occurring at the 5’-and 3’-ends of the gene. Although there is still much to
learn about how all these dynamic interactions are orchestrated, a remarkable
implication of these findings is that the efficiency of polyadenylation might vary
depending on the early events that happened at the promoter, for instance, the efficiency

of loading of the polyadenylation factors onto the CTD (Calvo and Manley, 2003).

1.12.2 - Transcription termination downstream of the poly(A) site -

This final stage in the transcription process is critical for successful gene
expression. Transcription termination allows release of mRNAs from the site of
transcription and of Pol II from the DNA template facilitating the recycling of the
enzyme back to the promoter for further rounds of transcription. Moreover, it ensures
that promoters are not perturbed by read-through polymerases that have failed to
terminate at upstream genes. Finally, it can also affect the utilization of an upstream
poly(A) site influencing the amount of transcript derived from that gene. Several
evidences have elucidated that transcription termination and polyadenylation processes
are coupled: in fact, mature mRNA 3’ ends are formed by cotranscriptional RNA
processing at positions upstream of the termination site. Thus, transcript cleavage at the
poly(A) site leaves two products which have quite different fates: the upstream product,
destined to become mRNA, is stabilised by poly(A) addition, whereas the downstream
product, uncapped at 5’-end, is highly unstable and is rapidly degraded (Rosonina et al.,
2006).

70



Role of the poly(A) signal and polyadenylation factors in Pol Il termination

The demonstration that transcription termination is dependent on the presence of
a functional polyadenylation process provided the first indication that mRNA
maturation events and transcription are coupled events (Logan et al., 1987; Proudfoot,
1989). For instance, 3’ end processing was shown to be dependent on the presence of
Pol IT CTD both in vivo (McCracken et al., 1997) and in vitro (Hirose and Manley,
1998), as described above. Moreover, it was evidenced that mutations of the signals that
specify polyadenylation event can prevent subsequent termination (Proudfoot, 1989),
that poly(A) signal strength is directly correlated to termination efficiency (Osheim et
al., 1999) and that the dependence of Pol II termination on RNA processing extends to
splicing of the terminal intron (Dye and Proudfoot, 1999). These observations can be
explained by the involvement of the terminal 3’ splice and poly(A) sites to define the
terminal exon as described above (Niwa et al., 1992). However, considering the
absolute requirement of a poly(A) signal for transcription termination, it is most likely
that the dependence of termination on splicing is an indirect effect. Moreover,
transcriptional analyses in yeast provided evidence that at least several of the proteins
involved in 3' processing, subunits of the yeast equivalents of both CstF and CPSF, are
required for termination (Dichtl et al., 2002).

To address the mechanistic basis for the connection between termination and
cleavage/polyadenylation, two models have emerged: the so-called “allosteric” and
“torpedo” models. The allosteric model, also known as the “antiterminator” model,
proposes that transcription of the poly(A) site triggers conformational changes of the Pol
IT elongation complex (EC); for example, by recruitment of a negative elongation factor
or release of an antitermination factor. Such changes would destabilise the complex,
resulting in termination (Logan et al., 1987; Proudfoot, 1989). The “torpedo” model
proposes that upon endonucleolytic cleavage of the nascent pre-mRNA at the poly(A)
site, a 5'—3' exonuclease degrades the downstream cleavage product while it is still
tethered to Pol II. The exonuclease continues degrading the transcript until it reaches,
and somehow destabilises the EC, causing termination (Connelly and Manley, 1988).
Although both models rely on recognition of the poly(A) site, a fundamental difference
is that only the “torpedo” model depends upon the successful endonucleolytic cleavage
of the nascent RNA to create the entry site for the 5'—3" exonuclease. The results of
studies on Pol II transcription termination carried out over the past decade have

indicated that these two models are not mutually exclusive. Rather, a new version,
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combining the antiterminator and torpedo models, is likely to prevail (Rosonina et al.,
2006).

Role of Pausing of Pol Il in transcription termination and polyadenylation

Since it is clear that RNA processing signals affect transcription, it follows that
the reverse effect of transcriptional events influencing RNA processing occurs. Thus,
transcriptional pause sites located downstream of the poly(A) site are thought to cause a
transient pause to Pol II progression and so enhance poly(A) site recognition. Studies on
a number of genes have identified such pause sites. The strongest evidence for an
involvement of transcriptional pausing in 3’ end processing and termination comes from
studies in yeast. In S. pombe, the poly(A) signals of the ura4 and nmt2 genes both
possess downstream sequence elements (DSE) that are required for efficient 3’ end
processing and induce transcription termination. Studies in mammalian cells also
indicated the presence of transcription pause sites (where Pol Il may pause as a result of
protein roadblocks). One of these sites was discovered between the closely spaced o-
globin genes and the C2 and factor B genes. Analysis of pause sites in a coupled in vitro
transcription-polyadenylation system showed that in some situations they can increase
the efficiency of cleavage and polyadenylation and thereby promote termination
(Proudfoot et al., 2002).

More recently, it was described that poly(A) site alone can pause the polymerase
as it moves down on the template and consequently it promotes transcription
termination (Orozco et al., 2002). This poly(A)-dependent transcriptional pause is
mediated by CPSF. It specifically recognises poly(A) signal hexamer and, acting as a
negative transcription elongation factor, it transmits a signal from the hexanucleotide

motif to the body of the polymerase inducing the pause (Nag et al., 2007).

1.13 Transcriptional and _post-transcriptional regulation of gene

expression

One of the lessons learned from the sequencing of the mammalians genome is
that diversity of gene expression is largely due to post-transcriptional mechanisms. In
fact, initial estimates of as many as 120000 expressed genes in humans (Liang et al.,
2000) are greatly in excess of the number of 20000-25000 protein coding genes
(Consortium, 2004). Alternative transcription initiation correlated to differential
promoters, alternative splicing, and alternative polyadenylation are the three

mechanisms through which a variety of transcripts can be synthesised from a single

72



eukaryotic gene (Black, 2003; Edwalds-Gilbert et al., 1997; Landry et al., 2003).
Therefore, the combination of these processes largely contributes to transcript diversity

in complex genomes such as those of mammalians.

1.13.1 - Alternative promoters -

Transcription initiation of eukaryotic protein-coding genes is regulated by
multiple binding DNA sequences, generally referred as transcription-control regions.
These include promoters localised in the proximity of the transcription start site (TSS)
and other types of sequences, called enhancers and silencers, located commonly far
from the genes that they regulate (up to 50 kb upstream or downstream from the TSS or
within an intron). In the promoter region it is possible to distinguish more conserved
core promoters elements and other proximal promoter elements (Lodish, 2003).

The core promoters generally extend from ~40 bp upstream (— 40) to ~40 bp
downstream (+ 40) of the TSS (+ 1) and contain different combinations of various
functional DNA motifs (Figure 1.15). In the eukaryotic genes, it is the minimal DNA
region that recruits the basal transcription machinery to direct efficient and accurate
transcription initiation. In fact, its elements direct the recruitment and assembly of the
class II basal/general transcription factors (TFIIA, TFIB, TFIID, TFIIE, TFIF and
TFIIH) and RNA Pol II into the functional pre-initiation complex (PIC) at the TSS and
thus determine the intrinsic “basal” (i.e., unregulated) transcription activity of the core
promoter. The specific core promoter sequence also influences the transcriptional
response of a given gene to particular enhancers and gene-specific transcription
regulators. Thus, the information contained within the DNA sequence of the core
promoter is critical for the proper regulation of gene-selective transcription in
eukaryotes (Smale and Kadonaga, 2003).

As mentioned above, different sequence elements can co-occur in the same
promoter, although certain combinations are more likely than others. It was found that
the pattern of regulatory elements of a promoter is commonly conserved across
orthologous genes. The best studied core promoter consensus motifs are the following
ones (Sandelin et al., 2007; Smale and Kadonaga, 2003) (Figure 1.15):

e TATA box: located 28-34 bp upstream of the TSS, is the best known
transcription factor binding site. Its consensus sequence, TATAA, is recognised by the
TATA-box binding protein (TBP), which is part of the PIC. Binding of TBP to the

TATA box enforces the PIC to select a TSS in a limited genomic space.
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e [nitiator element (Inr): defined by the YYANWY'Y consensus where the A is at

position +1. It is independent of the TATA box, although the two can occur together
and act synergistically. The TATA and Inr elements are the only known core promoter
elements that, alone, can recruit the PIC and initiate transcription.

e Downstream promoter element (DPE): lies 28-32 bp downstream of the TSS in

TATA-less promoters and it has a RGWYV consensus. Generally, it occurs together
with Inr elements. The DPE is thought to have a similar function to the TATA box in
directing the PIC to a nearby TSS.

e TFIIB recognition element (BRE): has an SSRCGCC consensus and is located

upstream of the TATA box in some TATA-dependant promoters. It can either increase
or decrease transcription rates, although the details of this mechanism are unknown.

® (pG island: CpG islands are genomic regions devoid of methylation in which
CG dinucleotides are over-represented. Commonly, 20-50 CG stretches are located
within 100 bp upstream of the TSS. Only a fraction of CpG-associated promoters have
TATA-like elements.

~-37t0-3 ~-31to-26 ~-2to +4 ~+28 to +32
BRE TATA Box Inr DPE
TFIIB Initiator Downstream Core
Recognition A G i Promoter Element
Element TATATAA A PyPyAN APyPy . ACG
GGG
G, . A
ertanes GUTTY

Figure 1.15: Core promoter consensus motifs. The diagram depicts some of the principal elements that
can contribute to basal transcription from a core promoter. The numbers indicate the element positions in
relation to the transcription starting site (TSS: +1). The consensus sequences that characterised each
element are shown in the boxes (symbols: N, any nucleotide; A or G —Purine-; C or T -Pyrimidine-). The
scheme is adapted from Smale and Kadonaga, 2003.

Proximal promoter elements are located in the sequence upstream of the core
promoter, usually from -50 to -200 bp relative to TSS, and are frequently cell-type
specific. There are multiple recognition sites for specific transcription factors and
include (Lodish, 2003):

® GC-boxes: elements with a consensus GGGCGQG that are often found within 100

bp of TSS and bound the Sp1 transcriptional factor (also called Sp1-boxes);
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o CCAAT-boxes: elements typically located near position -75 whose consensus
sequence GGCCAATCT. They are recognised by transcription factors CTF and

CBF.

Both GC-and CCAAT-boxes modulate basal transcription of the core promoters
operating as enhancer sequences.

Recently, the CAGE (Cap analysis of gene expression) tag analysis of the
mammalian “promoterome” provided a truly global insight into the sequence structure
of core promoters and the expression dynamics associated with core promoters.
Strikingly, several classes of promoter types were identified on the basis of the
differential usage of TSSs (Carninci, 2007). At the extreme ends of the spectrum, two
significant classes of promoters can be defined: (a) “sharp” promoters, which have a
relatively tightly defined TSS position within a few base pairs and (b) “broad”
promoters, which show a random distribution of many TSSs in a 100-