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Abstract: ERM (ezrin/radixin/moesin) proteins, concentrated in actin rich cell-surface structures, cross-link
actin filaments with the plasma membrane. Recent work using genetic approaches has revealed a surprising
wealth of phenotypes and functions for ERMs in the context of both normal tissues and disease states. Such a
wide array of phenotypes, from loss of epithelial integrity to disruption of embryonic anterior—posterior
polarity, seems to suggest a wide range of molecular functions. They are involved in the formation of microvilli,
cell-cell adhesion, maintenance of cell shape, cell motility, membrane trafficking and metastasis. The functions
of ERM proteins are regulated by their conformational changes: the intramolecular interaction between the N-
and C-terminal domains of ERM proteins masks several binding sites, leading to a dormant protein. Different
activation signals regulate ERM proteins functions by modulating these intramolecular interactions.
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I.  Introduction

ERM proteins (Ezrin/Radixin/Moesin) are structural linkers between the plasma membrane and the
actin cytoskeleton, located mainly just beneath the plasma membrane of cellular protrusions such as microvilli.
Recent work using genetic approaches has revealed a surprising wealth of phenotypes and functions for ERMs
in the context of both normal tissues and disease states. Such a wide array of phenotypes, from loss of epithelial
integrity to disruption of embryonic anterior—posterior polarity, seems to suggest a wide range of molecular
functions. Now, it appears that they are also signal transducers. Here, we review the studies on ERM, with the
emphasis on its function in physiological and pathological processes.

I1.  History of the ERM family:

Ezrin was the first protein identified in many systems and the best studied of the ERM family. It is a
protein of 585 amino acids with an isoelectric point of 6.15 and a theoretical molecular mass of 69 kDa. This
polypeptide was called ezrin in recognition of Ezra Cornell University where it was purified. !

Radixin, a 583-amino acid polypeptide shares 75.3% identity with the human ezrin.™"
Moesin (membrane-organizing extension spike protein) is a 577-amino acid polypeptide which shares 71.7%
sequence identity with the mouse ezrin.!”!

1. Structural insights into ERM function.

ERMs are characterized by the presence of an ~ 300 amino acid plasma membrane-associated FERM
domain in the amino terminus, followed by a long region with a high a-helical propensity and terminating in a
carboxy-terminal domain, known as the C-terminal ERM-association domain (C-ERMAD), that has the ability
to bind the FERM domain or filamentous actin (F-actin). ERM function is conformationally regulated by head
to tail folding (that is, binding of the C-terminal C-ERMAD to the N-terminal FERM domain). All ERMs exist
in an apparently dormant, closed conformation and that release of the C-ERMAD from the FERM domain is
necessary for their full activation and exposes binding sites in the FERM domain and the F-actin-binding site of
the C-ERMAD. Current ideas indicate that the dormant protein is spring-loaded, so that when the affinity
between the FERM domain and the C-ERMAD is reduced; the molecule pops open, allowing it to connect the
membrane to the underlying actin cytoskeleton.?*

IV.  Activation of ERMs by phosphorylation:

In vivo studies in Drosophila melanogaster, ! have provided evidences that ERMs are activated when
they adopt an open conformation following phosphorylation of the regulatory Thr. Additionally Cyclin-
dependent kinase 5 (CDKS5) can also phosphorylate Thr235 of ezrin ', which lies on the FERM-C-ERMAD
interface directly opposite Thr567 ). In addition to Thr residues, ezrin can be phosphorylated on Tyr145 and
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Tyr353 by various Tyr kinases, including epidermal growth factor receptor (EGFR) ® but how these
modifications affect the conformation and function of ezrin is still unclear.

V.  Binding partners of ERMs.

As mentioned above, phosphorylation of ERMs at the regulatory Thr residue reduces the affinity of the
C-ERMAD for the FERM domain, and this active conformation allows other proteins including CD44, CD43
and ICAM2 ™ to bind. A distinct site on the FERM domain can bind to the related scaffolding proteins ERM-
binding phosphoprotein 50 (EBp50; also known as NHERF1) and NHE3 kinase A regulatory protein (E3KARp;
also known as NHERF2). Therefore, the FERM domain can bind at least two different classes of membrane-
associated proteins. EBp50 and E3KARp bind multiple different membrane proteins themselves %, so there are
several proteins that have the potential to bind the FERM domain directly or indirectly.

VI.  Inactivation of ERM proteins
The activation of ERM is largely studied; little is known about their inactivation. It has been shown
that ezrin is degraded by calpain, a protease regulated by intracellular calcium. The degradation of ezrin leads to
a disruption of the actin cytoskeleton. However, moesin and radixin are resistant to calpain ™. In their non-
phosphorylated state ERM proteins are present as monomers and have no site available for interaction with
other molecules due to the intramolecular interaction. Thus, one possible mechanism of inactivation is the
dephosphorylation of the activated ERM.

VII.  Localization of the ERM proteins

The localization of the ERM proteins has been analyzed in various tissues and culture cell lines.
Although ezrin, radixin and moesin are co-expressed in most cultured cells, they exhibit a tissue-specific
expression pattern in the whole body 2.

Ezrin is highly concentrated in intestine, stomach, lung and kidney although moesin is prominent in
lung and spleen, and radixin in liver and intestine ***!. Ezrin is expressed in epithelial and mesothelial cells
while moesin is expressed in endothelial cells 2. The brush border of intestinal epithelial cells express only
ezrin, and hepatocytes express only radixin "% At the subcellular level, the three ERM are concentrated in
actin-rich surface structures such as microvilli, filopodia and membrane ruffles ™. The localization of radixin
is slightly distinct from ezrin and moesin since it was originally identified as a component of adherent junctions.
It is also localized at focal contacts, in the cleavage furrow and the contractile ring of cultured cells 3 .
However, these localizations are controversial 1*®!,

VIIl.  ERM: Functional insight:
8.1 Formation of cell surface structures:

Several observations suggested that ERM proteins were involved in membrane dynamics 92?1, More
recently, several functional analyses demonstrated that they are involved in membrane structures formation.
When thymoma cells are cultured in presence of antisense oligonucleotides, which suppress the expression of
the three ERM, microvilli disappear from the cell surface 2. A treatment of primary retinal pigment epithelium
(PRE) culture with ezrin antisense oligonucleotides caused complete disappearance of apical microvilli &,

8.2 Cell-substrate and cell-cell adhesion

The suppression of ERM expression by antisense oligonucleotides in thymoma cells as well as in
mouse epithelial cells leads to the destruction of both cell-cell and cell-substrate adhesion 2. Overexpression of
ezrin in insect cells enhances cell adhesion 4,

8.3 Maintenance of cell shape and cell motility
Ezrin plays an important role in pseudopodial extension in Fos-transformed Rat-1 fibroblasts, and
maintains cell shape in normal Rat-1 cells.

8.4 Membrane trafficking:

Recent data reveal that ERM are also involved in membrane trafficking. Cao et al.”®! (1999) have
shown that EBP50, ERM proteins and the actin cytoskeleton have a specialized function in the endocytic sorting
of a subset of membrane proteins. The proper sorting of internalized Bz—adrener%;ic receptors requires EBP50 to
interact with the cytoplasmic tail of the p 2-adrenergic receptor and with ERM ],

8.5 ERM and embryonic development:
Before the eight-cell stage, embryonic cells are undifferentiated. The polarization of the cells, which
occurs during the eight-cell stage, at compaction, is an essential step for the epithelial differentiation that is
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achieved 24 h later. Before compaction, ezrin is present all around the cell cortex and at the cell-cell contacts.
As soon as the cells polarize, ezrin localizes to the apical pole of the blastomeres, and is found exclusively in
microvilli 7,

8.6 Oocyte polarity:

The ability to asymmetrically orient and localize the cytoskeleton is known to be essential to the stable
maintenance of cell polarity. Although ERMs organize the cortical cytoskeleton asymmetrically and thereby
promote adherens junction stability and epi thelial integrity, they do not seem to be directly involved in
establishing apical-basal polarity in epithelial cells. However, partial depletion of Moesin from the D.
melanogaster oocyte can result in severe anterior— posterior polarity defects owing to the mislocalization of
gene products that specify the posterior end, including oskar mMRNA and Staufen 22,

8.7 Mitosis:

Recent studies have shown that in D. melanogaster Moesin functions in enhancing cortical stiffness to
promote cell rounding during mitosis B°**32, In D. melanogaster cultured cells, reduction in Moesin levels
using RNA interference results in multiple defects during mitosis, including cell shape abnormalities and delay
in anaphase onset ®®. Measurements using an atomic force microscope indicate that cortical rigidity fails to
increase during mitosis when Moesin is depleted %,

8.8 Epithelial morphogenesis and integrity:

Moesin act as as a binding partner for Bitesize, a cytoplasmic protein, is recruited to the apical
membrane domain through interactions with the apical polarity complex. In the absence of Bitesize function,
early aspects of apical-basal polarity, including the formation of adherens junctions, occur normally but,
subsequently, epithelial organization and the adherens junctions break down **3! Loss of moesin function
display a disruption in overall morphology and epithelial integrity ***"). Few studies suggested that bitesize
interaction with Moesin is specific to the early stages of epithelial morphogenesis, or that it has redundancy with
other, currently unknown proteins.®® Similarly, although some Moesin-mutant imaginal epithelial cells lose cell
integrity and polarity, many remain integrated into the epithelial layer *®, suggesting that ERMs are not
absolutely required for adherens junction stability in established epithelia.

8.9 Lumen morphogenesis:

Studies in both C. elegans and mice have recently suggested that ERM-1 has an important function at the
apical—junctional interface during lumen morphogenesis !, Loss of ERM-1 led to the appearance of cyst-like
structures along the lumen in these epithelia, accompanied by constrictions, twisting and occlusions of intestinal
lumen as well as abnormal positioning of adherens junctions, suggesting a defect in lumen formation. 444

8.10 Metastasis:

Many studies document increased ezrin expression and/or activity specifically in metastatic tumours,
with human and mouse osteosarcomas and rhabdomyosarcomas being the best-studied examples “2*%]. Ezrin is
upregulated early during metastatic progression and later as established metastases expand; it is downregulated,
helps in survival of metastatic nodules. This suggests a role for ezrin in tumour invasion, initially from the
primary tumour and subsequently during metastatic expansion. This is consistent with studies implicating ERMs
in junctional remodelling and/or stability — processes known to be defective in tumour invasion 4. Several
ezrin-associated transmembrane proteins, such as CD44, podoplanin and podocalyxin, have also been implicated
independently in tumour metastasis “*. Interestingly ERMs have been proposed to have both positive and
negative roles in lymphocyte migration 6™

8.11 The immunological synapse — an example of ERM functional diversity.

Unstimulated T cells are spherically uniform and covered in microvilli, so to form the synapse the
microvilli have to be locally disassembled at the site of interaction, which is achieved through ERM
dephosphorylation ¥, In addition, bulky glycoproteins (such as CD43) have to be moved away, and the T cell
receptor has to be recruited to the site of the synapse. Adhesion molecules have to then hold the two cells
together. ERMs have been implicated in all these processes “°°°*Y, Interestingly, a similar array of ERM-
mediated cytoskeletal rearrangements occurs during infection of lymphocytes by HIV-1.

8.12 The role of ERMs in retroviral and bacterial infections:

ERMs have a surprisingly complex role in cells infected by retroviruses or bacteria. Infection of
lymphocytes by HIV-1 induces a complex array of cortical rearrangements that lead to the formation of what
has been termed the virological synapse % by analogy to the immunological synapse. On contact, GP120 on the
surface of the virus binds CD4 on the lymphocyte surface, recruiting this transmembrane protein and the
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associated protein CXC-chemokine receptor 4 (CXCR4) to the contact region. Concomitantly, there is a local
activation and accumulation of moesin and ezrin together with filamentous actin (F-actin), the actin-binding
protein filamin and the severing protein cofilin to the synapse. Small interfering RNA-mediated knockdown of
ERMs strongly diminishes the ability of HIV-1 to enter and infect cells **** and prevents the redistribution of
CD4 and CXCR4 into the synapse ™. CD4-CXCR4 clustering depends on the actin cytoskeleton, suggesting
that ERMs facilitate virological synapse formation by anchoring actin filaments.

A recent study has revealed a fascinating mechanism that bacteria use to circumvent the host’s
leukocyte response °!. Endothelial cells respond to the adhering bacterial colony in a similar manner to
leukocytes by accumulating transmembrane proteins (ICAM1, ICAM2, CD44 and E-selectin), F-actin and
active ERMs to the region of contact. As a result, infected endothelial cells are unable to respond properly to
leukocytes because the N. meningitides colony titrates away a limited pool of available ERMs and blocks the
formation of a leukocyte docking site, preventing leukocyte adhesion.

IX.  Conclusion and perspectives

In conclusion, ERM proteins are complex proteins in terms of their structure and functions:
posttranslational modifications and association with various regulators modulate their intramolecular
interactions between the carboxy- and amino-terminal domains and control their activities as cross-linkers and
signal transducers. There are hints that ERMs may regulate cortical cytoskeletal organization in multiple ways.
Its ability to interact with multiple partners, possibly in a combinatorial manner, provides the potential for
considerable functional diversity. Thus, further elucidation of ERM binding partners, and the contexts in which
they interact, will be a key area for future research. Another important and still unexplored area of ERM
research is how they are regulated since we know little about the mechanisms upstream these events.
Integration of this information into a comprehensive model of regulated ERM-mediated membrane complex
formation will, in turn, increase our understanding of many complex biological and disease processes.
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