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Summary
The cell cortex serves as a critical nexus between the extracellular environment/cell membrane
and the underlying cytoskeleton and cytoplasm. In many cells, the cell cortex is organized and
maintained by the Ezrin, Radixin and Moesin (ERM) proteins, which have the ability to interact
with both the plasma membrane and filamentous actin. Although this membrane-cytoskeletal
linkage function is critical to stability of the cell cortex, recent studies indicate that this is only a
part of what ERMs do in many cells. In addition to their role in binding filamentous actin, ERMs
regulate signaling pathways through their ability to bind transmembrane receptors and link them to
downstream signaling components. In this review we discuss recent evidence in a variety of cells
indicating that ERMs serve as scaffolds to facilitate efficient signal transduction on the
cytoplasmic face of the plasma membrane.

Introduction
The cell cortex has crucial roles both in organizing the cytoskeleton and cellular morphology
and in coordinating cell to cell signals. Efficient transmission of signals from the cell
membrane to intracellular signaling cascades requires tight regulation of multiple signaling
components in specific cellular domains. Although ERM (Ezrin-Radixin-Moesin) proteins
have long been known to organize the cortical cytoskeleton by linking filamentous actin to
the apical membrane of cells, recently they have also been shown to coordinate several
diverse signaling events by their ability to scaffold signaling components localized to the
apical domain.

The ERM proteins are structured such that intramolecular interaction between the N- and C-
terminal domains masks protein-protein interaction sites and maintains the protein in an
inactive state in the cytoplasm [1]. ERMs unfold and become activated in response to
binding the phospholipid PIP2 and phosphorylation of a conserved threonine residue within
the C-terminal domain [2]. When ERMs are activated the N-terminal domain, called the
FERM (Four-point-one, Ezrin, Radixin, Moesin) domain, can bind to the cytoplasmic
portion of transmembrane proteins such as CD44 and ICAMs [reviewed in 3] and a
cytoplasmic membrane scaffolding protein, EBP50 [4,5]. The central region of the ERMs
contains an alpha helical domain that has been shown to be important for PKA association
[6], and the C-terminal domain contains a filamentous actin/FERM binding domain
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important for regulating F-actin and intramolecular interaction. ERMs are believed to
function in a variety of cellular and developmental contexts, including organization of the
apical cortex in differentiating epithelial cells, stiffening of the cell cortex during
cytokinesis, epithelial integrity, and lumen morphogenesis in epithelial tubes [7].

Here we focus on the recent findings of the diverse roles of ERMs in the regulation of
signaling cascades. ERMs can scaffold signaling pathway components through direct
interactions or they can indirectly impinge on signaling pathways through their regulation of
the actin cytoskeleton. To illustrate this point, we describe recent studies of ERMs in T cell
activation, in the regulation of cAMP signaling to localize the downstream effectors PKA
and Epac1, in suppression of apoptosis, and in the insulin secretory pathway.

ERMs in T cell activation
T cell activation occurs when a T cell and Antigen Presenting Cell (APC) come into contact
and form an immunological synapse (IS). In response to T cell receptor (TCR) activation,
dramatic changes occur at the cell membrane and in the underlying cell cortex at the IS
resulting in loss of microvilli, removal of the transmembrane protein CD43, and
accumulation of the TCR and associated downstream signaling components such as
ZAP-70, a tyrosine kinase. Downstream of these events Interleukin-2 (IL-2), a cytokine, is
produced, and is often used as an indicator of T-cell activation. Carefully controlled
regulation of Ezrin and Moesin has been implicated in all of these events associated with
formation of the IS, and loss of ERM protein function is associated with decreased IL-2
production in activated T lymphocytes. The role of ERMs in these processes during
formation of the IS has been reviewed previously [7,8] so we will concentrate just on recent
findings here.

In addition to their proposed interactions with TCR signaling effectors [7], ERM proteins
have been implicated in other aspects of lymphocyte activation [8]. Several studies have
shown that loss of Ezrin in T lymphocytes results in decreased IL-2 production in response
to antigen binding, suggesting that Ezrin plays a positive role in T cell activation [9-11].
However, Lasserre et al. recently have shown that signaling events proximal to the TCR are
actually upregulated in the absence of Ezrin [12]. These apparently paradoxical observations
seem, at least in part, related to Ezrin’s ability to interact with Dlg1, which previously has
been implicated in IL-2 production via NF-AT activation [13-15]. Lasserre et al. show that
Ezrin colocalizes and interacts with Dlg1 in the peripheral zone of the IS. In response to
TCR activation, signaling microclusters, consisting of the TCR and downstream signaling
components, form at the periphery of the IS, subsequently migrate toward its center and
ultimately disperse, thereby abrogating signaling. In cells depleted of Ezrin, microclusters
form normally but do not migrate centripetally or disperse. Interestingly, phosphospecific
antibodies for phospholipase C γ-1, linker for activation of T cells (LAT), and Erk1/2, all
targets for TCR signaling, indicate greater than normal activity in activated cells depleted of
Ezrin function. More detailed analysis of phospho-ERK1/2 indicated that although
phosphorylation in response to TCR activation occurred with normal kinetics in Ezrin
depleted cells, the progressive dephosphorylation normally observed after stimulation was
delayed. Taken together, these results suggest that Ezrin is involved in a negative feedback
loop that normally functions to downregulate activated TCR proximal events. The authors
propose that these functions are mediated through a functional linkage with microtubules
mediated by Dlg1, though the underlying mechanisms have not been elucidated.

ERMs regulate PKA signaling in lymphocytes and other cells
Cyclic AMP (cAMP), which is produced following activation of G protein coupled
receptors, is used as a second messenger to activate downstream effectors, most importantly
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Protein Kinase-A (PKA). In its inactive form, PKA exists as a heterotetramer, with two
catalytic subunits bound to two regulatory subunits. In the presence of cAMP, the catalytic
and regulatory subunits separate, producing active PKA. A-Kinase Anchoring Proteins
(AKAPs) bind to PKA to tightly confine it near downstream targets for efficient signaling.
All three ERM proteins function as AKAPs by binding to PKA regulatory subunits [6].

In the immunological synapse, Ezrin acts as an AKAP to mediate cAMP mediated T cell
repression [16]. PKA I, which binds Ezrin through its regulatory subunit, inhibits T cell
activation by phosphorylating and activating C-Src kinase (Csk). Csk in turn phosphorylates
and inactivates Lymphocyte-specific protein tyrosine kinase (Lck), blocking downstream T
cell activation. EBP50, which also binds Ezrin, interacts with Csk-binding protein (Cbp), an
adaptor for Csk [17], suggesting that it may scaffold PKA I near its effector Csk. In support
of this notion, a peptide that disrupts the Ezrin/EBP50 interaction inhibits cAMP mediated
IL-2 repression [18]. A similar effect has been observed in Ezrin depleted cells. This
treatment also reduces levels of PKA I in T cell lipid rafts [16]. Together these results
suggest that EBP50 and Ezrin scaffolding of PKA I is necessary for cAMP mediated
repression of T cell activation. Whether this repression is related to that involving Ezrin,
Dlg1 and microtubules described in the previous section has not, to our knowledge, been
investigated.

ERMs have been shown to regulate cAMP/PKA signaling in several other tissues, including
the parietal cells of the gut [19]. Unstimulated parietal cells have intracellular tubulovesicles
that contain large quantities of the proton pump, H+,K+-ATPase. Upon stimulation, which
increases intracellular cAMP and PKA in part through activation of histamine receptors,
tubulovesicles fuse to the apical membrane to allow gastric acid secretion [20]. Ezrin is
localized at the apical membrane and is required for normal acid secretion [21]. Upon
histamine stimulation, activated PKA phosphorylates Ezrin within the FERM domain
causing ACAP4, an ARF6 GAP, to bind Ezrin and thereby localize to the apical membrane.
Ezrin depletion prevents both ACAP4 and H+,K+-ATPase from concentrating at the apical
membrane, while depletion of ACAP4 results in a failure to recruit H+,K+-ATPase [19].
ARF6, a small GTPase whose activity is regulated by ACAP4, functions in regulation of
membrane trafficking and requires its ability to cycle between a GTP and GDP bound state
for acid secretion [22]. These data suggest that Ezrin, which might function as an AKAP to
scaffold PKA in these cells (though this has not yet been demonstrated), is also an effector
of PKA that functions to recruit ACAP4. ACAP4 in turn regulates ARF6 activity to control
tubulovesicle fusion and proper localization of the H+,K+-ATPase for acid secretion.

In Xenopus melanocytes Moesin has been identified as an AKAP that is involved in pigment
granule dispersion [23]. The movement of pigment granules found in melanophores has
been an area of interest largely because it serves as a model for intracellular transport of
organelles by the molecular motors dyneins, kinesins and myosins [24]. Low levels of
cAMP result in aggregation of pigment granules in the center of the cell, and high levels
cause dispersion of the granules toward the periphery. Moesin co-purifies with pigment
granules and responds in a manner similar to pigment granules, dispersing or aggregating,
when cAMP levels are modulated. Moesin likely functions to target PKA to sites of cAMP
signaling because a form of Moesin that lacks the PKA binding domain but can still bind
pigment granules, partially inhibited pigment granule dispersion but did not affect
aggregation [23]. Moesin’s role in these cells also may require the ability to bind both
pigment granules and F-actin to bring the actin cytoskeleton and associated Myosin motor
proteins near to the pigment granule, but this idea remains to be formally tested.

Recent studies have found that ERMs are important for the regulation of another cAMP
effector, Epac1, a guanine nucleotide exchange factor (GEF) for the Rap small GTPases.
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Autoinhibition of Epac proteins is released by cAMP binding, causing Epac1 to become
intensely membrane associated [25-27]. This in turn leads to accumulation of activated Rap1
at the membrane [27] and increased integrin-mediated adhesion [28]. In addition, ERMs
promote membrane localization of Epac1 through interactions with its N-terminal domain
[27,29,30]. Both this domain and another N-terminal portion of Epac1 are necessary for full
Rap1 activation and integrin mediated adhesion, and depletion of all three ERMs blocks
activated Epac1 induced adhesion [29].

Thyroid cells undergo Radixin and Epac1 dependent proliferation in response to thyroid
stimulating hormone (TSH) [30]. A form of Radixin that can bind Epac1 but not PKA
cannot fully rescue the TSH proliferation response in Radixin knockdown cells.
Additionally, the need for Radixin in TSH mediated proliferation can be bypassed by
expressing a form of Rap1 that is constitutively active and has a phosphomimetic mutation
at the residue phosphorylated by PKA [30]. These results suggest that both signaling
components, Epac1 and PKA, are necessary for full Rap1 activation of TSH mediated
proliferation, and that Radixin serves to scaffold these proteins in a cAMP-rich membrane
compartment .

ERMs in apoptosis
Numerous studies have implicated ERMs in apoptotic events in a variety of cell types,
including lymphocytes. Given the wide range of proposed cellular functions for ERMs, it is
perhaps not surprising that they have been described to both promote and inhibit apoptosis.
In T cell apoptosis, Fas ligand (FasL) binds to clusters of Fas, a cell surface receptor of the
TNF family. This results in the assembly of a complex of proteins called the death inducing
signaling complex (DISC). FADD, a DISC component, interacts with Fas and recruits
Caspase-8, which then becomes activated and triggers apoptosis through its protease activity
[31]. Ezrin was found to bind to Fas directly [32]. Studies describing a proapoptotic function
have argued that Ezrin and Moesin are necessary for clustering and endocytosis of Fas, a
necessary step in Fas-mediated endocytosis required for the apoptotic signal [33-36].
However, a more recent study argues that Ezrin limits the extent of cell death triggered
through Fas activation [32]. In T cells stimulated with FasL, Ezrin dissociates from Fas,
resulting in activation of the DISC apoptotic cascade. Knockdown of Ezrin and expression
of a dominant negative Ezrin leads to an increase in Fas mediated cell death, while over
expression of the full length protein slightly inhibited apoptosis [32]. Currently it is unclear
whether the differences in observed roles for ERMs in Fas-mediated cell death reflect
different experimental methodologies or perhaps the underlying complexity of ERM
functions in these cells.

In Drosophila epithelial cells, the sole ERM protein Moesin is unambiguously required for
cell survival [37-40]. Cells that are depleted of Moesin or Slik, a Sterile-20 like kinase that
activates Moesin, undergo apoptosis through activation of the Jun N-Terminal (JNK)
pathway [37,40]. Because one function of Moesin is to negatively regulate RhoA activity,
Moesin mutant cells express abnormally high levels of active RhoA [41]. Studies in
Drosophila show that RhoA binds to Slipper, a Mixed Lineage Kinase, that functions
upstream of JNK [40]. Both RhoA and Slipper proteins are increased at the membrane in
Moesin mutant cells, suggesting that in the absence of Moesin, RhoA recruits Slipper to the
membrane, thereby triggering the JNK pathway activation and apoptosis [40].

ERMs in insulin signaling
A crucial component of insulin signaling by pancreatic ß cells is trafficking of insulin-
containing secretory vesicles to the cell surface. This occurs in response to increased blood
glucose, which in turn triggers increased intracellular calcium. Type 2 diabetes affects not
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only the ability to respond to insulin, but also insulin secretion. ERMs have recently been
implicated in the release of insulin secretory granules [42]. Under low glucose conditions
Ezrin and Radixin are predominantly cytoplasmic in ß cells, but in response to high glucose
stimulation both become phosphorylated in a calcium-dependent manner and translocate to
the plasma membrane. Cells expressing dominant negative Ezrin display mislocalized
insulin secretory vesicles and reduced insulin secretion upon glucose stimulation [42]. It is
currently unclear whether ERMs promote insulin secretion through their ability to organize
the cortical cytoskeleton or through a scaffolding function, perhaps related to PKA
signaling. However, expression of dominant negative Ezrin disrupts insulin secretion
without apparent effects on filamentous actin, suggesting that the cortical cytoskeleton is not
responsible for this effect.

Conclusions
The ERM proteins function in a critical cellular domain – the interface between the plasma
membrane and the underlying cell cortex. In addition to their well-known role in organizing
the cell cortex, recent work clearly indicates that ERMs regulate membrane-associated
signaling pathways. What remains to be fully determined is to what extent the influence of
ERMs on signaling results from their ability to modulate the cortical actin cytoskeleton
versus an ability to directly interact with, and thereby regulate, cytoplasmic components of
signal transduction pathways. Given recent evidence that ERMs act as cytoplasmic signaling
scaffolds, for example by acting as AKAPs, and the abundant evidence that ERMs have
multiple transmembrane binding partners, the potential for a direct role regulating signal
cascades is considerable. Further work, using a combination of proteomic approaches to
identify new binding partners and genetics in model systems to provide in vivo insights into
functional interactions with signaling pathways, should help to unravel the role of ERMs on
orchestrating the complex array of signals functioning in the cell cortex.
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Figure 1.
ERM proteins are scaffolds for cAMP signaling pathways. A) A generic model of how
ERMs act as A-kinase anchoring proteins (AKAPs). cAMP is produced following activation
of GPCRs (in yellow, 7-pass transmembrane receptors), which in turn activate Adenylyl
Cyclase (AC) to convert ATP to cAMP (yellow triangles). cAMP activates PKA, a
heterotetramer, by binding to the regulatory (R) subunits, releasing the catalytic (C) subunits
to phosphorylate nearby effector proteins. All three ERM proteins function as AKAPs,
binding to the PKA regulatory subunits through their central alpha helical domain. ERM
activation requires PIP2 binding (red circles) and phosphorylation of a conserved residue
within the FERM or F-actin binding domain (blue crescent). EBP50 (light blue), a
scaffolding protein containing two PDZ domains and a FERM binding domain, binds to
ERMs via a C-terminal domain and can interact with the G-protein coupled receptors
(GPCRs) through its first PDZ domain [43]. B) At the immunological synapse Ezrin
mediates T cell repression by functioning as an AKAP. Cbp, a transmembrane adaptor
protein, binds to both EBP50 and Csk, a Src kinase. Ezrin can bind to EBP50 and scaffold
PKA to Csk. Activated PKA phosphorylates Csk, which in turn phosphorylates Lck, a
kinase and downstream component of T cell activation, at a residue that renders Lck
inactive. This model was adapted from [44]. C) Radixin mediates TSH mediated
proliferation by scaffolding the cAMP effectors PKA and Epac1 to their effector Rap1, a
small GTPase. Epac1, a GEF for Rap1, is activated by binding of cAMP which releases
Epac1 auto inhibition and activate Rap1 by catalyzing the exchange of GDP for GTP. Rap1
when activated localizes to the membrane. Activated PKA phosphorylates a residue that is
crucial for Rap1’s ability to mediated TSH proliferation. Although schematized here, EBP50
has not been shown to function in this pathway. D) Ezrin’s scaffolding function is required
for gastric acid secretion. In parietal cells Ezrin is phosphorylated within the FERM domain
by PKA, which is activated in part through activated histamine receptors. Phosphorylated
Ezrin is a scaffold for ACAP4, an ARF6 GAP. ARF6 regulates membrane trafficking and
requires the ability to cycle between active (GTP-bound) and inactive (GDP-bound) states
for its function. Ezrin, ACAP4 and cycling ARF6 are all necessary for proper localization of
the H+,K+-ATPase for gastric acid secretion. Although indicated here, EBP50 has not been
shown to function in this pathway, nor has Ezrin been shown to scaffold PKA in parietal
cells.
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