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Abstract

Filamins are essential, evolutionary conserved, modular, multi-domain, actin-binding proteins that
organize the actin cytoskeleton and maintain extracellular matrix connections by anchoring actin
filaments to transmembrane receptors. By crosslinking and anchoring actin filaments, filamins
stabilize the plasma membrane, provide cellular cortical rigidity and contribute to the mechanical
stability of the plasma membrane and the cell cortex. In addition to actin, filamins interact with
over 90 other binding partners including intracellular signaling molecules, receptors, ion channels,
transcriptions factors and cytoskeletal and adhesion proteins. Thus, filamins scaffold a wide range
of signaling pathways and are implicated in the regulation of a diverse array of cellular functions
including motility, maintenance of cell shape and differentiation. Here, we review emerging
structural and functional evidence that filamins are mechanosensors and/or mechanotransducers,
playing essential roles in helping cells to detect and respond to physical forces in their local
environment.
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INTRODUCTION

Filamins are conserved, modular, multi-domain proteins that contribute to the link between
the extracellular matrix (ECM) and the cytoskeleton and interact with a host of other
structural and signaling proteins (86, 120, 143) . Thus, they are well positioned to serve as
mechanosensors - proteins that receive mechanical cues and transform them into
biochemical signals. Indeed, numerous studies point to roles for filamins in mechanical cell
processes, including cell motility, membrane stability, mechanoprotection and ECM stiffness
sensing (11-13, 34, 37, 55, 56, 113).
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Filamins are potent F-actin cross-linking proteins (120), but in addition to binding actin,
filamins act as scaffolds for a wide range of signaling pathways and interact with over 90
binding partners including intracellular signaling molecules, receptors, ion channels,
transcription factors and cytoskeletal and adhesion proteins (86, 95, 119, 120, 144). Notably,
in response to extrinsic (applied) or intrinsic (cell-generated) mechanical force, filamins
undergo conformational changes and unfolding events that change their affinity for binding
partners and may expose cryptic binding sites leading to recruitment of additional
components (32, 37, 45, 52, 54, 64, 69, 92, 139). These changes provide a mechanism by
which filamins may convert mechanical cues into biochemical signals. Here we review
recent advances in understanding of filamin-ligand interactions and how applied forces may
modulate these interactions. We also examine the evidence supporting in vivo roles for
filamins as mechanosensors and consider the potential subcellular sites at which this
mechanosensing may occur.

In vertebrates, there are three filamin genes encoding filamin A (FLNa, ABP, ABP-280,
FLN-1, a-FLN or non-muscle FLN), filamin B (FLNb, ABP-278, ABP-276, FH1, B-FLN or
FLN-3) and filamin C (FLNc, ABP-L, FLN-2 or y-FLN) (120, 127). Vertebrate filamins are
large homodimers of 240-280kDa subunits that associate at their caboxy termini. Each
filamin subunit consists of an amino-terminal actin-binding domain (ABD) followed by 24
B-pleated sheet immunoglobulin-like domains (IgFLN1-24) interrupted by two flexible
hinge regions between IgFLN15-16 (H1) and IgFLN23-24 (H2) (39, 99, 120, 127). The
dimerization is mediated by the 24th IgFLN domain (48, 99, 110) and majority of filamin
interactions with receptors and signaling proteins are mediated through FLNalg16-24 (119,
120, 143) (Figure 1).

The FLN ABD is composed of two calponin homology domains (CH1 and CH2) (9, 104,
109) and, based on similarity to other ABDs, is predicted to contain three actin-binding sites
(ABS1, ABS2 and ABS3), two in CH1 and one in CH2 that together support binding to F-
actin (36). However, while the ABD is necessary and sufficient for F-actin binding (100),
FLNalg9-15 contains an F-actin-binding domain that is necessary for high avidity F-actin
binding (84). The H2 region, which precedes the dimerization domain, is present in all
filamin isoforms, but H1 is absent in chicken filamin and in some splice variants of human
FLNb and FLNc (2, 136, 138). With the exception of the H1 and H2 regions and an 82
amino acid insertion in IgFLNCc20, the three filamin proteins share high sequence similarity
and have both common and isoform-specific functions (57, 120, 127).

Filamins are essential to mammalian development and mutations in human filamins result in
diverse congenital anomalies including defects in the brain, bone, cardiovascular system and
many other organs (20, 28, 30, 62, 67, 102, 103, 106, 132, 143, 144). Consistent with these
diverse phenotypes, FLNa and FLNb are widely expressed during development and show
similar cellular and tissue expression patterns (127, 143). However, FLNCc is largely
restricted to cardiac and skeletal muscles (28, 38, 143). Nonetheless, some non-muscle cells
express low but detectable levels of FLNc (1, 145) and knockdown of the other FLN
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isoforms leads to increased FLNc expression suggesting that a threshold level of filamins
may be essential for cell viability (1).

Filamins are not restricted to vertebrates but are also found in a diverse array of organisms
including amoeba, insects and nematodes, however the number of IgFLN domains varies
across species. For example, Dictyostelium and Entamoeba histolytica filamins, are short,
consisting of an ABD followed by only six and four Ig repeats respectively (31, 79, 87, 130).
Differential splicing of the cheerio gene produces two Drosophila filamin variants, one
composed of an ABD followed by 20 IgFLN domains with hinge regions between
IgFLN11-12 and IgFLN19-20, and the other a truncated variant that lacks the ABD and
contains domains IgFLN12-20 (42, 117, 118). The Caenorhabditis elegans filamin, FLN1, is
also composed of an N-terminal ABD followed by 20 1g domains, although two other
filamin isoforms with C- and N-terminal truncations can also be formed (66). A second C.
elegans filamin ortholog, FLN-2 (17), and the Drosophila filamin-related protein encoded by
Jitterbug (fbug) (118) have some distinct features not found in vertebrates including an ABD
consisting of three CH-domains and several non-conserved stretches between IgFLNs (17,
65).

The distribution of filamins throughout the animal kingdom, their conservation across
species, and the wide range of diseases and the complexity of phenotypes associated with
filamin mutations highlight the importance of this class of actin-crosslinking and scaffolding
proteins, and points to the involvement of filamins in a diverse array of interactions and
processes.

A COMMON STRUCTURAL THEME FOR FILAMIN IG-LIKE DOMAIN
INTERACTIONS

As noted above, filamins affect cellular activities through interactions with a range of
binding partners. Consequently, there has been considerable interest in the structural basis of
filamin interactions. Due to their large size and flexibility we still lack high-resolution
structures of full-length filamin, but the full range of structural biology techniques, including
X-ray crystallography, NMR spectroscopy, electron microscopy, X-ray scattering and
molecular dynamics modeling, have been used to improve our understanding of individual
filamin domains and short stretches of adjacent domains (8, 9, 45, 50, 51, 58, 69, 84, 91, 92,
104, 109).

For example, X-ray crystallography has confirmed that the FLNa and FLNb ABD is
composed of two CH domains (9, 104, 109) and, while we still lack structures of the filamin
ABD bound to F-actin, it appears to follow the general features of other double calponin
homology actin-binding domains (9, 104, 109, 114). The bulk of filamin interactions are
IgFLN domain-mediated and initial structures of complexes between IgFLN domains and
peptides derived from the cytoplasmic tails of GPIba and 7 integrins (58, 85) provided
important information on factors affecting the filamin-ligand complex formation.
Subsequent analysis of complexes with integrin 2, migfilin and cystic fibrosis
transmembrane conductance regulator (CFTR) extended these findings (50, 51, 58, 68, 115,
121).
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Strikingly, all available structures of IgFLN domains and their peptide ligands have very
similar modes of interaction. The immunoglobulin-like g sandwich of IgFLN domains is
composed of seven B-strands (A-G) that assemble into two B sheets (Figure 2). When bound,
the ligand forms an additional anti-parallel p-strand next to p-strand C of the CFG sheet
(Figure 2). Up to nine residues of the ligand contribute to the p-strand and form ten main
chain hydrogen bonds. Although these main chain hydrogen bonds may be responsible for
most of the interaction energy, specificity is determined by side chain interactions with the
groove between IgFLN B-strands C and D (50, 58, 68, 85, 115, 121). Five out of the nine
ligand residues interact with the groove via their side chains, forming in most cases a single
hydrogen bond and multiple hydrophobic interactions (Figure 2 and Table 1). The first of
these residues points towards the IgFLN CD-loop and is either aliphatic or aromatic. This is
followed by a well-conserved serine residue that can form a hydrogen bond to a main chain
carbonyl oxygen in the IgFLN D strand. Positions 3 and 4 are commonly occupied by either
aliphatic or aromatic residues that are buried in the hydrophobic pocket in the groove.
Sometimes threonine residues are found in these positions with terminal methyl groups
facing the groove and the hydroxyl group pointing to the solvent. The last interacting amino
acid points to the BC-loop of the filamin domain and is usually aliphatic (Figure 2 and Table
1).

As the IgFLN domain-binding motif is a typical B-strand-forming sequence, with alternating
hydrophopic residues pointing towards the interior of protein, it cannot be used to pick
potential interaction sequences from databases. However, the motif has been successfully
utilized to test for potential binding sequences within otherwise identified binding partners
such as migfilin, FilGAP, CFTR, pro-prion and ASB2a proteins (Table 1). The interaction
of migfilin and CFTR was subsequently verified by structural analysis and mutagenesis (50,
68, 93, 115). FilGAP binding was verified by mapping FilGAP induced NMR chemical shift
changes to the CD-face of IgFLNa23 and by mutagenesis (83) while the pro-prion and
ASB2a interaction mode was verified by mutagenesis (70, 72).

Available evidence suggests that the CD-face ligand-binding site provides a general mode of
interaction for filamin ligands. However, complex structures have only been obtained with
IgFLNa domains 17 and 21, while NMR and mutagenesis studies have confirmed similar
interaction modes for IgFLNa domains 19 and 23 (68, 69, 83, 91). In addition to these
domains, migfilin, GPlba and integrin B7 peptides can also bind to FLNa domains 4, 9 and
12 (51) and the CFTR peptide binds to domains 9, 12, 17, 19 and 23 (94, 115). Thus, it
appears that at least seven out of twenty four FLNa Ig-like domains use the CD face
interaction mode to bind ligand. Nonetheless, many reported filamin-binding partners do not
have sequences that obviously correspond to the g-strand forming binding motif and other
interaction modes for IgFLN domains seem likely to exist. These alternative interactions
await structural characterization.
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MASKING OF FILAMIN INTERACTIONS VIA INTERDOMAIN CONTACTS AND
UNMASKING BY MECHANICAL FORCE

Extrinsic or intrinsic forces impact ECM, adhesion and cytoskeletal proteins in a variety of
ways. In most cases, force applied across bonds increases dissociation rates favoring
disassembly of complexes (25), however in certain cases force-induced conformational
changes can result in exposure of cryptic binding sites leading to recruitment of additional
components and trigger a cascade of signal transduction events (21, 35, 49, 81). For
instance, talin undergoes a force-induced conformational change leading to exposure of an
otherwise cryptic vinculin binding site (15, 71) and force-induced unfolding of the focal
adhesion protein p130CAS exposes phosphorylation sites that allows subsequent
downstream signaling (108). Additionally, forced-induced unfolding of type 111 domains in
the multi-domain ECM protein fibronectin permits extension of this molecule under stress
and may play an important role in mechanotransduction (116, 131).

Similarly, IgFLN domains undergo conformational changes and unfolding events in
response to mechanical force (32, 45, 52, 54, 64, 69, 92, 139). Using atomic force
microscopy, Furuike and colleagues (32) showed that single molecules of FLNa unfold and
stretch in response to external force and that refolding occurs upon removal of applied force.
Thus, unfolding and stretching due to applied force allow filamin to extend its length and in
turn protect the linkage between the membrane and the cytoskeleton (139). However,
whether specific filamin-ligand or filamin-actin interactions are maintained under the forces
required for domain unfolding is unclear, and structural studies on multi-domain filamin
fragments suggest that filamins may participate in mechanotransduction at lower forces (and
force loading rates) by altering domain-domain interactions that expose otherwise masked
ligand binding sites.

It is now evident that IgFLNa16-17, 18-19 and 20-21 form three closely packed domain
pairs. In these pairs the A strand of domains 18 binds to the CD face of domain 19 and the A
strand of domain 20 to the CD face of domain 21. These interactions are almost identical to
those of the ligand peptides (45, 69) and the amino acid compositions of the A strands of
domains 18 and 20 resemble the other CD face binding ligands (Table 1). This interdomain
interaction was first observed in the crystal structure of the three domain fragment
IgFLNal19-21 and it was subsequently confirmed by NMR (69). The structure of the
IgFLNa18-19 domain pair was solved by NMR (45). Biochemical experiments confirmed
that the A-strand interactions inhibit ligand binding to domains 19 and 21 and that this
inhibition can be released by mutations in the A strand (69). Thus, these interdomain
interactions mask ligand binding to the CD face of IgFLNal19 and IgFLNa21 and provide a
means to regulate filamin interactions. However, it seems that the masking interactions are
not very tight, because excess ligand can effectively compete with the masking and cause
conformation changes in filamin domain pairs (52, 91). The potential significance of the
inhibitory interactions is highlighted by the observation that FLNa and FLNb splice variants
(var-1), which lack a 41-amino acid sequence that includes the C-terminal part of IgFLN19
and N-terminal inhibitory strand from IgFLN20, exhibit enhanced binding to integrin p-tails
(91, 126).
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While alternative splicing provides one way of releasing the interdomain masking our
structural studies suggest that external forces, transmitted along filamins, may displace the
masking p-strand and so facilitate binding of other ligand proteins. As actin filament cross-
linking proteins associated with a variety of intracellular actin structures, filamins are
exposed to stresses and strains (22, 54, 80) and the mechanical displacement of the
inhibitory strand provides a rapid and direct means for force to enhance filamin-ligand
interactions. In steered molecular dynamic simulations, the unmasking for FLNa domain
pairs 18-19 and 20-21 occurs much earlier, and at lower forces, than domain unfolding or
even domain pair detachment (8, 92). The IgFLN domain pairs are organized such that their
N- and C-termini locate to the same end of the domain pair, as a consequence, pulling forces
transmitted through filamin will be locally targeted to the masking p-strand causing its
opening in a zipper-like mechanism (92) (Figure 3). The situation is analogous to the titin
kinase domain that is expected to be mechanically regulated (40, 98). Thus, mechanical
disruption of domain-domain interactions provide a means to regulate the exposure of the
ligand-binding CD faces on filamin domain 19 and 21 at lower, more physiologically
relevant, forces than required for domain unfolding.

The two domain pairs (18-19 and 20-21) appear to be conserved in all vertebrate filamins
(45), but sequence comparisons do not recognize similar domain pairs in other filamin
regions, therefore it remains uncertain whether force can regulate interactions with other
IgFLN domains. However, other types of domain-domain interactions that mask or sterically
hinder protein binding to CD faces or to alternative binding sites in other IgFLN domains
may occur. For example, it has been noticed that the N-terminal IgFLN domains show an
alternating pattern of acidic and basic surface character (19) that may have consequences for
domain packing. Thus, it seems clear that at least two IgFLN domains can be regulated by
unmasking of ligand binding sites and additional mechanically regulated sites may be
revealed as more multi-domain structures are solved.

EVIDENCE FOR MECHANOSENSING FUNCTIONS OF FILAMINS

The actin cytoskeleton is essential for maintenance of cell structure, resistance to mechanical
stress and regulation of cellular processes including cell motility. Filamins are the most
potent F-actin crosslinking proteins and provide mechanical stability to cells by promoting
high-angle branching of actin filaments (84). Under force, FLNa and actin filaments
accumulate at the cell cortex, reinforcing connections with extracellular adhesion sites and
stabilizing the plasma membrane (37). Furthermore, force applied through clustered p1
integrins results in increased production of FLNa (12, 13) which promotes cell survival by
stabilizing the cortical actin and preventing force-induced membrane depolarization (55). In
response to fluid shear stress FLNa levels increase in osteoblasts and FLNa distributes more
widely throughout the cell which may enhance the mechanical resistance of the cytoskeleton
(53). Additionally, linkage between the platelet transmembrane receptor GPlba and FLNa is
essential for maintaining the mechanical stability of the plasma membrane. Disruption of the
GPlba-FLNa interaction, leads to development of unstable membrane tethers, defective
platelet adhesion and loss of membrane integrity (10). Thus, as originally described by
McCulloch’s group, filamins act as “mechanoprotective” elements under applied force and
stabilize the plasma membrane and the cortex (13, 37, 55).
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Filamins in cell migration

Cell migration is a complex mechanical process involving many force sensing and
generating steps, including cell polarization, membrane protrusion, cytoskeletal re-
arrangement, myosin-mediated contractility and cycles of adhesion and de-adhesion (101).
There is an extensive literature on filamins in cell migration and as this has been reviewed in
detail elsewhere (28, 86, 106, 120, 143) we will only consider it briefly here.

Filamins were first implicated in cell migration based on locomotion defects and plasma
membrane blebbing in a FLNa-deficient human melanoma cell line (M2) (11). Re-
expression of FLNa rescues the motility and plasma membrane blebbing defects, which are
attributed cortical surface instability and weakening of the actin structure (11, 29). Support
for a role of filamin in migration came with the finding that nonsense mutations in the X-
linked FLNA gene are associated with the neuronal migration disorder, periventricular
heterotopia (PVH) (30). Furthermore, filamin depleted cells exhibit impaired spreading (1,
61, 78), impaired initiation of migration (1), decreased migration capacity (16), decreased
adhesion stability, decreased stress fibers and reduced transient traction forces (78).

Filamin overexpression also contributes to migration defects: overexpression of FLNa
inhibits migration of M2 cells (11) and mouse cortical neurons (105), and increased filamin
binding to B-integrin cytoplasmic domains inhibits cell migration (7). MEKK4-null mice
also exhibit PVH associated with neurons that over-express FLNa (105). Finally, regulation
of filamin levels through targeted degradation mediated by FILIP (Filamin-A Interacting
Protein) or ASB2a. (Ankyrin repeat containing protein with a suppressor of cytokine
signaling box 2) modulates cell polarity, spreading and migration (1, 47, 82, 107).

Despite ample evidence pointing to roles for filamin in cell migration, FLNa-null mice do
not exhibit evident migration defects or PVH (27, 44) and FLNa-null mouse embryonic
fibroblasts (44), neural crest cells (27) and FLNa missense mutant human fibroblasts (9)
display normal morphology and locomotion. Several studies suggest that the lack of overt
migratory phenotypes in FLNa-deficient cells may be due to presence of other filamin
isoforms that compensate for the loss of FLNa (1, 78, 112). Indeed, while in many cell types
loss of FLNa or FLNb alone has no effect on migration, knockdown of both FLNa and
FLNb, or proteasomal-induced degradation of all three filamin isoforms by ASB2a, results
in impaired initiation of migration and spreading (1, 47).

The exact role that filamin plays during migration, and whether its mechanosensing
activities are important, remains unclear. Our data show that cells deficient in filamins are
impaired in initiation of migration, but are nonetheless capable of migrating at normal
speeds (1). This suggests that filamins are not essential for core migration processes but
rather that they contribute to its regulation, perhaps through formation of mechanosensitive
links between integrins and the actin cytoskeleton.

Filamins in cell differentiation and morphogenesis

The importance of mechanical cues from the local environment during normal cell
differentiation as well as tumor progression has been well established (5, 18, 49, 97, 134,
140). For example, the stiffness of the extracellular substrate in part determines lineage
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commitment of differentiating mesenchymal stem cells (MSCs) (23, 24) and regulates the
formation and morphology of complex three-dimensional cell structures such as tubules and
acini formed by breast epithelial cells (135, 137). Given the evidence that filamins are
mechanosensitive cytoskeletal and signaling elements it is unsurprising that filamins have
also been implicated in control of cell differentiation and morphogenesis.

In breast epithelial cells, FLNa is necessary to contract collagen gels and pull on collagen
fibrils, leading to collagen remodeling and branching morphogenesis (34). Filamins are also
implicated in substrate stiffness responses. FLNa-deficient M2 cells do not respond to
substrate stiffness when linked to the substrate through collagen receptors (6) and exert
much smaller contractile stresses on the substratum leading to decreased cell stiffness (56).
In addition to responding to substrate stiffness, filamins interact with ion channel receptors
such as the calcium-sensing receptor (CaR) and mediate transduction of extracellular signals
into intracellular responses to regulate differentiation (123).

In mice, loss of FLNb causes impaired differentiation of chondrocyte precursors, severe
skeletal malformation and ectopic bone formation in the cartilage (26, 75, 142, 145). FLNb
is normally strongly expressed in chondrocytes and FLNb-deficient chondrocytes display
diminished adhesion to the ECM suggesting that the link between the ECM and FLNb may
contribute to differentiation (75). The skeletal defects and cartilage phenotype of FLNb-
deficient mice closely resemble the human skeletal disorders associated with FLNb
mutations (67) implicating FLNDb as an important regulator of cartilage and bone
development.

Filamins are also expressed in muscle cells and play a role in myogenic differentiation. In
vitro, C2C12 myoblasts express all three filamin isoforms, however, during myogenic
differentiation, expression of FLNbAH1 and FLNcAH1 splice variants lacking the H1 region
is induced. Furthermore, ectopic expression of FLNb,;-1AH1, which lacks the H1 region and
41 amino acids between IgFLNb19 and IgFLNb20 (residues 2082-2122), accelerates C2C12
differentiation into myotubes (126). FLNc is largely restricted to the cardiac and skeletal
muscles and is up-regulated during muscle differentiation (4, 38). In vitro knockdown of
FLNc in C2C12 causes differentiation and fusion defects and FLNc-deficient mice exhibit
severe skeletal muscle defects with less muscle mass and disorganized muscle structure (14).
Consistent with these observations, FLNc mutations in human result in muscular
dystrophies, myofibrillar myopathy and distal myopathy (20, 62, 111, 132).

Finally, recent data indicate that acute ASB2-mediated regulation of filamin levels by the
ubiquitin-proteasomal machinery may be employed to control cell differentiation (4, 47).
ASB2 is the specificity subunit of an E3 ubiquitin ligase complex (46, 63) and encodes two
isoforms, ASB2a and ASB2B (4). ASB2a., the hematopoietic-specific isoform, is induced
in response to retinoic acid (RA) treatment of myeloid leukemia cells and is involved in
regulation of hematopoietic cell differentiation (41). ASB2a promotes proteasomal-
mediated degradation of filamins (1, 47) and its up-regulation correlates with down-
regulation of FLNa and FLNb in myeloid leukemia cells induced to differentiate (47).
Furthermore, knockdown of ASB2a in leukemia cells delays differentiation and FLNa and
FLNb degradation. ASB2a. is proposed to regulate hematopoietic cell differentiation by
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modulating cell spreading, actin remodeling and cell adhesion through targeting of filamins
for degradation (47, 70).

ASB2p, is expressed in muscle cells and is induced during myogenic differentiation (4).
ASB2p selectively targets FLNDb for degradation and ASB2p expression is transiently up-
regulated during differentiation of C2C12 cells, concomitant with a loss of FLNb expression
(4). Knockdown of ASB2p in C2C12 cells inhibits myoblast fusion and myotube formation
and correlates with delayed degradation of FLNb (4). Notably, knockdown of FLNDb in
ASB2 knockdown cells restores myogenic differentiation. Thus, ASB2p regulates FLNb
functions in myogenic differentiation by controlling its degradation (4).

Taken together, it is clear that filamins play important roles in cell differentiation and
morphogenesis. However, this has only been linked to the mechanosensing activities of
filamin in a few cases, most notably for breast epithelial cell tubulogenesis (34), where the
levels of FLNa expression, and more specifically the extent of the integrin-filamin
interaction, were shown to modulate the optimal matrix stiffness that supported
tubulogenesis. In the future it will be important to assess how altering filamin levels impacts
the effect of matrix stiffness on chondrocyte and muscle differentiation and ultimately to
determine the role of specific force-sensitive filamin interactions in governing
differentiation.

WHERE MIGHT FILAMINS MEDIATE MECHANOSENSING AND SIGNALING

In non-muscle cells, filamins co-localize with F-actin along stress fibers, at the cell cortex
and along the leading edge (86, 120, 127). Filamins are also enriched at the end of actin
stress fibers, the leading edge, and at trailing ends of mature focal adhesions (78) and
concentrate in adhesion sites after application of force to cells (37). In migrating cells,
filamins localize to membrane ruffles (125) and in spreading cells to filopodia, lamellipodia
(61) and the endoplasm (78), the membranous organelle-rich region near the center of the
cell. A small fraction of FLNa is also reported to be present in the nucleus where, through its
interaction with BRCAZ2, it can participate in the DNA damage response (141). Filamin also
binds androgen receptor and supports its nuclear targeting and transcriptional activity (74,
90). Given the diverse localization of filamins, it may mediate mechanosensing and
signaling functions in a variety of regions including stress fibers, cell adhesion sites, the cell
membrane, cell extensions and the nucleus.

Stress fibers and adhesions

While filamins are not evident in all adhesions they have been shown to co-localize with
integrins in early adhesions (7) and force stimulates filamin recruitment to integrins (37).
Indeed, force applied through B1 integrins results in increased production of FLNa (12, 13)
which promotes cell survival and prevents force-induced membrane depolarization (55). In
mouse embryonic fibroblasts (MEF) filamins localize to adhesions and stress fibers and play
an important role in maintaining focal adhesions and stabilizing the actin cytoskeleton under
force (78). MEF lacking FLNa and FLNb, have a disorganized actin cytoskeleton with
decreased stress fibers, and smaller more dynamic focal adhesions that result in defects of
force generation (78). Filamin-depleted cells also exhibit defective spreading (1, 47, 78).
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Cell protrusions

FLNa concentrates in cell extensions, specifically filopodia and lamellipodia, of cells
spreading on collagen (60, 61). The extension of filopodia and lamellipodia are early events
in cell spreading (60) and knockdown of FLNa in human embryonic kidney (HEK-293) cells
is sufficient to impair spreading, decrease the number of cell extensions and increase
apoptosis (59-61). Furthermore, inhibition of B1 integrin recapitulates the spreading defects
of FLNa-deficient cells and reduces localization of FLNa to cell extensions, suggesting that
FLNa-p1 integrin interactions and recruitment of FLNa to cell extensions play important
roles in cell spreading and survival (61). FLNa also interacts with the intermediate filament
protein vimentin in cell extensions (60). Thus, through its interactions with integrin, F-actin
and vimentin, FLNa bridges the ECM, the actin and intermediate filament cytoskeletons.

Cytoskeletal dynamics and cell protrusions are regulated by small GTPases of the Rho
family (43, 101). FLNa associates with a wide range of signaling molecules including the
small GTPases Rac, Rho, CdC42 and RalA and factors upstream and downstream of the
GTPases (3, 83, 88, 89, 113, 124, 125). RalA induces filopodia formation downstream of
CdC42 and recruits FLNa into the filopodial cytoskeleton (89). The interaction between
FLNa and RalA is required for RalA-induced filopodia formation (89). The serine/threonine
kinase p21-activated kinase 1 (Pakl), a downstream effector of CdC42 and Racl, also
colocalizes with FLNa in membrane ruffles and triggers FLNa phosphorylation, which is
essential for Pak1-mediated cytoskeleton remodeling (125).

FLNa also binds ROCK, a downstream effector of the small GTPase Rho. In HelLa cells,
ROCK and FLNa co-localize at protrusive cell membranes suggesting that ROCK-FLNa
interactions may be important for cell migration (124). In addition to small GTPases and
their effectors, filamins bind guanine nucleotide-exchange factors (GEFs) such as Trio (3),
and GTPase-activating proteins (GAPS) such as FilGAP (88). Trio is concentrated in actin-
rich ruffles where it co-localizes with filamins and activates the small GTPases RhoG and
Racl (3).

FilGAP is recruited to sites of membrane protrusion (88) and sites of force transfer (113) by
FLNa, where it antagonizes the small GTPase Rac. Redistribution of FilGAP to the cell
periphery inhibits cell spreading and lamella formation by suppressing Rac activity (88,
113). In FLNa-null cells, mechanical forces applied through integrins result in Rac-mediated
lamellae formation (113). Thus, FLNa suppresses force-induced lamellipodia formation and
Rac activation by targeting FilGAP to sites of force transfer. Perturbations in FilGAP
activity and disruption of FilGAP-FLNa interaction lead to increased force-induced
apoptosis suggesting that force-induced recruitment of FLNa and FilGAP to the cell
periphery plays an important role in mechanoprotection (113).

Nucleus and nuclear envelope

Mechanical forces are also transmitted into the nucleus and result in altered gene activity
(133). While application of force through B1 integrins induces FLNa expression (12), it
remains unknown whether filamins localizes to the nucleus in response to force to regulate
transcriptional activity. Filamins are thought to regulate transcriptional activity through
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retention or accumulation of transcription factors in the cytoplasm and the nucleus (143).
Furthermore, a small fraction of full-length FLNa (141) and a C-terminal fragment of FLNa
are reported to reside in the nucleus (74, 90) suggesting that FLNa might regulate
transcriptional activity in the nucleus.

Filamins also localize to the nuclear envelope and in complex with the F-actin bundling
protein, Refilin (Regulator of FILamin ProteIN), promote formation of perinuclear parallel
actin stress fibers (33). The interaction of refilin with FLNa is mediated through IgFLNa21
and refilin is proposed to act as a molecular switch that converts FLNa from an F-actin
branching to an F-actin bundling protein (33). The Refilin-FLNa complex also stabilizes the
perinuclear actin bundles anchored to the nuclear membrane, called transmembrae actin-
associated nuclear (TAN) lines (33). The coupling of the perinculear actin network to the
nuclear membrane is important for force transduction and nuclear positioning during cell
migration and differentiation (76, 77) and it is plausible that filamin plays a role in this
mechanical coupling.

Filamins have important roles in muscle differentiation and function and as highly
mechanically active tissues, muscles are prime sites for filamin mechanotransduction. FLNc
is the predominant isoform in muscle cells and it localizes to the sarcomeric Z-line complex
and intercalated discs (96, 122, 128). While FLNc is 72% and 70% identical to FLNa and
FLNbD respectively, it has a unique 82 amino acid insertion in IgFLNc20 (136) which
contains additional binding sites for other partners (129). The high expression of FLNc in
muscles, its upregulation during myocyte differentiation and localization to Z-discs
implicates an important role for FLNc during myofribrillogenesis (128).

In muscles, FLNc localizes at the periphery of the Z-disc and crosslinks thin filaments at
their ends in the myofibrillar Z-dics. FLNc is also found at intercalated discs and is
implicated in organization of thin filaments at sites that have to resist mechanical strain
(128). Importantly, FLNc interacts with y- and §-sarcoglycans, members of the dystrophin-
glycoprotein complex (122). The sarcoglycans are restricted to the sarcolemma, the cell
membrane of muscle cells, and are responsible for connecting the actin cytoskeleton and the
ECM (73, 122). In patients with FLNc mutations, several Z-disk-associated proteins and
sarcolemmal proteins, including the sarcoglycans, are mis-localized and form intracellular
aggregates (62, 73, 132). Perturbation in distribution of these proteins due to FLNc
mutations may destabilize the muscle cell membrane and weaken the connection of
myofibrillar cytoskeleton to the ECM leading to muscular defects.
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M echanotransduction The process through which cells sense the environment and

respond to physical and mechanical signals and transmit
these signals into intracellular signaling pathways.

M echanosensor A molecule that is able to detect and respond to physical

FLN
ECM
l9
ABD
CH

PVH

forces of the environment. Mechanosensors, undergo
conformational changes in response to force. The
conformational changes can result in exposure of cryptic
binding sites leading to recruitment of additional
components or regulate enzymatic or membrane channel
activities and in turn trigger a cascade of signal
transduction events.

Filamin

Extracellular matrix
Immunoglobulin-like
Actin-binding domain
Calponin homology domain

Periventricular heterotopia
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Summary points

By interacting with transmembrane receptors, filamins provide a mechanical
link between the ECM, the plasma membrane and the actin cytoskeleton.

Filamins crosslink and anchor actin filaments, regulate actin cytoskeleton
remodeling, stabilize the plasma membrane, and contribute to the mechanical
stability of the plasma membrane and the cell cortex.

Filamins interact with over 90 binding partners and are implicated in the
regulation of a diverse array of cellular functions including motility,
maintenance of cell shape and differentiation.

At least seven out of twenty four filamin 1g-like domains interact so that the
ligand forms an additional @ strand next to strand C of the filmain domain.

Filamins are important for tuning cellular response to ECM stiffness and for
responding to mechanical force.

Structural and functional studies suggest that filamins act as mechanosensors
able to detect and transmit mechanical stimuli by undergoing conformational
changes that expose otherwise masked ligand-binding sites.

The ability of cells to respond to physical cues and mechanical stresses in
their environment is important for cellular processes such as cell migration,
differentiation and development and mutations in filamins are associated with
a wide range of developmental malformations and diseases.
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Future Directions/Unresolved Issues

Due to their large size and flexibility, there are still no high-resolution
structures of full-length filamin. Structures of additional larger multi-domain
fragments of filamin that reveal domain-domain interactions and dynamics
remain an important future goal.

The domain pairs 18-19 and 20-21 appear to be conserved in all vertebrate
filamins, but identification of other domain pairs or alternative domain-
domain interactions will facilitate investigation of whether force can regulate
interactions with other IgFLN domains.

Definitive evidence of altered filamin-ligand interaction in response to applied
experimental forces is required to validate the proposed mechanisms of
filamin mechanosensing.

The exact role that filamin plays during migration, and whether its
mechanosensing activities are important, remains unclear. A detailed
understanding of the role of filamins in mechanosensing will provide insight
into how filamins function in cellular processes such as cell migration.

It will be important to assess how altering filamin levels impacts the effect of
matrix stiffness on chondrocyte and muscle differentiation and ultimately to
determine the role of specific force-sensitive filamin interactions in governing
differentiation.

How acute ASB2-mediated proteosomal degradation of filamins contributes
to leukocyte and myoblast differentiation remains an open question.
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Figure 1.
Schematic representation of human filamin. The N-terminal actin-binding domain

containing two calponin-homology domains (CH1 and CH2) is followed by 24 Ig repeats of
~96 amino acids each. The Ig repeats are interrupted by two hinge regions (H1 and H2) and
fold into anti-parallel B-sheets. The C-terminal 24! repeat is the dimerization domain.
Repeats 1-15 make up rod domain 1, while repeats 16-24 make up rod domain 2. Domain
pairs (16-17, 18-19 and 20-21) are boxed in gray.
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Figure 2.
Details of the interaction between IgFLNal7 (blue) and the cytoplasmic peptide of platelet

glycoprotein Iba (Green) (85). Letters A-G indicate the p-stands of the filamin domain
forming two sheets: GFC (above) and ABED (below). Note that the GPIba forms an extra
strand next to the strand C. The hydrophopic residues of the ligand extending towards the
groove between stands C and D are shown as sticks and marked with numbers 1-5 (see Table
1).
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Figure 3.

Mechanism of the ligand binding site opening in IgFLNa18-19 based on steered molecular
dynamics simulations (92). The A-strand of IgFLNa18 unzips from the CD-face of
IgFLNa19 under pulling forces that are much lower than those required for 1g-domain
unfolding. The positions of some of the hydrogen bonds connecting the A-stand are
indicated with dotted lines. Pulling-forces to the C-terminus and N-terminus are indicated by
black and red arrows, respectively.
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