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ABSTRACT 
 

Filamins are large actin-binding proteins 
that stabilize delicate three-dimensional 
actin networks and link them to cellular 
membranes. They integrate cell architec-
tural and signaling functions and are essen-
tial for cell locomotion and development. 
This thesis includes studies of two abun-
dantly expressed filamin members, filamin 
A (FLNA) and B (FLNB). 
          FLNA has recently been shown to 
bind to the proteins that are related to cell 
motility and are implicated in diseases. 
The number of known FLNA interacting 
proteins is increasing, thus a complete un-
derstanding of the role of FLNA in dis-
eases still requires intensive study. We 
identified hypoxia-inducible factor-1α 
(HIF-1α), a transcription factor, as a novel 
interacting partner of FLNA and studied 
the influence of their interaction on HIF-1α 
signaling in FLNA-deficient and FLNA-
expressing human tumor cells. At hypoxia, 
cleavage of FLNA by calpain was induced. 
The cleaved C-terminal fragment inter-
acted with HIF-1α and facilitated nuclear 
translocation and transactivation activity of 
HIF-1α. As a consequence, FLNA-
deficient tumor cells produced less VEGF-
A and exhibited an impaired ability to in-
duce proliferation and migration of endo-
thelial cells. In addition, we discovered 
that the interaction between FLNA and an-

other transcription factor SMAD2 partially 
regulates c-MET expression. FLNA-
deficient tumor cells expressed less c-MET 
and displayed impairments in c-MET sig-
naling and hepatocyte growth factor-
induced cellular migration. These results 
suggest that FLNA is important for cellular 
motility and may influence tumor growth 
by regulating angiogenesis and tumor me-
tastasis in response to chemoattractants. 
          FLNB mutations in humans are asso-
ciated with devastating congenital malfor-
mations. However, the causal role of 
FLNB in these genetic disorders is un-
known. Using a gene-trapping technique, 
we generated a mouse model of Flnb-
deficiency, which led to a high embryonic 
lethality. A few Flnb-deficient mice that 
reached term displayed severe skeletal 
malformations and disorganized microvas-
culature. Flnb-deficiency impaired the cell 
motility of embryonic fibroblasts, which 
may partly explain the observed develop-
mental consequences. Generation of in 
vivo and in vitro models of Flnb-
deficiency will advance our understanding 
of the biological importance of FLNB in 
organ development and disease progression. 
          Our studies provide clear evidence 
that cytoskeletal proteins such as filamins 
are involved in cell signaling, transcription 
and organ development. 

Keywords: filamins; F-actin-binding proteins; cell movement; integrins; GTP phosphohy-
drolases; genetic diseases, inborn; mice, knockout; hypoxia-inducible factor 1; vascular 
endothelial cell growth factor A; proto-oncogene proteins c-met; Smad2 protein; hepato-
cyte growth factor; cartilage; osteogenesis; neovascularization; neoplasm metastasis 
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1  INTRODUCTION 

Organization of the actin cytoskeleton me-
diated by actin-binding proteins (ABP) is 
not only essential for the formation and 
maintenance of cell shape but also dy-
namically regulates cellular morphology 
and locomotion in response to external 
stimuli [1]. The first filamin was discov-
ered accidentally as a novel actin-binding 
protein during an attempt to isolate myosin 
from rabbit macrophages in 1975 [2]. It 
could efficiently precipitate purified mus-
cle actin in solution [3] and was subse-
quently determined to be a potent filamen-
tous actin (F-actin) crosslinking protein [4, 
5]. Intracellularly, filamins crosslink corti-
cal F-actin into a dynamic orthogonal net-
work, thereby conferring membrane integ-
rity and defending cells against mechani-
cal stress. In addition to F-actin, filamins 
bind to numerous other proteins such as 
transmembrane receptors and signaling 
molecules, providing scaffolding functions 
and regulating multiple cellular behaviors. 
Due to their diverse functionality in hu-
mans, deleterious mutations in filamin 
genes can cause a wide range of develop-
mental malformations in the brain, bone, 
limbs, and heart [6]. 
 
1.1   Structural properties of filamins 
 
Vertebrate filamins are elongated dimeric 
V-shaped proteins with two large (240-
280 kDa) polypeptide chains. Each mono-
meric chain of filamins comprises an F-
actin-binding domain (ABD) at the N-
terminus and a rod segment consisting of 
up to 24 homologous repeats of ~96 
amino acid residues which adopt an im-
munoglobulin-like fold (Ig repeats). Two 
hinge domains interrupt the 24 Ig repeats 
into two rod domains between repeats 15 

and 16 (hinge 1, H1) and separate the C-
terminal dimerization domain from the 
actin-bindng region between repeats 23 
and 24 (hinge 2, H2). The C-terminal 
dimerization domain associates two 
filamin monomers and anchors F-actin to 
the cell membrane through transmembrane 
receptors (Fig. 1). 
          ABD represents a key aspect of 
filamin subunit attachment to F-actin. The 
competitive binding of Ca2+-calmodulin to 
ABD dissociates filamin from F-actin [7] 
and deletion of ABD from filamin sub-
units greatly diminishes its gelation activ-
ity in actin solution [8]. ABD consists of 
two calponin homology (CH) domains 
(CH1 & CH2) separated by a linker, 
which conform to other F-actin-binding 
proteins. The tandem organization of CH 
domains determines the binding capacity 

Figure 1. Structure of filamins includes the N-
terminal actin-binding domain, C-terminal dimeri-
zation domain, and 24 Ig repeats disrupted by 
hinge 1 and 2 domains. 



10 

INTRODUCTION 

of two adjacent actin molecules and thus 
may determine the binding specificity to-
wards F-actin [9]. A conserved hydropho-
bic region of the CH1 domain correspond-
ing to amino acids 121 − 147 of filamin is 
the primary binding site for F-actin [10]. 
The amino acid residues of actin which 
bind to filamin overlap with those of sev-
eral other ABPs including α-actinin, myosin, 
tropomyosin and caldesmon [11]. This ex-
plains how filamin can compete with other 
proteins for binding to actin. Both ABD 
and actin undergo structural rearrange-
ments upon binding to each other which 
implies that binding of an ABD could af-
fect the shape of F-actin. 
          The long-range Ig repeats provide 
not only additional affinity towards F-actin 
but also intrinsic flexibility of actin net-
works in response to mechanical stresses. 
Ig repeats 9–15 containing an F-actin-
binding domain are necessary for high 
avidity F-actin binding. The flexibility of 
Ig repeats 1–8 enables repeats 9–15 to find 
the proper alignments of actin monomers 
in F-actin downstream from the initial 
binding sites. The overall linearity and 
flexibility of rod domain 1 can accommo-
date the twist in the helix groove of F-actin 
to facilitate binding. Ig repeats 16–24 do 
not bind F-actin, which renders nearly a 
third of filamin subunit contour length 
available for reversible unfolding and par-
tially accounts for the prestress-mediated 
increase in elasticity of F-actin networks 
[8]. They are also potentially free to inter-
act with other partner proteins, which may 
explain why most partner interactions are 
observed at this site. The two hinge re-
gions of human filamin have increased 
amino acid diversity and their length en-
ables the whole rod to be more flexible and 
even to crosslink widely dispersed actin 
filaments at perpendicular angles. For in-
stance, H1 is required for maintaining the 

viscoelastic properties of actin networks 
against stresses [12]. Moreover, the hinge 
regions represent proteolysis sites that are 
cleaved by Ca2+-dependent protease cal-
pain, producing the 200 kDa N-terminal 
and 90 kDa C-terminal fragments [13]. 
This suggests a regulatory mechanism on 
filamin functions. 
          Dimerization amplifies the actin-
binding avidity of filamin monomers and 
permits cross-linking of perpendicular F-
actin into T-, X- or L-shaped junctions. Ig 
repeat 24 is necessary and sufficient to 
confer the self-association of two filamin 
subunits and inclusion of the preceding H2 
region increases the efficiency of dimeriza-
tion [14]. Each filamin subunit binds to 
only one F-actin. When the unbound 
filamin subunit engages the second F-actin 
positioned in the correct orientation, the 
apparent affinity of the interaction in-
creases markedly [8]. The dissociation 
constant for the Ig repeat 24 dimer is on 
the order of the cellular filamin concentra-
tion, which implies that regulation of 
monomer-dimer equilibrium could be 
functionally important [15]. 
 
1.2   Filamin family 
 
Filamins in mammals comprise a family of 
three members: filamin A (FLNA), filamin 
B (FLNB) and filamin C (FLNC). The 
three filamin genes are highly conserved 
and filamin proteins show about 70% over-
all amino acid identity, with greater diver-
gence being observed at the two hinge re-
gions with 45% identity [9]. Both human 
FLNA and mouse Flna genes are located 
on the X chromosome, whereas human 
FLNB and FLNC are on autosomal chro-
mosomes 3 and 7, respectively, and mouse 
Flnb and Flnc at chromosomes 14 and 6, 
respectively. FLNA mutations can cause X
-chromosome-linked genetic diseases 
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which differentiate them from the diseases 
caused by FLNB and FLNC mutations. All 
three filamins are widely expressed during 
development. In adults, FLNA is the most 
abundant isoform and FLNC expression is 
mainly restricted to skeletal and cardiac 
muscle cells [16]. 
 
1.2.1 Filamins form both homodimers and 
heterodimers 
 
All three isoforms of filamins can form 
homodimers via their C-terminal dimeriza-
tion domain. Even proteolytically cleaved 
C-terminal fragments of filamins can keep 
the dimer form [17, 18]. However, differ-
ent filamin isoforms have been observed to 
be expressed simultaneously in many cell 
types, including endothelial cells and peri-
cytes [19]. Considering the very similar 
protein structures of filamin isoforms, their 
co-existence in the same cell raises an in-
teresting question: can these isoforms form 
heterodimers? In fact, FLNA and FLNB 
have been shown to be highly expressed in 
both the leading processes and somata of 
migratory neurons during corticogenesis 
and to form FLNA-FLNB heterodimers 
[20]. Both the co-expression of FLNA and 
FLNC in Z-bodies of the early myotubes 
and the gradual replacement of FLNA by 
FLNC from the developing myofibrils sug-
gest a transitory heterodimerization [18]. 
Furthermore, the heterodimer formation 
between FLNB and FLNC have been con-
firmed by mixing recombinant C-terminal 
fragments of different filamin isoforms in 
vitro [14]. The heterodimerization of 
filamin isoforms adds another layer of 
complexity to filamin family. It raises the 
possibility that individual filamin isoforms 
serve compensatory functions for the other 
family members or extend their functional-
ity through isoform-specific binding to cell 
surface proteins. 

1.2.2 Splice variants increase the diversity 
of filamins 
 
The diversity of filamin family is increased 
by the alternative splicing. Most of the in-
ternal deletions or substitutions occur at 
rod domain 2, which seems to be inessen-
tial for the actin-binding, but may affect 
the binding to other interacting partners. 
The H1 domain is lacking in some splice 
variants of human FLNB [21] and FLNC 
[22], as well as in mouse Flnc. Since H1 
confers flexibility to the dimeric filamin 
molecule, the absence of H1 may affect the 
orthogonal crosslinking pattern. Chicken 
filamin that lacks the H1 region promotes 
actin crosslinking into parallel bundles 
[23]. The expression of splice variants of 
filamins exhibits tissue specificity and dif-
ferent cellular localization. In the thyroid, 
the predominant isoform is FLNB contain-
ing H1, but FLNC lacking H1 [21, 22]. In 
myotubes, deletion of H1 is required for 
the localization of FLNB at the tips of ac-
tin stress fibers [24].  This may, therefore, 
result in a functional discrepancy between 
filamin isoforms, such as FLNB lacking 
H1 accelerates the differentiation of 
myoblast cells into myotubes compared to 
the canonical isoform [24]. This raises the 
possibility that these variants have special-
ized functions within different tissues or 
cells, and play an unprecedented role in the 
subtle regulation of actin dynamics and 
organization. 
 
1.3   Filamins crosslink F-actin 
 
Two main types of actin-crosslinkers, the 
Arp2/3 complex and FLNA, are associated 
with branched actin networks. The Arp2/3 
complex anchors the pointed ends of 
newly formed filaments to the existing 
filament at angles of 70 degrees and thus 
allows the elongation of free barbed ends 
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[25]. The Arp2/3 complex has been con-
sidered to be the main actin-filament 
crosslinker in cortical cytoplasm. How-
ever, Arp2/3 complex-mediated branching 
of F-actin is metastable, can dissociate, 
and is insufficient by itself to maintain the 
mechanical stability at the leading edge of 
cells. In contrast, FLNA mediates a more 
robust F-actin network. Most likely, the 
Arp2/3 complex initiates F-actin branching 
and subsequently FLNA stablilizes the 
dendritic network [26].  
          FLNA crosslinks actin-filament effi-
ciently and a single FLNA dimer per actin 
filament is sufficient to induce gelation 
[27]. The actin networks built by filamin 
comprise a mostly perpendicular F-actin 
organization. Interestingly, the type of ac-
tin filament organization depends on the 
molar ratio of filamin to actin. An increase 
in this ratio leads to tighter F-actin net-
works [28]. The formation of parallel bun-
dles of actin filaments is prompted when 
this ratio is high (from 1:10 to 1:50), while 
a ratio of 1:150 to 1:740 leads to the for-
mation of orthogonal actin networks, de-
pending on the source of filamin [4, 29]. 
This suggests a dual role of filamin in con-
troling simultaneously both the architec-
ture and mechanics of F-actin networks 
[30]. Filamin localizes to both actin-rich 
lamellae and actin stress fibers of adherent 
cells [31]. At the leading edge of motile 
cells, FLNA is present at the X, Y, and T 
junctions of the three-dimensional or-
thogonal networks of short actin filaments 
[26]. This is the region where fast remod-
eling of the actin cytoskeleton is required; 
however, reasonably high stiffness is also 
required to allow for net pushing forces 
produced by polymerizing actin against the 
cell membrane [32]. The combined or-
thogonal architecture and stiffness could 
readily be provided by low filamin concen-
trations. In contrast, stable F-actin bundles 

lying on the ventral side of adherent cells 
require high contractility, which can be 
provided in part by high filamin concentra-
tions. The filamin concentration at the cel-
lular edge is indeed not as high as the local 
concentration in F-actin bundles [26, 31]. 
This implies that the spatial distribution, 
level of expression, and even the activation 
for actin-binding of filamin may contribute 
to stabilization and remodeling of cortical 
actin during cell motility.  
 

1.4  Filamins regulate cell migration 

 
Cell migration is essential for both embry-
onic development and homeostasis. It also 
influences many pathological processes, 
including vascular disease, chronic inflam-
matory disease, and tumor formation and 
metastasis. This highly orchestrated migra-
tion process involves the following steps: 
polarization and protrusion in the direction 
of movement, formation of adhesion com-
plexes to stabilize the protrusion, and re-
traction and release of the attachments at 
the rear. The turnover and reorganisation 
of the actin cytoskeleton are the driving 
forces of cell migration. Filamins exist in 
various motile cells at both the leading 
edge and the rear of polarized cells. They 
influence both cell protrusion and retrac-
tion by directly regulating actin cytoskele-
tal remodeling. In addition, filamins bind 
to a large number of diverse proteins and, 
so far, more than 70 filamin-binding part-
ners have been reported [33]. Many 
filamin-interacting proteins have great 
functional importance on the regulation of 
cell motility. Thus, the existence of 
filamins in the leading edge and the rear of 
cells may bring the interacting proteins in 
proximity to the sites where migration oc-
curs and mediate their effects on cell mi-
gration.  
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1.4.1   Filamins mediate integrin signaling 
 
The ability of adhesion receptors to trans-
mit biochemical signals and mechanical 
forces across cell membranes depends on 
interactions with the actin cytoskeleton. 
Filamins are well-positioned to mediate 
matrix-cytoskeletal signaling pathways by 
virtue of their dual binding to both F-actin 
and the major transmembrane adhesion re-
ceptors, integrins. Filamins interact with 
the cytoplasmic tails of multiple β-
integrins: integrin β1, which regulates en-
dothelial cell motility, binds to both FLNA 
at repeats 21–24 [34] and FLNB [35]; in-
tegrin β2, which mediates leukocyte ex-
travasation, binds to FLNA at repeat 21 
[36]; integrin β3, which induces platelet 
aggregation, binds to FLNA; integrin β7, 
which mediates lymphocyte migration and 
homing, binds to FLNA at repeat 19–21 [37].  
          FLNA regulates cell spreading via 
integrin β1 in human gingival fibroblasts 
and kidney cells. FLNA is recruited to the 
cell membrane immediately following 
stimulation of integrins by the extracellular 
matrix. As a result, FLNA may promote 
integrin–ligand interactions by binding the 
cytoplasmic domain of the integrin β1 and 
facilitate ligand binding through inside-out 
signaling [38]. The effects between in-
tegrins and filamins are reciprocal. The 
mechanical stress delivered through in-
tegrin β1 recruits both FLNA and F-actin to  
integrin β1-containing focal adhesion [39].  
It also selectively activates the p38 path-
way that improves FLNA promoter activity 
and the prolongation of its mRNA half-life 
in fibroblasts [38]. In contrast, blocking 
function of integrin β1 reduces cell spread-
ing and localization of FLNA to cell exten-
sions. Reciprocally, FLNA-deficiency in 
human tumor cells reduces expression of 
endogenous integrin β1 in the cell mem-

brane [40]. Furthermore, the reduced 
FLNA expression impairs integrin β1–
collagen binding [41].  
          Although FLNA is necessary for ef-
ficient cell migration, the formation of a 
strong link between integrin and filamin 
impairs migration. The influence of this 
interaction on cell migration seems to be a 
fine-tuning process regulated by both the 
affinity of filamin to integrins and the 
other integrin-binding partners. In fact, the 
increased binding of FLNA to integrin β7 
and β1A tails impairs migration without al-
tering focal adhesion formation or fi-
bronectin matrix assembly [37, 42]. These 
effects on cell migration are ascribable to a 
reduction in transient membrane protru-
sions and cell polarization. This suggests 
that changing the filamin-binding affinity 
of β-integrin can alter membrane protru-
sion and cell polarization and thus cell mi-
gration [37]. It can simultaneously affect 
the binding capacity of other integrin part-
ners such as talin [43] and α-actinin [36] 
which use binding sites on integrins that 
overlap with those of FLNA. FLNA may 
compete with these proteins for binding to 
integrin tails and, therefore, allow integrin-
filamin interactions to impact talin-
dependent integrin activation [37, 43]. The 
phosphorylation of integrins can serve as 
molecular switches for regulating binding 
between filamins and other integrin regula-
tors. For instance, the phosphorylation of 
integrin β2 can inhibit FLNA binding but 
allow the binding of 14-3-3 adaptor pro-
tein, thereby inducing T-cell adhesion [44].  
          Collectively, the binding between 
filamin and integrin requires an equilib-
rium: a sufficient degree of integrin–
filamin binding stabilizes cell–matrix ad-
hesions, while excessive binding of filamin 
prevents efficient actin remodeling and cell 
motility [41]. 
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1.4.2 Filamins coordinate signaling of 
small GTPases 
 
Following integrin binding of extracellular 
matrix ligands, the small GTPases are acti-
vated, leading to actin polymerization and 
the formation of lamellipodia and filopo-
dia. The branched actin networks are par-
ticularly important for the formation of la-
mellipodia that is believed to be the actual 
motor that pulls cells forward. Filopodia 
originate from the pre-existing lamellipo-
dial actin network that is prevented from 
capping and, as a result, can elongate at the 
leading edge of the lamellipodia.  
          In mammalian cells, the generation 
of actin-based dynamic motile structures is 
regulated by the small GTPases of the Rho 
family. FLNA interacts with both small 
GTPases including Rac, Rho, Cdc42 and 
RalA [45] and factors upstream and down-
stream GTPases mostly at repeats 23 and 
24 of the C-terminal region. These interac-
tions present a delicate regulatory mecha-
nism on the activity of GTPases. The inter-
action between FLNA and RalA may re-
cruit filamin into the filopodial cytoskele-
ton and is necessary for RalA-mediated 
filopodial protrusion [45]. FLNA interacts 
with the serine/threonine kinase p21-
activated kinase-1 (PAK1), a downstream 
effector of Rac1 and Cdc42. Reciprocally, 
FLNA is phosphorylated by PAK1 and 
PAK1 is activated by binding to FLNA 
which is necessary for PAK1-mediated 
membrane ruffling [46]. Another way to 
regulate PAK1 activity by FLNA is via its 
interaction with sphingosine kinase 1. This 
kinase catalyzes the phosphorylation of 
sphingosine to produce the potent lipid 
mediator sphingosine-1-phosphate  which 
directly stimulates PAK1 kinase [47]. 
FLNA also forms a complex with ROCK, 
a Rho downstream effector and this com-
plex co-localizes at protrusive cell mem-

branes [48]. As the upstream regulators of 
GTPases, guanine nucleotide-exchange 
factors (GEFs) activate GTPases by pro-
moting their exchange from GDP to GTP. 
FLNA associates with both Rac GEF Trio 
[49] and Rho GEF Lbc [50] and may regu-
late the spatial positioning of actin assem-
bly. In opposition to GEFs, a variety of 
GTPase-activating proteins (GAPs) sup-
press GTPase activity by returning them to 
the inactive GDP-bound state. FLNA may 
inactivate Rho during the earliest phases of 
cell spreading by virtue of its ability to 
promote accumulation of p190RhoGAP in 
lipid rafts [51]. A specific GAP for Rac, 
FilGAP, has also been shown to interact 
with FLNA. This interaction is required for 
FilGAP to inactivate Rac, to suppress lead-
ing edge protrusion and to promote cell 
retraction [52].  
          In summary, FLNA anchors GTPase 
signaling factors in proximity to the cell 
membrane where the conversion between 
GDP and GTP occurs, acts as a scaffold 
for these factors and coordinates their actin
-remodeling activities. During cell protru-
sion, Trio activates Rac and stimulates ac-
tin assembly through PAK and other path-
ways. Simultaneously, Rho is inactivated 
by the accumulation of P190RhoGAP in 
the cell membrane [51]. During cell retrac-
tion, activation of Rho by Lbc stimulates 
ROCK activity. Active ROCK phosphory-
lates and stimulates FilGAP to inactivate 
Rac. In addition, ROCK phosphorylates 
and activates myosin II to promote con-
tractile activity [30]. 
  
1.4.3   Filamins regulate migration of mul-
tiple cell types 
 
Besides integrins and GTPases, a number 
of other filamin interacting partners can 
regulate the cell motility via filamin-
mediated cell signaling in a broad range of 
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circumstances.  
          In cerebral cortical neurons, FLNA 
mutations prevent cellular migration and 
cause human periventricular nodular het-
erotopia (PVNH) [53]. Therefore, studies 
have been particularly focused on the func-
tional importance of filamin on neuron mi-
gration. In the developing neocortex, most 
excitatory neurons travel from the ven-
tricular zone (VZ) to the cortical plate, 
which is an essential process in cortico-
genesis. The precise regulation of FLNA 
level in VZ appears to control the initiation 
of neuron migration. FLNA-interacting 
protein (FILIP), which is restricted to the 
VZ in the developing neocortex, induces 
FLNA degradation in VZ. This suggests a 
switch mechanism to control the start of 
neocortical cell migration from VZ [54-
56]. The mitogen-activated protein kinases 
(MAPKs) have recently been suggested as 
another switch mechanism to regulate 
FLNA level [57, 58]. MAPKs are activated 
via signaling cascades involving MAPK 
kinases (MAP2K) that are in turn activated 
by MAP2K kinases (MAP3K). One of the 
MAP2Ks, MKK4 (SEK1) physically inter-
acts with FLNA [59] and mediates 
MEKK4 (one of the MAP3Ks) signaling 
[57]. MEKK4 knockout mice [57] fre-
quently develop PVNH with similar phe-
notypes to those caused by FLNA muta-
tions. MEKK4 deficiency both enhances 
FLNA expression in the developing fore-
brain and induces the FLNA phosphoryla-
tion on Ser2152 that confers resistance to 
calpain cleavage [46] and further elevates 
FLNA level. Overexpression of FLNA 
prevents neurons from migrating away 
from the VZ surface [57]. These results are 
consistent with the inhibiting function of 
high FLNA level on β integrin function 
[37] and emphasize the point that either 
excessively low or excessively high FLNA 
levels impair neuron migration.   

          In the vasculature, FLNA may play 
important roles in development and patho-
logical processes. FLNA directly binds to 
tissue factor which contributes to the regu-
lation of blood vessel development in early 
embryogenesis and displays an independ-
ent manner of regulating cell adhesion and 
spreading [60]. Recent evidence supports a 
role for FLNA on fully differentiated vas-
cular wall cell types. The G protein-
coupled P2Y2 nucleotide receptor-
mediated spreading and migration of aortic 
smooth muscle cells is impaired when this 
receptor loses the interaction with FLNA 
[61]. ECSM2, an exclusively endothelial-
specific surface protein, interacts with 
FLNA and regulates endothelial chemo-
taxis and tube formation [62]. These stud-
ies implicate a role for FLNA in angio-
genesis via modulation of the actin cy-
toskeleton. 
          In tumors, FLNA may play roles in 
both regulation of vasculature and cancer 
cell metastasis. Inhibiting angiogenesis has 
been a major therapeutic strategy for can-
cer treatment. In endothelial cells, en-
dostatin, an inhibitor of angiogenesis, 
upregulates the expression of FILIP 1-like 
(FILIP1L). Targeted expression of an ac-
tive FILIP1L mutant in tumor vasculature 
inhibits tumor growth in vivo potentially 
through inhibition of FLNA-bridged cy-
toskeletal remodeling and cell migration 
[63]. Moreover, FLNA regulates tumor 
cell metastasis. The oncogenic protein 
caveolin-1 interacts with FLNA and pro-
motes both transcription and AKT-
mediated Ser2152 phosphorylation of 
FLNA in human breast cancer cells. This 
specifies a novel mechanism for FLNA in 
mediating the effects of caveolin-1 on IGF
-1-induced cancer cell migration [64]. On 
the other hand, the local association of 
FLNA with carcinoembryonic antigen-
related cell adhesion molecule strengthens 
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the cell-cell contact and thus presents a 
negative effect on the tumor cell metastasis 
[65]. 
 
1.5  Filamins regulate transcriptional 
activity 
 
There is recent evidence for the involve-
ment of filamins in transcriptional regula-
tion. One way for filamins to regulate tran-
scriptional activity is through the activa-
tion or retention of transcription factors in 
cytoplasm. FLNA interacts with SMAD2 
and SMAD5, positively regulating their 
receptor-induced phosphorylation and thus 
nuclear accumulation [66]. However, the 
binding between FLNA and either 
PEBP2β/CBFβ, the subunit of the het-
erodimeric transcription factor PEBP2/
CBF [67, 68], or p73α, a transcription 
regulator [69], retains them in the cyto-
plasm and implicates transcriptional re-
pression.  
          Interestingly, a small fraction of full 
length FLNA resides in the nucleus of hu-
man skin fibroblasts and HeLa cells, where 
it participates in DNA damage response 
through a nuclear interaction with BRCA2 
[70]. This unanticipated finding raises the 
possibility that FLNA may affect transcrip-
tion factors in the nucleus. It has been 
demonstrated that the regulation of 
FOXC1 transcriptional activity is mediated 
through multiple interactions with both 
FLNA and the transcriptional regulator 
PBX1 [71]. The full length FLNA effi-
ciently carries PBX1 into the nucleus 
where the FOXC1-PBX1 transcriptional 
inhibitory complex forms. 
         However, nuclear transport of FLNA 
is still controversial. In androgen-
dependent prostate cancer cells, a 90 kDa 
proteolytic fragment cleaved by calpain is 
actually localized to the nucleus. In con-
trast, in its androgen-independent subline, 

FLNA fails to be cleaved and remains cy-
toplasmic [72]. Whether the small amount 
of full length FLNA in the nucleus is be-
low the limit of detection is unknown. But 
this observation of only cleaved FLNA in 
nucleus is consistent with the finding that 
the calpain-cleaved fragment facilitates 
nuclear translocation of androgen receptor 
(AR), a transcription factor that regulates 
sexual differentiation. Nuclear presence of 
the FLNA fragment interferes with the in-
terdomain interactions and coactivator 
binding of the AR and thus represses the 
transactivation activity of AR [73, 74]. 
          By interacting with transcription fac-
tors, filamins may regulate the expression 
of growth factors that induce cell motility 
via autocrine or paracrine signaling. In Pa-
per I of this thesis, we discovered a novel 
interaction between FLNA and hypoxia-
inducible factor-1α (HIF-1α). HIF-1α/aryl 
hydrocarbon receptor nuclear translocator 
complex mediates the adaption of mam-
malian cells to low levels of oxygen by ac-
tivating a network of target genes [75, 76]. 
At normoxia, HIF-1α protein is targeted 
for degradation by the von Hippel-Lindau 
tumor suppressor protein acting as an E3 
ubiquitin ligase following hydroxylation of 
proline residues [77]. Upon exposure to 
hypoxia, the hydroxylase activity is inhib-
ited, resulting in the stabilization of HIF-
1α protein. HIF-1α is then translocated into 
the nucleus by a process that is not com-
pletely understood, to bind to the hypoxia-
response element (HRE) and activate tran-
scription of target genes, including vascu-
lar endothelial cell growth factor A 
(VEGFA) [78]. HIF-1α has two transacti-
vation domains (TAD). The capacity of the 
N-terminal and C-terminal TAD is diffe-
rentially regulated by O2 tension, where 
the N-TAD constitutes an oxygen-
dependent degradation box and the C-TAD 
functions in a strictly hypoxia-inducible 
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fashion [79]. In contrast to the repressive 
impact of cleaved FLNA on AR transcrip-
tional activity, we found that this fragment 
facilitates nuclear translocation of HIF-1α 
and promotes its transactivation activity. 
Consequently, it induces the production of 
VEGF-A that acts as an important 
chemoattractant to regulate endothelial cell 
migration and proliferation. 
          FLNA may also regulate the expres-
sion of transmembrane receptors by inter-
acting with transcription factors, thus alter-
ing the cellular response to the extracelluar 
signals including growth factors. In Paper 
II of this thesis, we found that c-MET ex-
pression and phosphorylation are impaired 
in FLNA-deficient human tumor cells. c-
MET tyrosine kinase is a cell surface re-
ceptor for hepatocyte growth factor (HGF), 
a pleiotropic cytokine that induces pro-
migratory and mitogenic signals [80]. The 
mature form of the c-MET receptor is a 
heterodimeric protein consisting of a 45 
kDa extracellular α-subunit linked by di-
sulfide bonds to a 145 kDa β-subunit [81]. 
The β-subunit spans the membrane and 
contains a catalytic kinase domain as well 
as a number of tyrosine phosphorylation 
sites in its cytoplamic region. Binding of 
HGF to c-MET triggers transphosphoryla-
tion of two tyrosine residues (Tyr1234 and 
1235) in the kinase domain followed by 
phosphorylation of two other tyrosine resi-
dues (Tyr1349 and 1356) in the multiple 
docking site. A group of signaling mole-
cules and/or adaptor proteins is then re-
cruited to the cytoplasmic domain and 
multiple docking sites of c-MET. This ac-
tion leads to the activation of several sub-
sequent signaling cascades that form a 
complete network of intra- and extracellu-
lar responses. Activation of c-MET by 
HGF induces diverse biological events, 
such as scattering, invasion, proliferation 
and branching depending on the different 

combinations of signaling pathways and/or 
differences in magnitude of responses [82]. 
In human cancers, c-MET germ-line mis-
sense, activating and somatic mutations 
have been identified [83], but the most fre-
quent occurrence is the aberrant expression 
of c-MET associated with metastatic phe-
notype [81]. In our study, we found that c-
MET expression is up-regulated by FLNA 
partially through the action of transcription 
factor SMAD2. FLNA binds to SMAD2 
and facilitates its transport into nucleus 
[66] where SMAD2 activates c-MET by 
binding to a putative SMAD binding ele-
ment in the c-MET promoter [84]. This in-
dicates a novel mechanism by which 
FLNA regulates c-MET signaling and thus 
the cellular response to HGF. 
 
1.6   Filamins are associated with human 
genetic diseases 
 
The versatile functions of filamins in regu-
lating cell motility and signaling suggested 
that their mutation may cause a large spec-
trum of human disorders. Indeed, null and 
specific missense mutations in FLNA or 
FLNB cause a wide range of developmen-
tal malformations of the brain, bone, limbs, 
and heart in human [6].  
          Null mutations in FLNA cause an X-
chromosome-linked brain malformation 
known as PVNH. Neurons in PVNH pa-
tients fail to undergo radial migration from 
the VZ to form the six-layered neocortex 
during fetal development [53]. X-linked 
PVNH is mainly confined to females, indi-
cating a predominant prenatal lethality for 
males who are hemizygous for FLNA mu-
tations [85]. PVNH can result from abnor-
mal mRNA splicing or truncation of the 
FLNA protein into different sizes [53, 86, 
87], leading to loss-of-function mutations. 
FLNA levels are higher in the brains of 
mouse embryos and human fetuses, but 
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reduced at postnatal ages [53]. As FLNA is 
essential for cell migration, mutations of 
FLNA in neurons may impair neuronal mi-
gration to appropriate anatomical sites dur-
ing development and thus provide a plausi-
ble explanation for the occurrence of 
PVNH [6]. However, not all clinical obser-
vations can be explained by the impact of 
cell migration. For instance, a number of 
non-central nervous system phenotypes are 
recognized in PVNH patients, including a 
high incidence of cardiovascular abnor-
malities such as patent ductus arteriosus, 
minor cardiac malformations, aortic aneu-
rysms, premature strokes, and apparent hy-
percoagulable state in females [53, 88]. 
Very rarely live born males have lethal 
vascular defects and intractable haemor-
rhage [6]. Current understanding of the 
molecular mechanisms underlying these 
cardiovascular symptoms is still quite 
poor.  
          Clustered missense mutations in 
FLNA have been identified in a diverse 
spectrum of congenital malformations in 
humans, including otopalatodigital syn-
drome (OPD), frontometaphyseal dyspla-
sia (FMD) and Melnick-Needles syndrome 
(MNS) [89]. The syndromes certainly 
overlap between OPD, MNS and FMD 
with generalized dysplasia involving cra-
niofacial structures, digits and long bones. 
However, the clusters of genetic mutations 
associated with various syndromes are 
strikingly segregated in FLNA protein [6]. 
The patterns of FLNA mutations, X-
chromosome inactivation and phenotypic 
manifestations indicate that they have gain
-of-function effects [89, 90]. Mutations 
clustered in the CH2 domain are predicted 
to increase the actin binding of FLNA, 
thereby either disorganizing actin or creat-
ing toxic products that function in a domi-
nant-negative fashion. However, FLNA 
repeats 10, 14 and 15, which contain many 

of the missense mutations in OPD spec-
trum disorders, are less characterized in 
terms of their functions and binding part-
ners [6]. Remarkably, the phenotypes of 
OPD, MNS and FMD caused by missense 
mutations are entirely distinct from PVNH. 
Almost none of these disorders are associ-
ated with PVNH or any other definable 
cerebral disturbance in neuronal migration 
[6]. It suggests that distinct developmental 
mechanisms underlie the two groups of 
disorders.  
          Recently, X-linked myxoid valvular 
dystrophies (XMVD) in the heart have also 
been linked to specific mutations in FLNA 
[91]. XMVD are frequently the cause of 
valvular disease and anomalies, including 
mitral valve prolapse, and mitral and aortic 
regurgitation. However, no signs of 
PVNH, OPD, FMD, or MNS are found in 
these patients. FLNA may contribute to 
these myxomatous changes in the cardiac 
valves by regulation of transforming 
growth factor-β (TGF-β) signaling through 
its interaction with SMADs [66, 92]. De-
fective signaling cascades that involve 
members of the TGF-β superfamily have 
been described in impaired remodeling of 
cardiac valves during development. 
          Similar to mutations in FLNA, FLNB 
mutations produce diverse phenotypes de-
pending on the nature and location of the 
mutation. Nonsense mutations of FLNB 
can result in autosomal recessive spondy-
locarpotarsal syndrome (SCT), which is 
characterized by short stature and verte-
bral, carpal and tarsal fusions [93]. Some 
SCT patients with FLNB mutations exhibit 
narrowing of retinal vessels, in addition to 
severe skeletal malformations [94]. SCT 
patients are homozygous with respect to 
the mutations which result in truncations 
or absence of FLNB protein. Missense mu-
tations cause autosomal dominant Boomer-
ang dysplasia (BD), Larsen syndrome and 
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atelosteogenesis I and III phenotypes 
(AOI, AOIII). BD is a perinatal lethal os-
teochondro-dysplasia, characterized by the 
absence or hypo-ossification of the limb 
bones and vertebrae [95]. Larsen syndrome 
is a genetically heterogeneous disorder 
characterized by multiple joint disloca-
tions, craniofacial abnormalities and acces-
sory carpal bones. AOI and AOIII are 
autosomal dominant lethal skeletal dyspla-
sias with vertebral abnormalitites, dishar-
monious skeletal maturation, poorly mod-
elled long bones and joint dislocations 
[93]. Intense FLNB expression at the 
cleavage furrow of dividing chondrocytes 
indicates that some mutations in FLNB 
confer a defect in chondrocyte division, 
possibly accelerating apoptosis [93]. 
          It is interesting to note that the phe-
notypes of FLNB mutation-caused disor-
ders have some overlap with the OPD 
spectrum diseases caused by FLNA muta-
tions. This may be explained by the fact 
that FLNA and FLNB are both widely ex-
pressed and are highly similar in both 
structure and molecular interactions. The 
potential genetic and functional redun-
dancy and compensation between these 
two filamin isoforms thus add another 
layer of complexity to our understanding 
of the human diseases caused by filamin 
mutations [6].  
 
1.7 Cellular and animal models of 
filamin deficiency 
 
The actin-gelation function of filamins was 
originally discovered using in vitro puri-
fied actin solutions. The identification of 
FLNA-deficient human melanoma cells has 
dramatically prompted the field of filamin 
biology research to determine both the ac-
tin-binding properties and the interacting 
partners of FLNA in living cells. Very re-
cently, mouse models of filamin deficiency 

for all three isoforms have been reported 
[35, 96-101]. Subsequently, primary cells 
including fibroblasts, endothelial cells and 
chondrocytes have been extracted from 
embryos [35, 97, 98, 100]. The generation 
of both in vivo mouse models and primary 
cell lines will definitely advance our un-
derstanding of the molecular functions and 
biological consequences of filamins during 
embryonic development. This will facili-
tate deciphering of human congenital dis-
orders caused by filamin mutations. 
 
1.7.1 Human melanoma cells deficient for 
FLNA 
 
From seven human melanoma cell lines, 
Cunningham et al. identified three lines 
lacking FLNA protein due to markedly re-
duced FLNA mRNA levels [102]. Asym-
metrical spreading to form lamellae is ex-
hibited by FLNA-containing cell lines, but 
not those that are FLNA-deficient. Cells 
from all FLNA-deficient lines display ex-
tensive, continuous blebbing of the plasma 
cell membrane, poor pseudopod protrusion 
and impaired motility. A few stable FLNA-
expressing cell lines have been generated 
by transfecting an LK444 vector contain-
ing the full-length FLNA coding sequence 
driven by the human β-actin promoter into 
one of the three FLNA-deficient lines 
(designated M2). FLNA-restored cells mi-
grated up to five times more than M2 cells 
through a porous membrane in response to 
a gradient of chemoattractant. One of the 
FLNA-transfected lines, designated M2A7 
(or A7), possesses a physiological molar 
ratio of FLNA to actin and is widely used 
in the studies of FLNA [102]. 
 
1.7.2   Mouse models of filamin deficiency 
 
In 2006, one chemically-induced and one 
genetically-modified mouse model of Flna 
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deficiency were reported from independent 
laboratories. In a screen for dominant eye 
mutations induced by N-ethyl-N-
nitrosourea, a nonsense mutation which 
maps to the Flna gene (Y2388X in Ig re-
peat 22), designated Dilp2, results in the 
absence of Flna [99]. This loss-of-function 
mutation causes mild skeletal abnormali-
ties in female carrier mice. In males, high 
lethality occurs because of incomplete sep-
tation of the heart during gestation and is 
accompanied by other cardiac, skeletal and 
palate defects. The genetically-modified 
mouse model was produced by a condi-
tional knockout strategy by cross-breeding 
Flna-floxed females with β-actin Cre 
males. In this model, an early truncation at 
amino acid 121 in CH1 domain results in 
complete loss of Flna. Flna heterozygous 
knockout females are viable, but no male 
hemizygous embryos reach term [100]. 
Embryonic lethality is caused by severe 
cardiac structural defects involving ventri-
cles, atria, and outflow tracts, as well as 
widespread aberrant vascular patterning. 
These abnormalities in cardiac morpho-
genesis are the most common phenotypes 
exhibited in both models of Flna defi-
ciency. The migration of Flna-deficient 
fibroblasts is not affected, but a cell motil-
ity-independent function of Flna in cell-
cell contacts and adherens junctions during 
organ development has been shown in en-
dothelial cells [100]. The observed palatal 
and sternal defects in the chemically-
induced model share some similarities with 
the clinical symptoms observed in human 
OPD syndrome associated with FLNA mis-
sense mutations. However, the major hu-
man phenotype PVNH caused by FLNA 
loss-of-function has not been observed in 
chemically-induced Flna knockout mice. 
This may be explained by the compensa-
tory action of Flnb in the absence of Flna, 

as FLNA and FLNB are co-expressed and 
form heterodimers within neurons during 
periods of neuronal migration [20]. 
          The high sequence identity between 
FLNA and FLNB makes it motivating to 
compare biological functions of filamin 
isoforms in in vivo models. In Paper III of 
this thesis, we generated a mouse model of 
Flnb deficiency. We observed embryonic 
lethality and severe skeletal malforma-
tions, including scoliotic and kyphotic 
spines, lack of intervertebral discs, fusion 
of vertebral bodies, and reduced hyaline 
matrices in extremities, thorax and verte-
brae in a few homozygous Flnb-deficient 
mice that reached term. The coupled mal-
formations in the vasculature included ru-
dimentary vascular appearance particularly 
in the central nervous system and disor-
ganized microvascular patterning around 
the vertebral column, although these vas-
cular malformations were less severe as 
compared with those seen in Flna-deficient 
mice [97]. Following our report, three ad-
ditional Flnb-deficient mouse models have 
been published from independent laborato-
ries [35, 96, 98]. A detailed discussion 
comparing these models is given in the Re-
sults and Discussion. 
          Similar to Flnb mutant mice, Flnc 
mutant mice have severely reduced birth 
weights [101] and die shortly after birth, 
owing to respiratory failure. Flnc expres-
sion is specific to cardiac and skeletal mus-
cle. Despite expression of Flnc expression 
in the heart, they do not show cardiovascu-
lar developmental phenotypes. However, 
consistent with the expression of Flnc in 
skeletal muscle, the mutant mice show 
fewer muscle fibers and primary myo-
tubes, indicating defects in primary myo-
genesis. This model suggests that Flnc has 
a crucial role in muscle development and 
maintenance of muscle structural integrity. 



21 

 

2  AIM OF THE THESIS  

Filamins have been recently recognized as 
versatile signaling scaffolds via interac-
tions with a large number of cellular pro-
teins with great functional diversity. In this 
thesis, I intended to identify novel interact-
ing partners of filamins and filamin-
regulated signaling pathways that could 
reveal novel functions of filamins and pro-
vide a better understanding of filamin-
associated molecular signaling. Filamin 
mutations cause a wide range of human 
genetic diseases. To understand the cellu-
lar and molecular mechanisms underlying 
these human diseases, I aimed to generate 
mice and cell lines deficient in filamins. 
          This thesis is organized into three 
scientific reports, and intended to address 
the following questions: 

Paper I: 

How does FLNA modulate cellular re-
sponse to hypoxia by regulating 
HIF-1α transcriptional activity?  
 

Paper II: 

How does FLNA influence c-MET signal-
ing and HGF-induced cell migra-
tion?  

 
Paper III:  

Can Flnb deficiency mouse model mimic 
FLNB mutation-caused human dis-
eases? What is the mechanism un-
derlying Flnb deficiency-induced 
malformations?  
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3  METHODOLOGICAL CONSIDERATIONS  

Cell culture 
The following cell lines and primary cells 
were used in this thesis: FLNA-deficient 
M2 and FLNA-expressing A7 human mela-
noma cells, COS-1 fibroblasts, PAE cells 
expressing either VEGF receptor 1 
(VEGFR1) or VEGFR2, NIH3T3, primary 
Flna wild-type and knockout, Flnb wild-
type, heterozygous and homozygous 
knockout mouse embryonic fibroblasts. All 
cells were cultured in a 5% CO2 incubator 
at 37ºC. Oxygen tension was either 140 
mm Hg (21% O2 [vol/vol], normoxia) or 7 
mm Hg (1% O2 [vol/vol], hypoxia). 
 
Gene expression: RT-PCR and real-time 
RT-PCR 
Total RNA was extracted from either cells 
or tissues. cDNA was synthesized from 
total RNA by reverse transcription and 
submitted to either conventional or real-
time PCR.   
         RT-PCR followed by agarose gel 
electrophoresis and ethidium bromide 
staining was used to measure c-MET 
(Paper II), and Flna and Flnb (Paper III) 
transcripts. 18S rRNA transcript was used 
as internal control. 
         Real time RT-PCR was used to 
measure human VEGFA, PGK and GLUT3 
transcripts (Paper I). Expression of β-actin 
or 18S rRNA was included as internal 
loading control. 
 
Protein quantification: Western blotting 
and ELISA    
In Western blotting, either whole cell, nu-
clear or cytosolic extracts from cells or tis-
sues were used. In Paper I, protein levels 
of FLAG- or HA-tagged FLNA and HIF-
1α, and endogenous HIF-1α and FLNA 
were measured. Actin was used as the in-

ternal loading control for whole cell ex-
tracts, YY1 for nuclear extracts, and paxil-
lin for cytosolic extracts. Immunoprecipi-
tation was employed to concentrate low-
level HIF-1α protein before immunoblot-
ting. Protein levels of c-MET, phosphory-
lated-c-MET (p-c-MET), AKT, p-AKT, 
ERK1/2, p-ERK1/2, SMAD2, and p-
SMAD2 were measured in Paper II. Either 
actin or GAPDH were used as the internal 
loading control for whole cell extracts. In 
Paper III, protein levels of Flnb and RhoA 
were measured, whereas actin was used as 
the internal loading control for whole cell 
extracts. 
         ELISA was used to quantify secreted 
VEGF-A level in culture medium of M2 
and A7 cells (Paper I) and GTP-bound 
form of RhoA and Rac from cell extracts 
of embryonic fibroblasts (Paper III).  
 
Protein expression: histological analysis  
Immunohistochemical or immunofluores-
cence staining were used to detect the lo-
calization and expression pattern of pro-
teins in either cells or tissues. In Paper I, 
intracellular localization of FLNA in M2, 
A7, and COS-1 cells was visualized with 
TRITC-conjugated secondary antibody. In 
Paper III, formaldehyde-fixed and paraffin
-embedded sections were stained for Flnb, 
CD31, and LYVE-1 (a lymphatic endothe-
lial cell marker). Whole mount CD31 
staining was used to visualize mouse em-
bryonic vasculature.  
          Non-immunohistochemical staining 
techniques included phalloidin staining to 
visualize F-actin of endothelial cells (Paper 
I) and MEF (Paper III), X-gal staining to 
detect expression of inserted β-geo gene 
which represents the endogenous expres-
sion of Flnb in frozen Flnb-heterozygous 
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or homozygous knockout embryos or tis-
sues (Paper III).  
 
Protein-protein interaction: yeast two-
hybrid screening and co-immuno-
precipitation 
In yeast two-hybrid screening, a GAL4-
based system was used to screen a human 
T-cell cDNA library to identify novel pro-
teins interacting with HIF-1α. The N-
terminal 984-bp (1-328 aa) fragment of 
human HIF-1α cloned into pGBKT7 was 
used as bait (Paper I). 
          Co-immunoprecipitation was used to 
examine the interaction between FLNA 
and HIF-1α and to map the domains of 
HIF-1α that interact with the C-terminus of 
FLNA in Paper I, and to examine the inter-
action between FLNA and SMAD2 in Pa-
per II. 
 
Cell migration and invasion: Boyden 
chamber and wound-healing assays 
In Boyden chamber assays, a cell suspen-
sion in serum free or low serum medium 
was added into the upper chamber and a 
chemoattractant was added into the lower 
chamber, which is isolated from upper 
chamber by a porous membrane. In Paper 
I, PAE cells migrated towards M2- or A7-
conditioned culture medium. In Paper II, 
M2 or A7 cells migrated towards gradient 
of HGF. In Paper III, Flnb wild-type or 
knockout MEF migrated towards 10% se-
rum medium. The number of cells that mi-
grated through the holes was counted as an 
index of cell migration. In Paper II, the 
number of M2 or A7 cells that migrated 
through a Matrigel-coated membrane to-
wards an HGF gradient was used as an in-
dex of cell invision.  
          In Paper II, a wound-healing assay 
was used to measure cell motility of Flnb 
wild-type or knockout MEF in addition to 
Boyden chamber assay. In this assay, no 

gradient of chemoattractant was applied. 
Cells in this assay must disrupt cell-cell 
contacts during migration, while in the 
Boyden chamber assay, cells are not in 
contact with each other. 
 
Cell growth: proliferation and colony 
formation assays 
The proliferation assay referred to anchor-
age-dependent cell growth, in which ad-
herent cells were seeded on cell culture 
dishes and counted daily for up to 4 days. 
In Paper I, PAE cells were cultured in M2- 
or A7-conditioned medium. In Paper II, 
M2 or A7 cells were cultured in medium 
with or without HGF supplement.   
          The colony formation assay referred 
to anchorage-independent cell growth. In 
Paper II, M2 or A7 cells were cultured in 
agarose gel containing HGF and the num-
ber and size of colonies were counted at 
day 10.  
 
Regulation of protein expression: plas-
mid and siRNA transfection 
Plasmid vectors were transfected into cells 
to overexpress the following proteins. In 
Paper I, plasmids encoding HA-FLNA C-
terminus were transfected into M2 cells. 
Plasmids encoding HA-tagged C-terminal 
FLNA and Flag-tagged HIF-1α were co-
transfected into NIH3T3 cells to study 
FLNA−HIF-1α interaction. Plasmids en-
coding either pFLAG-mHIF-1α (1–390 
aa), pFLAG/GAL4-mHIF-lα (392–622 aa), 
or pFLAG/GAL4-mHIF-lα (531–822 aa) 
were co-transfected with HA-tagged 
FLNA C-terminus into 293 cells to map 
the domains of HIF-1α that interact with 
FLNA C-terminus. In Paper II, plasmids 
encoding SMAD2 and FLNA were trans-
fected into M2 or A7 cells. 
          pGFP-HIF-1α was transfected into 
M2, A7, or COS-1 cells to visualize intra-
cellular localization of HIF-1α (Paper I). 
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          To modify cleavage of FLNA by 
calpain, the full-length of FLAG-tagged 
wild-type FLNA was used for mutagenesis 
studies to produce calpain-resistant FLNA 
constructs including pFLNA-ΔH1 encod-
ing FLNA lacking H1 region, mut1 con-
struct encoding FLNA with Q1760G sin-
gle amino acid mutaion, and mut2 con-
struct encoding FLNA with both Y1761G 
and T1762G mutaions. These plasmids 
were transfected into M2 cells to study the 
consequence of calpain cleavage (Paper I). 
          siRNA FLNA was transfected to 
knockdown FLNA expression in A7 cells 
(Paper I). 
 
Promoter activity: luciferase assay 
Luciferase reporter assays were used to 
measure promoter activity which reflects 
transcriptional activity. In Paper I, 
luciferase-expressing plasmids driven by 
either HRE- or VEGFA-promoter were 
transfected into M2, A7, or COS-1 cells. 
To normalize transfection efficiency, a β-
gal reporter plasmid was co-transfected. In 
Paper II, a plasmid vector driven by the c-
MET-promoter which encodes firefly 
luciferase was transfected into M2 cells. In 
this assay, transfection efficiency was con-
trolled with pRL-SV40 encoding Renilla 
luciferase. 
           A GAL4 reporter assay was used to 
detect the N-TAD and C-TAD activity of 
HIF-1α (Paper I). In this assay, a GAL4-
responsive luciferase plasmid was co-
transfected with either pFLAG-GAL4/
mHIF-1α (531–584 aa) encoding N-TAD 
or pFLAG-GAL4/mHIF-1α (772–822 aa) 
encoding C-TAD into M2 and A7 cells. 

Production of Flnb-deficient mice and 
genotyping 
The mouse ES cell line (BCB085 from 
strain 129/Ola) with an insertional muta-
tion in Flnb caused by a β-geo-containing 
gene-trapping vector (pGT1lxf) was ob-
tained from BayGenomics. The insertional 

mutation occurred in intron 20 which en-
codes the immunoglobulin-like domain 
repeat 16 just after hinge domain 1. The 
ES cells were injected into C57BL/6 blas-
tocysts to create chimeric mice which were 
then bred with wild-type C57Bl/6 mice to 
generate heterozygous Flnb-deficient 
mice. All animal experiments were ap-
proved by the local animal ethical commit-
tee. Genomic DNA (10–20 µg) from tail 
biopsies or yolk sacs of embryos was 
genotyped by PCR. 
 
Bone and cartilage analyses 
In Paper III, a mixture of alcian blue and 
alizarin red was used to stain cartilage as 
blue and bone as red color in mouse em-
bryos or in pups. Dual X-Ray absorptiome-
try was performed to measure areal bone 
mineral density of the mid-diaphyseal area 
of tibia ex vivo. Peripheral quantitative 
computerized tomography (pQCT) was 

performed to determine trabecular volu-
metrical bone mineral density ex vivo. 
 
Statistical analysis 
At least three independent samples were 
included in each study to perform statisti-
cal analysis. Mean ± SD values were 
given. For comparison of one dependent 
variable between two groups, Student’s t-
test was used. 
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4  RESULTS AND DISCUSSION 

In this thesis, we identified a novel interac-
tion of FLNA with a hypoxia responsive 
transcriptional factor, HIF-1α (Paper I), 
discovered a novel mechanism for FLNA 
in regulating c-MET-mediated intracellular 
signaling (Paper II), and established for the 
first time the Flnb knockout mouse model 
(Paper III). 
 
 
4.1 FLNA promotes VEGF-A activity 
through the HIF-1α-mediated hypoxic 
response (Paper I) 
 
FLNA, classically recognized as a cy-
toskeletal protein, has been recently shown 
to interact with a number of transcription 
factors and regulate their nuclear transloca-
tion [66, 73]. Here, we identified a novel 
interaction between FLNA and HIF-1α, 
and provided new evidence for the in-
volvement of cytoskeletal proteins in hy-
poxic transcriptional regulation. In FLNA-
deficient cells, we demonstrated an im-
paired functional activity of HIF-1α com-
pared with FLNA-positive cells, resulting 
in decreased VEGFA promoter activity and 
VEGF-A secretion. 
 
4.1.1 FLNA-deficient cells exhibit im-
paired nuclear localization and transacti-
vation activity of HIF-1α at hypoxia 
 
We first identified FLNA as a HIF-1α-
binding protein in a yeast two-hybrid 
screen and confirmed the interaction by a 
series of co-immunoprecipitation studies. 
The interaction sites were mapped to the N
-terminus of HIF-1α (1–390 aa) and C-
terminus of FLNA.  
          Nuclear accumulation of HIF-1α is 
regulated by hypoxia due to either facili-

tated nuclear import or inhibition of nu-
clear export [103]. It has been previously 
reported that FLNA is involved in the nu-
clear translocation of other transcription 
factors such as androgen receptor [73]. To 
determine the effect of FLNA deficiency 
on the nuclear localization of HIF-1α, we 
overexpressed HIF-1α in FLNA-deficient 
and -expressing cells and studied its intra-
cellular distribution by confocal micros-
copy. Upon hypoxia treatment, FLNA-
expressing cells exhibited an exclusively 
nuclear distribution of HIF-1α while there 
was no dramatic change in HIF-1α distri-
bution in FLNA-deficient cells. These ob-
servations indicated that nuclear transloca-
tion of HIF-1α and/or the nuclear retention 
of HIF-1α at hypoxia was impaired in cells 
lacking FLNA. Moreover, endogenous 
HIF-1α protein levels were higher in the 
cytoplasm of FLNA-deficient cells when 
compared with FLNA-expressing cells, 
whereas FLNA-expressing cells presented 
a higher level of HIF-1α protein in the nu-
cleus at hypoxia. The degradation of the 
HIF-1α protein is another major process in 
the regulation of HIF-1α signaling. We 
demonstrated that the half-life of the HIF-
1α protein was approximately the same be-
tween FLNA-deficient and -expressing 
cells, indicating that FLNA does not inter-
fere with HIF-1α degradation. These re-
sults demonstrate that FLNA facilitates nu-
clear localization of HIF-1α at hypoxia 
while not affecting its stability at nor-
moxia. 
          We studied the impact of FLNA on 
the transactivation function of HIF-1α by 
determining the HRE activity in cells kept 
at normoxia or hypoxia. The response to 
hypoxia-dependent induction was much 
higher in FLNA-expressing cells compared 
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to FLNA-deficient cells, indicating that 
FLNA increases the transactivation func-
tion of HIF-1α. We further proved that the 
hypoxia-induced transactivation activity of 
HIF-1α N-TAD and even C-TAD was im-
paired in FLNA-deficient cells, although a 
direct interaction between C-terminal HIF-
1α and FLNA was not shown. This indi-
cates that FLNA can potentiate the transac-
tivation activity of HIF-1α, which is inde-
pendent of its impact on nuclear localiza-
tion of HIF-1α. FLNA may participate in 
the recruitment of coactivator proteins to 
these HIF-1α transactivation domains. In 
fact, a direct interaction of FLNA with 
pVHL that binds to N-TAD has been 
shown [104]. 
 
4.1.2  Hypoxia-induced cleavage of FLNA 
increases nuclear localization and function 
of HIF-1α 
 
We detected both the full-length and 
cleaved C-terminal fragment of FLNA in 
the nucleus, however, the full-length 
FLNA was predominantly present in the 
cytosol. The cleaved fragment of FLNA 
was bound to HIF-1α in the nucleus at hy-
poxia. We found that hypoxia-inducible 
generation of the nuclear form of FLNA 
was calpain-dependent, which is in agree-
ment with earlier studies showing that cal-
pain efficiently cleaves FLNA at the H1 
region [13] and that hypoxia upregulates 
calpain activity [105]. Using confocal mi-
croscopy, we observed that FLNA was 
colocalized with HIF-1α in the nuclear 
compartment of cells treated with hypoxia. 
These results show that the calpain-cleaved 
fragment of FLNA is a nuclear protein 
that, in contrast to full-length FLNA, is 
upregulated by hypoxia. 
          To investigate the effects of the 
cleaved FLNA fragment on HIF-1α signal-
ing, we treated cells with calpain inhibitor 

and studied the subcellular localization of 
HIF-1α. Inhibition of calpain activity at 
hypoxia resulted in decreases in nuclear 
localization of HIF-1α and HRE activity in 
a dose-dependent manner, indicating that 
the cleaved form of FLNA is required to 
achieve maximal transactivation by HIF-
1α. Overexpression of the C-terminal frag-
ment of FLNA spanning the rod-domain 
repeats 20–24 was sufficient to increase 
hypoxia-inducible transcriptional activity 
of HIF-1α in FLNA-deficient cells. FLNA 
can also be cleaved by caspases, producing 
fragments of similar size [106]. To differ-
entiate fragments cleaved by calpain ver-
sus caspase, we created single amino acid 
mutations within the H1 domain which 
specifically abolished cleavage of FLNA 
by calpain. Overexpression of this mutated 
FLNA protein reduced mRNA and protein 
levels of the HIF-1α target gene, VEGFA. 
Taken together, these results suggest that 
the cleaved fragment of FLNA plays an 
important role in regulating HIF-1α signal-
ing. 
 
4.1.3  FLNA-deficient cells show impaired 
promoter activity and secretion of VEGF-A  
 
In response to hypoxia, VEGF-A expres-
sion is induced through the increased tran-
scription following the binding of HIF-1α 
to the HRE in the VEGFA promoter [107]. 
As FLNA deficiency impaired HIF-1α sig-
naling, the promoter activity and secretion 
of VEGF-A were reduced in FLNA-
deficient cells at both normoxia and hy-
poxia. Moreover, siRNA-mediated inhibi-
tion of FLNA production resulted in re-
duced secretion of VEGF-A. Expression of 
other HIF-1α target genes, such as PGK 
and GLUT3, was also reduced following 
transfection with siRNA FLNA. Conse-
quently, conditioned medium obtained 
from FLNA-expressing cells, which con-
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tained more VEGF-A, induced the mor-
phology, proliferation, and migration of 
the endothelial cells expressing VEGFR2 
but not VEGFR1. It has been suggested 
that VEGFR2 is the receptor that trans-
duces functional signals of VEGF-A [108]. 
VEGF-A is crucial for tumor cells to re-
cruit endothelial cells and to induce angio-
genesis, thus the lack of FLNA may limit 
tumor growth in vivo. 
 
In summary, our results show that the cal-
pain-dependent cleavage product of FLNA 
is upregulated by hypoxia and is located in 
the nuclear compartment of cells. Based on 
these observations, we propose a model in 
which FLNA mediates a previously unrec-
ognized mechanism of regulation of HIF-
1α function and thus control of VEGF-A 
activity (Fig. 2). Under hypoxic condi-

tions, calpain activity is increased and a 
higher level of the cleaved C-terminal 
fragment of FLNA is present in the nu-
cleus. This fragment facilitates the nuclear 
localization of HIF-1α by enhancing either 
nuclear import or nuclear retention of HIF-
1α by protein − protein interaction within 
either the cytoplasm or nucleus. The con-
sequence of this interaction is an enhanced 
transactivation function of HIF-1α, result-
ing in increased levels of expression of 
HIF-1α target genes, including VEGFA. 
 
 
4.2 FLNA regulates c-MET signaling via 
SMAD2 (Paper II) 
 
A number of interacting partners of FLNA 
have been shown to modulate tumor cell 
metastasis by regulating FLNA-bridged 

Figure 2. Schematic illus-
tration of the proposed 
crosstalk between FLNA 
and HIF-1α signaling. A 
cleaved fragment of FLNA 
by calpain in hypoxia en-
hances the nuclear transport 
and transactivation of HIF-
1α by protein − protein in-
teraction, resulting in in-
creased levels of expression 
of HIF-1α target genes, in-
cluding VEGFA. 
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cell remodeling and migration [63-65]. We 
explored a novel mechanism by which 
FLNA regulates HGF-driven tumor cell 
migration and invasion by activating its 
receptor, c-MET.  
 
4.2.1 FLNA deficiency decreases c-MET 
expression and downstream signaling 
 
c-MET activation through overexpression 
of the protein due to transcriptional 
upregulation is associated with high risk of 
tumor metastasis [109]. First, we demon-
strated that FLNA-deficient tumor cells ex-
pressed significantly lower levels of c-
MET mRNA and active form of c-MET 
compared to FLNA-expressing cells. To 
examine the downstream signaling path-
ways, we studied the phosphorylation of c-
MET, which is fundamental for the broad 
biological functions involving c-MET 
kinase activity. We found that the phos-
phorylation of Tyr1234/1235 was reduced 
upon HGF stimulation in FLNA-deficient 
tumor cells compared to FLNA-expressing 
tumor cells. The phosphorylation of 
Tyr1234/1235 is required for full catalytic 
activity of c-MET to phosphorylate tyrosi-
nes outside the catalytic domain [110]. The 
decreased phosphorylation on these tyrosi-
nes may thus impair phosphorylation in the 
multidocking sites and the recruitment of 
the downstream signaling components.  
          Among the several major c-MET 
downstream signaling pathways, the PI3K-
AKT pathway is associated with cell mo-
tility, while the RAS pathway via ERK/
MAPK mediates HGF-induced cell scatter-
ing and proliferation. We found that FLNA
-expressing cells responded to HGF treat-
ment with a sustained activation of AKT 
while FLNA-deficient cells did not respond 
at all. On the other hand, we found that the 
constitutive levels of phosphorylated 
ERK1/2 were lower in FLNA-expressing 

cells compared to FLNA-deficient cells, 
which is in agreement with other studies 
[111]. However, in response to HGF, 
FLNA-expressing cells exhibited a remark-
able transient increase in ERK1/2 phos-
phorylation. As sustained activation of 
ERK1/2 is required for transducing c-MET 
signals, the transiently induced ERK1/2 
activation that we observed may be not a 
major effect, but rather indicate that FLNA
-expressing cells are more sensitive than 
FLNA-deficient cells to HGF stimulation. 
These data imply that FLNA specifically 
regulates HGF-induced cell motility. 
 
4.2.2 FLNA deficiency impairs HGF-
induced cell migration and invasion 
 
Melanomas that occur in Hgf transgenic 
mice display a striking correlation between 
high metastatic potential and levels of 
overexpressed c-Met [112]. The reduced 
expression of c-MET expression and PI3K
-Akt signaling that we observed in FLNA-
deficient melanoma cells may indicate a 
reduced metastatic ability of these cells. 
We showed that both the migration and 
invasion of FLNA-deficient tumor cells to-
wards a gradient of HGF were impaired. 
Neither the proliferation of FLNA-deficient 
nor FLNA-expressing melanoma cells was 
altered by HGF treatment. These results 
are consistent with an earlier study show-
ing that HGF efficiently supports melano-
cyte growth in vitro only in combination 
with basic-fibroblast growth factor while 
HGF itself is sufficient to stimulate the 
motility of normal human melanocytes 
[113]. In the colony formation assay, 
FLNA-deficient cells  formed smaller colo-
nies without affecting their number in the 
presence of HGF. These data suggest that 
the impact of FLNA on anchorage-
independent cell growth is mediated by 
different pathways and mechanisms.  



29 

RESULTS AND DISCUSSION 

4.2.3  FLNA and SMAD2 cooperatively 
regulate c-MET expression and function 
 
It has been shown that FLNA binds to 
SMAD2, facilitates its transport into nu-
cleus [66] and that SMAD2 regulates c-MET 
transcription by binding to its promoter 
[84]. Compared with FLNA-expressing 
cells, FLNA-deficient cells showed a de-
creased level of phosphorylated SMAD2. 
We confirmed the physical interaction of 
FLNA with SMAD2. The reduced pro-
moter activity of c-MET in FLNA-deficient 
cells was significantly increased by trans-
fection of plasmid vectors driving either 
SMAD2 or FLNA alone, or in combination. 
Finally, we observed that FLNA-deficient 
tumor cells exhibited enhanced migration 
after overexpression of either SMAD2 or 
FLNA.  

4.2.4 Flna-deficient mouse embryonic fi-
broblasts exhibit reduced c-Met levels and 
impaired migration 

To confirm the impact of Flna on the rela-
tive levels of endogenous c-Met and phos-
phorylated Smad2 in another cell line, we 
studied c-Met activity in immortalized 
wild-type and Flna-deficient MEF and as-
sayed these cells for HGF-induced migra-
tion. Similar to FLNA-deficient cells, Flna-
deficient MEF exhibited a low level of ac-
tive c-Met and Smad2. The migratory abil-
ity of Flna-deficient MEF was impaired.  

In summary, FLNA induces c-MET ex-
pression via increased phosphorylation of 
SMAD2 and subsequent downstream c-
MET signaling cascades. As a conse-
quence of FLNA deficiency, HGF-induced 
tumor cell migration is impaired (Fig. 3). 

Figure 3. Schematic illustra-
tion of the proposed crosstalk 
between FLNA and c-MET 
signaling. FLNA induces c-
MET expression and signal-
ing by increased phosphory-
lation of SMAD2 and medi-
ates HGF-induced cell mi-
gration. 
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4.3 Flnb deficiency in mice results in 
skeletal malformations and impaired 
microvascular development (Paper III) 
 
To better understand how FLNB mutations 
cause human skeletal malformations, we 
produced Flnb-deficient mice and cell 
lines, and analyzed the consequences of 
Flnb deficiency on cell migration, the actin 
cytoskeleton, as well as embryonic and 
postnatal development. We show that Flnb 
deficiency leads to both severe skeletal 
malformations that recapitulate human 
FLNB disorders and impairments in mi-
crovascular development. 
 
4.3.1  Flnb deficiency causes embryonic 
lethality 
 
We generated Flnb knockout mice with 
129/Ola × C57BL/6 background by a tar-
geted disruption of Flnb in intron 20 using 
a gene-trapping technique. The mutant 
transcript was readily detected in both 
Flnb heterozygous and homozygous em-
bryos indicating that a truncated protein 
lacking the C-teminus was likely formed. 
Unfortunately, we were unable to detect 
the truncated protein because the antibody 
recognized only the C-terminus of Flnb. 
Rare Flnb−/− mice that survived postnatally 
a few weeks developed severe skeletal 
malformations, while Flnb+/− mice exhib-
ited normal growth rate and appeared 
healthy and fertile. 
          Following our first report of Flnb−/− 
mice, three other models were published. 
Zheng et al. used the same strategy as ours 
in their Flnb knockout model [98], while 
early disruptions at exon 3 and intron 3 
were created in the models reported by Lu 
et al. [35] and Farrington-Rock et al. [96], 
respectively. These disruptions resulted in 
complete loss of Flnb protein. Although in 
all these models Flnb−/− mice died early in 

embryonic or postnatal stages, our Flnb−/− 
mice displayed most severe lethality, 
which was reminiscent of the FLNB muta-
tion-caused perinatal lethal disorder, BD 
[95]. 
 
4.3.2  Flnb-deficient mice develop severe 
skeletal malformations 
 
Our Flnb−/− pups exhibited fusions of ver-
tebral bodies due to the lack of interverte-
bral discs, which was evident already at 
E13.5. These vertebral anomalies likely 
explain their short trunk and rigid posture 
due to the kyphosis and scoliosis. More-
over, reduced hyaline cartilage in the ribs, 
metacarpal bones, phalanges and tarsal 
bones in our Flnb−/− mice may result in ad-
ditional fusions. These phenotypes 
strongly suggest that Flnb is crucial for 
cartilage development. The short stature 
and fusions of vertebral, carpal and tarsal 
bones are evident in the human SCT disor-
der caused by the nonsense FLNB muta-
tion [93].  
        Furthermore, we noticed that tibiae 
from Flnb−/− mice were shorter. They also 
displayed reduced bone mineral in the mid
-diaphyseal area of tibiae and reduced cor-
tical thickness, but the trabecular volume 
was not changed. This implies that Flnb 
deficiency may cause abnormal skeletal 
ossification in addition to the defective 
cartilage development. 
        Cartilage and bone development is 
initiated by differentiation of mesenchymal 
cells to chondrocytes. Differentiated chon-
drocytes have two distinct fates: one is to 
remain as chondrocytes to form articular 
cartilage; the other is to mature into hyper-
trophic chondrocytes to function as a tem-
plate for long bone during endochondral 
ossification [114]. We found that Flnb was 
strongly expressed in the chondrocytes of 
developing vertebral bodies. Thus, we 
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speculate that Flnb acts on chondrocyte 
differentiation, which could therefore af-
fect both cartilage development and bone 
ossification.  
        Zheng et al. described in their model 
that chondrocytes between sternebrae, 
which are supposed to form cartilage, un-
dergo ectopic hypertrophy starting at P5 
[98]. This results in the abnormal ossifica-
tion of the cartilage and eventually leads to 
fusions of vertebrae and sterna. Farrington-
Rock et al. reported a similar phenotype of 
cartilage mineralization without any differ-
ence in femur length at P60 [96]. They de-
tected neither any gross change in the or-
ganization of the growth plate cartilage of 
long bone nor in the lengths of the hyper-
trophic, proliferative, resting, or reserve 
zones of the growth plate. The ectopic hy-
potrophy in Flnb−/− mice is attributed to  
increases in Runx2 activity. Flnb inhibits 
Runx2 activity, which is partially mediated 
through the Tgf-β-Smad3 pathway, likely 
by controlling phosphorylated Smad3 [98]. 
These proposals of ectopic cartilage miner-
alization give a reasonable explanation for 
the lack of cartilage in Flnb−/− adult mice. 
However, they cannot completely explain 
the impaired ossification in the long bones 
nor the embryonic and early postnatal le-
thality observed in our and Lu et al.’s 
models. Instead of the excessive minerali-
zation, the Flnb−/− mice of Lu et al. exhib-
ited overall delayed calcification and ossi-
fication which was obvious at E18.5 [35]. 
Similar to the shortened tibiae in our Flnb−/− 
model, the ulna and radius of their Flnb−/− 
mice were shortened and less calcified. 
They attributed delayed ossification to a 
delay in the transition from prehypertro-
phic to hypertrophic chondrocytes during 
differentiation caused by an ectopic shift 
of chondrocyte progenitors from the hyper-
trophic zone to the resting zone. Moreover, 
the increased apoptosis in hypertrophic 

zone may explain the decreased bone 
width. 
          Most probably, Flnb functions as an 
important switch to determine the fate of 
differentiated chondrocytes to either re-
main as chondrocytes or undergo hypertro-
phy and ossification. In this way, Flnb may 
control both cartilage development and en-
dochondral bone formation (Fig. 4).  
 
4.3.3 Flnb deficiency impairs vascular de-
velopment 
 
Strong expression of Flnb in vascular en-
dothelial cells encouraged us to study vas-
cular development in Flnb−/−mice in detail. 
We observed a general impairment of mi-
crovascular structures in Flnb−/− embryos 
at E13.5. Strikingly, the perivertebral vas-
culature exhibited a disorganized network. 
In addition, larger blood vessels, such as 
the middle cerebral artery, were also rudi-
mentary. Vascular pathologies in general 
have not been described in human disor-
ders caused by FLNB mutations, except 
that some SCT patients display a narrow-
ing of the retinal vessels [94]. However, 
cardiovascular malformations are very 
common in human diseases caused by 
FLNA mutations. Considering the high 
structural similarity between FLNA and 
FLNB, and their ability to form het-
erodimers, loss of FLNB may potentially 
impair some functions of FLNA in the car-
diovascular system. 
          Blood vessel supply plays a key role 
in cartilage and bone development. Hyper-
trophic chondrocytes  secrete VEGF to-
gether with other factors to attract blood 
vessels, which is required for the replace-
ment of cartilage by bone and for balanc-
ing the number of osteoblasts and osteo-
clasts [114]. The impaired vasculature in 
Flnb−/− mice may retard bone development  
by decreasing the supply of nutrients or 
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regulatory factors into the growth plate 
(Fig. 4).  

4.3.4 Flnb-deficiency reduces migration of 
embryonic fibroblasts 

To better understand the cellular and mo-
lecular mechanisms of Flnb in skeletal and 
vascular development, we studied the mi-
gration of MEF extracted from Flnb−/− em-
bryos at E13.5. Migration of Flnb−/− MEF 
was markedly reduced both in a Boyden 
chamber assay and a wound healing assay. 
The Flnb−/− MEF exhibited more disorgan-
ized actin filaments in response to serum 
stimulation, suggesting an important role 
of Flnb in regulating actin network remod-
eling during cell migration. As FLNA in-
teracts with GTPases and regulates cell mi-
gration [45], we questioned whether Flnb 
could have a similar function. We discov-
ered a reduced level of activated RhoA in 
Flnb−/− MEF than in Flnb+/+ MEF, which 
indicates an impairment in the contraction 

of actin fibers. Lu et al. isolated primary 
chondrocytes from Flnb−/− mice [35]. As it 
has been shown that FLNB interacts with 
integrin β1 [24], they found that Flnb co-
localizes with integrin β1 along the chon-
drocyte cell periphery and induces the ac-
tivity of integrin β1. Consequently, Flnb−/− 
chondrocytes display impaired adhesion 
and spreading on several extracellular sub-
strates. Taken together, impaired cell adhe-
sion and migration may partly explain the 
skeletal and vascular developmental disor-
ders caused by Flnb deficiency. 
 
Flnb−/− mice reported by different groups 
all displayed severe skeletal malforma-
tions, similar to those seen in human ge-
netic diseases, although there were dis-
crepancies on whether the malformations 
developed in the cartilage, bone, or both. 
In addition, we observed some vascular 
defects in our Flnb−/− mice. Phenotypic 
discrepancies between the mouse models 

Figure 4. Impact of Flnb on development of cartilage, bone, and vasculature. Flnb may act on dif-
ferentiated chondrocytes and determine their fate to form either cartilage tissue or bone. Flnb also 
regulates vascular development and thus contributes to osteogenesis. 



33 

RESULTS AND DISCUSSION 

may be partly explained by the differing 
lengths of truncated Flnb produced and the 
different mouse strains used. A longer 
truncated Flnb can probably lead to a par-
tial gain-of-function effect in addition to 
the loss-of-function effect. Such combined 
effects have also been observed in FLNA-
mutation patients who exhibit PVNH as 
well as the features of skeletal malforma-
tions [115-118]. Similarly, human disor-

ders caused by nonsense and missense 
FLNB mutations have overlapping pheno-
types. A potential FLNB gain-of-function 
could possibly alter the function of its in-
teracting partners, such as FLNA. There-
fore, Flnb−/− mouse models that mimic hu-
man diseases caused by FLNB mutations 
will considerably advance our understand-
ing of these complex phenotypic appear-
ances. 
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5 CONCLUDING REMARKS  

This thesis reveals that (1) FLNA interacts 
with HIF-1α and promotes its nuclear 
translocation and transcriptional activity, 
(2) FLNA enhances c-MET expression and 
signaling, and (3) the Flnb knockout 
mouse model mimics FLNB mutation-
caused human malformations and provides 
a mechanistic explanation. 
 
 
1.  A hypoxia-inducible fragment of 

FLNA increases nuclear localization 
of HIF-1α and its transactivation po-
tential. FLNA deficiency in tumor 
cells results in reduced secretion of 
VEGF-A, thereby limiting their abil-
ity to induce the migration and prolif-
eration of endothelial cells. This pro-
vides a novel mechanism for regulat-
ing HIF-1α transcriptional activity. 
Furthermore, our data suggest that 
FLNA can induce secretion of growth 
factors from tumor cells by regulating 
the activity of transcription factors 
and thus influence the behavior of 
other cells. 

2. FLNA enhances c-MET expression 
partially by means of interaction with 
SMAD2. FLNA deficiency in tumor 
cells leads to decreases in c-MET sig-
naling and cellular responses to HGF 
stimulation. These data provide a 
novel understanding of c-MET sig-
naling. Furthermore, our data suggest 
that FLNA can induce expression of 
transmembrane receptors in tumor 
cells by regulating transcription fac-
tors and thus potentiate their cellular 
response to external stimuli. 

 
3.  Flnb deficiency is associated with 

embryonic lethality, severe skeletal 
malformations, and impaired vascular 
development. These phenotypes 
mimic human FLNB genetic disor-
ders. The impaired migration of Flnb-
deficient fibroblasts provides a plau-
sible explanation for the severe mal-
formations, in which Flnb may be im-
portant for proper migration of cells 
into appropriate anatomical locations 
during development. 
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6 PERSPECTIVES  

Since the discovery of filamins as actin-
binding proteins, a few decades have past 
and the focus of filamin studies has been 
changing. Gradually, it was found that 
filamins can interact with many other 
molecules of great functional importance. 
They emerged as essential scaffolding pro-
teins that also play roles in cell signaling. 
Later, filamins were shown to be associ-
ated with severe human genetic diseases 
which further explored their functional im-
portance. Very recently, mouse models of 
filamin deficiency have been generated. 
Together these findings contribute to fur-
ther our scientific understanding, while 
also raising important new issues: 
 
1. The number of filamin-interacting pro-

teins is still increasing. Particularly, 
many interesting binding partners of 
FLNB will be identified as FLNB has 
not been studied as intensively as 
FLNA. Filamin-deficient mice and iso-
lated primary cells will help us to iden-
tify signaling pathways regulated by 
filamins and then to explore their new 
binding partners. 
 

2. Missense filamin mutations cause a 
wide spectrum of human disorders. 
Whether these disorders are caused by 
structural perturbations of filamins or 
by alterations of extrinsic interactions 
remains to be clarified. Filamin-
interacting proteins binding to the re-
gions that manifest deleterious filamin 
mutations in humans are poorly char-
acterized. Production of recombinant 
filamin proteins mutated at the same 
sites as manifested in human disorders 
will become important tools. Screen-

ing of interacting proteins that bind to 
either wild-type or mutated recombi-
nant filamins will identify functionally 
important mechanisms. 

 
3. Alternative splicing variants of 

filamins are rarely taken into account 
in most studies, which may explain 
certain functional discrepancies associ-
ated with filamins.  

 
4. The post-translational modification of 

filamins has been considered as a cru-
cial factor in regulating their binding 
to actin and other interacting partners. 
Various kinases including protein 
kinase A/B/C [119-121], ribosomal S6 
kinase [122], phosphatases such as cal-
cineurin [123], as well as proteases 
such as calpain [124, 125], caspase 
[126] and granzyme B [107] have been 
reported to modify filamins. A deep 
understanding of their functional im-
portance still requires intensive study 
and will lead to the development of 
new strategies to modulate the func-
tions of filamin. 

 
5. Filamins expressed in different cellular 

compartments may carry out distinct 
functions. For instance, it is unknown 
whether the nuclear existence of either 
full length or proteolytic fragment of 
filamins can affect the nuclear actin 
network. FLNA has been reported to 
be expressed on the cell surface [127] 
and high titers of anti-filamin antibody 
have been found in sera from patients 
[128] and mice [129]. These observa-
tions add more complexity to the biol-
ogy of filamins. 
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