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Abstract
Filamins are a family of actin-binding proteins responsible for diverse biological functions in the context of regulating actin
dynamics and vesicle trafficking. Disruption of these proteins has been implicated in multiple human developmental dis-
orders. To investigate the roles of different filamin isoforms, we focused on FlnA and FlnB interactions in the cartilage growth
plate, since mutations in both molecules cause chondrodysplasias. Current studies show that FlnA and FlnB share a common
function in stabilizing the actin cytoskeleton, they physically interact in the cytoplasm of chondrocytes, and loss of FlnA en-
hances FlnB expression of chondrocytes in the growth plate (and vice versa), suggesting compensation. Prolonged FlnB loss,
however, promotes actin-stress fiber formation following plating onto an integrin activating substrate whereas FlnA inhib-
ition leads to decreased actin formation. FlnA more strongly binds RhoA, although both filamins overlap with RhoA expres-
sion in the cell cytoplasm. FlnA promotes RhoA activation whereas FlnB indirectly inhibits this pathway. Moreover, FlnA loss
leads to diminished expression of b1-integrin, whereas FlnB loss promotes integrin expression. Finally, fibronectin mediated
integrin activation has been shown to activate RhoA and activated RhoA leads to stress fiber formation and cell spreading.
Fibronectin stimulation in null FlnA cells impairs enhanced spreading whereas FlnB inhibited cells show enhanced spread-
ing. While filamins serve a primary static function in stabilization of the actin cytoskeleton, these studies are the first to dem-
onstrate a dynamic and antagonistic relationship between different filamin isoforms in the dynamic regulation of integrin
expression, RhoGTPase activity and actin stress fiber remodeling.

Introduction
Filamins comprise a family of actin-binding proteins respon-
sible for diverse biological functions. In general, they are com-
prised of an N-terminal actin-binding domain, followed by
immunoglobulin-like repeat domains that form a receptor

binding region at the C-terminus. This structure allows for re-
ceptor activation and transduction of signals onto the actin
cytoskeleton, thereby directing various cell functions including
membrane stability, protrusion, and motility (1,2).The three
members of the filamin family of proteins (Filamin A, B, and C)
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share a high degree of homology between the conserved exon/
intron structure (3). Moreover, previous studies showed that
Filamin A (FlnA) and Filamin B (FlnB) physically interact and
heterodimerize, potentially suggesting a shared mechanism
with which to regulate each other’s function (4). Disruption of
these proteins has been shown to give rise to multiple human
developmental disorders. Humans harboring mutations in the
Filamin A are known to develop a wide variety of disorders,
including periventricular heterotopia (malformation of brain de-
velopment), otopalatodigital syndrome and Melnick-Needles
syndrome. However, more recent work has also demonstrated
problems in skeletal, cardiac, pulmonary, dermal, and gastro-
intestinal development (5,6). Recessively and dominantly in-
herited mutations in FLNB can result in dwarfism and skeletal
dysplasia with joint dislocations, respectively (7). Filamin C
(FlnC) defects lead to an underlying myopathy (8). These varied
phenotypes reiterate the broad and important role that filamins
and actin play in both development and maintenance of numer-
ous cell types. A fundamental question exists as to whether the
different filamins play similar roles in different organ systems
or whether each filamin gene subserves specific functions in a
shared pathway. In the current studies, we focus on FlnA and
FlnB because loss of either protein results in skeletal defects,
with both shared as well as distinct bone phenotypes (7,9). We
find that FlnA and FlnB are broadly expressed in multiple organ
systems although FlnA is more highly expressed in certain tis-
sues, the two proteins physically interact to form heterodimers,
and they share overlapping expression with cytoplasmic RhoA
in chondrocytes. Both filamin proteins share overlapping static
functions by stabilizing the actin cytoskeleton in unstimulated
chondrocytes. Loss of expression of one filamin isoform leads to
upregulation of the other, consistent with compensation. Actin
assembly can be regulated by RhoGTPases and we find that
FlnA more strongly binds RhoA GTPase than FlnB. While total
RhoA levels are unchanged following FlnA/B inhibition, acti-
vated RhoA levels are increased with prolonged loss of FlnB and
decreased with loss of FlnA. Moreover, loss of FlnA inhibits in-
tegrin expression and decreases stress fiber formation whereas
FlnB knockdown promotes these processes. Finally, cell spread-
ing (an indicator of RhoA activation and stress fiber formation)
is impaired with loss of FlnA and promoted by loss of FlnB, after
RhoA activation through fibronectin-integrin stimulation.
Collectively, these findings suggest that FlnA physically binds to
RhoA and upregulate its activity to affect downstream changes.
While FlnB binds to RhoA to a lesser extent, it antagonizes RhoA
activation though the formation of homo-dimers and hetero-
dimers with FlnA. As a result, the dynamic interactions between
FlnA and FlnB allow fine-tuning of integrin-dependent RhoA ac-
tivation and subsequent cytoskeletal remodeling. These studies
provide the first evidence for functional interactions between
the two different filamin isoforms in regulating dynamic actin
changes and giving rise to opposing cell spreading phenotypes
after RhoA activation.

Results
FlnA and FlnB stabilize the actin cytoskeleton

Earlier studies have shown that FlnA/B, through their inter-
actions with actin, anchor multiple cytoplasmic proteins and
transmembrane receptors. Moreover, it has been suggested that
their physical interactions with actin are essential for maintain-
ing the mechanical stability of the actin cytoskeleton [1, 2]. To
explore the functional significance of FlnA/B in chondrocytes,

we inhibited FlnA/B expression in ATDC5 cells with shRNA
(Supplementary Material, Fig. S1A). Acute simultaneous loss of
both FlnA and FlnB resulted in smaller cell sizes with rounded
morphologies, compared to control ATDC5 cells
(Supplementary Material, Fig. S1B and C). These observations
are consistent with the notion that FlnA/B share overlapping
functions in the context of actin cytoskeleton stabilization,
which is essential for maintenance of cell morphology (cortical
actin) and locomotion.

FlnA and FlnB physically interact within the cytoplasm
of chondrocytes

Our previous studies have shown that FlnA co-localizes with
FlnB in murine brain and bone (4,10). However, FlnB levels are
fairly low in the CNS and no gross neurological phenotype has
been reported in humans, nor seen in the null FlnB mice.
Endogenous expression levels in multiple tissues of postnatal
day 1 wild type mice showed that FlnA appears to have rela-
tively high levels of expression throughout various organ sys-
tems, whereas FlnB showed more variable expression, with
highest levels seen in the bone and kidneys (Fig. 1A). To assess
relative differences in expression between FlnA and FlnB within
the same tissues, we compared expression levels between the
two filamin genes by quantitative RT PCR. FlnA mRNA was
more highly expressed relative to FlnB in mouse primary
chondrocytes, ATDC5 chondrocytes, and cortex (Fig. 1B,
Supplementary Material, Fig. S2). Using normalized protein
standards for FlnA and FlnB, the FlnA protein expression is 1.35
fold that of FlnB in 293 cells. We had previously shown a direct
interaction between FlnA and FlnB by yeast two hybrid, fol-
lowed by co-immunoprecipitation in neural cells (4). Similar to
these findings, endogenous FlnA could immunoprecipitate FlnB
in ATDC5 mouse chondrocyte cells (Fig. 1C). To further charac-
terize the interactions between FlnA and FlnB, we performed
co-immunoprecipitation assays to evaluate levels of FlnA/A
homodimers and FlnA/B heterodimers in 293 cells. Quantitative
analysis showed that FlnA/A and FlnA/B exist at a ratio of ap-
proximately 2:1 (Fig. 1E, Supplementary Material, Fig. S3).
Immunostaining of FlnA and FlnB in both human primary and
mouse ATDC5 chondrocytes showed that the different filamin
proteins had both overlapping and non-overlapping regions
of expression (Fig. 1D). FlnA predominantly localized to both
actin stress fibers and cell cytoplasm, while FlnB was
mostly seen in the cytoplasm. Overall, these and prior findings
suggest that the two filamin isoforms are found in the cyto-
plasm of chondrocytes, where the two potentially interact.
Moreover, the more abundant and broader expression of FlnA,
as well as its localization to the actin stress fibers, indicates that
it might serve a more primary role in regulation of actin
dynamics.

Reciprocal regulation of FlnA/B expression, localization,
and actin stress fiber formation

To determine any potential functional significance to the
observed physical interaction between FlnA/B, we examined
whether inhibition of one filamin isoform effected expression of
the other. We generated stable FlnA/B ATDC5 chondrocytes and
then determined the protein levels of and expression patterns
for FlnA and FlnB (11). Western blot analyses demonstrated that
loss of FlnA induced upregulation of FlnB expression, and vice
versa (Fig. 2A). In addition, immunostaining for these proteins
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showed a similar compensatory regulation, with more intense
staining seen for FlnB following FlnA inhibition and conversely,
stronger FlnA staining observed with FlnB inhibition (Fig. 2B
and C). These observations would be consistent for a shared
static role in maintaining actin stability.

We have previously shown that FlnB has a broader expres-
sion across the growth plate of long bones, whereas FlnA is
more restricted to the hypertrophic zone (10). Based on the
in vitro chondrocyte data, we asked whether loss of FlnA/B
altered the expression patterns of the different filamin isoforms
in the long bones. Within the radius of newborn FlnB-/- mice,
FlnA expression levels were increased in the proliferative zone
of the growth plate, but decreased at the hypertrophic zone (Fig.
2D). Our prior work has shown that loss of FlnB in the mesen-
chymal progenitors undergo a delay in differentiation (10). Thus
at a given age compared to control, there is a reduction in the
size of the hypertrophic zone and consequent decrease in FlnA
expression as well. Similarly, FlnB expression levels in the ra-
dius of embryonic day 18 FlnA-/- mice (null FlnA mice are em-
bryonic lethal) were increased in the proliferative zone of the
growth plate, but decreased in the hypertrophic zone (Fig. 2E).
The changes in FlnA/B protein levels following loss of FlnB/A ex-
pression, respectively, occurs within proliferating and differen-
tiating chondrocytes. The reciprocal changes (loss of one
filamin isoform leading to upregulation of the other) seen in the
proliferating chrondrocytes within the proliferative zone are

consistent with the western blot and immunocytochemical
staining seen with the ATDC5 FlnA and FlnB knockdowns.
Interpretation of changes in the hypertrophic zone is more com-
plex in the null FlnA and FlnB mice as the loss of these actin-
binding proteins affects the subsequent differentiation of the
chondroprogenitors. Thus, changes in FlnA/B expression in the
hypertrophic zone may reflect an indirect effect from altered
proliferating chondrocyte development and progression
through the proliferating and prehypertrophic zones (10–12), as
well as direct effects of FlnA/B on the hypertrophic
chondrocytes.

Filamins regulate actin dynamics, such that a possible con-
sequence of altered filamin expression would be changes in
actin-stress fiber formation after integrin stimulation by plating
on extracellular matrix (13). We therefore examined actin-stress
fiber formation in null FlnA and FlnB ATDC5 cells by phalloidin
staining following plating of cells on fibronectin. Compared
with control chondrocytes, loss of FlnA impaired F-actin stress
fiber formation, whereas FlnB inhibition resulted in the
enhanced stress fiber formation (Fig. 3A). Surprisingly, these
studies indicate that although FlnA/B physically bind and ap-
pear to compensate for each other’s expression (which likely re-
flect a general role for filamins in stabilizing receptors to the
actin cytoskeleton), they have opposing effects on possibly dy-
namic changes in actin stress fibers.

Figure 1. FlnA and FlnB expression pattern, interaction and co-localization. (A) Western blot analyses shows widespread endogenous expression levels for both FlnA in

multiple tissues of postnatal day 1 wild type mice. FlnB protein shows relatively higher expression levels in bone and kidneys. (B) Quantitative RT-PCR shows that

mRNA expression for FlnA is higher in primary mouse chondrocytes, ATDC5 chondrocytes, and murine cerebral cortex compared to FlnB. (C) Endogenous FlnA immu-

noprecipitation by FlnB in mouse ATDC5 cells indicate that these two proteins interact in proliferating chondrocytes. Mouse anti-FlnA antibody and rabbit anti-FlnB

were used to detect the input and immunoprecipitated filamin proteins. The specificity for these antibodies has been previously demonstrated in the null FlnA/B mice

(10,36). (D) Fluorescent photomicrographs show overlapping expression for both FlnA and FlnB in the cell cytoplasm for primary human and mouse ATDC5 chondro-

cytes. FlnA also localizes to the actin stress fibers. Scale bars¼20 lm for human chondrocytes and 10 lm for mouse ATDC5 cells in D. (E) FlnA/A homo-dimers and

FlnA/B heterodimers exist at an approximate ratio of 2:1 in HEK293 cells. *P�0.05,**P<0.01, ***P<0.001.
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FlnA shows stronger binding interactions to the small
RhoGTPases than FlnB

The small RhoGTPases (RhoA, Rac1 and Cdc42) physically bind to
FlnA and direct actin stress fiber formation (14,15). To determine
whether FlnA/B differentially regulate RhoGTPase function, we first
performed immunoprecipitation studies to ask if FlnB shared simi-
lar physical interactions with the RhoGTPases, as seen with FlnA.
Under identical conditions, no significant binding or very weak
binding for any of the small RhoGTPases could be demonstrated
with FlnB, whereas concurrently performed immunoprecipitations
demonstrated interactions for RhoA, Cdc42 and Rac1 with FlnA
(Fig. 4A). We then focused on FlnA/B interactions with RhoA, given
that the small G protein has been specifically shown to guide chon-
drocyte differentiation (16–18). Activated RhoA but not activated
Cdc42 or Rac1 also shows selective activation of Formin 1/2, novel
FlnA/B effectors of actin nucleation (12). Immunostaining for FlnA/

B and RhoA showed colocalization over the cell cytoplasm in
ATDC5 chondrocytes (Fig. 4B) and human primary chondrocytes
(Fig. 4C). The pattern of staining was similar to that seen with over-
lapping FlnA and FlnB expression in the cell cytoplasm and along
the cell membrane. Collectively, these studies suggest that within
chondrocytes, FlnA might serve as a primary regulator of RhoA ac-
tivity given its stronger binding interaction with the small G pro-
tein. FlnB overlapping expression with both FlnA and RhoA,
binding to FlnA but absence of strong binding to RhoA, suggest
that it might modulate RhoA activity through FlnA.

Loss/gain of FlnA/B function causes opposite changes in
RhoA activation

In order to characterize the effects of FlnA and FlnB function on
RhoA activity, we quantified changes in total and active RhoA

Figure 2. FlnA regulates FlnB expression levels in chondrocytes and vice versa (A) Western blot and immunostaining analysis of FlnA and FlnB expression levels in

FlnB knockdown and FlnA knockdown ATDC5 cells, respectively. FlnA protein levels are increased with FlnB inhibition. Conversely, FlnB levels are increased with FlnA

inhibition. Levels are graphically quantified to the right. (B) Fluorescent photomicrograph demonstrates increased FlnA immunostaining (rhodamine) in stably trans-

fected ATDC5 cells, lacking FlnB (FlnBsh), relative to control. Occasional control cells do show increased FlnA expression, with the vast majority exhibiting lower levels

of staining. (C) Fluorescent photomicrograph demonstrates increased FlnA immunostaining (rhodamine) in stably transfected ATDC5 cells, lacking FlnB (FlnBsh), rela-

tive to control. (D) Fluorescent photomicrographs of the growth plate from the radius of newborn FlnB-/- mice. Immnostaining shows FlnA (rhodamine) expression is

decreased in the hypertrophic zone (double arrows) but the increased in the proliferative zone (single arrow). (E) Similarly, FlnB expression (rhodamine) is decreased in

the hypertrophic zone but increased in the proliferative zone of FlnA-/- mice. Scale bars in B and C¼100 lm, D and E¼200 lm. Quantification is based on n � 3 tissues

sections/western blots per experiment and n>50 cells.
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Figure 3. FlnA/B regulates FlnB/A expression in mouse long bone and actin stress fiber formation. Loss of FlnA and FlnB affects F-actin/stress fiber formation in ATDC5

cells. Compared to control cells, FlnA inhibition induces less F-actin formation whereas FlnB inhibition leads to more stress fiber formation following plating on fibro-

nectin. Solid arrows in the fluorescent photomicrographs represent the non-stress fiber structure of F-actin, and open arrows represent stress fibers. Cultures were

stained with phalloidin (rhodamine) and counterstained with Hoechst nuclear stain. The findings are quantitatively summarized in the graph below. Scale bars in

A¼50 lm. Quantification based on n>50 cells.

Figure 4. FlnA but not FlnB physically binds the small RhoGTPases. (A) Immunoprecipitation analyses between the small RhoGTPases and FLNA/B. Relative to FLNB,

FLNA exhibits a much higher binding capacity for each of the small RhoGTPases (RhoA, Rac1, and Cdc42), as demonstrated by the levels of immunoprecipitated pro-

teins. Levels are quantified graphically (n �3 independent experiments). (B,C) Fluorescent photomicrographs show that both filamins co-localize with RhoA in murine

ATDC5 chondrocytes and human U2OS osteosarcoma cells, largely within the cytoplasm and peripheral cell membrane (arrowheads). Given the weak endogenous

staining, RhoA localization and distribution was determined after transfection with GFP-RhoA. Molecular weight markers correspond to 25 and 30 kD. Scale

bar¼10 lm.
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levels in filamin knockdown cells, as well as 293T cells, overex-
pressing these proteins. First, no significant changes in total lev-
els of any of the Rho GTPases were seen with FlnA/B inhibition
in ATDC5 chondrocytes or following overexpression of FlnA/B
in 293T cells (Fig. 5A and B). Since RhoA activity is dependent on
GDP to GTP conversion (19), we next examined changes in active
RhoA GTP levels following FlnA/B inhibition and overexpres-
sion. Loss of FlnA caused decreased levels of active RhoA,
whereas FlnB loss led to an opposite change with increased ac-
tive RhoA levels (Fig. 5A). Similarly, overexpression of FlnA
caused an increase in active RhoA levels, while FlnB overexpres-
sion decreased active RhoA (Fig. 5B). Taken in the context of the
prior studies, these results are consistent with FlnA/B, having
opposing effects on RhoA activation/inactivation.

Integrin dependent RhoA activation mediates cell
spreading through FlnA/B

Integrin b1 binds FlnA/B, its activation occurs through extracel-
lular matrix (ECM) signaling such as fibronectin, and it leads to
RhoA activation. In general, RhoA activation leads to increased
stress fiber formation and cell spreading (10,20,21). To address
the dynamic effects on FlnA/B dependent RhoA activation on
actin, we used fibronectin to activate integrin b1 and examine
effects of FlnA/B loss on cell spreading. Consistent with prior re-
ports (22), fibronectin stimulation of integrin (and presumptive

RhoA activation leading to stress fiber formation) led to
increased cell spreading of wild type mouse primary chondro-
cytes (n> 50 cells for in vitro studies, Fig. 6A and B). FlnA in-
hibited cells showed diminished spreading on either glass or
fibronectin, much in the same manner as primary chondrocytes
expressing constitutively inactive RhoA (T19N). Similarly, FlnB
inhibited cells showed increased spreading on either glass or
fibronectin, much in the same manner as primary chondrocytes
expressing constitutively active RhoA (G14V). Collectively, these
studies suggest that at a functional level, FlnA/B dynamically
regulate RhoA activation and stress fiber formation, leading to
opposite changes in cell spreading. Moreover, given that FlnB
does not exhibit significant binding activity to RhoA, but does
do so with FlnA, FlnB dependent changes in RhoA might poten-
tially occur through FlnA.

Integrin b1 mediated activation of the RhoA/Rock pathway
mediates endocytosis (23,24). Conversely, endocytosis regulates
the stability and subsequent degradation of cell membrane ad-
hesion receptors such as integrins (25). Our recent work also
suggests that FlnA and Formin regulate endocytosis and deg-
radation of cell receptors (unpublished observations). We there-
fore examined the expression levels of integrin b1 following
FlnA/B knockdown. Loss of FlnA leads to decreased overall lev-
els of integrin b1 but increased phosphorylated integrin b1 at
Ser785. Phospho-integrin b1 (S785) promotes cell attachment
but prevents spreading and migration (26). FlnB knockdown
leads to the opposite changes. Impaired RhoA activation,

Figure 5. FlnA and FlnB differentially regulate RhoA activation. (A) Western blot analyses of total and activated RhoA following inhibition of FlnA/B. Prolonged loss of

FlnA in stably transfected ATDC5 chondrocytes induces down-regulation of active RhoA levels (black arrowheads), while loss of FlnB induces up-regulation of active

RhoA levels. Constitutively Flag-tagged active (RhoA G14V) and inactive (T19N) RhoA serve as controls. RhoA activity is assessed by pulldown using RBD (Rho binding

domain), which interacts with RhoA-GTP. Following pulldown, blots are probed using RhoA antibody (or Flag antibody for the active/inactive RhoA) to assess activation

levels. At times, two bands for activated RhoA are observed due to electrophoretic mobility. (B) In converse fashion, overexpression of FLNA causes up-regulation of ac-

tive RhoA levels, while over-expression of FLNB causes down-regulation of active RhoA levels. HEK 293T cells are transfected with FLNA/B. 72 h post transfection, cells

are harvested and RhoA activation levels assessed by RBD pulldown and blotting for RhoA. The statistical significance of the respective samples relative to control is

indicated by asterisks on top of each bar. Asterisk localized above the line indicates statistical significance between samples. Molecular weight markers correspond to

25 and 30 kD. **P<0.01, ***P<0.001 for n�3 independent experiments per variable.
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diminished integrin b1expression levels, and enhanced integrin
b1 phosphorylation at (S785) are all consistent with the
observed decrease in cell spreading and associated with FlnA
loss. That FlnB loss is associated with the exact opposite cellular
and molecular changes suggests that the two filamin proteins
serve complementary (scaffolding support) but antagonistic
(RhoA specific pathways) roles.

Discussion
Filamins are actin-binding proteins which transduce signals
from their receptor binding domains to the actin cytoskeleton.
Many studies have described various intracellular signaling
molecules, receptors, ion channels, transcription factors, and
cytoskeletal and adhesion proteins which bind filamins (par-
ticularly FlnA) and disrupt some aspect of development (27).
These works have provided a generalized role for filamins in
regulating mechanosensing and serving as a scaffolding for
various molecules. However, little is known about the func-
tional differences between the filamin isoforms. The current
studies demonstrate that FlnA and FlnB both are essential in
maintaining cell shape and morphology through stabilization of
the actin cytoskeleton in the static state. Loss of either protein
leads to reciprocal upregulation of the other protein to compen-
sate and assist in this essential function. The two proteins,
however, also bind and interact in chondrocytes, they have
opposing effects on RhoA activation, and FlnA more strongly
binds RhoA. Moreover, FlnA/B exhibit opposing effects on
b1integrin receptor expression levels. Integrin stimulation has
been shown to promote RhoA activation and cell spreading.
This effect is diminished with loss of FlnA but enhanced with
FlnB inhibition. The antagonistic roles for these two filamin

isoforms in directing integrin and RhoA activation provide a
mechanism for greater refinement and regulation of actin de-
pendent mechanisms in the dynamic state.

Although FlnA/B lead to opposite effects in RhoA activation
and integrin expression, all the filamin proteins likely serve a
broader and a more generalized function as scaffolding proteins
for the actin cytoskeleton in their static state. FlnB shares
greater than 90% homology with FlnA including the actin-
binding domain. Their interactions with the actin cytoskeleton
should thereby stabilize various cell membrane receptors, chan-
nels or molecules. Consistent with this possibility, we observe a
compensatory response where loss of FlnA promotes FlnB ex-
pression and vice versa within the developmental growth plate.
That said, other studies have shown no change in FLNA levels
following loss of FLNB in lymphoblastoid cells, which may relate
to cell type specific differences (28). Our current studies also
show that both proteins, in their static state, fundamentally sta-
bilize the actin cytoskeleton and cell morphology, presumably
through their binding of the cortical actin. Reciprocal, compen-
satory expression would maintain this essential function, in-
herent to all filamin proteins.

The current work now shows a novel functional difference
between the filamin proteins. Different filamin isoforms show
varying interactions with the small RhoGTPases, suggesting
functional differences between the various filamins. Consistent
with other studies, RhoA expression is localized to the cell
membrane and cytoplasm (29). We see a similar distribution for
FlnA and FlnB, which suggested initially that both proteins
might interact with the RhoGTPases. However, the current stud-
ies show that binding of the RhoGTPases is significantly stron-
ger for FlnA than FlnB. These observations are largely
consistent with prior reports that have observed FlnB binding

Figure 6. b1 integrin dependent activation of RhoA via FlnA/B regulates cell spreading. (A) Fluorescence photomicrographs demonstrate that fibronectin stimulation

causes increased cell spreading in wildtype primary mouse chondrocytes. Cell spreading is diminished in FlnA knockdown primary mouse chondrocytes, regardless of

fibronectin stimulation, consistent with impairment in RhoA activation. Conversely, increased cell spreading is seen with FlnB inhibited cells, following plating on ei-

ther glass or fibronectin. FlnB knockdown cells display increased activated RhoA expression levels (see Fig. 5). Transient transfection of activated RhoA (G14V) leads to

a similar pattern of spreading as seen with FlnB inhibition. Similar to the FlnA null cells and compared to constitutively active RhoA transfected cells, transfection of

inactive RhoA (T19N) leads to impaired cell spreading. Changes in cell spreading area are quantified graphically for the different experimental variables. (B) Western

blot demonstrates that loss of FlnA impairs b1-integrin expression levels but promotes expression of phospho- b1-integrin at serine 785. Phospho-integrin b1 (S785)

promotes cell attachment but prevents spreading and migration (26). The opposite changes are seen with FlnB knockdown. *P�0.05, **P�0.01, ***P�0.001. Scale

bar¼25 lm.
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with Rac1 but not RhoA or Cdc42 (30,31). We did observe faint
bands with pulldowns for each of the small RhoGTPases by FlnB
but they were not significantly different than GST alone. The re-
ported Rac1 binding for FlnB might reflect this type of inter-
action. These discrepancies in binding might also relate to
different tissues or cells used for the immunoprecipitation or
even indirect binding through FlnA. Perhaps more importantly,
the binding between the small RhoGTPases and FlnA are signifi-
cantly stronger under similar conditions than that seen with
FlnB. We also observe that FlnA is more broadly expressed
across different organ systems and along actin stress fibers
within cells. These observations would be more consistent with
a primary role for FlnA in the regulation of RhoGTPase activa-
tion than FlnB. Finally, we show that FlnA and FlnB co-exist as
hetero- and homodimers in chondrocytes, leading to the possi-
bility that FlnA/B heterodimerization or FlnB homodimerization
would impair RhoA activation in the dynamic state (as FlnB
does not bind RhoA or does so weakly and would therefore im-
pair FlnA dependent RhoA activation through integrins). Thus,
loss of FlnB would thereby promote stress fiber formation and
cell spreading. In this context, dynamic changes observed with
integrin-dependent RhoA activation would serve as means of
fine-tuning actin cytoskeletal turnover through FlnA and FlnB
interactions.

The current studies refine our understanding of FlnA/B func-
tion. While all the filamins might serve as scaffolding to associ-
ate receptors with the actin cytoskeleton and also stabilize the
actin cytoskeleton in the static state, activation of Rho GTPases
may occur primarily through FlnA. We have observed that RhoA
localization is dependent on FlnA function (unpublished obser-
vations, Lian and Sheen), perhaps in a manner similar to our
previous reports of FlnA phosphorylation directing localization
of guanine exchange factors (GEFs) involved in vesicle traffick-
ing (32,33). The GEFs similarly promote GDP to GTP conversion
of the ARFs, thereby initiating vesicle coat formation. In this re-
spect, FlnA might serve to localize Rho GTPases toward the
membrane periphery to allow for activation from various sig-
naling molecules. The current work does show that RhoA acti-
vation can be dependent on the filamins after integrin
activation. Given its relatively weak binding to RhoGTPases,
FlnB may prevent localization of RhoGTPases to the required
membrane subcompartment through its heterodimerization
with FlnA or homodimerization alone and thereby inhibit Rho
GTPase activation. Alternatively, FlnA/B may differentially sta-
bilize integrin receptors at the cell membrane and changes in
integrin activation levels could also alter RhoA activation.

Interactions between the filamin isoforms and Rho GTPases
allow for differential regulation of shared pathways. The cur-
rent studies suggest that both FlnA and FlnB can interact within
chondrocytes to alter RhoA activation. In theory, different de-
grees of FlnA/B homo and heterodimerization will provide a sec-
ondary level of regulation over integrin b1 mediated functions.
The current studies also suggest that FlnA can bind other small
Rho GTPases such as Rac1 and Cdc42, whereas FlnB either does
not or does so very weakly. Recent work has suggested that
FlnA repeats 1 to 4 alter the balance between RhoA and Rac1
GTPase activities (34). These differences in binding affinities for
the different Rho GTPases between different filamins and even
within specific filamin isoforms suggest additional means of
regulating actin dynamics. Lastly, we recently have identified
formins as downstream filamin effectors of actin nucleation
(12). Formins possess an autoinhibitory domain that is under
specific Rho GTPase regulation. For example, Formin2 autoinhi-
bition is regulated by activated RhoA but not activated Rac1 or

Cdc42 (unpublished observations, Lian and Sheen). Taken in
this context, several layers of complexity (from different filamin
binding receptors, interactions between different filamin iso-
forms, activation of different Rho GTPases, and different
RhoGTPase responsive formins) begin to provide a means for
differential regulation of multiple actin dependent processes.

The effects of FlnA/B interactions on chondrocyte develop-
ment are likely complex given the multiple interacting mol-
ecules that regulate actin dependent processes. Prior work
suggests that RhoA/ROCK pathways are important regulators of
chondrocyte proliferation and differentiation. Hence, in the
context of cartilage development, our results suggest that FlnA
and FlnB serve as important upstream modulators of RhoA acti-
vation to effect normal chondrocytes development.
Additionally, both FlnA and FlnB can bind Formin1 (Fmn1) (12),
and mutations in Fmn1 give rise to skeletal defects. Activated
Rho GTPases have been shown to mediate formin activation by
competing with formin autoinhibition domains. Thus, varying
combinations of FlnA/B hetero- and homo-dimers would have
differential effects on multiple Rho GTPases dependent path-
ways involved in chondrogenesis.

Filamin pathways are regulated by their binding to many dif-
ferent intracellular, cell membrane and extracellular signaling,
adhesion, and receptor proteins. These many interactions likely
explain the increasingly broad and varied phenotypes seen
across various organ systems with loss of FlnA function. The
current studies provide a potentially important functional dif-
ference between filamin isoforms that direct the activation and/
or function of the filamin interacting proteins.

Materials and Methods
Ethics statement

All mouse studies were performed under approval from the
Institutional Animal Care and Use Committees of Harvard
Medical School and Beth Israel Deaconess Medical Center in ac-
cordance with The National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

Human primary chondrocytes were obtained through a dis-
carded tissue protocol. The study has been approved by the
Institutional Review Board (IRB) at the Beth Israel Deaconess
Medical Center and Brigham and Women’s Hospital. The identi-
fied human discarded tissues were obtained from pathological
samples obtained during planned, induced abortions.

FlnA-/- and FlnB-/- mice breeding, tissue isolation and
bone decalcification

FlnB-/- mice were generated and bred as previously reported
(10). The wild type allele was detected by PCR amplification
using the primer pair 5’-agattattcacccggacgtg-3’ and 5’-
cctgggctaataatggcaga-3’, and the mutated allele by using 5’-
ctgtgctcgacgttgtcactg-3’ and 5’- gatcccctcagaagaactcgt-3’. FlnA
null mice (Dilp2 mice) were obtained from the Comparative and
Developmental Genetics Department Of MRC Human Genetics
Unit, Edinburgh EH4 2XU, UK. The wild type and targeted allele
was detected by PCR amplification using the primer pair
Forward: 5-GCAGGCATTTTGCTTGTTATTCC and Reverse: 5-
ACCTACCTGTGACACCACCTTCC, and the mutation site was
confirmed by sequencing. Ketamine/Xylazine combination was
used for anesthesia and euthanization (100mg/kg and 10mg/kg,
400mg/kg and 40mg/kg, respectively, injected intraperitoneally).
Tissues were isolated after euthanization and fixed with 4%
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paraformaldehyde or 10% trichloroacetic acid (TCA). Additional
samples were frozen, sectioned, and fixed prior to staining.

Immunostaining and imaging

Immunostaining of decalcified bone sections was previously
performed in this laboratory (10). In brief, mice were euthanized
as above, and then forearms dissected. Fixed bone tissues were
further decalcified by 5% trichloroacetic acid solution contain-
ing 1% HCl and 1% acetic acid for 7 days, and then placed in 1:1
mixed OCT/30% sucrose mixture solution at least 24 h. 18 mi-
cron frozen sections were placed into 1X PBS for 5 min, before
undergoing conventional immunostaining. For FlnA and FlnB
staining, 10% (w/V) TCA fixed sections and cultured cells were
used. For staining of other antibodies, 4% paraformaldehyde
fixed sections and cultured cells were used. After washing in
PBS, fixed samples were permeabilized with 0.5% Triton X-100
and blocked with 5% normal horse serum for 2 h. Tissue was
incubated with the primary antibodies for 1 h at room tempera-
ture or overnight at 4 �C. The Dylight488- and Dylight594-
conjugated secondary antibodies (Jackson Immunoresearch,
West Grove PA, USA) were incubated for 1 h at room tempera-
ture. Samples were further counterstained with 100 ng/ml
Hoechst33342 (Life Technologies, Grand Island, NY, USA).
Images were obtained with an LSM5 Pascal confocal microscope
(Zeiss, Germany). Given the relatively weak immunostaining
using antibodies against RhoA, GFP-tagged RhoA was used for
FLNA-RhoA and FLNB-RhoA double staining. The primary anti-
bodies (for immunostaining and some also for western blotting)
were: rabbit anti-FLNA monoclonal antibody (1:300, Cat.# 2242,
Epitomics, Burlingame, CA, USA); rabbit anti-FlnB polyclonal
antibody (Gifted by Dr. Kao, CWRU).

FlnA/a and FlnA/B dimerization analysis

Since the different binding affinities of FlnA and FlnB antibodies
could potentially bias the comparison of protein expression lev-
els, we first transfected 293 cells with FlnA-GFP and FlnB-GFP.
Western blot analyses probing for GFP was then performed to
establish a standard between FlnA and FlnB. Next, endogenous
FlnA/A and FlnA/B dimers were precipitated from 293 cell lysate
supernatant using FlnA specific antibody. Then, the co-
immunoprecipitated FlnA, along with FlnA-GFP and FlnB-GFP
controls, were detected on Western blots using FlnA and FlnB
antibodies respectively. The amount of FlnA and FlnB were
extrapolated based on their measured band intensities relative
to that of FlnA-GFP and FlnB-GFP standards, respectively. The
ratio of FlnA/A to FlnA/B was calculated using the following

equation: FlnAA
FlnAB ¼

ðCoIP FlnA�ðCoIP FlnB�1:35ÞÞ=2
CoIP FlnB�1:35 .

ATDC5 and U-2 OS cell culture, primary chondrocyte
isolation and cell culture

Mouse ATDC5 chondrocyte cells (Cat# 99072806, Sigma), shRNA
expressing ATDC5 cells, and U-2 OS cells (Cat.# ATCC HTB-96)
were cultured in DMEM medium containing 10% fetal bovine
serum, 100 IU/ml penicillin, and 100 lg/ml streptomycin (Cat.#
15140, Invitrogen). Unless otherwise specified, ATDC5 cells were
passaged every two days. Primary chondrocytes from the
growth plates of newborn mice were prepared according to the
Lefebvre’s protocol (35) with mild modifications (10). In brief,
the growth plates of radius and ulna were dissected from P7
newborn mice, or from the cartilage of discarded human fetal

tissue limbs. Tissues were minced and washed in cold Hanks
buffered saline solution, and placed in 0.2% collagenase type I
(Cat.# 4196, Worthington, Lakewood, NJ, USA) solution in DMEM
at 37 �C for 3 h. Soft tissues were detached from cartilage by re-
peated pipetting; the sediment cartilage was further digested
with 0.2% collagenase I for 6 h. The dissociated cells were then
passed through a cell strainer to isolate single cells and were
plated at a feasible density in DMEM with 10% FBS. Primary
human chondrocytes from aborted on long bone tissue were
cultured following the same protocol as in mice.

shRNA vector construction, lentivirus preparation and
infection

The shRNA target sequence used for FlnA was 5’-GCATCC
TAGTTAAGTACAA-3’ and for FlnB: 5’-GCCCAAATCAAGACTCTT
AAT-3’. The shRNA target sequences were cloned into pSicoR
lentivirus vector. In brief, after heating to 98 �C for 10 min, the
oligomers were reannealed in boiling water that gradually
cooled back to room temperature, followed by gradual cooling
back to room temperature. Then the annealed products were
ligated into the HpaI/XhoI sites of the EGFP tagged pSicoR lenti-
virus vector. The helper vectors, pSPAX2 and pMD2G, were
transfected together with the lentivirus vector into 293T cells.
For the control group, empty pSicoR(GFP) vector was used. The
TransFectin Lipid reagent was used according to manufacturer’s
instructions (Cat.# 170-3352, BIO-RAD). The lentivirus-contain-
ing medium was collected by centrifugation at 2000xg for
10 min. Then the supernatant was passed through a 0.45um fil-
ter. The filtered medium was directly added to the pre-seeded
ATDC5 cells. The infected ATDC5 cells were visualized by the
microscope and were verified by confocal scanning. After two
rounds of infection, nearly all the ATDC5 cells were EGFP posi-
tive. The EGFP positive ATDC5 cells were used for further in vitro
experiments.

b1 integrin activation by fibronectin and F-actin staining

For b1 integrin activation, culture dishes or cover slips were pre-
coated with fibronectin (F0895, Sigma) following manufacturer’s
instructions. Cells were plated and incubated for 0.5, 1, 2, and
3 h, respectively and were fixed by 4% PFA for 20 min after PBS
washing. After further washing in PBS, fixed samples were per-
meabilized with 0.5% Triton X-100 and blocked with 5% normal
horse serum for 2 h. Samples were incubated with the 1:40
diluted Rhodamine-Phalloidin for f-actin staining for 1 h at
room temperature or overnight at 4 �C. Samples were further
counterstained with 100 ng/ml Hoechst33342 (Life Technologies,
Grand Island, NY, USA) for 10 min. Images were obtained with
an LSM5 Pascal confocal microscope (Zeiss, Germany). The pri-
mary mouse chondrocytes were transfected with pSicoR-GFP,
pSicoR-GFP-FlnashRNA, pSicoR-GFP-FlnbshRNA, pSicoR-GFP-
RhoA-G14V, or pSico-GFP-RhoA-T19N for 3 days before dissoci-
ation and replated on fibronectin-coated or uncoated coverslips.

Immunoprecipitation and western blotting

Samples were collected directly for endogenous interaction (for
FlnA-FlnB interaction), or 36 h after transfection of the FlnA/B
modifying constructs. Modified RIPA buffer (50 mM Tris-HCl,
pH7.5; 150mM NaCl, 1.0% Triton x-100; 0.5% sodium deoxycho-
late and 0.1% SDS), with proteinase inhibitor cocktail and pro-
tein phosphotase inhibitor cocktail, as well as additional PMSF
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(1 mM), NaF (10mM) and Na3VO4 (1mM), were used for cell lysis.
Conventional immunoprecipitations were performed by using
Protein-A/G ultralink resin beads according to the protocol pro-
vided by the manufacturer (Cat.# 53132, Thermo Scientific,
Rockford, IL, USA Proteins were separated in 8 or 10% SDS-
polyacrylamide gels and transblotted to PVDF membrane.
Immunoblot analysis was performed with primary antibodies
based on manufactures’ guides or suggested dilutions. Blots
were detected by using LumiGOLD ECL western blotting detec-
tion kit (Cat.# SL100309, SignaGen, Rockville, MD, USA).

Active RhoA pulldown and western blot detection of
RhoA

GST-Rhotekin-RBD (Rho binding domain) beads were used for
active RhoA pulldown. Samples were prepared and procedures
were used following the manufacturer’s instructions (Cat. #
RT01, Cytoskeleton, USA) with slight modifications. In brief, pro-
teins were extracted from cultured cells by using the cell lysis
buffer for RBD-RhoA pulldown (50 mM Tris pH 7.5, 30 mM
MgCl2, 0.3 M NaCl, 1% triton X-100). After centrifugation at
13000gx10min, the supernatants containing the same amount
of cells or total proteins were added into 1.5 ml eppendorf tubes
each containing 60 lg Rhotekin-RBD beads. After gentle resus-
pension of the beads, the mixtures were incubated at 4 �C for 1 h
with gentle rotating. 10. Gently rotate the tubes at 4 �C for 1 h.
The beads were pelleted by centrifugation at 5k rpm, 4 �C for
1 min and the supernatants were removed. After washing the
beads twice in 500 ll of Wash Buffer (25 mM Tris pH 7.5, 30 mM
MgCl2, 40 mM NaCl), the beads were pelleted by centrifugation
and resuspended from each tube in 100 ll of SDS sample buffer.
After boiling at 100 �C for 5 min, the supernatant samples were

collected and analyzed by conventional western blot procedure
using a RhoA specific mono-clonal antibody (Cat. # ARH03,
Cytoskeleton, USA).

Statistical analyses

Results were expressed as the mean 6 s.d. of n experiments
(n� 3). For section staining, unless otherwise specified, 3 ani-
mals (except the section staining from E18.5 FlnA mouse, which
is extremely hard to be obtained) were used for each experiment
and 3–4 sections were stained per animal. For cultured cell
staining, cells were plated and growing on 3 coverslips per sam-
ple. For cell growth curve analysis, three independent experi-
ments were performed, with 3–4 wells were collected from each
sample at each time point. Statistical analysis was performed
with Student’s t-test, with P<0.05 considered significant. For
quantitative analyses of immunostaining results, luminosity
(histogram value, Adobe photoshop) values were obtained and
based on the threshold (luminosity value 20) cells (n> 50 cells)
were grouped into highly stained and weakly/negatively stained
subpopulations. For quantitative analyses of western blotting
results, band intensity was obtained by subtracting background
luminosity from the total luminosity of each band (histogram
value, Adobe photoshop).

Supplementary Material
Supplementary Material is available at HMG online.
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