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Palladin Regulates Cell and Extracellular Matrix
Interaction Through Maintaining Normal Actin
Cytoskeleton Architecture and Stabilizing Beta1-Integrin
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Abstract Cell and extracellular matrix (ECM) interaction plays an important role in development and normal
cellular function. Cell adhesion and cell spreading on ECM are two basic cellular behaviors related to cell-ECM
interaction. Here we show that palladin, a novel actin cytoskeleton-associated protein, is actively involved in the
regulation of cell-ECM interaction. It was found that palladin-deficient mouse embryonic fibroblasts (MEFs) display
decreased cell adhesion and compromised cell spreading on various ECMs. Disorganized actin cytoskeleton architecture
characterized by faint stress fibers, less lamellipodia and focal adhesions can account for the weakened cell-ECM
interaction in palladin�/�MEFs. Furthermore, decreased polymerized filament actin and increased globular actin can be
observed in palladin�/� MEFs, strongly suggesting that palladin is essential for the formation or stabilization of
polymerized filament actin. Elevated phospho-cofilin level and proper responses in cofilin phosphorylation to either Rho
signal agonist or antagonist in palladin�/� MEFs indicate that disrupted stress fibers in palladin�/� MEFs is not associated
with cofilin phosphorylation. More interestingly, the protein level of ECM receptor b1-integrin is dramatically decreased
in MEFs lacking palladin. Down-regulation of b1-integrin protein can be restored by proteasome inhibitor MG-132
treatment. All these data implicate that palladin is essential for cell-ECM interaction through maintaining normal actin
cytoskeleton architecture and stabilizing b1-integrin protein. J. Cell. Biochem. 100: 1288–1300, 2007.
� 2006 Wiley-Liss, Inc.
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Palladin is an actin cytoskeleton associated
protein discovered almost simultaneously by
two groups. One group fromUniversity ofNorth
Carolina found that a novel protein is co-

localized with a-actinin at the dense regions
and focal adhesions of stress fibers. This novel
proteinwas then named as palladin [Parast and
Otey, 2000]. Further studies from the same
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group demonstrated that palladin is an impor-
tant regulator in neuron development [Boukhe-
lifa et al., 2001, 2003; Hwang et al., 2001]. The
other group from Shanghai Institute of Haema-
tology identified a series of all-trans retinoic
acid (ATRA)-regulated genes in acute promye-
locytic leukaemia cell line NB4 treated with
ATRA [Liu et al., 2000], including RIG-K
(Retinoic acid Induced Gene-K), which is highly
homologous tomouse palladin. It was originally
proposed that RIG-K might function as an
important mediator in ATRA-induced myeloid
cell differentiation. Gene targeting experiment
has shown that disruption of palladin in mice
can lead to cranial neural tube closure defect,
fetal liver herniation and embryonic lethality
[Luo et al., 2005], implicating a crucial role of
palladin in mouse embryogenesis. Abnormal
actin cytoskeleton dynamics plays a critical role
in cranial neural tube closure defect and fetal
liver herniation [Copp et al., 2003; Shimizu
et al., 2005], however the mechanism by which
palladin regulates actin cytoskeleton dynamics
remains unclear.
Mousepalladin is located on chromosome8. It

spans about 400 Kb of genomic DNA and
contains 24 exons. Palladin has at least three
different transcripts due to alternative splicing.
Among them, the longest one encodes a 150 kDa
protein whose structure is very similar to
myopalladin [Bang et al., 2001]. The middle
transcript encodes a92kDaprotein structurally
similar to myotilin [Salmikangas et al., 2003].
Both myopalladin and myotilin are expressed
only in muscle cells, while palladin is ubiqui-
tously expressed [Bang et al., 2001; Salmikan-
gas et al., 2003]. To date, no protein product is
predicted from the smallest transcript. As an
actin cytoskeleton-associated protein, it has
been shown that palladin can interact with a-
actinin, vasodilator-stimulated phosphoprotein
(VASP) and ezrin [Mykkanen et al., 2001;
Boukhelifa et al., 2004; Ronty et al., 2004],
respectively. Palladin can recruit a-actinin to
specific subcellular regions [Ronty et al., 2004].
It may also regulate actin polymerization
through the interactionwith VASP, since VASP
is actively involved in actin polymerization
[Bailly, 2004; Boukhelifa et al., 2004]. Ezrin is
a component of the cortical cytoskeleton and a
tumor metastasis-related protein [Hunter,
2004]. Interaction between palladin and ezrin
may be associated with the microfilament
localization of ezrin [Mykkanen et al., 2001].

The interactions of palladin with these partner
proteins implicate a potential role of palladin in
the regulation of actin cytoskeleton and funda-
mental cellular function.

Cell-extracellular matrix (ECM) interactions
are crucial for cell survival and normal cellular
function, such as cell adhesion, spreading and
migration. Actin cytoskeleton can interact with
ECM through integrin family members on the
cell membrane. The physical link between
integrin adhesion receptors and actin cytoske-
leton mediates bidirectional transmission of
force and biochemical signals across the plasma
membrane [Calderwood et al., 2000; Blystone,
2004]. ECM or other outside signals first
activate integrins, transduce signals through
adaptor proteins (such as paxilin) to down-
stream tyrosine kinases (such as focal adhesion
kinase), these tyrosine kinases then regulate
actin cytoskeleton and cell spreading process
mainly through Rho family small GTPase
[Degani et al., 2002; Hagel et al., 2002; Zeng
et al., 2003]. Cell adhering to ECM is also
integrin-dependent. Integrin activation is an
important event that governs cell adhesion
[Calderwood, 2004]. Intracellular signaling or
outside ECM binding can cause integrin con-
formational change and lead to alteration of
integrin-ECMbinding affinity. Besides integrin
activation, integrin expression and procession
are also important for cell adhesion [Salicioni
et al., 2004]. To better understand mechanisms
by which palladin regulates cell-ECM interac-
tion, we studied cell adhesion and cell spreading
properties of palladin-deficient MEFs derived
fromourpreviously constructed palladinknock-
out mice [Luo et al., 2005]. We found that
palladin�/� MEFs show weakened cell-ECM
interaction, furthermore the disorganized actin
cytoskeleton architecture and decreased b1-
integrin protein expression in palladin�/�

MEFs may account for this weakened cell-
ECM interaction. Thus we demonstrate an
important role of palladin in the regulation of
fundamental cellular functions.

MATERIALS AND METHODS

Preparation and Culture of MEFs

Generation of palladin mutant mice has
been described previously [Luo et al., 2005]. To
obtain palladin�/� and sibling controlwtMEFs,
palladinþ/� mice were intercrossed. E13.5
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embryos were collected and primary embryonic
fibroblasts were isolated separately from each
embryo according to standard protocols [Hogan
et al., 1994].Genotypingwas carried out byPCR
on genomic DNA extracted from the head of
each embryo as described previously [Luo et al.,
2005]. MEFs isolated from embryos with the
same genotype were pooled and cultured in
DMEM containing 10% fetal bovine serum
(FBS), 100 U/ml penicillin and 100 mg/ml
streptomycin in a 5% CO2 humidified incubator
at 378C. After one subculture, aliquots of MEFs
from sibling embryos at same passage were
frozen for further use.

Reagents and Antibodies

The following antibodies were used in this
study: a-actinin (AT6/172, Upstate, MA), vincu-
lin (hVIN-1, Sigma), b1-integrin (18, BD Phar-
Mingen), b-actin (AC-74, Sigma), cortactin
(Santa Cruz, CA), phospho-cofilin (Ser3) (Santa
Cruz, CA), b-catenin (14, BD PharMingen),
a-tubulin (B-5-1-2, Sigma) and Cy3-conjugated
secondaryantibody (Sigma).Polyclonal antibody
against palladin was produced as described
previously [Luo et al., 2005]. Fibronectin, col-
lagen type I, collagen type IV, lysophosphatidic
acid (LPA), Y-27632 and fluorescein isothiocya-
nate (FITC)-phalloidin were purchased from
Sigma. Texas red-DNase I was from Invitrogen,
CA and MG-132 from CALBIOCHEM, CA.

Cell Adhesion Assay

Cell adhesion assay was performed on 96-well
tissue culture plates as described previously [Xu
et al., 1998]. Briefly, 96-well plates were coated
with ECMs (fibronectin, collagen type I or
collagen type IV) at indicated concentrations.
PrimaryMEFswere serumstarved for 16h, then
trypsinized and suspended in serum freeDMEM.
Cells (5� 104) were seeded to each well and
allowed to adhere at 378C for indicated time. The
attached cells were fixed for 10 min at room
temperature by adding 100 ml/well of freshly
diluted 1% glutaradehyde in PBS. The fixed cells
were stainedwith filtered crystal violete (0.1% in
ddH2O) for 25 min at room temperature. Dried
plate was subjected to either photographing or
reading absorbance at OD 595 nm after solubili-
zation with 0.5% Triton X-100.

Cell Spreading Assay

Cell spreading assay was performed accord-
ing to literature [Enserink et al., 2004]. Cover-

slips were coated with fibronectin (10 mg/ml),
collagen type I (5 mg/ml) or collagen type IV
(5 mg/ml) in PBS at 48C overnight. Cells
(1.5� 105 per well in case of six-well plate) were
directly transferred to ECM-coated coverslips,
and subjected to adhere at 378C for 10 min on
fibronectin-coated coverslips, and 25 min on
collagen type I or collagen type IV-coated
coverslips. After removing culture medium,
cells were fixed immediately at room tempera-
ture for 10 min by adding 4% polyformaldehyde
(PFA) directly to coverslips in six-well plate,
permeabilized with 0.1% Triton X-100 in PBS
for 2 min at room temperature. Then cells were
stainedwithFITC conjugated phalloidin inPBS
for 20 min at room temperature. Coverlips
were mounted in immunofluorescence mount-
ing solution (DAKO) and visualized at 200�
magnification using a cooled CCD mounted on
an inverted fluorescencemicroscope (Olympus).

Immunofluorescence

Sterile and clean coverslips were coated with
10 mg/ml fibronectin in PBS at 48C overnight.
Confluent primary MEFs were trypsinized and
1.2� 105 cells were seeded to each well of six-
well tissue culture plates. Twenty-four hours
after plating, cells were fixed in 4% PFA for
10 min at room temperature, permeabilized
with 0.1%TritonX-100 inPBS for 2min at room
temperature, blocked in 1%BSA inPBS at room
temperature for 45 min, then incubated with
following antibodies: a-actinin (1/50), vinculin
(1/200), a-tubulin (1/800), cortactin (1/100),
palladin (1/300) at room temperature for 2 h,
respectively. Coverslips were incubated with
Cy3 conjugated anti-mouse or anti-rabbit sec-
ondary antibody (1/100) at room temperature
for 45min. Finally, coverslipswerewashedwith
0.1% Triton X-100 in PBS three times, and
mounted with immunofluorescence mounting
solution (DAKO).

F-Actin Sedimentation Assay

Actin sedimentation assay was performed as
described previously [Jahraus et al., 2001].
Confluent MEFs were trypsinized and sus-
pended in 1 ml lysis buffer (10 mM Hepes, pH
7.6, 100 mM KCl, 1 mM MgCl2, 0.1 mM EDTA,
1 mM DTT, 0.5 mM PMSF). Cells were further
broken with a sonicator. Nuclei were removed
by centrifugation (3,000g, 30 min) and 800 ml
supernatant (low-speed extract) was subjected
to a high-speed centrifugation step (400,000g,
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1 h). High-speed pellets were dissolved in 800 ml
of 1% Triton X-100. At these high centrifugal
forces all filament-actin (F-actin) in the sys-
tem is expected to pellet, leaving globular-
actin(G-actin) in the supernatant. Protein
concentration of low-speed extract was mea-
sured. Same amount of protein in low-speed
supernatant, corresponded volume of high-
speed supernatant and pellet were loaded on a
10% SDS-PAGE. Western blot was performed
with anti-actin antibody (A2066, Sigma).

Western Blot

For cofilin phosphorylation assays, primary
confluent MEFs were serum starved for 30 min
and treated with 200 ng/ml LPA for 20 min in
the absence or presence of gradient Y-27632.
For b1-integrin processing assay, primary con-
fluent MEFs were treated with 20 or 50 mM
proteasome inhibitor MG-132 in complete cul-
turemedium (DMEMþ10%FBS) for 24 h. Then
cellswere lyzedwith radioimmunoprecipitation
assay buffer (RIPA) containing protease and
phosphatase inhibitors. Lysates were clarified
by centrifugation for 15 min at 48C. Protein
concentration was determined by Lowry assay.
Cell lysates were analyzed by SDS-PAGE.
Proteins were electroblotted onto PVDF mem-
brane (Bio-Rad) and probed with appropriate
primary and peroxidase conjugated secondary
antibodies. Signals were detected by enhanced
chemiluminescence.

Semi-Quantative RT-PCR

Total cellular RNA was extracted using
Trizol reagent. One microgram RNA was
reverse-transcribed with AMV reverse tran-
scriptase. Semi-quantative PCRwas performed
by using the following primers: Palladin
(50-TCAACATCCAGGAGCCAGAG-30 and 50-
TAGAGGCCGTGGTGTGGAGA-30); a-actinin4
(50-AAACCAGATCCTCACCCGAGAT-30 and
50-CTCCAATCGGCTAAGAACCCAC-30); b1-
integrin (50-GCTGGTTCTATTTCACCTATT-
CA-30 and 50-TCTCAAGTCTTCTGTCAGzT-
CCCT-30);cortactin(50-GCAAGCTGACCGT-
GTAGACAA-30 and 50-ATGGCACCTGGACCACTTC-
30); vinculin (50-ATGCTGGCTTTACTCTGCG-
30 and 50-CTTCCGGCTAGTGTTCACG-30);
b-actin (50-GCTTCTTTGCAGCTCCTTCG-
TT-30 and 5 0-GATGCCACAGGATTCCATAC-
CC-30); p130CAS (50-ACCCACTCCCAGCAA-
GACTCAG-30 and 50-AACTACACTCCCATC-
AGCCACCTC-30); zyxin (50-CTGGACGACAT-

GACCAAGAACG-30 and 50-CTGACACTGATG-
GCAAGTGAAGC-30); Ril (50-ATGACAAGGCT-
CAAGCACATAGG-30 and 50-AAGTGAAGCA-
GAGGCAAGACAAG-30); Hprt (50-GCTGGTG-
AAAAGGACCTCT-30 and 50-CACAGGACTA-
GAACACCTGC-30).

Filament Actin and Globular Actin Staining

Primary MEFs were allowed to grow on
fibronectin-coated coverslips for 24 h, fixedwith
4% PFA for 10 min at room temperature and
then, permeabilized with 0.1% Triton X-100 for
2 min at room temperature. The cells were
incubated with FITC-phalloidin (1 mg/L) and
Texas red-DNase I (25 mg/L) for 30 min to stain
filament actin and globular actin, respectively.
After wash, the coverslips were air dried and
mounted with immunofluorescence mounting
medium (DAKO) to prevent photobleaching.
The slides were examined using a Zeiss LSM
510 confocal microscope. To standardize the
fluorescence measurements, the settings were
optimizedbefore each experiment and thenkept
constant throughout.

RESULTS

Palladin-Deficient MEFs Show Decreased
Adhesion on Various Kinds of ECMs

Cell adhesion is critically involved in the
regulation of morphogenesis during embryonic
development in both vertebrates and inverte-
brates. It is an actively regulated process by
both outside and inside signals through actin
cytoskeleton. We first analyzed the adhesion
properties of palladin�/� MEFs on different
kinds of ECMs including fibronectin, collagen
type I and collagen type IV. We found that
palladin-deficient MEFs are defective in cell
adhesion on the three ECMs tested. The defect
in cell adhesion of palladin�/� MEFs is more
significant on collagen types I and IV than that
on fibronectin (Fig. 1A). To further characterize
the adhesion property of palladin�/� MEFs, we
compared the cell adhesion of mutant and wt
MEFs under different ECM concentrations and
different adhesion time, respectively. Palladin-
deficient MEFs show consistently decreased
adhesion to each substratum compared to wt
MEFs. As shown by ECM concentration curves,
both types of MEFs reach adhesion platform at
the same concentration, but palladin mutant
MEFs show much lower adhesion under each
substratum concentration (Fig. 1B). Adhesion
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time courses show that MEFs with the two
different genotypes have near linear curves,
while palladin�/� MEFs display much less
adherent cells at each adhesion time point in
comparison with wt MEFs (Fig. 1C).

Impaired Cell Spreading on Various ECMs in
Palladin-Deficient MEFs

Suspended fibroblasts will extend lamellipo-
dia and filopodia after they attach to ECMs.
This process is regulated by many kinds of
extracellular and intracellular signals. Actin
cytoskeleton dynamics plays a pivotal role in
cell spreading process. Some actin cytoskeleton
regulators or signal transducers are required
for cell spreading. Cells lacking either adaptor

protein paxillin or protein-tyrosine phospha-
tase Shp2 exhibit decreased spreading ability
[Yu et al., 1998; Hagel et al., 2002]. To address
whether palladin is also involved in cell spread-
ing process, we plated serum-starved MEFs on
fibronectin, collagen type I or collagen type IV
coated coverslips and allowed cells to spread for
indicated times. When MEFs were allowed
to spread on 10 mg/ml fibronectin for 10 min, or
25 min on 5 mg/ml collagen type I or collagen
type IV, nearly half of wt MEFs extended
lamellipodia and started spreading, while most
palladin�/� MEFs were unable to spread
(Fig. 2). These data clearly demonstrate that
palladinmayplay a crucial role in cell spreading
and adhesion on the ECMs tested.

Fig. 1. Decreased adhesion of palladin�/� MEFs on different
ECMs. A: Equal numbers of wt and palladin�/� MEFs were
allowed to adhere to fibronectin (10 mg/ml), collagen type I (5 mg/
ml), collagen type IV (5 mg/ml) coated surfaces for 30 min. Non-
ECM coated surface was served as a control. Scale bar, 50 mm.
B: Cell adhesion properties of MEFs on gradients of purified
ECMs. As indicated, MEFs adhere to three different ECMs in a
dose-dependentmanner,while palladin�/�MEFs show impaired

adhesion on the surfaces coated with different concentrations
of fibronectin, collagen type I and collagen type IV, respectively.
C: Time courses of cell adhering to fibronectin (10 mg/ml),
collagen type I (5 mg/ml) and collagen type IV (5 mg/ml) coated
surfaces at the indicated time points were measured, respec-
tively. One representative result of three independent experi-
ments is shown. The results are expressed asmean of quadrupled
samples �SD.
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Palladin Is Required for the Formation of Normal
Actin Cytoskeleton Architecture

Normal actin cytoskeleton is critical for cell
adhesion, migration, and morphology mainte-
nance. As previously reported, palladin loca-
lizes along stress fibers (Fig. 3A), and stress
fibers become extremely faint and disordered in
MEFs without palladin (bottom left insert in
Fig. 3B). This is similar to the finding of
decreased stress fibers in fibroblasts in which
palladin expression was inhibited by using an
antisense approach [Parast and Otey, 2000],
suggesting that palladin plays a role in the
formation or stabilization of stress fibers. It is
known that b-actin is the main component of
actin cytoskeleton in fibroblasts. It may exist in
two forms: polymerized filament actin and
unpolymerized globular actin. Interestingly,
unpolymerized b-actin is increased while poly-
merized b-actin is decreased in palladin�/�

MEFs compared to control wt MEFs
(Fig. 3C,D). We further compared filament
(FITC-phalloidin staining) and globular (Texas
red-DNase I staining) actin distributions
between wt and palladin�/� MEFs. Similar
results were observed (Fig. 3E,F). We also
performed actin sedimentation assay to detect
filament actin and globular actin level inwt and
palladin�/� MEFs. The results show that
palladin�/� MEFs have increased globular
actin and decreased filament actin level
(Fig. 3G).

a-actinin is a well characterized interaction
partner of palladin [Parast and otey, 2000;
Ronty et al., 2004]. We found that palladin
disruption leads to abnormal distribution of a-
actinin. In wt MEFs a-actinin is distributed in
the dense regions and focal adhesions of stress
fibers, but in palladin mutant MEFs a-actinin
staining displays a more diffused and cytoplas-
mic non-cytoskeleton associated distribution
(Fig. 4A,B). This data indicates that palladin is
required for the proper localization of a-actinin
through maintaining normal stress fibers. It is
known that a-actinin is a dense region marker
on stress fibers. It is required for F-actin
crosslinking into stress fibers [Otey and Car-
pen, 2004]. The attenuated stress fibers in
palladin-deficientMEFsmaybe associatedwith
the dislocalization of a-actinin.

Focal adhesion is important for cells to adhere
to ECM. It often terminates at the end of stress
fibers, and can also be visualized by immuno-
fluorescent staining of vinculin. The result
reveals that centrally distributed focal adhe-
sions are largely missing from the palladin null
cells, and only peripheral focal adhesions
remain (Fig. 4C,D). This finding is similar to
images of palladin knockdown cells that have
been published previously [Parast and Otey,
2000], indicating that decreased focal adhesions
may be resulted from the disruption of stress
fibers due to palladin deficiency.

Membrane cytoskeleton, as indicated by
cortactin staining, is also affected after palladin

Fig. 2. Defect of cell spreading in palladin�/� MEFs. A: Serum-starved MEFs were allowed to spread on
fibronectin (for 10 min), collagen type I or collagen type IV (for 25 min) coated coverslips in serum-free
medium at 378C, and then fixed and stained with FITC-phalloidin. Nearly half wt MEFs extend their
lamellipodiawithin a certain periodof timeon the ECMcoated surfaces as indicated,whilepalladin�/�MEFs
do not spread at the same conditions. Inserts are higher magnification images; scale bar, 50 mm.
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disruption (Fig. 4E,F). Cortactin localizes to the
membrane and perinuclear region. It can inter-
act with VASP and plays an important role in
actin polymerization when it localizes to the

membrane region [Weed and Parsons, 2001].
Cortactin can be regarded as one of the
lamellipodia markers. In steady state, pal-
ladin�/�MEFs showed attenuated lamellipodia
formation compared to wt MEFs. This finding
may underlie the spreading defects in pal-
ladin�/� MEFs, since lamellipodia extension is
an essential step in cell spreading.

Palladin and the Rho Signal Pathway

Cells can reply to outside actin cytoskeleton
regulation signals (such as those induced by
LPA, insulin etc.) through Rho family small
GTPases. Rho, Rac and Cdc42 are three-well
characterized members of Rho family GTPases.

Fig. 3. Decreased filament actin (F-actin) and increased globular
actin (G-actin) in palladin�/� MEFs. wt (A) or palladin�/� (B) MEFs
were stainedwithapolyclonal antibodyagainstpalladin, visualized
with a Cy3-conjugated secondary antibody (red, top right insert)
and stress fibers were visualized with FITC-phalloidin staining
(green,bottomleft insert), two color-merged images are shown.Co-
localization of palladin and stress fibers in wt MEFs and markedly
attenuated stress fibers in the absence of palladin can be observed.
Immunofluorescent staining of b-actin in wt (C) or palladin�/� (D)
MEFs. Double staining for b-actin (red) and stress fibers (green,
inserted) shows overlapping distribution in wt MEFs (C), whereas
filament actin as well as stress fibers are almost abolished, as a
result, unpolymerized globular b-actin is increased in cells lacking
palladin (D). E, F: MEFs were stained with Texas red-DNase I and
FTTC-phalloidin. As shown in F, G-actin is increased in palladin-
deficientMEFs with a decrease in F-actin (inserted) compared with
wt MEFs (E & inserted). Scale bar, 20 mm. G: G-actin is increased
with a decrease in F-actin in palladin�/� MEFs compared with wt
MEFs as measured by actin sedimentation assay. Total actin and
tubulin are shown as loading control.

Fig. 4. Abnormal actin cytoskeleton architecture in palladin�/�

MEFs. Immunofluorescence staining of actin cytoskeleton
associated protein a-actinin (A, B), vinculin (C, D) and cortactin
(E, F) in wt (A, C, E,) or palladin�/� (B, D, F) MEFs. a-actinin is
normally co-localized with palladin along F-actin in dense
regions and focal adhesions as shown in A, while a remarkable
decrease in dense regions and focal adhesions, andmorediffused
distribution of a-actinin can be observed in MEFs lacking
palladin (B). Focal adhesions can also be visualized by
immunofluorescent staining of vinculin. Disruption of palladin
leads to a dramatic reduction in the number of focal adhesions
(D) as compared with wt MEFs (C). Cortactin is a marker of
membrane cytoskeleton. In palladin�/� MEFs, membrane-
localized cortactin is significantly decreased (F) as compared
with wt MEFs (E). Stress fiber distributions (green) and co-
localizationwith a-actinin, vinculin and cortactin (red) in wt and
palladin�/� MEFs are shown in inserts, respectively.
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They regulate different aspects of actin cytos-
keleton architecture. It has been shown that
Rho activation can lead to the formation of
stress fibers and associated focal adhesions, and
the contractile rings necessary for cytokinesis.
Rac regulates the formation of lamellipodia.
Cdc42 can induce filopodia formation [Hall,
1998; Burridge and Wennerberg, 2004]. Palla-
din-deficient MEFs have significantly attenu-
ated stress fibers. This is similar to the
phenotype induced by inhibition of Rho signal
transduction. But the relationship between the
Rho signal pathway and palladin remains
unclear.

Previous studies have shown that Rho stabi-
lizes stress fibers through cofilin and myosin
light chain (MLC) phosphorylations [Etienne-
Manneville and Hall, 2002]. We tested cofilin
phosphorylation levels in wt and palladin
mutant MEFs under normal culture condition.
Itwas found that cofilin phosophorylation levels
were consistently higher in palladin mutant
MEFs than wt cells (Fig. 5A). This is quite
unexpected since Rho signal can stabilize fila-
ment actin through cofilin phosphorylation. We
further examined cell responses to Rho signal
pathway agonist LPA and inhibitor Y-27632 in
palladin mutant MEFs. The results show that

Fig. 5. PalladinandRho signal pathway.A: Protein lysateswere
prepared from three different batches of wt or palladin�/� MEFs
and Western blot analysis was performed with an antibody
recognizing phospho-Ser3 of cofilin. As indicated in (A),
palladin�/� MEFs show increased phospho-cofilin levels com-
pared with wt MEFs. a-tubulin was used as loading control.
B: MEFs were serum-starved and treated with Rho signaling
agonist LPA (200 ng/ml) or LPA (200 ng/ml) plus gradient Rho
signaling inhibitor Y-27632 (from 1 to 20 mM) for 20min.Western
blot using the same antibody against phospho-Ser3 of cofilin
shows a high level of phospho-cofilin in palladin�/� MEFs and

comparable responses to LPA and LPA plus Y-27632 between
wt and Palladin�/� MEFs. C: MEFs were grown on fibronectin
coated coverslips, and then serum-starved and treated with LPA
(200 ng/ml) or LPA (200 ng/ml) plus Y-27632 (20 mM) as in (B).
Stress fibers are intensified upon LPA treatment and almost
abolished in the presence of both LPA and Y-27632 in wt MEFs.
While less response in stress fibers formation upon LPA treatment
and complete abolishment of stress fibers after Y-27632 treatment
can be observed in palladin�/�MEFs, suggesting that alteration of
stress fibers inpalladin�/�MEFsmaynot be associatedwith cofilin
phosphorylation or Rho signal pathway; Scale bar, 20 mm.
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palladin-deficient MEFs can respond properly
to both reagents as compared with wt MEFs,
although MEFs lacking palladin show consis-
tently higher phospho-cofilin levels and attenu-
ated stress fibers under each stimulating
condition (Fig. 5B,C). This data indicates that
palladin may regulate actin cytoskeleton in a
Rho signal pathway independent manner. The
elevated cofilin phosophorylation level in palla-
din-deficient MEFs may reflect a compensatory
response to weakened stress fibers.

Decreased Expression of b1-Integrin
in Palladin�/� MEFs

Cell adhesion and cell spreading rely on the
interaction between cell and ECM, and integ-
rins are critical for this kind of interaction. To
date, there are at least 18 a and 9 b subunits
identified [Miranti and Brugge, 2002]. Among
them, b1-integrin is well known for its involve-
ment in cell adhesion to fibronectin and collagen
[Brakebusch et al., 1997]. For this reason, we
checked b1-integrin expression in MEFs. We
found that expression of b1-integrin in MEFs
lackingpalladin is significantly decreasedat the
protein level (Fig. 6B,C), but remains compar-
able to wt MEFs at mRNA level (Fig. 6A). Since
the expression of b1-integrin is critically
required for cell adhesion and cell spreading,
down-regulation of b1-integrin may underlie
cell adhesion and spreading defects in pal-
ladin�/� MEFs. It also raised a possibility for
the potential role of palladin in stabilization of
b1-integrin. To demonstrate this possibility, we
treated MEFs with a proteasome inhibitor MG-
132 to inhibit protein degradation through
proteasome. As expected, b1-integrin level in
palladin�/�MEFswas restored to normal levels
after MG-132 treatment (Fig. 6D), suggesting
that palladin can protect b1-integrin from
degradation through the proteasome pathway.

We also tested the expression of other actin
cytoskeleton associated genes at protein and
mRNA levels, such as cortactin, a-actinin4,
vinculin, b-actin, p130CAS, zyxin, RIL, b-
catenin. At the transcriptional level, there were
no differences in the expression of all above
genes between wt and palladin�/� MEFs
(Fig. 6A). While at the protein level, aside from
b1-integrin,we also found that the expression of
cortactin, a membrane actin cytoskeleton asso-
ciated protein, is slightly decreased in pal-
ladin�/� MEFs (Fig. 6B,C) while all other

proteins showed similar levels in both wt and
palladin�/� MEFs.

DISCUSSION

Our studies demonstrate unequivocally that
palladin plays a critical role in cell and ECM
interaction. Cellular behaviors related to this
interaction, such as cell adhesion and cell
spreading, are compromised by the palladin
disruption. The impaired cell adhesion and
spreading may result from disorganized actin
cytoskeleton and decreased expression of b1-
integrin protein.

b1-integrin is translated as an 87 kDa pep-
tide. This premature peptide is further pro-
cessed and glycosylated into a 130 kDa mature
form in the endoplasmic reticulum (ER) and
Golgi apparatus [Akiyama and Yamada, 1987].
Down-regulation of b1-integrin can arise from
abnormal transcription, glycosylation, and pro-
teiolysis. Our data indicates that cytoskeleton
protein palladin is involved in the proteolysis
process of b1-integrin. By using a proteasome
inhibitor MG-132, we found that the protein
level of b1-integrin remains unchanged in
wt MEFs but is significantly elevated in pal-
ladin�/� MEFs. Thus the proteasome lysis of
b1-integrin is not significant in wt MEFs, but
increased after palladin disruption.

Current studies have shown that many
factors control the expression regulation of b1-
integrin. Focal adhesion protein talin is an
example. In talin�/� cells, the maturation of
b1-integrin was completely inhibited and no
mature b1-integrin was detected. The defect in
the protein processing can be caused by both
partial glycosylation and proteolytic cleavage of
immature peptide [Albiges-Rizo et al., 1995;
Martel et al., 2000]. Other proteins such as
membrane-bound chaperone calnexin, kinesin
associated protein kinectin, immunoglobulin
superfamily protein HEMCAM/CD146, RAP
[low-density lipoprotein receptor-related pro-
tein (LRP) receptor-associated protein], trans-
forming growth factor-beta (TGF-beta), and the
activation state ofRas also regulate thematura-
tion of b1-integrin [Ignotz and Massague, 1987;
Lenter and Vestweber, 1994; Bellis et al., 1999;
Alais et al., 2001; Tran et al., 2002]. Our data
implied another type of b1-integrin expression
regulation that occurred through the protea-
some lysis of themature form. But how palladin
regulates the stability of b1-integrin remains to
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be determined. Previous study showed that
integrin at the cell membrane is rapidly
recycled through membrane internalization
and endosomes traffic [Caswell and Norman,
2006].Wepropose that palladinmay inhibit this
post-biosynthetic b1-integrin trafficking and
consequent b1-integrin degradation through
its association with b1-integrin at the cell
membrane.Until now, no data indicates a direct
interaction between palladin and b1-integrin.
But palladin can interact with b1-integrin at

least indirectly since palladin’s interaction
partner a-actinin can interact with the cyto-
plasmic tail of b1-integrin directly. Another
possible reason for the stability regulation of b1-
integrin is related to theattenuated stressfibers
and decreased focal adhesions in palladin�/�

MEFs. Attenuated stress fibers may cause
‘‘overproduced’’ b1-integrin which can be
degraded through membrane internalization
and the proteasome lysis pathway. Whereas, it
is also possible that decreased expression of

Fig. 6. Decreased expression of b1-integrin in palladin-
deficient MEFs. A: Expression of actin cytoskeleton related gene
b1-integrin, cortactin, a-actinin4, vinculin, b-actin, p130CAS,
zyxin and Ril in wt and palladin�/� MEFs assayed by semi-
quantitative RT-PCR. Hprt is shown as an internal control. No
significant differences between wt and palladin�/� MEFs were
observed in the expression of these genes at mRNA level.
B: Expression of actin cytoskeleton associated protein palladin,
a-actinin, vinculin, b-catenin, cortactin, b-actin, and b1-integrin
as assayed by Western blot analysis. Note that b1-integrin is
significantly decreased and cortactin is slightly decreased in
palladin�/�MEFs. All other proteins assayed remain comparable
to those in wt MEFs. a-tubulin is shown as loading control. Note
the larger size bands detected by the palladin antibody in bothwt
and palladin�/� lanes are non-specific. C: Quantification of

endogenous b1-integrin and cortactin levels in four different
batches of wt and palladin�/� MEFs byWestern blot and density
scan. Expression of b1-integrin and cortactin in palladin�/�MEFs
decreased to 10 and 40% of those in wt MEFs (*P<0.05;
**P<0.01), respectively. D: Decreased b1-integrin level can be
rescued by proteasome inhibitor MG-132 treatment. Wt or
palladin�/�MEFs were grown to confluence and treated with 20
or 50 mMMG-132 for 24 h.Whole-cell lysates were subjected to
Western blot with a b1-integrin antibody. In wt MEFs, the
expression of b1-integrin shows no response to MG-132
treatment. Whereas b1-integrin protein level can be restored,
in a dose-dependent manner, to that of wt MEFs, indicating that
decreased b1-integrin expression is mainly due to increased
degradation of b1-integrin in the absence of palladin.
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b1-integrin is a cause, rather than a conse-
quence of the disruption of stress fibers in
palladin�/� MEFs.

Expression regulation of integrin is critically
involved in tumor progression and cell differ-
entiation [Gogali et al., 2004; Guo and Gian-
cotti, 2004; Lafuste et al., 2005]. Palladin may
be served as a target for drugs that aim to sup-
press tumor through the regulation of integrin
expression. The expression regulation of palla-
din mainly occurs at the transcriptional level
[Liu et al., 2000; Pohl et al., 2005], it will be of
interest to investigate the signals that regulate
the expression of palladin at mRNA level.

Actin cytoskeleton is mainly composed of
actin and actin associated proteins. It forms a
meshwork for nearly all kinds of cytoplasmic
biological reactions. Its dynamic regulation is
critically involved inmost cell behaviors such as
cell adhesion, spreading, migration, prolifera-
tion, etc. Since palladin is an actin cytoskeleton
associated protein,weare interested in the roles
palladin played in actin cytoskeleton architec-
ture regulation. We found that actin cytoskele-
ton architectures such as stress fibers, focal
adhesions, lamellipodia were impaired after
palladin disruption. The phenotype in the
strength of stress fibers is especially significant.
Filament actin levels in palladin�/� MEFs are
significantly decreased, while the total amount
of actin remains unchanged in palladin�/� cells.

Focal adhesion lies at the rear of stress fibers.
It is adynamic structure [Zimermanet al., 2004]
that can disassembly and reform during cell
spreading and migration. Focal adhesion num-
ber is correlated with the strength of stress
fibers. Swiss 3T3 cells had weak stress fibers
and peripheral focal adhesion when cultured
under serum free conditions. In the presence of
LPA (a Rho signal pathway activator), swiss
3T3 cells can form strong stress fibers with
increased focal adhesion number [Hall, 1998].
Therefore, decreased focal adhesion number in
palladin�/� MEFs may be the result of attenu-
ated stress fibers in mutant MEFs.

Palladin�/� cells are more shrinking, and
form less lamellipodia under normal culture
conditions as indicated by cortactin staining.
We also found that the expression of cortactin is
downregulated at the protein level in palladin-
deficient MEFs. It has been reported that
cortactin regulates lamellipodia formation
through cortical actin assembly [Zeng et al.,
2003]. In addition, the leading edges of lamelli-

podia are major sites for actin polymerization.
The Arp2/3 complex has been implicated in
nucleating actin polymerization at these sites
[Welch et al., 1997; Mullins et al., 1998]. Thus
actin polymerization can also be affected by
down-regulated cortactin expression and lamel-
lipodia formation.

Actin polymerization and filament actin sta-
bility have been proposed to be targets of actin
cytoskeleton regulation enrolled by tumor cells
to become metastasic [Rao and Li, 2004]. It is
known that filament actin levels can be regu-
lated by (i) decreased monomeric globular actin
polymerization rate and (ii) decreased stability
of polymeric F-actin. In this study, we found
that filament actin levels are significantly
decreased and unpolymerized globular actin
accumulates in palladin�/�MEFs. It is possible
that palladin is involved in both polymerization
of globular actin and stability of filament actin.
Palladin localizes along filament actin. It may
stabilize existing filament actin through assem-
bling them into more stable forms—stress
fibers. Although there are no F-actin or G-actin
binding domains on palladin, we still cannot
rule out the possibility that palladin can bind
and bundle filament actin directly, since myo-
tilin, a homolog of palladin, can cross link actin
filament directly [Salmikangas et al., 2003]. On
the other hand, palladin may act through the
interaction with VASP or through regulating
cortical actin cytoskeleton to monitor the poly-
merization of globular actin into filament actin.

The dynamic regulation of actin cytoskeleton
is mainly exerted by two kinds of proteins:
signal transducers andactin cytoskeleton struc-
tural proteins. Rho family small GTPases can
function as typical signal transducers that
regulate actin cytoskeleton. The second kind of
actin cytoskeleton regulators are actin cytoske-
leton associated structural proteins, such as
palladin. Newly identified actin cytoskeleton
associated protein RIL and FHL3 may also
function as actin cytoskeleton regulators, since
these proteins can function directly in actin
cytoskeleton dynamics regulation as structural
proteins [Coghill et al., 2003; Vallenius et al.,
2004]. Rho signaling is well known for its ability
to regulate the stability of filament actin
through the phosphorylation of cofilin and
MLC. At least four kinases responsible for
cofilin phosphorylation have been identified:
LIM-kinase 1 and 2 and TES-kinase 1 and 2.
LIMK2 is specifically phosphorylated and acti-
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vated by Rho-associated, coiled-coil-forming
protein kinase (ROCK) downstream of Rho
[Ozawa et al., 2005]. Unexpectedly we found
that cofilin phosphorylation level is elevated in
palladin�/� MEFs. Upon LPA and Y-27632
treatments, there are comparable responses in
cofilin phosphorylation between wt and pal-
ladin�/� MEFs, which are accompanied by less
response in stress fibers formation to LPA
treatment and complete disappearance of stress
fibers after Y-27632 treatment in palladin�/�

MEFs. These data suggest that disruption of
stress fibers in palladin�/� cells may not be
associated with changed cofilin phosphoryla-
tion. Thus we propose that palladin may func-
tion as a structural protein, an ‘‘organizer’’ in
stress fibers formation or stabilization. How-
ever, the reason why phospho-cofilin level is
elevated in palladin�/� cells remains unclear. It
could be simply a compensatory response to
deficiency of palladin or collapsed stress fibers
through unknown mechanism.
In conclusion, palladin is crucial for funda-

mental cellular function and is required for the
formation or stabilization of stress fibers and
normal expression of b1-integrin.
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