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Background: Paxillin, a focal adhesion (FA) adaptor, functions in migration, although how Ser-85 phosphorylation affects
migration is unknown.
Results: Phosphorylation of paxillin at Ser-85 is critical for its associationwith talin, which regulates FA formation along the cell
boundary and haptotactic migration.
Conclusion: Paxillin Ser-85 phosphorylation regulates FA formation and migration.
Significance: Paxillin Ser-85 phosphorylation coordinates FA dynamics for migration.

Integrin-mediated adhesion to extracellular matrix proteins
is dynamically regulated duringmorphological changes and cell
migration. Upon cell adhesion, protein-protein interactions
amongmolecules at focal adhesions (FAs) playmajor roles in the
regulation of cell morphogenesis andmigration. Although tyro-
sine phosphorylation of paxillin is critically involved in adhe-
sion-mediated signaling, the significance of paxillin phosphor-
ylation at Ser-85 and the mechanism by which it regulates cell
migration remain unclear. In this study, we examined how
Ser-85 phosphorylation of paxillin affects FA formation and cell
migration. We found that paxillin phosphorylation at Ser-85
occurred during HeLa cell adhesion to collagen I and was con-
comitant with tyrosine phosphorylation of both focal adhesion
kinase and talin. However, the non-phosphorylatable S85A
mutant of paxillin impaired cell spreading, FA turnover, and
migration toward collagen I but not toward serum. Further-
more, whereas the (presumably indirect) interaction between
paxillin and theC-terminal tail of talin led to dynamic FAs at the
cell boundary, S85A paxillin did not bind talin and caused sta-
bilized FAs in the central region of cells. Together, these obser-
vations suggest that cell adhesion-dependent Ser-85 phosphor-
ylation of paxillin is important for its interaction with talin and
regulation of dynamic FAs and cell migration.

Cell adhesion causes the tyrosine phosphorylation and acti-
vation of diverse signaling or adaptor molecules at focal adhe-
sions (FAs),2 which play important roles in the regulation of cell
adhesion, spreading, migration, and invasion (1). Among
knownFAmolecules, focal adhesion kinase (FAK) and c-Src (or
the FAK�c-Src complex) are involved inmodulating diverse sig-
naling pathways after cell adhesion (2). FAK is autophosphory-
lated at Tyr-397 upon cell engagement to extracellular matrix
(ECM) proteins. Phosphorylated Tyr-397 recruits SH2 (Src
homology 2) domain-containing molecules such as c-Src,
which phosphorylates other Tyr residues in FAK (3). Another
FA molecule, paxillin, has also been shown to be phosphory-
lated in vitro by FAK and is known to be involved in protein-
protein interactions upon cell adhesion (4). Such cell adhesion-
dependent protein interactions involving paxillin can lead to
the dynamic regulation of downstream signaling activities for
different cellular functions such as actin reorganization and
morphological changes that are involved in both cell migration
and invasion (5). Integrins on the cell surface interact with the
ECM at FAs, where cells sense rigidity and dimensionality from
the underlying ECM(6). Specialized focal contacts or adhesions
such as invadopodia or invasive protrusions also dynamically
sense the ECM, and their formation is regulated by cell adhe-
sion signaling activity during invasion (7, 8).
The function of paxillin as an adhesion-dependent adaptor

molecule can be attributed to its phosphorylation state. Phos-
phorylation of paxillin at Tyr-31 and Tyr-118 occurs in a
FAK- and c-Src-dependent manner (9). These phosphoryla-
tion events allow recruitment of SH2 domain-containing
molecules such as CrkII (a homologue of CT10 Regulator of
Kinase) which leads to Rac1 signaling via the CrkII-Dock-
ELMO complex (10), or p120RasGAP (RASA1), which leads to
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RhoA inactivation (11). Thus, cell adhesion-dependent tyro-
sine phosphorylation of paxillin regulates actin dynamics (12).
Paxillin also hasmany Ser/Thr phosphorylation sites that are

targeted by diverse kinases, including MAPKs (12). Among
them, JNK-mediated Ser-178 phosphorylation of paxillin plays
a role in themigration of bladder tumor epithelial cells (13), and
p38MAPK-mediated Ser-85 phosphorylation of paxillin regu-
latesNGF-inducedneurite outgrowth of PC-12 cells (14). Inter-
estingly, post-translational modification of paxillin Ser-85 in
rat insulinoma cells can occur via either O-GlcNAcylation or
phosphorylation; Ser-85O-GlcNAcylation of paxillinmediated
by hyperglycemic conditions is counteracted by cell adhesion-
dependent phosphorylation (15). O-GlcNAcylation of Ser-85
limits cellular protrusions, whereas phosphorylation or block-
ing of thisO-GlcNAcylation enhances cellular protrusions (15).
Because paxillin phosphorylation at Ser-85 is important for cell
morphology, it is possible that Ser-85 can regulate metastatic
potential, including cell migration and invasion capacity,
although the mechanisms by which Ser-85 phosphorylation of
paxillin affects such cellular functions are not clear.
In this study, we investigated how Ser-85 phosphorylation of

paxillin is involved in both migration and invasion. We found
that the phosphorylation of Ser-85 upon cell adhesion is
required for the association of paxillin with the C-terminal tail
domain of talin, which in turn plays an important role in the
regulation of FA dynamics required for efficient migration and
invasion.

EXPERIMENTAL PROCEDURES

Cell Cultures—HeLa cervical cancer cells (American Type
Culture Collection, Manassas, VA) were maintained in
DMEM-H (WelGENE, Inc., Daegu, Korea) supplemented
with 10% FBS (Invitrogen) and gentamycin/streptomycin
(Invitrogen).
Cell Extract Preparation and Western Blotting—Subconflu-

ent cells were harvested or transiently transfected with HA3-
tagged WT, S85A, or S85D paxillin with or without GFP-talin,
the GFP-tagged N-terminal talin head domain (amino acids
(aa) 1–433), or theGFP-taggedC-terminal talin tail domain (aa
434–2541) for 36 h. In some cases, cells were microporated
with control siRNA (sc-37007, Santa Cruz Biotechnology) or
siRNA against paxillin (sc-29439) using theNeon� transfection
system, and 1 day later, the cells were transfected with HA3-
taggedWT or S85Amutant paxillin using FuGENE� HD (Pro-
mega) for 24 h prior to replating and harvesting. The trans-
fected cells were trypsinized, washed twice with PBS, and
pelleted. Pellets were resuspended in RPMI 1640 medium con-
taining 1% BSA and rolled over (60 rpm) at 37 °C for 1 h to
eliminate basal signaling activity. Resuspended cells were kept
in suspension or replated onto dishes or coverslips precoated
with fibronectin, collagen I, or laminin I (10 �g/ml; Trevigen,
Gaithersburg, MD) in the absence or presence of 10% FBS.
After incubation for the indicated times, cells were processed
forwhole cell lysate preparation, indirect immunofluorescence,
or actin staining. Whole cell lysates were prepared using radio-
immunoassay buffer (50mMTris (pH7.5), 150mMNaCl, 50mM

NaF, 1 mM sodium pyrophosphate, 0.1% SDS, 0.1% sodium
deoxycholate, 1% Nonidet P-40, and protease inhibitors). To

some samples, the pharmacological p38MAPK inhibitor
SB202190 (10 �M; LC Laboratories, Woburn, MA) was directly
added in serum-free replatingmedium 30min before replating.
The lysates were quantitated using the BCA method (Thermo
Scientific Pierce), normalized, and used in standard Western
blotting with antibodies against phospho-Ser-83 paxillin for rat
paxillin (Ser-85 paxillin for human paxillin) (16); paxillin (BD
Biosciences); phospho-Tyr-31/Tyr-118 paxillin, phospho-Tyr-
397 FAK, phospho-Tyr-577 FAK, phospho-Tyr-925 FAK, FAK,
and HA tag (Santa Cruz Biotechnology); phospho-ERK1/2,
ERK1/2, phospho-Ser-425 talin, vinculin, and �-tubulin (Cell
Signaling Technology, Danvers, MA); and talin (Sigma).
cDNA Constructs—pCMV-HA3-human paxillin (WT and

S85A) and GST-paxillin (WT and S85A) have been described
previously (15). Constructs for the head or tail domain of
human talin tagged with GFP were kind gifts from Dr. Juliano
Rudy (University of North Carolina, Chapel Hill, NC). Other
phosphomimetic mutants of HA3-S85D or HA3-S85E paxillin
were engineered using the QuikChange site-directedmutagen-
esis kit (Stratagene), and their sequences were confirmed. Frag-
ments of the tail domain of talin tagged with GST were engi-
neered by PCR using primers with linker oligonucleotides
containing sequences for the EcoRI restriction site at the 5�-end
and the NotI restriction site at the 3�-end to generate four frag-
ments from the talin tail domain (aa 433–2541). The C-termi-
nal tail domain 1 (D1) fragment (aa 434–1060), the C-terminal
tail D2 fragment (aa 952–1372), the C-terminal tail D3 frag-
ment (aa 1373–1948), or the C-terminal tail D4 fragment (aa
1949–2541) was subcloned into pGEX4T-1 (Amersham Bio-
sciences), and their sequences were confirmed. mCherry-con-
jugated human WT and S85A paxillin constructs were engi-
neered, and their sequences were confirmed by direct sequence
analyses.
Co-immunoprecipitation—Whole cell lysates containing at

least 500 �g of protein were mixed with anti-HA antibody-
precoated beads (30 �l of 50% slurry/condition; Sigma) or anti-
GFP antibody (0.5 �g/condition; Santa Cruz Biotechnology)
and rotated overnight at 4 °C. ProteinA/G-Sepharose beads (30
�l of 50% slurry; Upstate, Billerica, MA) were added to the
mixture and rotated for an additional 2 h at 4 °C. The immuno-
precipitates were collected, washed, and eluted prior to stan-
dard Western blotting using anti-talin, anti-FAK, anti-HA,
anti-vinculin, or anti-GFP antibody.
In Vitro GST-Protein Pulldown Assay—Recombinant GST

fusion proteins were prepared as described previously (15).
Purified recombinant GST fusion proteins on glutathione-aga-
rose beads (Cell Signaling Technology) were mixed with HeLa
cell extracts (300 �g of proteins) by rotation (60 rpm) for 1 h at
4 °C and washed twice with ice-chilled lysis buffer and twice
with PBS. Beads with attached proteins were mixed with 2�
SDS-PAGE sample buffer and boiled for 5 min prior to immu-
noblotting using anti-GST, anti-talin, anti-FAK, or anti-paxillin
antibody.
Immunofluorescence—Cells were transiently transfected

with the various constructs described above, control or paxillin
siRNA alone, or paxillin siRNA and S85A paxillin for 36 h. The
cells were replated on coverslips precoated with collagen I in
the absence of serum for 15 or 30min prior to staining for actin
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using phalloidin (Invitrogen) and subsequent immunostaining
using anti-HA, anti-phospho-Tyr-397 FAK, anti-paxillin, or
anti-vinculin antibody overnight at 4 °C. Cells were also immu-
nostained with anti-GFP-talin (green) and anti-HA3-paxillin
(red) antibodies and the appropriate secondary antibodies. Cells
were washed three times with PBS and once with pure H2O and
mountedwith amounting solution (DakoCytomation). Visualiza-
tion was performed using a BX51TR fluorescent microscope
(Olympus, Tokyo, Japan).
Transwell Migration or Invasion Assay—Cells were tran-

siently transfected with mock constructs, HA3-WT paxillin, or
HA3-S85A paxillin for 36 h and analyzed for migration using
Transwell chambers with 8-�mpores (Corning, Costar, NY) as
described previously (17). The assay measured migration
toward 10% FBS or collagen I (10 �g/ml) for 6 or 12 h. In some
cases, SB202190 (10 �M) was added to cells just before loading
into the upper chambers. Migration toward BSA was used as a
negative control. Themigrated cells on the filterwere randomly
imaged (at least five images/condition), and the numbers of
migrated cells were counted independently by two investiga-
tors to obtain means � S.D. for graphs.
Silver Staining of Immunoprecipitates—Cells transiently

transfectedwithmock,HA3-WTpaxillin, orHA3-S85Apaxillin
constructs for 36 h were harvested as described above and
immunoprecipitated with anti-HA antibody prior to silver
staining (Bio-Rad).
Invasive Protrusion Analysis—Cells transfected with HA3

(mock) or HA3-paxillin (WT or S85A) were analyzed for inva-
sive protrusions by culturing the cells on Oregon Green� 488-
conjugated gelatin (Invitrogen) and detecting the black spots
produced due to the degradation of gelatin. The number of cells
with degraded ECM among at least 100 cells was counted for
each condition, and the percentage of the total area that showed
ECM degradation was calculated by ImageJ analysis to give the
mean � S.D. for graphic presentation.
Statistical Analysis—Student’s t test was performed for com-

parison of means to determine whether the differences were
significant. p values �0.05 were considered significant.

RESULTS

Ser-85 Phosphorylation of Paxillin Depends on Cell Adhesion—
Wepreviously reported that Ser-85 phosphorylation of paxillin
upon cell adhesion could enhance membrane protrusions in
insulinoma cells under hyperglycemic conditions and that this
effect was antagonized by O-GlcNAcylation (i.e. post-transla-
tional modification of Ser/Thr residues with O-GlcNAc) (15).
In this study, we used HeLa cervical cancer cells to reveal how
paxillin Ser-85 phosphorylation is important for cellular func-
tions such as FA dynamics and cell migration/invasion. We
either kept HeLa cells in suspension or newly replated them
onto collagen I-precoated culture dishes for different times.
Through immunoblot analysis of diverse cell adhesion-related
molecules, we found that cell adhesion caused not only tyrosine
phosphorylation of FAK and paxillin but also Ser-85 phos-
phorylation of paxillin and Ser-425 phosphorylation of talin
(Fig. 1A). Thus, the phosphorylation of paxillin Ser-85 also
depended on the cell adhesion process. To further confirm this
dependence on cell/ECM adhesion, we transfected cells with

either WT or S85A mutant paxillin for 36 h and maintained
cells in suspension or replated cells onto dishes precoated with
different ECM components for 30 min. On fibronectin, colla-
gen I, and laminin, adhesion signaling activities involving FAK
and paxillin tyrosine phosphorylation were obvious when cells
were transfected with WT paxillin but were reduced in cells
transfected with S85A mutant paxillin (Fig. 1B). Moreover,
transfection withWT paxillin did not result in the obvious for-
mation of phospho-Ser-85 paxillin when the transfected cells
were kept in suspension or replated on fibronectin or laminin.
Furthermore, suppression of paxillin decreased phospho-
Ser-85 paxillin, phospho-Tyr-397 FAK, phospho-Tyr-577 FAK,
and phospho-Ser-425 talin in cells transiently transfected with
WT or S85A paxillin (Fig. 1C). Therefore, it appears that the
formation of phospho-Ser-85 paxillin may be linked to specific
adhesion signaling contexts such as adhesion ofHeLa cells onto
collagen I.
Paxillin Ser-85 Phosphorylation Is Important for Adhesion

Signaling and FA Formation—We next examined the signifi-
cance of phospho-Ser-85 paxillin in actin remodeling and FA
formation. By actin staining 15 or 30 min after replating on
collagen I, we found that WT paxillin caused extensive spread-
ing of cells with well developed actin stress fibers (94.7 � 3.5 or
96.3 � 3.8%, respectively), whereas the S85A mutant caused
limited spreading with less significant actin remodeling (25.4�
6.8 or 12.5 � 4.3%, respectively) (Fig. 1D). As for FA formation
via immunostaining Tyr-397-phosphorylated FAK, cells
expressing WT paxillin showed well developed FAs along cell
boundaries and protrusions (91.7 � 5.9%), whereas cells
expressing the S85A mutant had limited FA formation (17.2 �
4.7%) (Fig. 1E). These observations indicate that phospho-
Ser-85 paxillin depends on cell adhesion and plays roles in FA
formation and actin remodeling during cell adhesion.
Given that paxillin Ser-85 can be modified by O-phosphory-

lation or O-GlcNAcylation (15), we mutated Ser-85 to either
Asp (S85D) or Glu (S85E) to clarify how the S85A mutant-
mediated effects occurred. Standard Western blotting using
lysates from suspended or adherent cells transfected with WT,
S85A, or S85D paxillin vector revealed that WT or S85D paxil-
lin expression caused sufficient activation of cell adhesion-re-
lated signaling molecules, including FAK, paxillin, and talin,
whereas the S85Amutant did not (Fig. 2A). Furthermore, when
actin was stained in cells expressing WT, S85D, or S85E paxil-
lin, efficient protrusive processes were observed, whereas cells
expressing S85A paxillin formed less efficient protrusive pro-
cesses (Fig. 2B,upper panels).Meanwhile, when the localization
of exogenous paxillin was examined, WT, S85D, or S85E paxil-
lin localized efficiently at FAs along the cell boundaries, but the
S85Amutant did not (Fig. 2B,middle panels). Therefore, these
observations indicate that Ser-85-phosphorylated paxillin
affects cell adhesion and actin organization via localization at
FAs along cell boundaries (Fig. 2B).
Paxillin Ser-85 Phosphorylation Is Important for Haptotactic

Cell Migration and Invasion—We next investigated whether
phospho-Ser-85 paxillin is involved in cell migration because it
appears to be important for FA formation and actin remodeling
(Fig. 1). A Transwell migration assay was performed using cells
transfected with WT or S85A paxillin. Cells showed similar
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migration capacity toward 10% FBS in the lower chamber
regardless ofWTormutant paxillin transfection (Fig. 3A,upper
panels, and B, left panel). However, haptotactic migration
toward collagen I depended on paxillin type: cells expressing
WT paxillin showed efficient migration, whereas cells express-
ing the S85A mutant showed greatly reduced migration (Fig.
3A, lower panels, and B, right panel), indicating that phospho-
Ser-85 paxillin is important for haptotaxis but not for serum-
mediated chemotaxis. Consistent with the lack of difference in
chemotactic migration, adhesion signaling activities of cells
adhered to collagen I in the presence of 10% FBS showed no
difference between WT or S85A paxillin cells. Tyrosine phos-
phorylation of FAK and paxillin and Ser-425 phosphorylation
of talin were not attenuated by the mutation, whereas Ser-85
phosphorylation of paxillin was blocked by the S85Amutation,
as expected (Fig. 3C). Meanwhile, replating in the absence of
serum resulted in lower signaling activity in S85A mutant cells

compared with WT cells (Fig. 1B), which might be correlated
with the reduced migration toward collagen I.
It was previously reported that Ser-85 phosphorylation of

paxillin in PC-12 cells ismediated by p38MAPK (14).We there-
fore examined whether Ser-85 phosphorylation-mediated
migration depends on p38MAPK activity by Transwell migra-
tion analysis using cells transfectedwithWTor S85Apaxillin in
the absence or presence of the p38MAPK inhibitor SB202190.
SB202190 treatment decreased the WT paxillin-mediated
migration toward collagen I to a similar level to that in S85A
mutant cells (Fig. 3,D andE). As expected, SB202190 treatment
also reduced phospho-Ser-85 paxillin but not phospho-Tyr-
118 paxillin (Fig. 3F). Interestingly, although phospho-Tyr-118
paxillin was not inhibited (Fig. 3F, first and third lanes), WT
paxillin-mediated signaling activities of phospho-Tyr-397 FAK
and phospho-ERK1/2 were inhibited by SB202190 treatment
(Fig. 3F). This observation suggests that phospho-Ser-85 paxil-

FIGURE 1. Ser-85 phosphorylation of paxillin is dependent on cell adhesion. HeLa cells without (A) or with transfection with HA3-paxillin (paxillin or S85A)
for 36 h (C, D, and E) were collected, rolled over at 37 °C for 1 h, and maintained in suspension (Sus) for 2 h. Cells were reseeded onto culture dishes newly
precoated with collagen I (10 �g/ml) for the indicated times prior to harvesting and immunoblot analysis of whole cell lysates with the indicated antibodies
(A–C) or reseeded on collagen I-precoated coverslips for 15 or 30 min before processing for indirect immunostaining or actin staining (D and E). Anti-HA tag
antibody (green; D) or anti-HA tag (green) and anti-phospho-Tyr-397 FAK (pY397FAK; red) primary antibodies and the appropriate secondary antibodies (E) were
used. Scale bars � 20 �m (D and E). B, HeLa cells transfected with HA3-paxillin (WT or S85A) for 36 h were kept in suspension or reseeded onto culture dishes
precoated with 10 �g/ml fibronectin (FN), collagen I (CL), or laminin I (LN) for 30 min as described above. The cells were then harvested, and whole cell lysates
were subjected to immunoblot analysis for the indicated molecules. The data represent three independent experiments. pS85Pax, phospho-Ser-85 paxillin;
Con, control.
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lin might be involved in certain signaling activities during cell
migration, presumably through protein-protein interactions
among FA molecules. In addition to haptotactic migration,
invasive protrusion formation was enhanced by WT paxillin
but was abolished by S85A paxillin (Fig. 4, A and B). These
observations indicate that phospho-Ser-85 paxillin is involved
in cell migration and invasion, especially when the surrounding
ECM is critically involved.
WT but Not S85A Paxillin Binds to Talin—We examined

howphospho-Ser-85 paxillin is involved in cell adhesion during
migration and invasion.Wehypothesized that paxillinmight be
involved in the formation of an efficient FA complex, whereas
S85A paxillin might not perform this function. Therefore, we
examined differential protein interactions of WT and S85A
paxillin via silver staining of their immunoprecipitates. Exoge-
nously transfectedWTpaxillin co-immunoprecipitated diverse
proteins comparedwith S85A paxillin or themock control (Fig.
5A), indicating that there might be differential protein com-
plexes presumably depending on its Ser-85 phosphorylation.
We thus examined the existence of FA molecules in in vitro
pulldown experiments using recombinant GST-paxillin (WT
or S85A) and HeLa extracts. Among FA molecules, we found
that a small amount of talin was present in the GST-WT paxil-
lin pulldown but not in the GST-S85A paxillin pulldown (Fig.
5B and supplemental Fig. S1). Interestingly, both GST-tagged
WT and S85A paxillin bound FAK (supplemental Fig. S1A),
indicating that the specificity of paxillin bindingmay depend on
Ser-85 phosphorylation.
Moreover, immunoprecipitation of HA3-paxillin showed co-

immunoprecipitation of talin from adherent cells transfected
with WT paxillin but not from adherent cells transfected with

S85A paxillin or from suspended cells (Fig. 5C), indicating that
paxillin but not the S85A mutant associates with talin upon
adhesion. However, FAK was constitutively found in the HA3-
paxillin immunoprecipitates whether paxillin was mutated or
not (Fig. 5C and supplemental S1A). We next cotransfected
cells with HA3-paxillin (WT or S85A) together with either the
head or tail domain of talin and performed immunoblot analy-
sis of FAK and paxillin phosphorylation. Although tyrosine
phosphorylation of FAK and paxillin was generally inhibited by
cotransfection of S85A paxillin and the C-terminal tail domain
of talin, tyrosine phosphorylationwas not altered by the paxillin
mutant when it was cotransfected with the N-terminal head
domain of talin (Fig. 5D). Furthermore, phospho-Ser-85 paxil-
lin was obvious in adherent cells that were cotransfected with
WT paxillin and the C-terminal tail of talin, whereas it was
insignificant in cells transfectedwith either S85A paxillin or the
head domain of talin or in suspended cells (Fig. 5D). In the
reverse co-immunoprecipitation experiment,GFP-talin immu-
noprecipitates showed a slight co-immunoprecipitation of
HA3-paxillin only in cells that were cotransfected with GFP-
talin and WT paxillin but not the S85A mutant adhered on
collagen I (Fig. 5E). Furthermore, immunoprecipitates of
HA3-WT paxillin but not HA3-S85A paxillin co-immunopre-
cipitated the C-terminal tail domain of talin conjugated with
GFP but not the head domain (Fig. 5F). These data suggest that
Ser-85 phosphorylation of paxillin upon cell adhesion is impor-
tant for its associationwith talin, especially with the C-terminal
tail domain. Furthermore, a fragment (aa 434–1060) of the
C-terminal tail domain of talin bound paxillin when recombi-
nant GST-talin tail fragments were incubated with HeLa cell
extracts, whereas other fragments (aa 951–2451) did not (Fig.

FIGURE 2. Paxillin Ser-85 phosphorylation affects cell adhesion signaling activity, FA formation, and actin organization. A, cells were transfected with
HA3-paxillin (WT, S85A, or S85D) for 36 h before being kept in suspension (Sus) or reseeded onto collagen I (Coll; 10 �g/ml)-precoated culture dishes for 30 min.
Whole cell lysates were prepared for standard Western blots for the indicated molecules. pS85Pax, phospho-Ser-85 paxillin. B, HeLa cells were transfected with
HA3-paxillin (WT, S85A, S85D, or S85E) for 36 h before replating on collagen I (10 �g/ml)-precoated coverslips for 30 min. The cells were stained for actin using
phalloidin and immunostained for HA3-paxillin using anti-HA antibody. Scale bar � 10 �m. The data shown represent three independent experiments.
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5G). Because paxillin and talin are components of FAs, we next
examined whether paxillin binds to other FA components like
vinculin. However, vinculin was not detected in HA3-paxillin
immunoprecipitates (Fig. 5H). It may thus be likely that there is
a certain specificity for the binding between Ser-85-phosphor-
ylated paxillin and FA molecules.
Regulation of FA Formation via Association between Paxillin

andTalin—Becausewe observed that the S85A paxillinmutant
did not bind to talin, we examined whether the cellular local-
ization of paxillin is affected by its binding to talin. To this end,
we cotransfected cells with HA3-paxillin (WT or S85A) and
GFP-WT talin (the N-terminal head domain or the C-terminal
tail domain) prior to indirect immunofluorescencemicroscopy.
Following cotransfection with GFP-WT talin, WT paxillin co-
localized with talin along cell boundaries (82.3 � 7.3%),
whereas S85A paxillin did not (23.5 � 3.9%) (Fig. 6A), indicat-
ing that phospho-Ser-85 paxillinmight be required for efficient

FAs during cell adhesion and spreading. When cotransfected
with the GFP-tagged N-terminal head domain of talin, WT
paxillin caused more efficient formation of protrusive pro-
cesses rather than FAs along the boundaries (79.6 � 8.5%) than
did the S85A mutant, which did not co-localize with talin
(18.8 � 6.8%) (Fig. 6B). When cotransfected with the GFP-
tagged C-terminal tail of talin, however,WT paxillin efficiently
formed FAs along the cell boundaries (86.2 � 9.6%), whereas
S85A paxillin caused either quite stable FAs or the accumula-
tion of the GFP-talin tail domain in the central area of cells
(24.8� 4.3%) (Fig. 6C), indicating altered formation of FAswith
paxillin when S85A paxillin and the C-terminal domain of talin
are cotransfected. Furthermore, another FA marker, vinculin,
was not peripherally localized in the cells cotransfected with
S85A paxillin and the C-terminal domain of talin (75.2 � 5.8%)
(Fig. 6D). As shown in Fig. 6E, transient transfection of paxillin
siRNA could suppress expression efficiently in most transfec-

FIGURE 3. Paxillin Ser-85 phosphorylation is important for haptotactic cell migration. A and B, cells were transfected with mock or HA3-paxillin (WT or
S85A) constructs for 36 h before a Transwell migration assay, in which the lower chamber was filled with 1% BSA and DMEM-H (negative control), 10% FBS, or
serum-free medium containing 10 �g/ml collagen I (Coll) for 12 h. After incubation, migrated cells on the chamber filter were stained with Diff-Quik solution
(Medion Diagnostics), and at least five random images for each condition (A) were imaged to calculate means � S.D. (B). C, cells were transfected with
HA3-paxillin (WT or S85A) for 36 h and kept in suspension (Sus) or replated onto collagen I-precoated culture dishes for 30 min in the presence of 10% FBS before
harvesting and analysis of whole cell lysates by immunoblotting for the indicated molecules. D and E, assay for cell migration through the Transwell for 6 h was
performed as described for A. Cells were pretreated with SB202190 (SB) 30 min before loading cells into the upper chambers. Migrated cells from representative
images (D) were calculated for means � S.D. (E). F, cells were transfected and manipulated as described for C in the absence (�) or presence of SB202190
pretreatment before harvesting and analysis of whole cell lysates by immunoblotting for the indicated molecules. The data shown represent three indepen-
dent experiments. pS85Pax, phospho-Ser-85 paxillin.
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tion-positive cells (97.3 � 3.8%). In the cells in which endoge-
nous paxillin was suppressed (at least partially) by paxillin
siRNA and then reconstitutedwith S85Apaxillin, S85Apaxillin
and vinculin appeared not to localize at FAs (84.3 � 4.9%),
whereas cells without S85A paxillin introduction (but presum-
ably with a residual endogenous paxillin after paxillin siRNA
transfection) showed well established vinculin-positive FAs
along the cell peripheries (96.9 � 3.8%) (Fig. 6F).
We next analyzed the dynamic changes in FAs and protru-

sive process formation via time-lapse microscopy after
transfection of cells with mCherry-paxillin (WT or S85A).
Cells transfected with mCherry-WT paxillin showed very
active dynamic protrusions and FAs along cell boundaries as
time progressed, whereas cells transfected with mCherry-
S85A paxillin showed very stable boundaries without a
dynamic alteration of paxillin localization (Fig. 7 and supple-
mental Movies 1 and 2). This observation indicates that
phospho-Ser-85 paxillin is required for dynamic cell adhe-
sions during cell migration.

DISCUSSION

This study demonstrates that paxillin is phosphorylated at
Ser-85 in a cell adhesion-dependent manner and that Ser-85
phosphorylation appears to be important for the signaling
activities of FA molecules such as FAK and talin. Ser-85 phos-
phorylation of paxillin appears to be important for FA forma-
tion and actin organization and is also required for its binding
to theC-terminal tail domain of talin in an adhesion-dependent
manner. Phospho-Ser-85 paxillin-dependent binding to talin
correlates with obvious FAs along cell boundaries such that the
S85Amutant caused abnormal formation of vinculin- or paxil-
lin-positive FAs in central regions of cells rather than around
the cell peripheries. Furthermore, phospho-Ser-85 paxillin is
critical for haptotactic but not serum-induced migration and
invasion. Therefore, themechanisms bywhich phospho-Ser-85
paxillin regulates cell migration/invasion may be attributed to
the regulation of FAs and invasive protrusion formation via
binding to the C-terminal tail domain of talin.
Most previous studies on paxillin have focused on the effects

of phosphorylation at Tyr-51 and Tyr-118, which are critically

involved in cellular functions such as migration and invasion
(12, 18). However, serine phosphorylation of paxillin is also
involved in the regulation of cellular functions (19); for exam-
ple, phosphorylation of Ser-273 by p21-activated kinase
enhancesmigration, protrusion, and FA turnover via the localiza-
tion of a paxillin�GIT1�PIX�p21-activated kinase complex at the
leading edges of Chinese hamster ovary cells (20), and Ser-85 of
human paxillin (Ser-83 of rat paxillin) is phosphorylated either by
p38MAPKduringNGF-induced neurite outgrowth of PC-12 cells
orbyERK1/2duringhepatocytegrowth factor-mediatedmorpho-
genesis of mouse inner medullary collecting duct epithelial cells
(mIMCD-3) (14, 16). Ser-85 of human paxillin (and the corre-
sponding Ser-83 of rat paxillin) is post-translationally modified
withO-GlcNAcunderhyperglycemicconditions,whichcompetes
with cell adhesion-dependent phosphorylation and corre-
lates with the formation of protrusive processes (15). In this
study, we also showed that HeLa cell adhesion induced Ser-85
phosphorylation of paxillin and that this effect was inhibited by
the pharmacological inhibition of p38MAPK.
In addition to NGF-mediated neurite outgrowth in PC-12

cells, phospho-Ser-85 paxillin is involved in the modulation of
FA length, although how phospho-Ser-85 paxillin regulates the
FAs remains unknown (14). During the hepatocyte growth fac-
tor-mediated morphogenesis of mIMCD-3 cells, the associa-
tion between phospho-Ser-85 paxillin and FAK appears to be
important for morphogenesis because the S85A mutation
inhibits both the association and morphological effects (16).
Similarly, the results of this study indicate that cell adhesion-
dependent phospho-Ser-85 paxillin regulates the tyrosine
phosphorylation of FA molecules (FAK, paxillin, and talin), FA
formation, actin organization, migration, and invasion, given
that the S85A paxillin mutation reduced phosphorylation of
FAKTyr-397 and paxillin Tyr-118, FA formation at the periph-
ery, haptotactic migration, and invasive protrusion formation.
Interestingly, in contrast to WT paxillin, the S85A mutant
could not associate with the C-terminal tail (rod) domain of
talin, leading to abnormal intracellular formation of stabilized
FAs, including phospho-Tyr-397 FAK (Fig. 1E), HA3-paxillin
(Figs. 2 and 6), and vinculin (Fig. 6,D andF). These observations
indicate that the efficient dynamics of FA turnover (supported
by eitherWT talin or its C-terminal tail domain) are not possi-
ble when phospho-Ser-85 paxillin is unavailable. Furthermore,
no phospho-Ser-85 paxillin resulted in an abnormal formation
of FAs with vinculin, paxillin, and FAK. Given that paxillin and
talin are components of FAs, which are quite complex struc-
tures and signaling hubs, phospho-Ser-85 paxillin can lead to
changes in phosphorylation events of certain FA molecules.
Furthermore, the association of a C-terminal region (aa 434–
1060) of talin with paxillin, as shown by co-immunoprecipita-
tion and GST-talin fusion fragment pulldown of paxillin in cell
extracts, might be an indirect association mediated by other
component(s) such as actin or another FAmolecule. It is known
that the N-terminal LD [repeated leucine-rich sequences that
begin with a leucine (L) and aspartate (D)] domains of paxillin
bind directly to the tail domain of vinculin (21), of which the
head domain associates with the stretched tail domain of talin
(22). It is known that cryptic vinculin-binding sites in the talin
tail undergo conformational changes to be stretched on adhe-

FIGURE 4. Paxillin Ser-85 phosphorylation is important for invasive pro-
trusion formation. Cells were either mock-transfected or transfected with
HA3-paxillin (HA3-Pax; WT or S85A) for 36 h before reculturing on Oregon
Green� 488-conjugated gelatin for 6 h. ECM degradation by invasive protru-
sions along the cell boundary was confirmed by actin staining concurrent
with detection of black spots (degradation of Oregon Green 488-conjugated
gelatin) (A). The numbers of cells with degraded ECM were counted among at
least 100 cells for each condition, and the percentage of the ECM-degraded
area out of the total area was calculated to obtain means � S.D. from three
different experiments (B).
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sion-mediated force transduction (22). However, under certain
experimental conditions in this study, the association between
talin and paxillin appeared not to be mediated by vincu-
lin because paxillin immunoprecipitates did not include vincu-
lin but rather talin in a Ser-85 phosphorylation-dependent
manner. It may be that the talin tail domain is not stretched

enough to associate with vinculin in our particular system.
Although analyses to test the direct binding between paxillin
and talin are still required, it is likely that this binding can still be
mediated via another FA component or actin.
Talin is an adaptor molecule at FAs (18). The N-terminal

head domain of talin is responsible for integrin activation pre-

FIGURE 5. WT (but not S85A) paxillin binds to talin. A, immunoprecipitates (IP) using anti-HA antibody from extracts of mock-transfected or HA3-paxillin
(HA3-Pax; WT or S85A)-transfected cells were run in a gel and silver-stained. Arrowheads indicate certain proteins immunoprecipitated from WT paxillin-
transfected cell extracts but not from mock-transfected or S85A (SA) paxillin-transfected cell extracts. IgG-h and IgG-l, IgG heavy and light chains, respectively.
B, recombinant GST alone or GST-paxillin (WT or S85A) proteins bound to glutathione-agarose beads were mixed with whole cell lysates (WCL) from HeLa cells
overnight at 4 °C, and the pulldown samples were analyzed by Western blotting using anti-GST or anti-talin antibody. C, HeLa cells were transfected with
HA3-paxillin (WT or S85A) for 36 h and kept in suspension (Sus) or reseeded onto collagen I (Coll)-precoated culture dishes for 30 min prior to harvesting. Whole
cell lysates were immunoprecipitated with anti-HA antibody as described under “Experimental Procedures.” The immunoprecipitates and whole cell lysates
were analyzed in parallel by standard Western blotting with anti-HA, anti-FAK, or anti-talin antibody. D–F, HeLa cells were cotransfected with HA3-paxillin (WT
or S85A) and the GFP-tagged N-terminal head (Head) or C-terminal tail (C-tail) domain of talin for 36 h. The cells were then kept in suspension or reseeded onto
collagen I-precoated culture dishes for 30 min prior to harvesting. Whole cell lysates were subjected to standard Western blot (WB) analysis using the indicated
antibodies (D) or co-immunoprecipitation using anti-GFP (E) or anti-HA (F) antibody prior to immunoblotting in parallel with lysates (Input) using antibodies for
the indicated molecules. pS85Pax, phospho-Ser-85 paxillin. G, recombinant GST-talin tail fragments (D1–D4) on beads were mixed with HeLa cell extracts as
described under “Experimental Procedures.” The proteins on beads were subjected to standard Western blotting for paxillin or GST. H, cells were mock-
transfected or transfected with HA3-paxillin (WT or S85A) for 36 h before manipulating cells as described for C. Immunoprecipitates with anti-HA antibody were
immunoblotted in parallel with lysates for the indicated molecules. The data are representative of three independent experiments.
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sumably during inside-out signaling, whereas the C-terminal
tail domain is required for linkage of cell adhesion to actin rear-
rangement (23). Because talin is recruited to FAs early after cell
adhesion, it has been suggested that talin plays a scaffolding
function in recruiting FA molecules and enzymes (24). Both
talin and paxillin are known to be recruited at the earlier FA or
contacts (25). Furthermore, although the C-terminal tail

domain of talin locates at FAs, the N-terminal head domain
does not (23). During time-lapse imaging in this study, cells
expressing the S85A paxillinmutant showed less efficient turn-
over of paxillin-positive staining, whereas cells expressing WT
paxillin showed dynamic turnover of paxillin-positive staining
along cell boundaries and invasive process formation. There-
fore, this study revealed that Ser-85 phosphorylation of paxillin

FIGURE 6. FA formation is regulated by WT (but not S85A) paxillin together with the talin C-terminal tail domain. Cells were cotransfected with
HA3-paxillin (HA3-Pax; WT or S85A) and GFP-WT talin (A), the N-terminal head domain (B), or the C-terminal tail domain (C and D) for 36 h. Alternatively, cells
were transiently transfected with control siRNA (siControl) or siRNA against paxillin (siPaxillin) (E) or cotransfected with paxillin siRNA and HA3-S85A paxillin (F)
for 36 h. The cells were then replated onto collagen I (10 �g/ml)-precoated coverslips for 30 min before staining with anti-HA3 tag (red, A–C; and green, F),
anti-actin (red, E), anti-paxillin (green, E), or anti-vinculin (red, D and F) antibody. Scale bars � 10 �m (A–D and F) and 20 �m (E). The data shown represent three
independent experiments.
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regulates FAs for efficient migration and invasion via its
involvement in protein-protein interactions with FAmolecules
such as talin. Taken together, our findings suggest that the
Ser-85 phosphorylation of paxillin upon cell adhesion regulates
its interaction with talin and the signaling activities of FA mol-
ecules, leading to efficient turnover of FAs along cell bound-
aries during cell migration and invasion in ECM-rich
environments.
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