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The integrin family of cell adhesion receptors are important for a diverse set of biological responses during
development. Although many integrins have been shown to engage a similar set of cytoplasmic effector proteins
in vitro, the importance of these proteins in the biological events mediated by different integrin receptors and
ligands is uncertain. We have examined the role of one of the best-characterized integrin effectors, the focal
adhesion protein paxillin, by disruption of the paxillin gene in mice. Paxillin was found to be critically involved
in regulating the development of mesodermally derived structures such as heart and somites. The phenotype
of the paxillin™/~ mice closely resembles that of fibronectin™'~ mice, suggesting that paxillin is a critical
transducer of signals from fibronectin receptors during early development. Paxillin was also found to play a
critical role in fibronectin receptor biology ex vivo since cultured paxillin-null fibroblasts display abnormal
focal adhesions, reduced cell migration, inefficient localization of focal adhesion kinase (FAK), and reduced
fibronectin-induced phosphorylation of FAK, Cas, and mitogen-activated protein kinase. In addition, we found
that paxillin-null fibroblasts show some defects in the cortical cytoskeleton and cell spreading on fibronectin,
raising the possibility that paxillin could play a role in structures distinct from focal adhesions. Thus, paxillin
and fibronectin regulate some common embryonic developmental events, possibly due to paxillin modulation
of fibronectin-regulated focal adhesion dynamics and organization of the membrane cytoskeletal structures

that regulate cell migration and spreading.

Regulation of cell-cell and cell-substratum interactions plays
an important role in a variety of biological responses including
cell migration, proliferation, and survival. Integrins, a group of
heterodimeric receptors, mediate both cell-extracellular matrix
(ECM) and cell-cell interactions and have been shown to be
important in the regulation of these biological responses (20).
Molecularly, integrin engagement induces a signaling cascade
which modulates both the intracellular and extracellular envi-
ronments including changes in protein and lipid phosphoryla-
tion, alterations in the cytoskeletal architecture, changes in
gene expression, modulation of integrin affinity, and ECM
organization (9). Their ability to participate in a range of
signaling events is likely to be due to the complex set of effec-
tors utilized by integrins (43). Some of these proteins have
been implicated in signaling from the receptor to the cyto-
plasm (outside-in signaling), while others function in transduc-
ing signals from the cytoplasm to the extracellular milieu
(inside-out signaling). Many of the effectors reside in focal
adhesions and include enzymes such as focal adhesion kinase
(FAK) and Src family kinases and scaffolding proteins such as
p130<*, paxillin, vinculin, and zyxin (22).

While integrin engagement results in the tyrosine, and in
some cases, serine/threonine phosphorylation of many of these
putative effectors, the requirement for these proteins in inte-
grin biology or their function in cytoskeleton dynamics is un-
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clear. Overexpression studies, use of dominant negatives, and
gene disruption studies have helped to elucidate the functions
of some of these components. For example, in vitro studies of
FAK have revealed a role for this protein in focal adhesion
dynamics and regulation of cell migration, and in vivo studies
have shown that FAK is an important effector of fibronectin
biology (16, 21, 39, 42, 46). In contrast, although the scaffolding
protein Cas is tyrosine phosphorylated when cells are plated on
fibronectin, the phenotype of Cas-deficient embryos does not
support a critical biological role for Cas in fibronectin signaling
(7, 18, 27) in vivo. Similarly, mice with a mutation in another
focal adhesion protein, vinculin, also have a phenotype distinct
from that of fibronectin-deficient mice; and cells from these
animals show elevated levels of tyrosine phosphorylation when
seeded on fibronectin (57). Thus, as in other signaling path-
ways, phosphorylation of a protein in response to receptor
engagement suggests that a protein may participate in signal-
ing downstream of that receptor, but it is not indicative of an
absolute requirement in the signal transduction process. The
scaffolding protein paxillin is another example of a protein that
has been suggested to be an effector in integrin signaling as
well as other receptor pathways, but its function and require-
ment in these pathways are uncertain.

Paxillin is a LIM domain protein originally identified as a
substrate of the oncogenic tyrosine kinase v-src. It is also phos-
phorylated in response to engagement of a variety of receptors,
including integrins, and its phosphorylation is regulated during
development (50, 51). Two family members, Hic-5 and leu-
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FIG. 1. Targeting of the paxillin locus and generation of the null mutation. (A) The targeting vector used to generate the null mutation is
diagrammed. SA, adenovirus splice acceptor; Bgeo, 3-galactosidase-neomycin resistance gene fusion; pGK, phosphoglucokinase promoter; DTA,
diphtheria toxin A subunit; bPA, bovine(poly A). Primers used for genotyping are diagrammed (a, b, and c). Exons are represented by black boxes.
Exons 2 and 3 were deleted and encode amino acids 5 to 74. Restriction sites used to generate the targeting vector are indicated. RI, EcoRI; Hy,
HindlIl; Hyy, HindIIl (see Materials and Methods for more detail). (B) Loss of paxillin expression in paxillin™’~ cells. Lysates prepared from

wild-type, paxillin™/~ e

to paxillin.

, or paxillin

paxin, have also been identified, and at least three alternatively
spliced variants of paxillin have been observed (30, 34, 45, 48).

In addition to the LIM domains, paxillin contains other
motifs and domains which provide binding sites for a range of
proteins including tyrosine kinases, other scaffolding and/or
adapter proteins, and structural proteins (51). The motifs and
domains present in paxillin include leucine-rich motifs (termed
LD repeats), proline-rich sequences, and phosphotyrosine
binding sites. The LD repeats are important for paxillin’s abil-
ity to interact with proteins such as FAK, vinculin, the papil-
lomavirus E6 protein, and the ARF GAP, Git/PKL/CAT(4).
Accordingly, many of these proteins can also bind to the pax-
illin family member Hic-5 due to the conservation of this re-
gion (48, 52). The LD motifs also play a role in localization of
paxillin and Hic-5 to focal adhesions; however, the major de-
terminant of focal adhesion localization resides in the C-ter-
minal half of paxillin in the LIM domains. Paxillin has four
LIM domains, and the second and third LIM domains appear
to be critical for the localization of paxillin family proteins to
focal adhesions (5).

While paxillin appears to function as a scaffolding protein,
its precise role in mediating specific integrin signals is unclear.
As indicated above, different integrins and numerous receptors
induce phosphorylation of paxillin, suggesting that it could be
a common effector of multiple pathways. Furthermore, many
paxillin binding partners interact with multiple focal adhesion
proteins, raising the possibility that their association with pax-
illin could be redundant. For example, the adapter protein crk

embryos were subjected to SDS-PAGE, immobilized on nitrocellulose, and immunoblotted with an antibody

can interact with paxillin as well as the focal adhesion protein
CAS. The cytoplasmic tyrosine kinases Src and FAK can bind
to paxillin but they can also interact with each other (17, 41,
55). The recent identification of two family members, leupaxin
and Hic-5, also raises the possibility that paxillin function could
be redundant in integrin biology. Finally, many paxillin binding
partners appear to have opposing functions in integrin biology.
For example, loss of FAK results in decreased migration, while
loss of vinculin increases migration (21, 56). Thus, it is unclear
whether and/or how this protein may function in regulation of
an integrin pathway and responses such as cell migration and
spreading. Therefore to gain insight into the function of this
protein in vivo and its role in integrin signaling, a targeted
disruption was generated in the paxillin locus. Analysis of pax-
illin-deficient embryos and cells derived from these animals
demonstrates that paxillin is a critical mediator of fibronectin
biology both in vivo and ex vivo, regulating focal adhesion
dynamics, cell spreading, and tyrosine phosphorylation.

MATERIALS AND METHODS

Cells and culture. AK7 embryonic stem cells and SNL fibroblasts were cul-
tured and electroporated as described previously (28). Paxillin mutant and con-
trol cells were generated from littermate-matched embryos 7.5 days old (E7.5).
Embryos were cultured in vitro individually for approximately 10 days, each in a
single well of a gelatinized 24-well dish in embryonic stem cell media to allow
fibroblastic cells to grow out. They were then trypsinized and replated in wells of
the same size and gradually amplified. The passages of the cells used in these
experiments were below passage 10, and thus far, the cells did not appear to have
undergone a crisis. The rescued cells were generated by infecting paxillin-defi-
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FIG. 2. Paxillin expression between E7.5 and E10. Paxillin™~ or paxillin®™/* embryos were isolated between E6.5 and E10 and stained with
X-Gal. In some cases they were counterstained with hematoxylin and eosin or immunostained with a neurofilament antibody. (A and B) Expression
at E7.5 is seen only in the extraembryonic region (EEM) and not in the embryonic region (EM), and wild-type embryos show no staining.
Sectioning of stained E7.5 embryos (B) indicates that the ectoplacental cone (EPC), chorion (Ch), allantois (All), and amnion (Amn) express
paxillin. Expression at E8.5 to E10 (C to I) is detected in the embryo proper. At E8.5, paxillin expression is detected in many structures including
mesodermally derived components such as the headfold (Hf), the notochord (NC), and the heart (Ht). Sectioning of E8.5 X-Gal-stained embryos
(D and E) indicates that expression is observed in the underlying cephalic mesenchyme (CM) but is not detected in the neural tube (NT). Little
staining is detected in the somites (S). At E9 and E10 (F to I), paxillin is expressed ubiquitously, with more intense staining observed in areas
derived from neural crest cells including dorsal root ganglion (DRG). The brown staining represents neurofilament-positive structures (H).
Sections of E10.5 embryos indicate strong staining of the notochord and the neural crest cells (NCC) emanating from the neural tube (I).

cient cells with a retrovirus expressing myc-tagged, wild-type paxillin (48). The
cells were selected in puromycin, the pooled puro-resistant population was ex-
panded, and paxillin expression was confirmed by immunoblotting. Plating was
done as described previously (37). Briefly, bacterial dishes were coated (10
pg/em?) with fibronectin (Sigma) and incubated at room temperature for at least
1 h or overnight at 4°C. Following washing with distilled water, plates were
blocked with 0.1% heat-inactivated bovine serum albumin for 1 h and washed
with serum-free media (SFM). Serum-starved cells (=80 to 90% confluence)
were detached with 0.05% trypsin—0.35 mM EDTA and suspended in SFM
containing 0.25 mg of soybean trypsin inhibitor per ml. After harvesting by
centrifugation, cells were washed with SFM, centrifuged, resuspended in SFM,
maintained at 37°C for 30 to 40 min, and then plated onto fibronectin-coated
plates at 37°C for the times indicated.

Constructs and genotyping. A 1.6-kb Hindll/EcoRI fragment and a 4.4-kb
HindIII fragment were cloned into the NorI and Sall sites, respectively, of the
SABgeolox’DTA vector (28). A mock vector containing a 3-kb EcoRI fragment
cloned into the NotI site was also generated to optimize PCR conditions. G418"
AKT7 cells were screened by PCR using a paxillin-specific primer 5’ to the region
of homology used in the targeting vector (CAAACCAGAATCCAGCCCAG)
and a reverse primer in the SABgeo cassette (TCGTAACCGTGCATCTGCC).
The reaction was carried out at 95°C for 3 min and 82°C for 15 min followed by

40 cycles of 93°C for 30 s, 52°C for 45s, and 65°C for 3 min. This results in a 1.8-kb
fragment specific for the targeted paxillin locus. Results were later confirmed by
Southern blotting. Animals and embryos were genotyped by PCR using the
above primers for detection of the mutant locus and the forward primer (CAG
CCTCTCTACATGCCTTAGCTG) and wild-type-specific reverse primer (CCA
CTGATCTAAAGGGTCCAGGAC) for detection of the wild-type locus. Sep-
arate reactions were carried out since the sizes of the wild-type fragments were
similar. The reaction conditions were identical, except that an annealing tem-
perature of 54°C was used for the wild-type reaction. Because of the presence of
the Bgeo transgene, animals were routinely genotyped by 5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside (X-Gal) staining of tails as previously described
(15). Sections were also genotyped by PCR after scraping and melting of the wax.
The myc-tagged paxillin construct used for the rescue experiments has been
described previously (48).

Histology and X-Gal staining. Timed matings were performed between pax-
illin ™/~ animals. Mothers were sacrificed at various time points after fertilization,
and embryos were dissected from the uterus. In some cases, X-gal staining was
done, as previously described (15). For sections, embryos were fixed in 1Xx
mirsky’s, and following dehydration they were embedded in paraffin and sec-
tioned. Sections were counterstained with hematoxylin and eosin to better visu-
alize the cells.
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FIG. 3. Paxillin-null embryos display defects in multiple mesodermally derived structures. Timed matings were performed with paxillin
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and embryos isolated at E7.5 or E8.5. Genotypes of embryos were determined by PCR either with yolk sac DNA or from scraping of sections (data
not shown). (A and B) At E7.5 in paxillin =/~ embryos, the amnion (Amn) is collapsed on the embryo and the allantois (All) is misshapen and
moving anteriorly rather than dorsally towards the chorion. (C and D) At ES8.5, paxillin mutants are significantly smaller overall. No obvious heart
structure is present (Ht), and mutants have an abnormal headfold (Hf) and allantois (All). (E to H) Histological sections of wild-type and
paxillin-null embryos. The headfold region is smaller than normal, but expected cell populations are present adjacent to the neural groove (NG),
including neural epithelium (NE) and cephalic mesenchyme (CM). In contrast, the mutant embryo lacks a cardiogenic plate (CP) and the
endodermal lining of the foregut (FG) remains open. The allantois (All) also appears to be abnormal. (G) A more caudal section of a wild-type
embryo, in which the notochord (NC) and rostral extension of dorsal aorta (DA) are visible. Adjacent to the primitive streak (PS), mesodermal
cells (M) are visible. (H) More caudal section of a paxillin-null embryo, in which the discrepancy in overall headfold size, compared to that of the
wild type, is more pronounced. Cephalic mesenchymal (CM) cells appear condensed. Mutant embryos also lack an organized notochord, and the
dorsal aorta is absent. Paxillin-null embryos also lack organized somites (in more caudal sections; not shown). In contrast, the primitive streak (PS)

and adjacent mesodermal (M) cells appear normal.

Spreading assay. Spreading assays were done as previously described (37).
Briefly, cells were starved for 16 to 24 h and then plated in SFM on fibronectin-
coated bacterial dishes for the indicated time points. At least three independent
fields were photographed under the 10X objective at the indicated time points.
Initial assays were done on four different mutant cultures and two different
control cultures, and they were repeated at least three times.

Cell migration. Cells were grown to confluence and then wounded using a
pipette tip. Three wounds were made for each sample, and all were photo-
graphed at the zero time point and at subsequent time points. Assays were
initially done on four different mutant cultures and two different control cultures
and were repeated at least three times.

Immunofluorescence. Following starvation, cells were plated on fibronectin-
coated coverslips overnight in SFM. Cortactin (4F11, generous gift of Thomas J.
Parsons, University of Virginia), Hic-5 (HIM2), and vinculin (Sigma) staining
were carried out as described previously (48, 49). For FAK staining, cells were
fixed overnight in methanol and then stained with the FAK antibody, 2A7

(generous gift of Thomas J. Parsons, University of Virginia) and Hic-5 antibody
followed by fluorescein isothiocyanate-conjugated anti-mouse and tetramethyl
rhodamine isocyanate-conjugated anti-rabbit (Jackson Immunochemicals) anti-
bodies. Cells were visualized on a Nikon fluorescence microscope using the 60X
objective, and images were processed with a Photometrics digital camera and
Phase 3 imaging software (Phase 3 Imaging).

Immunoprecipitations and Western analyses. Following plating, cells were
washed twice with phosphate-buffered saline and lysed (500 wl/10-cm-diameter
plate) in radioimmunoprecipitation assay buffer containing protease and phos-
phatase inhibitors as described previously (49). Lysates were clarified by centrif-
ugation for 15 min at 4°C. For immunoprecipitations, each sample (containing
200 to 500 pg of total protein) was incubated with the relevant antibody for 2 h
at 4°C, followed by the addition of protein A-Sepharose beads (Sigma) and an
additional 1-h incubation. Immune complexes were collected by centrifugation,
washed four times with radioimmunoprecipitation buffer, resuspended in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer,
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boiled, and analyzed by SDS-8% PAGE. Proteins were electroblotted onto
nitrocellulose (Bio-Rad) and probed with appropriate primary and peroxidase-
conjugated secondary antibodies (Bio-Rad). Signals were detected by enhanced
chemiluminescence (ECL; Amersham). Concentrations of primary antibodies
used in immunoblots were 1:1,000 for anti-FAK and anti-Cas, 1:5,000 for 4G10
(generous gift of Debbie Morrison), 1:1,000 for phospho-mitogen-activated pro-
tein kinase (MAPK) (Cell Signaling), 1:1,000 for anti-paxillin (Transduction
Labs), and 1:1,000 for Hic-5. For total cell lysates, 25 to 50 pg of lysate was used.

RESULTS

Generation of paxillin-deficient mice. To begin to under-
stand paxillin’s role in various pathways and in the regulation
of the cytoskeletal architecture, a targeted disruption was gen-
erated in the paxillin gene. The paxillin locus was mutated by
replacing 1.6 kb of genomic sequence with a promoterless
B-galactosidase-neomycin resistance cassette (SAPgeo) (Fig.
1A) (15). The deleted sequence contains exons 2 and 3, which
encode amino acids 5 to 74. Multiple targeted clones were
isolated, and heterozygous mice were obtained in both hybrid
(129/Sv;C57BL/6) and 129/Sv backgrounds. These animals are

viable and breed normally. Proper targeting of the locus was
confirmed by both Southern blot analysis and PCR (data not
shown). As the construct contains a strong splice acceptor
sequence and a bovine poly(A) which acts to trap any upstream
message and as the next three exons are out of frame with the
first exon, it was anticipated that this deletion would result in
a loss of paxillin protein. Confirmation of a null mutation was
obtained by Western blotting with two different paxillin anti-
bodies (Fig. 1B and data not shown). No consistent decrease in
paxillin levels was observed in lysates made from wild-type and
heterozygous embryos, while a loss of paxillin reactivity was
observed in lysates obtained from null embryos.

Paxillin expression during development. To determine in
which developmental stages and tissues paxillin may function,
we assayed expression of the paxillin gene in embryos. This was
performed by X-Gal staining of staged embryos, which har-
bored one copy of the promoterless Bgeo cassette within the
paxillin locus. These data were confirmed by whole-mount
antibody staining for paxillin (data not shown). Surprisingly,
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during the earliest stages of gastrulation (E6.5 and E7.5), pax-
illin expression is restricted to a subset of extraembryonic tis-
sues: this includes parietal endoderm, ectoplacental cone, and
three structures composed of extraembryonic mesoderm, the
chorion (membrane to which the future umbilical chord will
fuse), amnion (membrane separating embryonic from extraem-
bryonic) and allantois (future umbilical chord) (Fig. 2A and B
and data not shown) (24). Thus, paxillin is not likely to be
required for patterning or growth of the embryo prior to gas-
trulation, except in extraembryonic structures. Whether two
recently identified family members, Hic-5 and leupaxin (30, 33,
45, 48), are expressed in the embryonic region at E6.5 to E7.5
and could potentially compensate for the absence of paxillin in
this region remains to be determined.

By midgastrulation (E8.5) paxillin expression was detected
in the embryo proper, particularly in mesodermally and
endodermally derived structures, and paxillin continued to be
expressed in most structures at least through E10.5 (Fig. 2C to
I). Positive mesodermal structures include the cephalic mes-
enchyme of the headfold, the endocardium, the dorsal aortae,
and the yolk sac, which is the major site of hematopoiesis at
this stage (Fig. 2C to G and data not shown) (24). Little
expression is detected in the somites; however, paxillin is ex-
pressed in the notochord, a structure which regulates pattern-
ing of the neighboring paraxial mesoderm (e.g., somites) and
the overlying floor plate of the neural tube (Fig. 2C, D, and I)
(11, 38). This widespread mesodermal expression of paxillin
suggests that it is likely to be involved in either the massive
growth of mesodermally derived cells or the extensive morpho-
genetic movements associated with this stage.

In contrast, little expression is detected in neural ectoderm,
specifically the neural tube. Interestingly, migrating neural
crest cells, which emanate from the neural tube, do express
paxillin (Fig. 2I). In addition, structures derived from these
cells (dorsal root ganglia, trigeminal ganglia, and branchial
arches [presumptive facial structures]) (Fig. 2H to I and data
not shown) also express paxillin. Confirmation of the identity
of the ganglion was obtained by costaining with neurofilament
antibody (Fig. 2H). Thus, paxillin may play a role in regulating
neural crest cell migration and/or function of these neural
crest-derived tissues.

Phenotype of paxillin mutant mice. To address the role of
paxillin in vivo, heterozygous mice were crossed, embryos were
isolated at various stages, and genotypes were confirmed by
PCR. Results were similar for 129/Sv and hybrid (C57BL/6;
129/Sv) backgrounds. No paxillin~/~ embryos were detected
after E9.5, and any paxillin-null embryos detected at E9.5 were
abnormal. Viable but abnormal paxillin-nullizygous embryos
were detected at E7.5 to E8.5. Gross phenotypic analysis indi-
cated that at E7.5 the overall sizes of paxillin-homozygous
embryos, compared to those of their wild-type or heterozygous
littermates, were not significantly different; however, two struc-
tures in which paxillin is expressed and which are derived, in
part, from extraembryonic mesoderm were abnormal in paxil-
lin~/~ embryos. The amnion, a membrane separating the em-
bryonic and extraembryonic regions, was collapsed on the em-
bryo in the dorsal region (Fig. 3A and B). Defects were also
observed in a second structure where paxillin is expressed, the
allantois. The allantois is an important site of vasculogenesis
and normally grows dorsally towards the chorion through a

MoL. CELL. BIOL.

o-paxillin . ‘

-/[+ -/- Resc

o—hic5

FIG. 4. Paxillin mutant cells have abnormal focal adhesions and are
defective in lamellipodium formation. (A) Paxillin and Hic-5 immu-
noblots of control cells, paxillin™/~ cells, or paxillin™'~ cells rescued
with myc-tagged paxillin. (B) Cells were plated on fibronectin-coated
coverslips overnight and stained with antibodies to vinculin or the
paxillin-related protein Hic-5 to look at focal adhesions. Cells were
stained with phalloidin or cortactin to look at stress fibers and the
membrane cytoskeleton.

process of cavitation and eventually fuses with the chorion. In
paxillin mutants, however, the allantois was misshapen and
growing anteriorly towards the headfold structures. Whether
the defects observed in the amnion and allantois are due to
effects on adhesion, proliferation, and/or survival is uncertain.
In addition, both the amnion and chorion play a role in proper
development of the allantois, so whether paxillin is required in
one or all of these structures for proper allantois development
remains to be determined (12-14). Regardless, paxillin is
clearly required for normal development of certain extraem-
bryonic structures.

Gross analysis of E§ to E8.5 paxillin-null embryos revealed
more dramatic defects. Paxillin™/~ embryos were significant-
ly smaller than their wild-type or heterozygous littermates,
showed truncation of the anterior-posterior axis, and consis-
tent with the pattern of expression, had small headfold struc-
tures and impaired development of the heart and somites (Fig.
3C and D). While little expression of paxillin was detected in
somites at this stage (Fig. 2D), expression of paxillin was seen
in the notochord, which sends critical signals involved in pat-
terning of these structures. Histological analysis confirmed that
there was poor development of the heart and somites, while
the developing head, although small, had a distinct neurecto-
derm and underlying head mesenchyme (Fig. 3E to F). Al-
though no gross heart structure was detected in the majority of
the embryos, culturing of the embryos in vitro resulted in the
development of beating cardiac myocytes (data not shown). In
addition, a small percentage of embryos that had definitive but
abnormal heart structures were found (data not shown). Thus,
paxillin is not required for cardiocyte differentiation but may
be important for the organization of these cells. Interestingly,
the overall phenotype of E8 to ES8.5 paxillin mutants closely
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resembles the phenotype observed in fibronectin-deficient em-
bryos and is somewhat similar to the phenotype of FAK '~
embryos (16, 21). These results suggested that the phenotype
of paxillin ™/~ embryos could be due to defects in fibronectin
biology.

Effects of loss of paxillin on focal adhesions and lamelli-
podia. To determine whether paxillin may play a role in fibro-

nectin receptor signaling, primary cells were cultured from
mutant, heterozygous, or wild-type E7.5 embryos. Results are
presented for two mutant primary cell cultures, but similar
results have been obtained in five independently derived pax-
illin~/~ primary cultures (data not shown). In addition, myc-
tagged paxillin or untagged paxillin was re-expressed in the
paxillin-deficient cells (Fig. 4A and data not shown) to confirm
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that any differences observed were due to loss of paxillin.
Mutant or control cells were plated overnight in SFM on fi-
bronectin-coated coverslips, and the ability to form focal ad-
hesions was assessed. Staining of these cells with antibodies to
two focal adhesion proteins, vinculin and the paxillin-related
protein Hic-5, indicated that focal adhesions were present in
paxillin mutant cells (Fig. 4B). However, while the control cells
showed fine, filamentous focal adhesions, the focal adhesions
of paxillin-null cells consisted of numerous short filaments.
These results suggest that focal adhesions can form in the
absence of paxillin, but paxillin may be important either for
proper maintenance of these structures or for focal adhesion
turnover. In addition, although vinculin is a paxillin binding
partner and the region important for vinculin localization to
the focal adhesions overlaps with its paxillin binding domain,
paxillin is not required for vinculin localization to focal adhe-
sions (53). Finally, although Hic-5, which can interact with a
subset of paxillin binding partners, is present and expressed at
similar levels in wild-type and paxillin-deficient fibroblasts
(Fig. 4A), Hic-5 cannot compensate for loss of paxillin.

Analysis of actin organization indicated the presence of
stress fibers in both control and paxillin-deficient cells. In con-
trast, the membrane cytoskeleton, as indicated by cortactin
staining and phalloidin staining, was affected by loss of paxillin
(Fig. 4B). Paxillin-deficient cells plated on fibronectin over-
night had decreased cortical staining of cortactin, although
cells plated for shorter periods of time were positive for cor-
tical localization of cortactin. These studies suggest that loss of
paxillin may affect cortactin localization and/or organization of
the cortical cytoskeleton; however, whether these effects are
direct or indirect remains to be determined. In any case, these
studies suggest that paxillin plays a role in focal adhesion
dynamics and could also be important for regulating the mem-
brane cytoskeleton in response to fibronectin receptor engage-
ment.

Paxillin’s role in cell spreading and migration. Given the
effects of paxillin on focal adhesions and the cortical cytoskel-
eton, cells were assessed for their ability to spread and migrate.
Paxillin ™/~ cells showed delayed spreading when plated on
fibronectin (Fig. 5). While 70 to 85% of wild-type, heterozy-
gous, or paxillin-deficient cells rescued with wild-type paxillin
were spreading by 10 min, only 20 to 35% of paxillin-deficient
cells had spread (Fig. 5, data not shown). By 60 min, however,
the majority of paxillin-deficient cells had spread, suggesting
that there was a delay but not a block in cell spreading.

Cell migration was also affected by loss of paxillin, as mea-
sured by a wounding assay. Although paxillin-deficient cells
could clearly migrate as measured by this assay, when com-
pared to the control cells, a small but consistent delay in com-
plete wound closure was observed (Fig. 6A). Re-expression of
paxillin rescued this defect in migration (Fig. 6B), indicating
that the defect was due to loss of paxillin. Although prelimi-
nary results suggest that the paxillin-deficient cells grow slower,
cell division cannot account for the observed difference in this
time frame. In addition, individual cells can be seen in the
wound. Thus, these results suggest that paxillin plays a role in
cell migration and raise the possibility that a defect in migra-
tion may contribute to the phenotype observed in vivo.

Regulation of fibronectin-induced tyrosine phosphorylation
by paxillin. To begin to determine a potential molecular basis

MoL. CELL. BIOL.

for these defects, fibronectin-induced tyrosine phosphorylation
was examined in the paxillin ™/~ cells (Fig. 7A and B). Loss of
paxillin did not appear to dramatically affect overall fibronec-
tin-induced tyrosine phosphorylation. Surprisingly, some small
but consistent changes in total cell phosphotyrosine were ob-
served (Fig. 7A, arrows). While reprobing of the immunoblots
with antibodies to src indicated that the lysates were normal-
ized, because the identity of these proteins is unclear, whether
these represent real changes in the extent of tyrosine phos-
phorylation or differences in the expression of these proteins
remains to be determined. Interestingly, there was decreased
tyrosine phosphorylation in the 120- to 130-kDa region, which
could be rescued by re-expression of paxillin.

The two prominent proteins in the 120- to 130-kDa range
that are phosphorylated in fibroblasts in response to engage-
ment of fibronectin receptors are FAK and p130*. FAK has
been implicated in the regulation of cell spreading and migra-
tion; and as mentioned above, the phenotype of FAK-deficient
embryos shows some similarities with that of paxillin~/~ em-
bryos (21). Therefore fibronectin-induced tyrosine phosphor-
ylation of FAK was analyzed in the paxillin gene knockout cells
(Fig. 7B). While the control cells also showed a difference in
the kinetics of tyrosine phosphorylation of FAK compared to
that observed with the knockout cells, this difference was not
detected in the rescued cells; however, a small but consistent
decrease in FAK tyrosine phosphorylation was observed in
paxillin-null cells compared to control or rescued cells (Fig.
7B). Quantitation of several different experiments indicates
that the difference in FAK phosphorylation in paxillin-null
versus rescued cells ranged from two- to fourfold. Analysis of
fibronectin-induced tyrosine phosphorylation of another focal
adhesion protein, p130™, also revealed a small but consistent
decrease in tyrosine phosphorylation. This difference ranged
from 1.5- to 3-fold. The inability of the rescued cells to correct
the difference in kinetics suggests that this difference is unlikely
due to loss of paxillin and could represent subtle differences
between the fibroblasts derived from the control versus mutant
embryos. Regardless, these results further indicate that paxillin
is important for at least some aspects of fibronectin signal
transduction and suggest that paxillin is an important regulator
of FAK and Cas tyrosine phosphorylation.

The effects on FAK tyrosine phosphorylation could be due
to a role for paxillin in regulating FAK localization, FAK
phosphorylation and/or dephosphorylation, or a more indirect
mechanism. Previous studies have suggested that paxillin bind-
ing to FAK may play a role in FAK localization, while other
studies have suggested that FAK localizes to focal adhesions
independent of its interactions with paxillin (17, 47). To deter-
mine if loss of paxillin affects FAK localization to the focal
adhesions, cells were costained with antibodies to FAK and the
focal adhesion protein Hic-5 (Fig. 7C). The majority of focal
adhesions showed complete costaining of FAK; however, a
small but consistent number of focal adhesions were detected
in paxillin™'~ cells that were positive for Hic-5 but negative for
FAK (Fig. 7C, arrows). Since in most cases colocalization is
observed, paxillin is not absolutely required, but the results
suggest that paxillin does play some role in efficient localization
of FAK to focal adhesion structures.

Erk/MAPK is activated in response to engagement of fibro-
nectin receptors (8, 26). Therefore, activation of these proteins
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FIG. 5. Paxillin-deficient cells have a delayed rate of spreading. Control or paxillin-deficient cells were plated on fibronectin-coated bacterial
dishes for the indicated periods of time and photographed by phase contrast. At least three independent fields were analyzed for each time point.
Dark cells are considered to be spread, while bright cells are unspread. The photograph is representative of results obtained in four independent
experiments. In the experiment shown at the 10-min time point, 76% of control cells were spread while only 34% (middle panel) and 20% (lower
panel) of cells in the two different knockout cultures were spread at this time point. At 45 min almost 100% of the control cells were spread, while
55% of the knockout cells in one case (middle panel) and 39% of the knockout cells in the other case (lower panel) were spread. By 60 min, 60%

of the cells were spread in all cultures.

in response to plating cells on fibronectin was analyzed with
activation-specific antibodies. Showing results similar to those
obtained for Cas and FAK, the phosphorylation and/or acti-
vation of p42/44 MAPK was decreased in the paxillin-deficient
cells (Fig. 7D). Quantitation of various experiments indicated
that the difference in MAPK activation between the knockout
and rescued cells ranged from two- to fivefold. Since FAK
plays some role in the activation of p42/44 MAPK, this differ-
ence could be due to paxillin’s regulation of FAK phosphory-
lation, although other mechanisms are possible.

DISCUSSION

The results presented here demonstrate a requirement for
paxillin in embryonic development and identify paxillin as an
important cytoplasmic effector of at least some fibronectin

receptors. We have shown that (i) surprisingly, paxillin expres-
sion is restricted to extraembryonic structures at E6.5 to E7.5
but becomes more broadly expressed at later stages; (ii) cor-
relating with its pattern of expression, loss of paxillin affects
development of both extraembryonic and embryonic structures
and the phenotype observed very closely resembles that of
fibronectin-nullizygous embryos; (iii) paxillin mutant cells
plated on fibronectin have abnormal focal adhesions, an al-
tered cortical cytoskeleton, decreased tyrosine phosphoryla-
tion of FAK and Cas, decreased efficiency of FAK localization
to focal adhesions, decreased activation of MAPK, a decreased
rate of spreading, and decreased cell migration. These results
suggest that paxillin is important both in vitro and in vivo for
fibronectin signaling.

Analysis of paxillin expression indicated that paxillin expres-
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FIG. 6. Paxillin-deficient cells migrate more slowly. (A) A confluent monolayer of control or paxillin-deficient cells was wounded with a yellow

tip and photographed at the indicated time points (in hours). (B) A confluent monolayer of control, paxillin

~/~ cells, or paxillin™/~ cells in which

paxillin was re-expressed (rescue) was wounded with a yellow tip and photographed at the indicated time points (in hours). The pictures are

representative of results obtained in four independent experiments.

sion is restricted early in gastrulation to extraembryonic struc-
tures but subsequently becomes more broadly expressed. At
E6.5 and E7.5 paxillin expression is observed in extraembry-
onic structures which are derived in part from extraembryonic
mesoderm (Fig. 2A and B and data not shown). Extraembry-
onic and embryonic mesoderm are derived from the same cells,
but the extraembryonic mesoderm results from the cells mov-
ing dorsally (24). Thus, since we do not detect paxillin expres-
sion in the embryo proper at this stage, paxillin expression is
induced only in the cells migrating dorsally. At later stages,
however, paxillin is clearly expressed in structures derived from
embryonic mesoderm and endoderm. Thus, paxillin may not
play a role in the early movements or growth of the mesoder-
mal layer, but clearly plays a role at later stages. This idea is
supported by the phenotype of paxillin-nullizygous embryos at
E8.5. Consistent with the expression data, paxillin~/~ embryos
show defects in the structures in which paxillin is expressed. It
remains possible, however, that the embryonic defects ob-
served could be due to a requirement for paxillin in the ex-
traembryonic region. Detailed chimera and/or transplantation
experiments may help address this issue. Chimera studies may
also help to address the role of paxillin in neural crest migra-
tion and differentiation.

As indicated above, the phenotype observed shows striking
similarities to that of fibronectin-null embryos (16). This in-
cludes defects in both the extraembryonic and embryonic re-
gions, and the in vitro studies presented provide strong evi-

dence for a critical role for paxillin in fibronectin outside-in
signaling. Cells plated on fibronectin had altered focal adhe-
sions, loss of lamellipodia, decreased rates of migration, de-
creased rates of spreading, effects on FAK, Cas, and MAPK
phosphorylation, and inefficient FAK localization. Thus, pax-
illin is an important mediator of fibronectin outside-in signal-
ing.

The precise mechanism by which paxillin functions to regu-
late events such as migration, spreading, and phosphorylation
and activation of different integrin signaling components re-
mains to be determined. Paxillin can interact directly or indi-
rectly with a number of proteins which have been implicated in
regulating the cytoskeletal architecture and processes such as
spreading and migration. For example, paxillin can bind di-
rectly to FAK, and FAK has been shown to be important for
focal adhesion turnover, spreading, migration, and survival
(42). Paxillin can also be linked to Cas via the adapter protein
Crk, and Cas plays a role in cell migration (3, 7, 27). Although
the role of these interactions is uncertain, it is possible that
binding of paxillin could affect the subcellular localization or
function of these proteins. Paxillin may not be important for
vinculin localization, but it appears to play a minor role in
efficient FAK localization (Fig. 4 and 7C). Whether the pres-
ence of the paxillin family member Hic-5 accounts for this
minor effect or paxillin family proteins are not the primary
mediators of FAK localization to focal adhesions remains to be
determined. With regards to FAK, paxillin could also be a
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critical effector of this protein either by relaying an important
signal or acting as a scaffold to recruit a substrate of FAK.
Paxillin is not likely to be a critical substrate of FAK, in that
while FAK-deficient embryos and cells share similarities with
the paxillin™/~ embryos and cells, loss of FAK does not affect
paxillin tyrosine phosphorylation. In addition, FAK ™/~ cells do
not show changes in Cas phosphorylation, so paxillin’s regula-
tion of FAK phosphorylation and localization is unlikely to
account for these changes in phosphorylation. Regardless, loss
of paxillin could alter FAK’s ability to modulate focal adhesion
dynamics, migration, and possibly survival. Genetic and cell
biological studies may help to address this issue. Similar mod-
els may also be postulated for Src and Cas.

On the other hand, paxillin can also interact with negative

regulators such as Csk and PTP-PEST (10, 35, 40, 44). Here
again, the consequence of these interactions are poorly under-
stood. PTP-PEST has been shown to dephosphorylate Cas, and
Csk negatively regulates Src PTKs (1). Paxillin may act to
sequester these proteins away from their targets and thus allow
positive signals to be sent via Cas and Src. Thus, loss of paxillin
could result in Csk shutting down Src PTKs or PTP-PEST
dephosphorylating Cas prematurely. Thus, this could account
for the decrease in FAK and Cas phosphorylation. Studies are
currently under way to address these issues.

Recent work has identified another paxillin complex which
may also play a role in regulating migration. As seen in Fig. 4B,
loss of paxillin results in poor cortactin localization to lamel-
lipodia. While paxillin is localized primarily in focal adhesions,
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it has been detected in focal contacts associated with lamelli-
podia (29, 36). Lamellipodium formation is regulated by the
small GTPase Rac, which also regulates cortactin localization
(36, 54). Interestingly, recent data have suggested that paxillin
can interact with a protein complex which includes an ex-
change factor for Rac, Pix/Cool, and the Rac effector, Pak (2,
32, 52). Consistent with these observations, expression of a
mutant paxillin in a neuroblastoma line disrupts lamellipodium
formation (52). Therefore, loss of paxillin may affect localiza-
tion of this complex-altering Rac activity and subsequent fi-
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FIG. 7. Fibronectin-induced phosphorylation of FAK, Cas, and
MAPK and FAK localization are defective in paxillin-deficient cells.
Cells were plated on fibronectin-coated plates for the indicated time
points (in minutes). Lysates were prepared and analyzed for total cell
phosphotyrosine (A) or tyrosine phosphorylation of specific substrates
(B). The total cell lysate blot was probed with an antibody to Src to
ensure equal loading. The pTyr blots of FAK and Cas immunoprecipi-
tations were reprobed with an antibody to FAK or Cas to check for
levels. (C) Cells were also costained with antibodies to FAK and Hic-5
to determine if loss of paxillin affects FAK localization. While Hic-5
and FAK colocalized to focal adhesions in control cells, a few Hic-5-
positive focal adhesions which were negative for FAK in paxillin mu-
tant cells were observed (arrows). (D) Total cell lysates were prepared
from knockout or rescued cells plated on fibronectin for the indicated
time points and analyzed with phospho-specific antibodies to MAPK.
Blots were reprobed for MAPK to check for equal loading. In this
experiment, comparison of the knockout cells to the rescued cells
indicates that there is a twofold difference in MAPK activation at the
10- and 20-min time points.

+/- = Rescue

Cas 0 20 90 0 209 0 20 90
IP

pTyr Blot

Cas Blot

bronectin-induced lamellipodium formation. Thus, loss of reg-
ulation of one or all of these complexes could contribute to the
defects observed in paxillin-null cells.

An alternate interpretation of these studies relates to the
functional relationship between paxillin and a family member,
Hic-5. Hic-5 localizes to focal adhesions and can bind to many
of the proteins that have been identified for paxillin; however,
two potential positive regulators, Src and crk, bind only to
paxillin and not to Hic-5 (48, 53). In contrast, the negative
regulator csk can bind to both Hic-5 and paxillin (48). These
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MAPK

data and the association of Hic-5 with cell senescence and of
paxillin with transformation have led to the suggestion that pax-
illin and Hic-5 could modulate each other’s functions. There-
fore, the phenotype observed in the paxillin-deficient cells
could be due to inhibitory effects of Hic-5 in the absence of
paxillin. Genetic studies are under way to test this hypothesis.

Although these results indicate that paxillin is an important
modulator of outside-in signaling by some fibronectin recep-
tors, paxillin could also play a role in inside-out signaling.
Preliminary results indicate a decrease in fibronectin staining
in paxillin mutant embryos in vivo (unpublished data). While
this could be a secondary effect, it remains possible that paxillin
regulates the fibronectin matrix. Regulation could occur at the
level of transcription, secretion of fibronectin, or matrix assem-
bly. With regards to matrix assembly, not only do cytosolic
proteins participate in outside-in signaling, but also some ef-
fectors play a role in inside-out signaling (19). For example,
r-Ras and Rho regulate fibronectin matrix assembly by regu-
lating receptor affinity and contractility, respectively (60, 61).
Thus, it is possible that paxillin’s effect on the extracellular
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matrix could be due to a requirement for paxillin in inside-out
signaling. Consistent with this hypothesis, studies by Brown
and coworkers have suggested that phosphorylation of paxillin
in the LIM domains regulates cell adhesion (6). Unfortunately,
since results thus far indicate that the phenotypic effect on the
fibronectin matrix may be lost when cells are placed in culture,
it will be difficult to determine how paxillin regulates the fibro-
nectin matrix. Genetic interactions between fibronectin and
paxillin can, however, be tested.

While paxillin appears to be important for fibronectin biol-
ogy in vivo, it is unclear which receptor(s) is being affected (54,
58). Two fibronectin receptors, a4 and a5, have overlapping
patterns of expression with paxillin. For example, a4 is ex-
pressed in the chorion and both a4 and a5 are expressed in
neural crest cells (23, 25). In addition, the phenotype of o5-
deficient embryos shares some similarities with that of the
paxillin ™/~ embryos (59). Although the phenotype of ad-defi-
cient animals does not overlap with that of paxillin, recent
experiments have shown that paxillin binds directly to the a4
cytoplasmic tail and regulates its ability to spread on a second
ligand, VCAM (31). A third fibronectin receptor, av, may also
be functioning upstream of paxillin (57). Embryos lacking both
a, and as die earlier than fibronectin-deficient embryos but
share the amniotic defect seen in fibronectin- and paxillin-
deficient embryos. On the other hand, o,/0s double-mutant
embryos have less severe phenotypes than fibronectin-defi-
cient, and most likely, paxillin-deficient embryos. Additional
genetic and cell biological studies may help determine the role
of each of these receptors in the paxillin phenotype.

Finally, whether or not all of the defects observed in vivo are
due to defects in fibronectin biology or involve other ECM or
peptide growth factors remains to be determined. In addition,
paxillin may function at later points in development in other
receptor pathways. Regardless, generation of these mice and
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cells from these animals should help to further define the
function of paxillin in vivo and delineate the molecular path-
ways in which paxillin is involved.
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