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Background: Integrin signaling causes FAK tyrosine phosphorylation upon cell attachment.
Results: Paxillin and not the closely related HIC5 protein supports tyrosine phosphorylation of FAK in the absence of cell
attachment and augments transformation by activated RAS oncogenes.
Conclusion: FAK can be activated either by cell attachment or by paxillin association without cell attachment.
Significance: Paxillin and not HIC5 augments cell transformation through FAK activation.

Paxillin and HIC5 are closely related adapter proteins that
regulate cellmigration andare tyrosine-phosphorylatedby focal
adhesion kinase (FAK). Paxillin, HIC5, and FAK tyrosine phos-
phorylation increase upon cell attachment and decrease upon
detachment from extracellular matrix. Unexpectedly, we found
that although FAK tyrosine phosphorylation in attached cells
did not require paxillin, in detached fibroblasts there was
remaining FAK tyrosine phosphorylation that required expres-
sion of paxillin and was not supported by HIC5. The support of
attachment-independent FAK tyrosine phosphorylation
required the paxillin LIM domains and suggested that paxillin
might facilitate oncogenic transformation. Paxillin but not
HIC5 augmented anchorage-independent cell proliferation
induced by RAS. Both anchorage-independent FAK tyrosine
phosphorylation and RAS-induced colony formation required
multiple docking sites on paxillin, including LD4 (docking sites
for FAK-Src andGIT1/2-PIX-NCK-PAK complex), LD5, and all
four carboxyl-terminal LIM domains (that bind tubulin and
PTP-PEST). Analysis using paxillin mutants dissociated
domains of paxillin that are required for regulation of cell
migration from domains that are required for anchorage-inde-
pendent cell proliferation and demonstrated essential functions
of the paxillin LIM domains that are not found in HIC5 LIM
domains. These results highlight the role of paxillin in facilitat-
ing attachment-independent signal transduction implicated in
cancer.

Many cells require attachment to extracellular matrix
(ECM)3 for proliferation and survival. Integrins expressed on

the cell surface contact ECM components and initiate a signal
into the cell by clustering a complex of proteins collectively
termed focal contacts and focal adhesions (reviewed in Ref. 1).
Integrin adhesions signal that the cell is attached to the ECM, as
well as provide a structural anchor for attaching actin filaments,
thereby connecting the actin cytoskeleton to the ECM. If
deprived of ECM contact, some epithelial cells undergo a form
of apoptosis called anoikis, and one of the hallmarks of cellular
transformation is the ability of transformed cells to form
anchorage-independent colonies where cancer cells survive
and continue to proliferate in the absence of contact with
immobilized ECM (reviewed in Ref. 2).
Paxillin is the prototype of three related adapter proteins that

include HIC5 and leupaxin that regulate cell migration
(reviewed in Ref. 3), but the functional differences between the
family members are not yet fully described. Paxillin regulates
focal adhesion turnover (4, 5) and associates with focal adhe-
sion proteins that are implicated in the regulation of cell attach-
ment, spreading, and migration, including tyrosine kinases Src
and focal adhesion kinase (FAK), the ARF-GAP adapters GIT1/
GIT2, the serine-threonine kinase ILK and PAK, and the CRKL
adapter (reviewed in Ref. 6). Paxillin tyrosine phosphorylation
sites bind to SH2-containing proteins Src (at Tyr-31) andCRKL
(at Tyr-118) and thereby to a RAC1 signaling complex activated
by DOCK180 (7). Paxillin also contains five copies of a peptide
motif termedLD1 throughLD5 that serve as docking sites (con-
sensus LXXLLXXL); LD1 interacts with actopaxin, vinculin,
and the ILK serine/threonine kinase (8, 9); LD2 interacts with
FAK and vinculin; both GIT1/GIT2 and FAK compete with
each other for binding to LD4 (10); LD3 and LD5 interaction
partners remain uncharacterized, although LD5 is functionally
required to support FAK tyrosine phosphorylation in embry-
onic stem (ES) cells (11). LD motifs also serve as docking sites
for the E6 oncoprotein of bovine papillomavirus type 1 (12, 13),
whose binding to paxillin is closely associated with transforma-
tion by E6 (14). The carboxyl terminus of paxillin and HIC5
contain four LIM domains that serve to support the tyrosine
phosphorylation of FAK in ES cells (LIM domains 1, 2, and 3)
(11), localize paxillin to focal adhesions (LIMS 2 and 3) (11, 15),
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and associate with the tyrosine phosphatase PTP-PEST that
regulates cell spreading and migration (16–18).
The paxillin-related protein HIC5 is induced by TGF-� (19)

and has been recently implicated in the regulation cell migra-
tion in response to TGF-�-induced epithelial to mesenchymal
transition (20). HIC5 and paxillin share overall structure and
close conservation within LD motifs and the LIM domains but
differ in that some conserved tyrosine phosphorylation sites of
paxillin (Tyr-31 and Tyr-118) are not found in HIC5. HIC5 and
paxillin shuttle between the cytoplasm and nucleus (21); recent
experiments demonstrate that HIC5 can serve as a transcrip-
tional co-activator for androgen receptors (22).
Control of FAK phosphotyrosine is pivotal to regulating

many of the signaling pathways that are associated with FAK.
FAK autophosphorylates at Tyr-397 in response to growth fac-
tor and integrin stimulation, yet despite intensive study of FAK
and the events that trigger the phosphorylation of Tyr-397, the
direct mechanisms and the proteins involved in regulating the
phosphorylation and dephosphorylation of Tyr-397 when cells
are either forming or breaking down focal adhesions are largely
unknown. Signaling through FAK has been shown to regulate
focal adhesion dynamics as FAK-null cells show increased cell
spreading, reducedmotility, and decreased focal adhesion turn-
over, similar to the phenotype of paxillin-null cells (5, 23). FAK
binds directly to paxillin at LD2 and LD4. Although FAK inter-
action with the LDmotifs of paxillin might regulate FAK activ-
ity, direct evidence of this remains elusive. FAK autophospho-
rylation on Tyr-397 creates a binding site for several proteins
including PI3K, p120RasGAP, and Src. Src binding to Tyr(P)-
397 of FAK facilitates the further phosphorylation of FAK on
tyrosines 576, 577, 861, and 925; these additional phosphoryla-
tion sites on FAK help to regulate FAK kinase activity and asso-
ciationwith other proteins such asGRB2 and paxillin (reviewed
in Refs. 24–26). Thus, the mechanisms that regulate FAK tyro-
sine phosphorylation are of high significance for the localiza-
tion and activities of FAK.
Paxillin is required for FAK tyrosine phosphorylation in

mouse ES cells (27). ES cells null for paxillin contain normal
levels of FAK butmarkedly reduced overall FAK tyrosine phos-
phorylation and reduced FAK Tyr(P)-397. A fragment of paxil-
lin containing only amino acids 302–502 (expressing the LD5-
LIM3 region) is sufficient to support FAK tyrosine
phosphorylation when expressed in paxillin-null ES cells, even
though this fragment does not contain the LD2 and LD4motifs
that bind directly to FAK (11) or the LIM4 domain that inter-
acts with PTP-PEST; thus, it is likely that a protein complex
associated with the 302–502 region of paxillin supports FAK
tyrosine phosphorylation in ES cells by an as yet undetermined
mechanism. In contrast to paxillin-null ES cells, mouse embryo
fibroblasts null for paxillin retain substantial FAK tyrosine
phosphorylation when grown attached to tissue culture plates
(28).
In this study, we demonstrate through the use of paxillin-null

fibroblasts thatmultiplemechanisms exist to control FAK tyro-
sine phosphorylation. In stably attached fibroblasts, FAK tyro-
sine phosphorylation is independent of either HIC5 or paxillin
expression.When fibroblasts are detached, FAK tyrosine phos-
phorylation declines but is not lost; in detached cells, remaining

FAK tyrosine phosphorylation requires paxillin expression.
This is in contrast to embryonic stem cells that require paxillin
for FAK phosphorylation whether the cells are attached or
detached from the ECM. Interestingly, we show that additional
domains of paxillin are necessary to support FAK tyrosine
phosphorylation in detached fibroblasts beyond those that are
required in ES cells and that these domains of paxillin enhance
oncogene-induced attachment-independent cell proliferation.
We find a close correlation between domains of paxillin that are
required to support transformation by ras and domains that are
required to support attachment-independent tyrosine phos-
phorylation of FAK. Paxillin mutants and shRNA to FAK indi-
cate that paxillin interactions with FAK are required to support
anchorage-independent cell proliferation, indicating that com-
plex multimeric and competing interactions on paxillin are
required to augment anchorage-independent cell proliferation.

MATERIALS AND METHODS

Antibodies and Reagents—Mouse monoclonal antibodies to
FAK (clone A2 from Upstate and 77 from Transduction Labs)
HIC5, (Transduction Labs); Flag, Tubulin, and anti-phospho-
tyrosine clones 4G10 (Sigma), GIT1 (NeuroMab), and GFP
(Chemicon) were obtained commercially. Rabbit antibody spe-
cific to phosphorylated tyrosine 397 of FAK was from Bio-
Source International, and rabbit polyclonal anti-paxillin is pre-
viously described (11).
Cells and Cell Culture—Paxillin-null ES cells and T17 fibro-

blasts were generated and cultured as described (27). T17 cells
were cloned by limiting dilution in the presence of mitomycin
C-treated excess T17 feeder cells and were obtained at a dilu-
tion of less than one cell/well to derive T17 clones A and B.
Immortalized paxillin-null mouse embryo fibroblasts were a
gift of James Casanova (University of Virginia), are immortal-
ized, and were originally supplied by Sheila Thomas (28). Tran-
sient transfections were performed using either Lipofectamine
2000 (Invitrogen) or electroporation (for T17 cells) using a Bio-
RadGene Pulser and a 4-mm gap cuvette. Anchorage-indepen-
dent growth assays were performed in 0.3% agarose as previ-
ously described (29). Replication defective retroviruses and
lentiviruses were packaged by transient transfection of Phoenix
cells (a gift of Gary Nolan, Stanford University) or co-transfec-
tion of 293T cells with packaging plasmids.
Plasmids—Paxillin, paxillin mutants, and HIC5 were stably

expressed by retroviral transduction. Paxillin LD4 point
mutants were generated using the QuikChange site-directed
mutagenesis system (Stratagene). Mutants were fully
sequenced. The PXN/HIC5 chimera fused amino acids 1–316
of paxillin to amino acids 219–461 of HIC5 with a KL linker
in-between, and the HIC5/PXN chimera fused amino acids.
1–216 of HIC5 with amino acids 316–559 of PXN with a LK
linker in-between. All other paxillin mutants were previously
described (11). Human H-RAS with an amino-terminal Myc
epitope tag and activating mutations were the gift of Alan Hall
(Sloan Kettering, New York), avian v-Src was the gift of Tom
Roberts and Jean Zhao (Dana Farber, Boston), and human
K-RASwith aG12Vactivatingmutation and an amino-terminal
FLAG tag was the gift of Andrei Khokhlatchev (University of
Virginia); all were subcloned into the murine leukemia virus-
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blasticidin retrovirus plasmid pWZL-Blast (a kind gift of Jay
Morgenstern). shRNA plasmids and sequences are listed in the
supplemental data.
FAK Tyrosine Phosphorylation Assay—Identical 10-cm

plates of cells were grown to 80% confluence, and then one set
of plates of was trypsinized, quenched with 4 ml of FBS media,
and put in a 15-ml conical screw top tube, incubatedwith gentle
rocking at 37 °C for 1 h, then centrifuged, washed with ice-cold
PBS, and lysed in 400�l of 0.5�Nonidet P-40 lysis buffer on ice
(1� � 150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 50 mM NaF, 5
mM sodium pyrophosphate, 1% Nonidet P-40, 0.01% PMSF, 1
mM sodium vanadate, and 1 �g/ml leupeptin/aprotinin).
Attached cells were washed with ice-cold PBS and lysed in 400
�l of 0.5� Nonidet P-40 lysis buffer on ice. All of the lysates
were clarified by centrifugation at 12,000 � G for 20� at 4 °C,
assayed for protein concentration (Pierce), and equalized for
protein content. FAK was immunoprecipitated from 0.5 mg of
cell lysate with 1 �g of purified antibody and goat anti-mouse
magnetic beads (Pierce) at 4 °C for 1 h, then washed, eluted in
sample buffer separated by SDS-PAGE, and transferred to
Immobilon P (Millipore) byWestern blot.Where shown, quan-
titation was performed from ECL chemiluminescent images
using a FluorChem HD2 CCD image capture camera and soft-
ware (Alpha Innotech).

RESULTS

Paxillin-null and HIC5 Knockdown Cell Lines—Fibroblasts
that are derived from ES cells (termed T17 cells) or fibroblasts
derived from paxillin-null mouse embryos both express HIC5
(27, 28). To derive cells that express neither paxillin nor HIC5,
paxillin-null T17 cells were transduced with shRNA directed
against HIC5, and drug-resistant pools of cells were selected.
shRNA KD1 yielded a 90% knockdown of HIC5 protein,
whereas KD2 knocked down HIC5 by greater than 95% (Fig.
1A). The resulting T17-KD2 cells were then retrovirally trans-
duced either with wild-type paxillin, paxillin mutants, or
human HIC5 cDNAs and used for subsequent experiments to
examine the role of HIC5 or paxillin in FAK tyrosine
phosphorylation.
Paxillin Is Required for the Attachment-independent Tyro-

sine Phosphorylation of FAK—In our prior studies, we observed
that in normal ES cells expressing paxillin, FAK is tyrosine-
phosphorylated in both attached and detached cells. In con-
trast, in ES cells null for paxillin there is little FAK tyrosine
phosphorylation in attached or detached cells; undifferentiated
ES cells express only paxillin and not the closely related family
member HIC5 (27). In contrast, FAK was tyrosine-phosphory-
lated when T17-KD2 fibroblasts were attached overnight with
or without paxillin, although reproducibly more so when pax-
illin was expressed (Fig. 1B). When we compared FAK phos-
phorylation in attached and detached fibroblasts, we observed
something similar to our prior observations in ES cells. When
detached for 1 h, only those cells with paxillin retained appre-
ciable FAK tyrosine phosphorylation (Fig. 1B). This result was
not due to a unique clonal selection of this cell line because we
observed the same paxillin-dependent but attachment-inde-
pendent FAK tyrosine phosphorylation in another separately
derived and cloned T17-KD2 cell line (clone B; Fig. 1B). In con-

trast to paxillin, HIC5 re-expression was not able to support
FAK phosphorylation in detached T17-KD2 cells (Fig. 1C).
Structural Features of Paxillin That Are Required for Attach-

ment-independent FAK Tyrosine Phosphorylation—To deter-
mine the domains of paxillin that are necessary for attachment-
independent FAK tyrosine phosphorylation in fibroblasts, we
stably expressed FLAG epitope-tagged paxillin and paxillin
mutants inT17-KD2paxillin-null cells (Fig. 2) and assayed FAK
tyrosine phosphorylation in cells attached overnight or
detached for 1 h prior to lysis (Fig. 3, A–E). As noted above in
Fig. 1, FAK was tyrosine-phosphorylated in paxillin-null fibro-
blasts attached to tissue culture plates overnight, but attach-
ment-independent FAK tyrosine phosphorylation was depend-
ent upon re-expression of paxillin.Mutation of paxillin tyrosine
phosphorylation sites 31, 33, 40, or 118 did not effect FAK tyro-
sine phosphorylation in detached cells (Fig. 3A), indicating that

FIGURE 1. Paxillin supports attachment-independent FAK tyrosine phos-
phorylation. A, generation of T17 KD cell lines. Cloned, paxillin-null T17 cells
were stably transduced with shRNA retrovirus against HIC5. Pooled drug-
resistant cells were analyzed for HIC5 protein expression. KD1 shRNA yielded
a 90% knockdown of HIC5, whereas KD2 knocked down HIC5 levels by
95%; protein levels were normalized to actin levels (bottom panel) and
quantitated using a Kodak imaging station. B, FAK was immune precipi-
tated (IP) from cells that were either attached (Att.) or detached (Det.) for
1 h, and immunoblots were probed with an anti-phosphotyrosine anti-
body (top panel). Cell lysates were Western blotted (WB) and probed with
antibodies against FAK or tubulin. Independently isolated and cloned cell
lines were tested for the ability to retain FAK tyrosine phosphorylation in
detached cells. Two separate T17 fibroblast clones were transduced with
HIC5 shRNA KD2 and then reconstituted with either empty vector or pax-
illin. Both T17 clone A and clone B cells require paxillin for attachment-
independent FAK tyrosine phosphorylation. Clone A T17-KD2 cells were
used for the rest of this study. C, T17-KD2 cells re-expressing human HIC5
or paxillin were tested for attachment-independent FAK tyrosine phos-
phorylation as in A by detachment for 1 h. PXN supported FAK tyrosine
phosphorylation in detached cells, whereas HIC5 did not.
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FIGURE 2. Diagram of the paxillin mutants used in this study. A, The location of five LD motifs (peptide motifs with the consensus sequence LXXLLXXL)
and four zinc finger LIM domains are shown. Tyr-31 and Tyr-118 are tyrosine phosphorylation sites. B, chimeric molecules between paxillin and HIC5 are
illustrated.
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this phenotype was not maintained through signaling com-
plexes that are recruited to these tyrosine phosphorylation
sites.
We next examined the role of LD motifs by sequential in-

frame deletion of themotifs. Paxillin mutants deleted of either
LD4 or LD5 were unable to support FAK tyrosine phospho-
rylation in detached T17-KD2 cells, whereas deletion of
either the first 134 amino acids including LD1 (46-kDa PXN
in Fig. 3B, lane 3) or an in-frame deletion of LD2 had a
modest effect. Thus, attachment-independent tyrosine
phosphorylation of FAK was not mediated through associa-
tions with either amino-terminal tyrosine phosphorylation
sites of paxillin (Src family interactions at Tyr(P)-31 or CRK
family interactions at Tyr(P)-118) or FAK interaction with
the LD2 motif of paxillin.
Deletion of each of the four LIM domains of paxillin ablated

attachment-independent FAK tyrosine phosphorylation in
T17-KD2 cells, including LIM4 (Fig. 3C), which together with
LIM3 interacts with PTP-PEST. A paxillin fragment consist-
ing of LD4-LIM4 (225–559) was the minimal paxillin frag-
ment able to support FAK tyrosine phosphorylation in
detached cells (Fig. 3D). Within this minimal 225–559 frag-
ment, there was a requirement for both LD4 and LD5, as well
as LIM4, because mutants of paxillin that consisted of 274–
559 or the 225–559 fragment with an in-frame deletion of
LD5, or deletion of LIM4 were not able to support FAK tyro-
sine phosphorylation in detached cells (Fig. 3D, compare
fourth lane with fifth through seventh lanes). Thus, we infer
that the phenotype of FAK tyrosine phosphorylation in

FIGURE 3. Regions of paxillin required to support attachment-indepen-
dent tyrosine phosphorylation of FAK. A, major tyrosine phosphorylation
sites of paxillin do not regulate attachment-independent FAK tyrosine phos-
phorylation. T17-KD2 cells expressing FLAG-tagged paxillin or paxillin tyro-
sine mutants were either attached (lanes 1– 4) or detached (lanes 5– 8) for 1 h
and assayed for FAK tyrosine phosphorylation, FAK phosphorylation at tyro-
sine 397 (pY397), total FAK, tubulin, and FLAG (FLAG-tagged paxillin mutants).
Paxillin tyrosines 31, 33, 40, and 118 are dispensable for FAK tyrosine phos-
phorylation in detached cells. B, LD motifs 4 and 5 are required for attach-
ment-independent FAK tyrosine phosphorylation. In the upper set of panels,
T17-KD2 cells stably transduced with FLAG-tagged full-length paxillin,
46-kDa paxillin, and paxillin mutants containing in-frame LD deletions were
tested as in A, and FAK tyrosine phosphorylation was measured in attached
(lanes 1– 6) or detached cells (lanes 7–12). Attachment-independent FAK tyro-
sine phosphorylation required both LD4 and LD5 in T17-KD2 cells, but not the
FAK-binding LD2 motif or LD1. C, the LIM domains of paxillin are all required
for attachment-independent FAK tyrosine phosphorylation. In-frame LIM
domain deletion mutants of FLAG-tagged paxillin stably transduced into T17-
KD2 cells were analyzed as in B in attached (lanes 1– 6) and detached (lanes
7–12) conditions and also by using phosphospecific antibody to FAK tyrosine
397. All four paxillin LIM domains were required to support attachment-inde-
pendent FAK tyrosine phosphorylation. D, the minimal fragment of paxillin
that supports attachment-independent FAK tyrosine phosphorylation. Dele-
tion mutants of paxillin were expressed in T17-KD2 cells, and SDS cell lysates
were tested for FAK tyrosine phosphorylation by using phosphospecific anti-
body to FAK tyrosine 397 and then probed with the other indicated antibod-
ies. Lastly, the membrane was then stripped and probed for FAK phospho-
specific antibody to Tyr-861. The minimal fragment of paxillin that supported
attachment-independent FAK tyrosine phosphorylation in T17-KD2 cells was
amino acids 225–559 containing LD4, LD5, and all four LIM domains. Quanti-
tation of relative FAK Tyr(P)-397 phosphorylation is shown at the bottom nor-
malized to that obtained with wild-type paxillin in attached cells. E, mouse
embryo fibroblasts require paxillin to support attachment-independent FAK
tyrosine phosphorylation. Wild-type paxillin or the paxillin deletion mutant
225–559 was expressed in paxillin-null MEFs and assayed for FAK tyrosine
phosphorylation as in D. IP, immunoprecipitation; WB, Western blot.
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detached T17-KD2 fibroblasts requires at the minimum,
paxillin LD4, LD5, and all four LIM domains.
The ability of paxillin to support attachment-independent

FAK tyrosine phosphorylation was also observed in paxillin-
null MEFs when paxillin was re-expressed (Fig. 3E). These

MEFs were independently created from a separate targeting
event in a different genetic background than the T17-KD2
fibroblasts, which are derived from differentiated paxillin-null
ES cells (28). In MEFs as in the T17KD2 cells, the 225–559
fragment of paxillin supported attachment-independent FAK
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tyrosine phosphorylation. Antibodies to phosphotyrosine
against immune precipitated FAK and phosphospecific anti-
bodies to the major autophosphorylation site of FAK (Tyr(P)-
397) in total cell lysates gave similar results (Fig. 3) as did phos-
phospecific antibody to tyrosine 861 (Fig. 3D). Additional
available phosphospecific antibodies to other characterized
FAK tyrosine phosphorylation sites (tyrosines 525, 577, and
925) were of insufficient sensitivity to reproducibly distinguish
differences in phosphorylation at normal expression levels in
these cells (data not shown).
The Essential Difference between HIC5 and Paxillin in Sup-

porting Attachment-independent FAK Tyrosine Phosphoryla-
tion Resides within the LIM Domains—Paxillin and HIC5 are
highly conserved within the LD motifs and the LIM domains,
and both proteins modulate migration, yet they differ in their
ability to support FAK tyrosine phosphorylation in detached
cells. TodeterminewhetherHIC5 andpaxillinmight have qual-
itatively different protein associations that might explain their
different phenotypes, both molecules were FLAG epitope-
tagged, stably transduced into paxillin-null MEFs, and immu-
nopurified, and associated cellular proteins were identified by
mass spectrometry. Complexes unique to paxillin andnotHIC5
were not identified by this technique (data not shown). There-
fore, we pursued further genetic analysis of the differences
between HIC5 and paxillin. Because our genetic experiments
demonstrated that LD4 was essential for attachment-inde-
pendent FAK tyrosine phosphorylation, chimeras between
HIC5 and paxillin were constructed, making paxillin with
the LD4motif of HIC5 (PXN-LD4HIC5), HIC5 with the LD4
of paxillin (HIC5-LD4 PXN), and additional chimeras that
swap the entire amino terminus and LIM domains (PXN/
HIC5 and HIC5/PXN) as illustrated in Fig. 2B. All of the
chimeric molecules, as well as native HIC5 and paxillin, were
stably expressed, localized to focal adhesions (Fig. 4A), and
augmented cell spreading when re-expressed in T17-KD2
cells (Fig. 4B). This indicated that each chimera retained
biological activities. As previously shown in Fig. 1C, only
re-expressed paxillin and not HIC5 could support the
attachment-independent tyrosine phosphorylation of FAK
(Fig. 4C). Only molecules containing the paxillin LIM

domains and not the HIC5 LIM domains could support
attachment-independent FAK Tyr(P)-397, whereas either
the paxillin or HIC5 LD4 motifs supported attachment-in-
dependent FAK Tyr(P)-397 (Fig. 4C). Thus, a critical differ-
ence between HIC5 and paxillin for this activity resided
within the LIM domains. Parallel experiments that
expressed the same chimeric paxillin and HIC5 molecules in
paxillin-null MEFs gave similar results as shown in Fig. 4C
(data not shown).
Interaction between FAK and Paxillin at LD4 Are Required

for Attachment-independent Tyrosine Phosphorylation of FAK—
Both FAK and GIT1 compete for interaction at LD4 of paxillin.
We wished to determine whether GIT1 interaction or FAK
interaction at LD4 was required for attachment-indepen-
dent tyrosine phosphorylation of FAK. Attempts to make
stable knockdowns of GIT1 were unsuccessful, so point
mutations in the paxillin LD4 domain were constructed in
full-length paxillin and within GST fusions to LD4. The LD4
point mutants were screened for in vitro interaction with
FAK and GIT1 in an attempt to find a mutant that dissoci-
ated FAK and GIT1 interactions at LD4 (Fig. 4D, boxed gels).
The upper boxed gels of Fig. 4D show that although muta-
tions of the leucines ablated interaction of both proteins, a
single mutation, D268A in LD4, retained interaction with
FAK but lost interaction with GIT1 in vitro. These LD4 point
mutations in the context of full-length paxillin were intro-
duced into T17KD2 cells and tested for attachment-inde-
pendent FAK Tyr-397 phosphorylation in the lower set of
Fig. 4D gels. Paxillin with point mutations in LD4 that
retained interaction with FAK were able to support attach-
ment-independent tyrosine phosphorylation of FAK,
whereas mutants that lost association with FAK did not sup-
port attachment-independent tyrosine phosphorylation of
FAK. Paxillin D268A, which retains FAK association but
loses GIT1 association, was able to retain attachment-inde-
pendent tyrosine phosphorylation of FAK.
Paxillin-null Fibroblasts Are Impaired in Anchorage-inde-

pendent Cell Proliferation Induced by Activated RAS—The
requirement of paxillin for the tyrosine phosphorylation of
FAK in detached cells suggested that paxillin might support

FIGURE 4. Paxillin LIM domains support attachment-independent FAK tyrosine phosphorylation, whereas the LIM domains of HIC5 do not. Chimeric
molecules composed of paxillin and HIC5, illustrated in Fig. 2B, were introduced into T17-KD2 cells by retroviral transduction. A, localization of HIC5, paxillin,
and chimeric molecules to focal adhesions. Transduced T17-KD2 cells (indicated below the bottom row) were grown attached to glass coverslips overnight,
fixed with formalin, permeablized with 0.1% Tween, and stained using polyclonal rabbit antibody to the amino terminus of paxillin and mouse monoclonal
antibody to the amino terminus of HIC5 followed by fluorescently labeled secondary antibodies and DAPI nuclear counterstain. Note that the HIC5 antibody
faintly stains HIC5 in vector-transduced cells that is residual HIC5 (i.e. incompletely knocked-down by the KD2 shRNA). B, paxillin and HIC5 chimeric molecules
augment cell spreading in vivo. In the top Western blot (WB) panels, T17-KD2 cells re-expressing HIC5, paxillin, or the indicated HIC5/PXN chimeric molecules
were lysed in SDS and analyzed by immunoblot as indicated in the figure. The expression of endogenous murine HIC5 in T17 cells (lane 1) is compared with
T17-KD2 cells (lane 3) and re-expressed human HIC5 in T17-KD2 cells (lane 4) and the indicated paxillin and chimeric paxillin-HIC5 molecules in the remaining
lanes. Below, the bar graph illustrates the median spread cell area (arbitrary units) of each T17-KD2 derived cell line when attached to tissue culture plastic in
complete media overnight as described in the methods. Error bars show the standard deviation, and an asterisk denotes P significance values of less than 0.01
compared with T17-KD2 cells by Student t test. Paxillin, HIC5, and all the chimeras augment cell spreading compared with vector transduced T17-KD2 cells. C,
LIM domains of paxillin but not HIC5 are required to support attachment-independent tyrosine phosphorylation of FAK. Western blot analysis of T17-KD2 cells
transduced with the indicated genes were grown attached or detached for 1 h as indicated, lysed in SDS, and analyzed by Western blot for Tyr(P)-397 (pY397)
FAK. Only genes encoding the paxillin LIM domains support FAK Tyr-397 phosphorylation. D, association of FAK with LD4 of paxillin is associated with
attachment-independent Tyr(P)-397 FAK phosphorylation in T17KD2 cells. Nonidet P-40-clarified cell lysates were prepared from T17KD2 cells transduced with
wild-type paxillin and tested for in vitro binding to GST, GST-LD4 fusion, or GST fused to LD4 motifs with the indicated amino acid changes (numbered by the
full-length paxillin sequence). The beads were collected by centrifugation and washed three times, and bound proteins were eluted in SDS. Resolved proteins
are shown in the upper set of boxed Western blots that were sequentially probed with antibodies to FAK, GIT1, or GIT2, and finally GST. In the lower set of
Western blots, SDS lysates were prepared from T17KD2 cells transduced with vector, paxillin, or paxillin molecules with the indicated mutations in LD4. Cells
were either attached or detached as described in Fig. 3 (shown by plus or minus signs), and blots were probed with antibodies to paxillin, FAK, tubulin, and
Tyr(P)-397 FAK.
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attachment-independent signaling that is correlated with cell
survival and tumorigenicity. To test the role of paxillin in
anchorage-independent cell proliferation, paxillin-null MEFs,
and T17-KD2 cells were transduced with paxillin or empty vec-
tor conferring puromycin resistance, and then further trans-
duced with either empty vector or activated alleles of RAS with
a blasticidin resistance marker. The oncogene-expressing ret-
roviruses express a single bicistronic transcript encoding both
the oncogene and blasticidin resistance to ensure oncogene
expression in blasticidin-resistant cells; transduced cells were
selected and expanded at subconfluence and seeded into agar at
passage 2. Fig. 5 demonstrates that paxillin expression aug-
mented RAS_G12V-induced colony formation in both T17
(Fig. 5A) fibroblasts and paxillin-null MEFs (Fig. 5B). Because
the MEFs were more easily transduced and selected with
K-RAS_G12V, subsequent analysis was performed in these
cells.
To determine which domains of paxillin are required to sup-

port colony formation by K-RAS_G12V, untagged paxillin or
paxillin mutants were transduced, selected, and then retrans-
duced with activated K-RAS_G12V. Amino-terminal paxillin
deletion mutants were epitope-tagged with FLAG. Western
blot analysis showed expression of paxillin andK-RAS_G12V in
the transduced cells (Fig. 6, A–C). Re-expressed native paxillin
is present in the full-length 68-kDa form but is mostly present
in the 46-kDa form (Figs. 3, D and E, 4B, and 6; note that dele-
tion mutants are altered in their migration).We determined by
immune precipitation and mass spectrometry that the 46-kDa
form produced in MEFs has an acetylated amino terminus
beginning at amino acid 134 (threonine), consistent with trans-
lation at an internal methionine at amino acid 133 as has been
previously proposed (30), followed by methionine cleavage and
acetylation.4 Interestingly, the 68-kDa form is predominantly
expressedwhen paxillin is internally deleted (Fig. 6A) or amino-
terminally epitope-tagged (in Figs. 3, B–D, paxillin was FLAG
epitope-tagged). The 46-kDa form of paxillin was active for
both attachment-independent tyrosine phosphorylation of
FAK (Fig. 3B) and anchorage-independent colony formation
(Table 1).
As shown in Table 1, colony formation by K-RAS_G12V

alone in paxillin-null cells was augmented by re-expression of
paxillin. Deletion of LD4, LD5, or deletion of LIM domains
greatly diminished colony formation. The minimal paxillin
fragment of amino acids 225–559 that supported FAK tyrosine
phosphorylation in detached cells (Fig. 3,D and E) significantly
supported anchorage-independent colony formation by
K-RAS_G12V, although it was significantly less active thanWT
paxillin. The 274–559 fragment (which does not support FAK
tyrosine phosphorylation in detached T17-KD2 cells) was inac-
tive in colony formation, indicating a critical role for the LD4
motifs and the LIM domains of paxillin in supporting anchor-
age-independent cell proliferation (Table 1).
Fig. 3 and Table 1 show a correlation between the activity of

paxillin in supporting attachment-independent FAK tyrosine
phosphorylation and colony formation in agar. The LD4 motif

is the sole FAK-binding LDmotif in paxillin 225–559, and dele-
tion of LD4 both ablated anchorage-independent FAK tyrosine
phosphorylation and greatly reduced colony formation.
Although FAK-null fibroblasts are decreased for RAS transfor-
mation (31), the requirement for LD4 in this fragment may be
more complex than simply interacting with FAK, because LD4
interacts directly and competitively with both FAK and GIT1
(10, 32).
To determine whether FAK expression contributes to trans-

formation by K-RAS_G12V in paxillin-null MEFs, shRNAs to4 N. Brimer, C. Lyons, and S. Vande Pol, unpublished observations.

FIGURE 5. Paxillin augments anchorage-independent transformation by
activated G12V RAS. A, paxillin-null T17 cells were retrovirally transduced
with empty vector or paxillin, puromycin-selected, and then retrovirally trans-
duced with mutation-activated and Myc-tagged H-RAS_G12V and selected in
blasticidin. Drug-resistant cells were selected and expanded at subconflu-
ence for one passage and seeded into agarose for 10 days. B, paxillin-null
MEFs were transduced with paxillin and or FLAG-tagged and mutation-acti-
vated K-RAS_G12V and assayed for anchorage-independent colony forma-
tion as in A. The error bars show S.E., and an asterisk denotes p � 0.01 differ-
ence by Student’s t test.
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FAKwere transduced into paxillin-nullMEFs that re-expressed
paxillin. Seven shRNA transduced cell lines were selected for
further analysis: four cell lines with effective knockdowns, one
cell line where the shRNA did not knockdown FAK, and an
irrelevant shRNA control. The seven selected cell lines were
then infected with retroviruses expressing activated
K-RAS_G12V, and drug-resistant cells were tested for anchor-
age-independent colony formation. shRNAs that effectively
knocked down FAK expression reduced the frequency of col-
ony formation by ras (Fig. 6D). Taken together, these results
indicate that paxillin augments anchorage-independent colony
formation through essential interactions at LD4, LD5, and the
LIM domains that result in the tyrosine phosphorylation of
FAK. The regions of paxillin required for colony formation and
attachment-independent tyrosine phosphorylation of FAK in
T17-KD2 cells and ES cells are illustrated in Fig. 7.

To determine whether paxillin expression supports anchor-
age-independent colony formation by human tumor cell lines,
shRNA to paxillin were introduced into human SAOS2
(osteosarcoma) C33A (HPV-negative cervical carcinoma)
and SKOV3 (ovarian carcinoma) cells, and the resultant cell
lines were tested for anchorage-independent colony forma-
tion. shRNA against paxillin significantly reduced both the
number and the size of SAOS2 and SKOV3 soft agar colonies
(Fig. 8) but did not affect colony formation by C33A cells
(data not shown), indicating that paxillin is not universally
important for attachment-independent cell proliferation in
human cancer cell lines.

DISCUSSION

The association of viral oncoproteins with their cellular tar-
gets has provided critical clues for the identification of cellular

FIGURE 6. Expression of K-RAS_G12V, PXN, PXN mutants, HIC5, and chimeric molecules in paxillin-null MEFs. A, analysis of FLAG-K-RAS_G12V
expression in paxillin-null MEFs reconstituted with paxillin and paxillin mutants in LD and LIM domains. Western blots (WB) from Nonidet P-40 cell
lysates were analyzed by the indicated antibodies and probed in order with polyclonal anti-paxillin, anti-actin, and anti-FLAG with sequentially captured
images. B, analysis of FLAG-K-RAS_G12V protein expression in paxillin-null MEFs reconstituted with paxillin and paxillin deletion mutants as described
in A. C, analysis of FLAG-K-RasG12V expression in paxillin-null MEFs reconstituted with paxillin and paxillin-HIC5 chimeras as described in A. The blot was
probed first with rabbit polyclonal antibody to the amino terminus of paxillin and then mouse monoclonal antibody to HIC5, anti-actin, and anti-FLAG
with sequentially captured images. D, shRNA modulation of FAK expression and its effect upon colony formation by ras. Paxillin-null MEFs that had been
previously reconstituted with wild-type paxillin were infected with lentiviruses expressing the indicated shRNA directed against FAK and then trans-
duced with retrovirus expressing FLAG-tagged K-RasG12V. Pooled drug-resistant cells were passed twice; analyzed by Western blot for paxillin, FAK,
FLAG-K-RasG12V, and tubulin expression; suspended in 0.3% agarose for 10 days; and photographed; and then the photographs were analyzed for
colony number (bar graph). Transformation results are the mean results of three experiments normalized to cells expressing ras, paxillin, and lentiviral
control shRNA.
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proteins that regulate signal transduction and the cell cycle.
The E6 oncoprotein of bovine papillomavirus type 1 associates
with the LD motifs of paxillin (12, 13), and we have recently
determined that paxillin is required for transformation induced
by bovine papillomavirus type 1 E6 (14). The provocative asso-
ciation of E6 with paxillin prompted us to initiate studies of
paxillin and its possible role in attachment-independent signal-
ing. Because paxillin associates with FAK, localizes to focal
adhesions, and modulates cell migration, the role of paxillin in
signal transduction has naturally focused upon attachment-in-
duced signaling events. Because paxillin is tyrosine-phosphor-
ylated by FAK upon cell attachment, paxillin has naturally been
considered an attachment-dependent substrate of FAK rather
than a factor that contributes to the tyrosine phosphorylation

of FAK. Our results demonstrate that paxillin is a key regulator
of FAK activation and attachment-independent signaling in
both ES cells and fibroblasts.
Both paxillin-null MEFs and T17 cells express HIC5,

which shares functionality with paxillin and associates with a
common set of cellular proteins. To learn more about the
role of paxillin in differentiated fibroblast cells, we generated
paxillin-null differentiated T17-KD2 fibroblasts in which we
stably knocked down HIC5 by shRNA to prevent possible
trans-complementation by HIC5 of one or more paxillin
functions.
We found two circumstances that result in FAK tyrosine

phosphorylation in fibroblasts. First is an attachment-de-
pendent mechanism that is independent of either paxillin or

TABLE 1
Paxillin domains that augment transformation by K-RAS_G12V

Transduced genesa Colony numbersb p value vs.WT PXNc p value vs. vectord

Vectors, no K-RAS 0 p � 0.001
Vector 7.8 � 2.0 NA
PXNWT 100 NA p � 0.001
PXN �LD1 112 � 12.8 p � 0.014
PXN �LD2 53 � 6.2 p � 0.014 p � 0.001
PXN �LD3 68 � 12.1 p � 0.04 p � 0.001
PXN �LD4 15 � 7.0 p � 0.006 p � 0.36
PXN �LD5 18 � 7.9 p � 0.008 p � 0.26
PXN �LIM1 28 � 11 p � 0.002 p � 0.12
PXN �LIM3 12.1 � 5.1 p � 0.002 p � 0.46
PXN �LIM4 9.0 � 2.5 p � 0.002 p � 0.7
PXN 46 kDa 101 � 13 p � 0.56 p � 0.001
PXN 225–559 42 � 11 p � 0.004 p � 0.01
PXN 274–559 7.6 � 4.0 p � 0.001 p � 0.9
PXN, LD4-HIC5 125 �49 p � 0.8 p � 0.03
HIC5, LD4-PXN 7.4 � 2.1 p � 0.001 p � 0.89
PXN/HIC5 25 � 7.0 p � 0.001 p � 0.03
HIC5/PXN 59 � 14 p � 0.03 p � 0.01

a Paxillin-null MEFs were transduced with puromycin-selected retroviruses expressing either empty vector or paxillin, paxillin mutants, or chimeras between paxillin or
HIC5. FLAG-tagged K-RAS with an activating G12V mutation was retrovirally transduced and selected by blasticidin resistance except in the first row, as noted.

b Colony growth in 0.3% agarose after 10 days normalized to colony numbers produced by cells transduced by K-RAS_G12V and wild-type paxillin.
c Student’s t test of normalized colony numbers produced by K-RAS_G12V plus sample compared to K-RAS_G12V plus wild-type paxillin. The data represent the combined
results of between four and six independent experiments for each sample.

d Student t test of normalized colony numbers produced by K-RAS_G12V plus sample compared with K-RAS_G12V plus vector. The data represent the combined results of
between four and six independent experiments for each sample.

FIGURE 7. Paxillin domains required for attachment-independent cell proliferation and tyrosine phosphorylation of FAK. The domains of paxillin
required to support FAK tyrosine phosphorylation in ES cells (11) are compared with those domains required to support attachment-independent FAK tyrosine
phosphorylation in fibroblasts (from Fig. 3) and oncogene-induced colony formation in fibroblasts (Table 1).
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HIC5 expression that permits FAK tyrosine phosphorylation
in cells attached to plates overnight (Figs. 1B and 3). Second,
in cells that express paxillin, FAK can remain partially tyro-
sine-phosphorylated in detached cells; this is a function of
paxillin and not HIC5 (Figs. 1C and 4). Attachment-indepen-
dent FAK tyrosine phosphorylation in fibroblasts resembles
ES cells where FAK tyrosine phosphorylation is attachment-
independent (11). Together, these results indicate that dur-
ing differentiation of ES cells an additional mechanism
becomes active that facilitates the adhesion-dependent tyro-
sine phosphorylation of FAK independently of paxillin or
HIC5 expression. That this is due to differentiation is
inferred because the T17 fibroblasts used in these studies are
derived from differentiation of the same paxillin-null clone
17 ES cells used in our prior studies (11, 27). FAK has been
shown to directly interact with certain integrins and a num-
ber of other regulatory adapter molecules and kinases such

as Src family kinases; further study is needed to identify
those gene products that support attachment-dependent
FAK tyrosine phosphorylation in the absence of either pax-
illin or HIC5.
The role that attachment-independent FAK tyrosine phos-

phorylation will play in normal cell biology is as yet unclear, but
residual attachment-independent FAK phosphorylation could
promote cell survival in adverse circumstances or during differ-
entiation induced by detachment from matrix. In cancer cell
biology, numerous studies have associated FAK overexpression
and activation with malignancies and metastasis (reviewed in
Refs. 33 and 34).
In this reportwe show that a fragment of paxillinwith twoLD

motifs (amino acids 225–559; LD4 to LIM4) is the minimal
fragment that supports FAK tyrosine phosphorylation in
detached fibroblast cells (Fig. 3D and illustrated in Fig. 7). In our
previous work using ES cells, we identified a slightly smaller
paxillin fragment consisting of LD5 to LIM3 (amino acids 302–
502) as sufficient for supporting FAK tyrosine phosphorylation.
This paxillin fragment does not associate with FAKbecause it is
deleted of both the LD2 and LD4 sites that interact directly with
FAK, indicating that in ES cells, paxillin modulates FAK tyro-
sine phosphorylation independently of a detectable direct asso-
ciation with FAK (11). Thus, fibroblasts require additional
domains of paxillin compared with their progenitor ES cells. It
is possible that FAK tyrosine phosphorylation in ES cells and
fibroblasts results from distinctly different mechanisms, but
more likely the requirement for additional domains of paxillin
in fibroblastsmay reflect the need for additional components in
a similar multimeric signaling complex. The 225–559 fragment
contains at least six protein interaction domains thought to
have multiple discrete interactions: LD4 (associates with FAK
and the GIT-PAK-PIX complex), LD5 (unknown associations),
LIM1 (unknown associations), LIM2 and LIM3 (localize paxil-
lin to focal adhesions through unknown associations), and
LIM3 and LIM4 (associate with PTP-PEST) (17). Our muta-
tional analysis demonstrates that each of these domains is
required for paxillin to support attachment-independent FAK
tyrosine phosphorylation in fibroblasts. The requirement for
LIM domains 2 and 3 is especially intriguing because these
domains are required for focal adhesion localization of paxillin
and thereby also influence the localization of FAK to focal adhe-
sions (28). However, in our assays in detached cells, LIM
domains 2 and 3 clearly are required for FAK tyrosine phospho-
rylation independently of focal adhesion formation in these
detached cells. Given the number of required binding sites for
multiple factors contained within the paxillin 225–559 frag-
ment, elucidating the complete mechanism by which paxillin
augments FAK tyrosine phosphorylation is quite complex and
beyond the scope of this study.
Attachment-independent signaling and cell cycle progres-

sion are a hallmark of malignant cells. It was first observed
that primary cell cultures require attachment for cell prolif-
eration, whereas virally transformed cells do not and that
attachment-dependent cells arrest in G1 upon suspension
(35, 36). There is a close correlation between attachment-
independent colony formation and tumorigenicity in nude
mice (37, 38). In our experiments, paxillin strongly aug-

FIGURE 8. Paxillin augments anchorage-independent cell proliferation in
human cancer cell lines. A, SAOS2 osteosarcoma cells were transduced by
lentiviral shRNA control or the indicated lentiviruses expressing shRNA to
human paxillin. Pooled drug-resistant cells were analyzed by Western blot for
paxillin and tubulin expression, then suspended in 0.3% agarose for 10 days,
and photographed, and the photographs were analyzed for colony number
(top bar graph) and size (bottom bar graph) using NIH Image J software.
Median normalized sizes from three separate experiments are shown relative
to control-transduced cells. The error bars are S.E., and an asterisk indicates p
values � 0.01 by Student’s t test. B, same experiment as in A performed in
SKOV3 ovarian cancer cell line.
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mented the size and frequency of anchorage-independent
colonies induced by an activated RAS (Figs. 5 and 7). Because
the paxillin-null MEFs used in this experiment expressed
HIC5, this implicates structural features found in paxillin
225–559 and not in the closely related HIC5 protein. Acti-
vated RAS alleles are common in multiple human malignan-
cies (39), so the means by which paxillin influences RAS
transformation could be clinically significant.
Overexpression of a FAK molecule with elevated kinase

activity enhances the size of colonies induced by an activated
RAS (31), so it is possible that the role of paxillin in transfor-
mation by RAS is simply to enable FAK tyrosine phosphoryl-
ation in detached cells. This is a correlation, but it as yet
remains unproven. Supporting this interpretation is the
reduction of RAS-induced anchorage-independent colonies
in cells expressing shRNA to FAK (Fig. 6D). Deletion of LD4
abolished the effect of paxillin upon RAS transformation as
expected because this ablates interaction of LD4 with FAK
and GIT1. However, our results cannot be ascribed entirely
to the interaction of LD4 with FAK. The 225–559 fragment
of paxillin has additional and complex overlapping associa-
tions. Themost consistent interpretation of these data is that
dynamic overlapping associations between multiple protein
complexes and paxillin support RAS transformation. It is
notable that both anchorage-independent FAK tyrosine
phosphorylation and anchorage-independent cell prolifera-
tion are independent of the amino-terminal tyrosine phos-
phorylation sites of paxillin that are phosphorylated upon
cell attachment (amino acids 31, 33, and 118) and are there-
fore independent of SH2 dependent interactions with CRK
and Src family associations that have been mapped to these
sites. Because mutation of these tyrosine phosphorylation
sites ablates the influence of paxillin upon cell migration (5),
our experimental system dissociates paxillin-mediated sig-
naling that regulates migration from signaling that supports
anchorage-independent cell proliferation.
It is striking that although paxillin supported anchorage-

independent colony formation, the closely related HIC5 pro-
tein did not. Both paxillin and HIC5 regulate the actin cyto-
skeleton and cell migration (20, 40, 41). More recently, a
number of studies have implicated HIC5 as a transcriptional
co-activator (42) (22, 43, 44) and both an effector and regu-
lator of TGF-� signaling (20, 45, 46), and recent work has
shown paxillin nuclear to cytoplasmic shuttling and paxillin
modulation of transcription (21). A careful evaluation of the
differences between paxillin and HIC5 in the 225–559 region
should elucidate some of the feature(s) of paxillin responsi-
ble for anchorage-independent colony formation. We are
currently analyzing the activation of signaling pathways in
paxillin-null MEFs reconstituted with paxillin mutants and
RAS to elucidate which known RAS signaling effector path-
ways are sensitive to paxillin expression in detached cells.
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