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Signaling by the B cell receptor (BCR) promotes integrin-me-
diated adhesion and cytoskeletal reorganization. This results in
B cell spreading, which enhances the ability of B cells to bind
antigens and become activated. Proline-rich tyrosine kinase
(Pyk2) and focal adhesion kinase (FAK) are related cytoplasmic
tyrosine kinases that regulate cell adhesion, cell morphology,
and cell migration. In this report we show that BCR signaling
and integrin signaling collaborate to induce the phosphoryla-
tion of Pyk2 and FAK on key tyrosine residues, a modification
that increases the kinase activity of Pyk2 and FAK. Activation of
the Rap GTPases is critical for BCR-induced integrin activation
as well as for BCR- and integrin-induced reorganization of the
actin cytoskeleton.Wenow show that Rap activation is essential
for BCR-induced phosphorylation of Pyk2 and for integrin-in-
duced phosphorylation of Pyk2 and FAK. Moreover Rap-
dependent phosphorylation of Pyk2 and FAK required an intact
actin cytoskeleton aswell as actin dynamics, suggesting that Rap
regulates Pyk2 and FAK via its effects on the actin cytoskeleton.
Importantly B cell spreading induced by BCR/integrin co-stim-
ulation or by integrin engagement was inhibited by short hair-
pin RNA-mediated knockdown of either Pyk2 or FAK expres-
sion and by treatmentwith PF-431396, a chemical inhibitor that
blocks the kinase activities of both Pyk2 and FAK. Thus Pyk2
and FAK are downstream targets of the RapGTPases that play a
key role in regulating B cell morphology.

Antibodies (Abs)2 made by B lymphocytes play a critical role
in host defense against infection. Antigen-induced signaling by
the B cell receptor (BCR) initiates an activation program that

leads to B cell proliferation and subsequent differentiation into
Ab-producing cells. BCR clustering by antigens or by anti-im-
munoglobulin (anti-Ig) Abs used as surrogate antigens initiates
multiple signaling pathways that control gene expression, cell
survival, and proliferation pathways (1–3).
BCR signaling also promotes integrin activation (4, 5), local-

ized actin polymerization, reorganization of the actin cytoskel-
eton, and changes in B cell morphology (6, 7), all of which may
facilitate B cell activation. Integrin activation and cell spreading
is critical for the activation of B cells bymembrane-bound anti-
gens.Macrophages, dendritic cells, and follicular dendritic cells
can present arrays of captured antigens to B cells (8, 9), and this
may be one of the main ways in which B cells encounter anti-
gens (10). BCR-induced integrin activation prolongs the inter-
action between the B cell and the antigen-presenting cell and
also allows the B cell to spread on the surface of the antigen-
presenting cell such that more BCRs can encounter and bind
membrane-bound antigens (11). Subsequent contraction of the
B cell membrane allows the B cells to gather the BCR-bound
antigen into an immune synapse in which clustered antigen-
engaged BCRs are surrounded by a ring of ligand-bound inte-
grins. Formation of this immune synapse reduces the amount of
antigen that is required for B cell activation (12, 13).
Recent work has shown that B cells in lymphoid organs may

contact soluble antigens by extending membrane processes
into a highly organized network of lymph-filled conduits (14).
These conduits are created by fibroblastic reticular cells that
partially ensheathe collagen fibrils. In addition to being rich in
collagen, fibronectin, and other extracellular matrix (ECM)
components, the fibroblastic reticular cells that form these con-
duits express high levels of intercellular adhesion molecule-1,
the ligand for the �L�2 integrin (lymphocyte function-associ-
ated antigen-1 (LFA-1)) on B cells (10). Thus B cells interacting
with these conduits are likely to be in contact with integrin
ligands, and integrin-dependent spreading may enhance the
ability of B cells to extend membrane processes into the fibro-
blastic reticular cell conduit.
In addition to promoting cell spreading, integrins can act as

co-stimulatory receptors that enhance signaling by many
receptors including the T cell receptor and the BCR (15–17).
Thus signaling proteins that regulate B cell spreading and that
are also targets of BCR/integrin co-stimulation may play a key
role in the activation of B cells bymembrane-bound antigens as
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well as soluble antigens that are delivered to lymphoid organs
by fibroblastic reticular cell conduits.
Proline-rich tyrosine kinase (Pyk2) and focal adhesion kinase

(FAK) are related non-receptor protein-tyrosine kinases that
integrate signals frommultiple receptors and play an important
role in regulating cell adhesion, cell morphology, and cell
migration in many cell types (18–20). Integrins, receptor tyro-
sine kinases, antigen receptors, and G protein-coupled chemo-
kine receptors all stimulate tyrosine phosphorylation of Pyk2
and FAK, amodification that increases the enzymatic activity of
these kinases and allows them to bind SH2 domain-containing
signaling proteins (21). FAK, which is expressed in almost
all tissues (21), is a focal adhesion component that mediates
integrin-dependent cell migration (22), cell spreading, and cell
adhesion (18) in adherent cells as well as co-clustering of LFA-1
with the T cell receptor in lymphocytes (23). Pyk2 is expressed
mainly in hematopoietic cells, osteoclasts, and the central nerv-
ous system (24) and is critical for chemokine-induced migra-
tion of B cells, macrophages, and natural killer cells (20, 25, 26)
as well as the spreading of osteoclasts on vitronectin (27). FAK
and Pyk2 are thought to mediate overlapping but distinct func-
tions because Pyk2 expression only partially reverses the cell
adhesion and migration defects in FAK-deficient fibroblasts
(28).
In B cells, clustering of the BCR, �1 integrins, or �7 integrins

induces tyrosine phosphorylation of both Pyk2 and FAK (29–
33). FAK is involved in the chemokine-induced adhesion of B
cell progenitors (34), and Pyk2 is required for chemokine-in-
duced migration of mature B cells (25). However, the role of
these kinases in BCR- and integrin-induced B cell spreading has
not been investigated, and the signaling pathways that link the
BCR and integrins to tyrosine phosphorylation of Pyk2 and
FAK have not been elucidated.
We have shown previously that the ability of the BCR to

induce integrin activation, B cell spreading, and immune syn-
apse formation requires activation of the Rap GTPases (6, 17).
In addition to binding effector proteins such as RapL and Rap1-
interacting adaptor molecule (RIAM) that promote integrin
activation (35–37), the active GTP-bound forms of Rap1 and
Rap2 bind multiple proteins that control actin dynamics and
cell morphology (38). Moreover we showed that BCR/integrin-
induced phosphorylation of Pyk2 in B cells is dependent on Rap
activation (17). However, this previous study did not address
how Rap-GTP links the BCR and integrins to Pyk2 phosphoryl-
ation, whether Rap activation is important for FAK phospho-
rylation in B cells, or whether B cell spreading is regulated by
Pyk2 or FAK.We now show that Pyk2 and FAK are differentially
expressed and localized in B cells, that Pyk2 and FAK are impor-
tant for B cell spreading, and that integrin engagement enhances
BCR-induced phosphorylation of Pyk2 and FAK, a process that
depends on both Rap activation and actin dynamics.

EXPERIMENTAL PROCEDURES

Antibodies and Inhibitors—Goat and donkey anti-mouse IgG
and goat anti-mouse IgMwere from Jackson ImmunoResearch
Laboratories (West Grove, PA). Rat monoclonal anti-LFA-1
(anti-�L integrin) and anti-CD40 (1C10)were fromeBioscience
(San Diego, CA). A rat monoclonal Ab against very late anti-

gen-4 (anti-VLA-4; anti-�4 integrin) was purified from culture
supernatants of the PS/2 hybridoma (39) (fromDr. BoscoChan,
University of Western Ontario, London, Ontario, Canada).
Rabbit anti-Erk, goat anti-Pyk2 (sc-1514), and goat anti-FAK
(C-20) were from Santa Cruz Biotechnology (Santa Cruz, CA).
The 4G10 monoclonal anti-phosphotyrosine (Tyr(P)) Ab was
fromUpstate (Charlottesville, VA). Abs to Tyr397-, Tyr576-, and
Tyr577-phosphorylated FAK and Tyr579/Tyr580-phosphoryla-
ted Pyk2 were from BIOSOURCE International (Camarillo,
CA). The rabbit polyclonal Ab against Tyr402-phosphorylated
Pyk2, the murine monoclonal Ab against phosphorylated Erk,
and the rabbit monoclonal Ab against Ser473-phosphorylated
Akt were from Cell Signaling Technology (Danvers, MA). The
monoclonal Ab to paxillin was fromBDBiosciences. Horserad-
ish peroxidase-conjugated donkey anti-goat IgG (Santa Cruz
Biotechnology), goat anti-rabbit IgG (Bio-Rad), and goat anti-
mouse IgG (GE Healthcare) were used for immunoblotting.
Latrunculin A and jasplakinolide were from Calbiochem.
PF-431396 has been described previously (40). The pCMV-
�R8.91 and pCMV-VSV-G-M5 plasmids were a gift from Dor-
othee von Laer (Georg-Speyer Haus Chemotherapeutic Insti-
tute, Frankfurt, Germany).
Cells—B cells were isolated from the spleens of C57BL/6

mice using the magnetic-activated cell sorting B cell isolation
kit (Miltenyi Biotec, Auburn, CA) to deplete non-B cells (41).
The resulting cells were�98%B cells as determined by staining
with anti-CD19-fluorescein isothiocyanate (BD Pharmingen).
Activated B cells were obtained by culturing splenic B cells with
25�g/ml lipopolysaccharide (LPS; Sigma-Aldrich) plus 5 ng/ml
IL-4 (R&D Systems, Minneapolis, MN) for 2–3 days. A20 cells
(ATCC, Manassas, VA) were maintained as described previously
(17). Bulk populations of A20 cells stably transduced with the
empty pMSCVpuro vector (BD Biosciences Clontech) or with
pMSCVpuro/RapGAPII have been described previously (17).
Expression of Pyk2 and FAK—For immunoblotting with Abs

to Pyk2 or FAK, cells were solubilized in radioimmune precip-
itation assay buffer (42). For quantitative RT-PCR, RNA was
prepared using the RNeasy kit with QIAshredder columns
(Qiagen, Valencia, CA) and converted into cDNA using the
High Capacity cDNA Archive kit (Applied Biosystems, Foster
City, CA). Equivalent amounts of cDNA were combined with
TaqMan Fast Universal PCRMaster Mix (Applied Biosystems)
plus TaqMan Gene Expression Assay primers and probes
(Applied Biosystems) specific for Pyk2 (Mm00552840_m1),
FAK (Mm00433209_m1), or glyceraldehyde-3-phosphate de-
hydrogenase (Mm99999915_g1). PCRs and quantitation were
performed using an Applied Biosystems 7500 Fast Real-Time
PCR system. The amount of Pyk2 or FAK mRNA was normal-
ized to the amount of glyceraldehyde-3-phosphate dehydro-
genase mRNA for each sample.
RT-PCR Analysis of Pyk2 mRNA Splicing—PCR primers (5�-

GTGGCCTCTCCTGAGTGTGT-3� and 5�-GATCTTCTCT-
GCCTCCCAGA-3�) that flank the alternatively spliced exon of
the mouse Pyk2 gene were used to amplify cDNA from resting
and activated mouse B cells. These primers amplify a 738-bp
fragment from cDNA generated from unspliced Pyk2 mRNA
and a 612-bp fragment from cDNA from the hematopoietic
cell-specific Pyk2 isoform in which a 126-bp exon is deleted.
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PCR products were separated on 2% agarose gels and visualized
with CyberSafe DNA gel stain.
Immunofluorescence—Cells were fixed with 3% paraformal-

dehyde for 20 min and then permeabilized with phosphate-
buffered saline plus 0.1% Tween 20 for 45 min. After blocking
with phosphate-buffered saline containing 2% bovine serum
albumin for 10min, the cells were stainedwith goatAbs to Pyk2
or FAK for 45 min followed by Alexa Fluor 488-conjugated
donkey anti-goat IgG (Molecular Probes-Invitrogen) for 30
min. Where indicated, cells were also stained with rat mono-
clonal Abs to LFA-1 or VLA-4 followed by Alexa Fluor 568-
conjugated donkey anti-rat IgG (Molecular Probes-Invitrogen).
The cellswerewashed and adhered to poly-L-lysine-coated cov-
erslips, which were treated with Prolong Gold antifade reagent
containing 4�,6-diamidino-2-phenylindole (Molecular Probes-
Invitrogen) and mounted onto glass slides. Images were col-
lected using an Olympus IX81/Fluoview1000 confocal micro-
scope and processed using Olympus Fluoview 1.6 software.
Phosphorylation of Pyk2, FAK, Erk, Akt, and Paxillin—A20

cells or splenic B cells (1.5 � 107) in 1 ml of modified HEPES-
buffered saline (41) were stimulated with anti-Ig Abs either
while in suspension or 30 min after being added to wells of
6-well tissue culture plates coated with a collagen/fibronectin
ECM (17, 43). This ECMwas generated by sequentially coating
thewells with a 2% gelatin solution and then fetal calf serum.To
initiate integrin signaling, cells were added to wells that had
been coated with Abs to LFA-1 or VLA-4 as described previ-
ously (6). Reactions were terminated by adding 0.25 ml of cold
5� lysis buffer (17). After 10 min on ice, insoluble material was
removed by centrifugation. Where indicated, aliquots of cell
lysate were removed to assess total protein tyrosine phospho-
rylation or the phosphorylation of Erk, Akt, and paxillin. Pyk2
and FAK were immunoprecipitated from cell lysates as
described previously (34, 41).
Short Hairpin RNA (shRNA)-mediated Knockdown of Pyk2

and FAK Expression in A20 Cells—pGIPZ lentiviral vec-
tors encoding GFP as well as microRNA-adapted shRNAs
(shRNAmirs) specific for murine Pyk2 (catalogue number
V2LMM_21947) or FAK (catalogue number V2LMM_37327)
were purchased from Open Biosystems (Huntsville, AL). Len-
tiviruses were generated by transfecting 293T cells with the
appropriate lentiviral vector (7.5 �g) together with 12.5 �g of
pCMV-�R8.91 and 2 �g of pCMV-VSV-G-M5 (44, 45). Viral
supernatants were collected 24 and 48 h after transfection and
filtered through a 0.45-�mfilter. A20 cells (6� 105)were added
towells of a 6-well dish containing 3ml of viral supernatant and
then centrifuged at 2000 rpm for 1 h at 21 °C. Cells were cul-
tured with 5 �g/ml puromycin to select for transduced cells.
Cell Spreading—Tissue culture plates were coated overnight

at 4 °C with a rat anti-mouse LFA-1 monoclonal Ab (6) or with
fibronectin (R&D Systems) and then blocked with phosphate-
buffered saline containing 2% bovine serum albumin for 1 h.
A20 cells (105 cells in 0.5 ml of RPMI 1640 medium with 2%
fetal calf serum and 50�M 2-mercaptoethanol) were pretreated
withDMSOorPF-431396 for 45min, added to the coatedwells,
and incubated at 37 °C. Cells scored as spread were phase dark
and had an elongated or irregular shape with obvious mem-
brane processes.

Rap Activation—Rap activation assays were performed as
described previously (17). A GST-RalGDS fusion protein was
used to selectively precipitate the active GTP-bound form of
Rap, which was detected by immunoblotting with a Rap1 Ab
(Santa Cruz Biotechnology).

RESULTS

Expression and Localization of Pyk2 and FAK in B Cells—Be-
cause Pyk2 and FAK regulate cell morphology in many cell
types, we asked whether both of these kinases were
expressed in mature B cells from mouse spleen. Immuno-
blotting showed that resting B cells from mouse spleen
expressed high levels of Pyk2 but only low levels of FAK (Fig.
1A). We also asked whether B cell activation altered the
expression of Pyk2 or FAK because activated, but not resting,
primary B cells undergo dramatic spreading when plated on
integrin ligands or on immobilized Abs to CD44, CD23, or
the BCR (46–48). Activating splenic B cells with LPS plus
IL-4 for 2 days resulted in a 4–5-fold decrease in Pyk2 pro-
tein levels and a 6-fold increase in FAK levels (Fig. 1A). This
likely reflects transcriptional regulation because a similar
down-regulation of Pyk2 mRNA and up-regulation of FAK
mRNA occurred upon B cell activation (Fig. 1B). A number
of murine (WEHI-231, BAL17, and A20) and human B lym-
phoma cell lines (Ramos, Daudi, and Raji) expressed both
Pyk2 and FAK (Fig. 1A and data not shown), consistent with
these cells representing transformed versions of activated B
cells. We also observed that Pyk2 from LPS/IL-4-activated B
cells ran as a doublet on SDS-PAGE gels (Fig. 1, A and C).
The higher molecular weight form of Pyk2 may be the
unspliced form that has been reported to be highly expressed
in brain but not in the spleen (49). Indeed RT-PCR showed
that both the spliced and unspliced forms of Pyk2 mRNA
were present in activated B cells, whereas only the spliced
formwas present in resting B cells (Fig. 1D). Both isoforms of
the Pyk2 protein were tyrosine-phosphorylated upon BCR
clustering in activated splenic B cells (Fig. 1C).
Confocal microscopy showed that Pyk2 and FAK had dis-

tinct subcellular localizations in B cells (Fig. 1E). In both
resting and activated murine splenic B cells, Pyk2 was uni-
formly distributed in the cytoplasm with a diffuse pattern. In
contrast, FAK was present in punctate structures in both
resting and activated splenic B cells (Fig. 1E) as well as the
A20 B cell line (data not shown). Activated splenic B cells
hadmore FAK-containing puncta than resting splenic B cells
and overall higher levels of FAK consistent with the immu-
noblotting data. These punctate FAK-containing structures
also contained LFA-1 and to some extent VLA-4 (�4�1 inte-
grin) (Fig. 1F), suggesting that FAK associates constitutively
with these integrins in B cells.
Adhesion to ECM Enhances BCR-induced Tyrosine Phospho-

rylation of Pyk2 and FAK—To examine the role of Pyk2 and
FAK in BCR and integrin signaling in B cells, we used the A20
B lymphoma cell line, which expresses both Pyk2 and FAK.
Consistent with the idea that integrins can act as co-stimu-
latory receptors that enhance BCR signaling, we showed pre-
viously that BCR-induced tyrosine phosphorylation of Pyk2
is substantially greater when A20 cells are plated on a colla-
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gen/fibronectin ECM that contains integrin ligands than
when the cells are stimulated in suspension (17) (see also Fig.
2A). As was the case for Pyk2, BCR-induced tyrosine phos-
phorylation of FAK was also substantially increased when
A20 cells were plated on ECM (Fig. 2A). The binding of inte-
grins to ECM ligands did not cause an overall enhancement
of BCR signaling but selectively augmented BCR-induced
tyrosine phosphorylation of FAK and Pyk2. BCR-induced
serine/threonine phosphorylation of Erk, Akt, and the
cytoskeleton-associated adaptor protein paxillin was not
enhanced by integrin engagement (Fig. 2, B and C). The
selective targeting of Pyk2 and FAK by BCR/integrin co-
stimulation suggests that these kinases may be important for
integrin-dependent B cell responses.

BCR/Integrin-induced B Cell
Spreading Involves Pyk2 and FAK—
A20 cells spread dramatically when
they are plated on fibronectin and
then stimulated with anti-Ig Abs (6,
17). In this scenario BCR signaling
activates �1 integrins (e.g. VLA-4),
whichbind to the fibronectin, and the
combined BCR/integrin signaling
leads to cell spreading. A20 cells also
spread when plated on immobilized
Abs that cluster the LFA-1 integrin,
adoptingamorphology similar to that
of anti-Ig-activated A20 cells spread-
ing on intercellular adhesion mole-
cule-1, the physiological ligand for
LFA-1 (6).This indicates that integrin
signaling is sufficient to induce B cell
spreading. Because integrin signaling
selectively enhances the ability of the
BCR to induce tyrosine phosphoryla-
tion of Pyk2 and FAK (Fig. 2) and can
independently induce the phospho-
rylation of these kinases (see Fig. 5),
we asked whether Pyk2 or FAK
played a role in B cell spreading.
To test this, we used RNA interfer-

ence to reduce the expression of Pyk2
or FAK in A20 cells. We established
stable bulk populations of A20 cells
containing the GFP-encoding pGIPZ
lentiviral vector or derivatives of this
vector that also encode shRNAs spe-
cific for either Pyk2 or FAK. The
resulting cell populations were�95%
GFP� (Fig. 3A), and immunoblot-
ting showed that the Pyk2 shRNA
reduced the expression of Pyk2 by
83% without affecting FAK levels,
whereas the FAK shRNA reduced
the expression of FAK by 67% with-
out affecting Pyk2 levels (Fig. 3B).
Knocking down the expression of
either Pyk2 or FAK caused a

30–40% reduction in the number of A20 cells that developed a
spread, elongated morphology when plated on fibronectin and
then stimulated with anti-Ig Abs (Fig. 3C). The same was true
when A20 cells were plated on immobilized anti-LFA-1 Abs
(Fig. 3C). Thus Pyk2 and FAKboth contribute to BCR/integrin-
and integrin-induced B cell spreading in A20 cells.
BCR/Integrin-induced Tyrosine Phosphorylation of Pyk2 and

FAK Depends on Activation of the Rap GTPases—Because acti-
vation of the Rap GTPases is critical for BCR- and integrin-
inducedB cell spreading (6, 17) andPyk2 andFAKcontribute to
this process, we hypothesized that Rap activation would be
important for BCR-induced tyrosine phosphorylation of Pyk2
and FAK. The phosphorylation of Pyk2 and FAK on conserved
tyrosine residues increases their kinase activity (21, 50). The

FIGURE 1. Expression and localization of Pyk2 and FAK in B cells. A, Pyk2 and FAK protein levels in cell lysates (40
�g of protein) from A20 B lymphoma cells, resting splenic B cells, and splenic B cells that were activated with LPS plus
IL-4 for 2 days were analyzed by sequential blotting with Abs to Pyk2, FAK, and Erk1/2 (loading control). Molecular
mass markers (in kDa) are indicated to the right of each blot. The relative amount of Pyk2 or FAK protein in activated
B cells compared with resting B cells (�1) was determined by quantifying band intensities with ImageJ and normal-
izing the values to the amount of Erk in the sample. The data represent the mean � S.E. for three independent
experiments. B, the relative amounts of Pyk2 and FAK mRNA in resting and activated splenic B cells were
determined by quantitative RT-PCR. Values were normalized to the amount of glyceraldehyde-3-phosphate
dehydrogenase mRNA in the same sample and are expressed as the amount of mRNA (average � range for two
independent experiments) relative to that in resting B cells (�1). C, resting and LPS/IL-4-activated splenic B
cells were left unstimulated for 30 min (�) or were incubated with 10 �g/ml anti-IgM Abs for 30 min. Anti-Pyk2
immunoprecipitates (ippt) were analyzed by blotting with the 4G10 anti-Tyr(P) (P-Tyr) antibody (upper panel).
The blots were then stripped and reprobed with an Ab to Pyk2 (lower panel). One of two experiments that
yielded similar results is shown. D, RT-PCR analysis of alternatively spliced Pyk2 mRNA in resting splenic B cells
and LPS/IL-4-activated B cells. PCR primers flanking the alternatively spliced exon distinguish the full-length
mRNA from the spliced isoform, which is 126 bp shorter. Data are representative of three experiments with
similar results. E, resting and LPS/IL-4-activated splenic B cells were permeabilized and stained with goat
anti-Pyk2 or goat anti-FAK plus Alexa Fluor 488-conjugated secondary Ab. Nuclei were visualized with 4�,6-
diamidino-2-phenylindole (DAPI) (blue). No fluorescence was observed when the cells were stained with sec-
ondary Ab alone or with nonspecific goat IgG plus secondary Ab (supplemental Fig. 1). F, LPS/IL-4 activated
splenic B cells were permeabilized and stained with Abs to FAK plus Abs to either LFA-1 or VLA-4. In E and F,
each panel shows representative data from one of three experiments with similar results.
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initial event in receptor-induced activation of these kinases is
phosphorylation of Pyk2 on Tyr402 or FAK on Tyr397. This is
thought to occur via dimerization and transphosphorylation
(51). Src family kinases can then bind via their SH2 domain to
the phosphorylated Pyk2 Tyr402 or FAK Tyr397 and phospho-
rylate Pyk2 at Tyr579/Tyr580 or FAK at Tyr576/Tyr577. Phospho-
rylation of Pyk2 and FAK on these activation loop residues is
required formaximal activity of these kinases toward substrates
(21). We showed previously that Rap activation is required for
BCR/integrin-induced phosphorylation of Pyk2 on Tyr579/
Tyr580 (17). However, it was not knownwhether this reflected a
role for Rap activation in Tyr402 phosphorylation or the Src
family kinase-mediated phosphorylation of Tyr579/Tyr580.

Moreover the role of Rap activation in BCR/integrin-induced
FAK phosphorylation had not been assessed.
To address these questions, we blockedRap activation inA20

cells by expressing the Rap-specific GTPase-activating protein,
RapGAPII (52). RapGAPII converts the Rap1 and Rap2
GTPases to their inactive GDP-bound state, and RapGAPII
expression has been widely used to assess the role of Rap acti-
vation (53, 54).Wehave shown that RapGAPII expression com-
pletely blocks anti-Ig-, chemokine-, and phorbol ester-induced
Rap activation in A20 cells without inhibiting other signaling
reactions such as phosphorylation ofmitogen-activated protein
kinases or Akt (17, 42).
Preventing Rap activation via RapGAPII expression signifi-

cantly inhibited tyrosine phosphorylation of Pyk2 on Tyr402
when A20 cells were plated on ECM and stimulated with solu-
ble anti-Ig antibodies (Fig. 4A). This corresponded with inhibi-
tion of total Pyk2 tyrosine phosphorylation as assessed using
anti-Tyr(P) Abs (Fig. 4A). Thus BCR/integrin-induced phos-
phorylation of Pyk2 on Tyr402, the first step in Pyk2 activation,
is dependent on Rap activation. The same was true for FAK.
The use of phosphorylation site-specific Abs showed that
blocking Rap activation significantly inhibited BCR/integrin-
induced phosphorylation of FAK on Tyr397 (Fig. 4B) as well as
the subsequent phosphorylation of FAK on Tyr576/Tyr577 (Fig.
4C). Consistent with this, the total tyrosine phosphorylation of
FAK as detected using the 4G10 anti-Tyr(P) Ab was also inhib-
ited when Rap activation was blocked (Fig. 4B). Thus during
BCR/integrin co-stimulation, Rap activation is critical for the
initial step in the activation of Pyk2 and FAK, phosphorylation
of Pyk2 on Tyr402 and FAK on Tyr397. As a consequence Rap
activation is also required for the subsequent Src family kinase-
mediated phosphorylation of the activation loop tyrosine resi-
dues of Pyk2 and FAK.
The requirement for Rap activation inBCR/integrin co-stim-

ulation-induced phosphorylation of Pyk2 and FAK could
reflect a role for Rap activation in one or more of the following
processes: coupling BCR signaling pathways to the phosphoryl-
ation of Pyk2 and FAK, activating integrins such that ligand
binding initiates outside-in integrin signaling, or coupling inte-
grin signaling pathways to the phosphorylation of Pyk2 and
FAK.We have shown previously that Rap activation is essential
for the BCR to stimulate integrin activation (17). Therefore we
now investigated whether Rap activation was also an essential
component of the signaling pathways that link the BCR and
integrins to the phosphorylation of Pyk2 and FAK. Because
integrin engagement greatly enhances BCR-induced phospho-
rylation of Pyk2 and FAK, we first tested the hypothesis that
integrin signaling induces Pyk2 and FAK phosphorylation in a
Rap-dependent manner.
RapActivation Is Important for Integrin-induced Phosphoryl-

ation of Pyk2 and FAK—To initiate integrin signaling without
stimulating the cells through the BCR, we plated A20 cells on
wells coated with Abs against the LFA-1 or VLA-4 integrins.
We have shown previously that the ability of A20 cells to spread
on immobilized anti-integrin Abs or on immobilized intercel-
lular adhesion molecule-1 is dependent on Rap activation (6).
Moreover Ab-induced clustering of LFA-1 activates Rap1 in
A20 cells (6). Fig. 5A shows that plating A20 cells on wells

FIGURE 2. Adhesion of B cells to ECM selectively enhances BCR-induced
tyrosine phosphorylation of Pyk2 and FAK. A20 cells were kept in suspen-
sion or plated on collagen/fibronectin ECM for 30 min before being stimu-
lated with 20 �g/ml soluble anti-IgG for the indicated times. For unstimulated
controls (�), A20 cells were kept in suspension or plated on collagen/fi-
bronectin ECM for 30 min and then left unstimulated for an additional 45 min
before being lysed. A, immunoprecipitated (ippt) Pyk2 and FAK were analyzed
by immunoblotting with the 4G10 anti-Tyr(P) (P-Tyr) Ab. The blots were then
reprobed with Abs to Pyk2 or FAK. A mock stimulation of cells with phos-
phate-buffered saline for 15 or 30 min did not increase phosphorylation of
Pyk2 and FAK compared with cells left unstimulated for the entire duration of
the experiment (supplemental Fig. 2). B, cell lysates were immunoblotted
with Abs against the phosphorylated forms of Erk (P-Erk) or Akt (P-Akt) and
then reprobed with Abs against total Erk or Akt. C, cell lysates were immuno-
blotted with a paxillin Ab. Serine/threonine phosphorylation of paxillin is
indicated by a bandshift on SDS-PAGE gels and was dependent on the activity
of the Erk and GSK-3 kinases (data not shown) as in T cells and macrophages
(67, 68). For each panel, similar results were obtained in three experiments.
�IgG, anti-IgG Ab.
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coated with Abs to LFA-1 or VLA-4 resulted in increased Pyk2
phosphorylation compared with cells plated on wells coated
with an isotype-matched controlmonoclonal Ab against CD40.
Both LFA-1- and VLA-4-induced Pyk2 phosphorylation was
substantially reduced in the RapGAPII-expressing A20 cells in
which Rap activation was blocked (Fig. 5A). Similarly FAK
phosphorylation, which was increased 3–4-fold by clustering
VLA-4 and to a lesser extent by clustering LFA-1, was signifi-
cantly reducedwhenRap activationwas blocked (Fig. 5B). Thus
Rap activation is required for integrin signaling to induce tyro-
sine phosphorylation of Pyk2 and FAK.

FIGURE 3. A20 cell spreading involves both Pyk2 and FAK. Lentiviral transduction was used to establish stable bulk populations of A20 cells expressing the
GFP-encoding pGIPZ vector or derivates encoding a Pyk2-specific shRNA or a FAK-specific shRNA. A, representative fluorescence-activated cell sorting plots
showing GFP expression by the transduced A20 cells (solid lines) compared with untransduced parental A20 cells (shaded curves). The percentage of transduced
cells that were GFP� is indicated. B, immunoblot analysis of Pyk2 and FAK protein levels in cell lysates (40 �g of protein/lane). The Pyk2 and FAK blots were
reprobed with Abs to actin (loading control). C, A20 cells transduced with the pGIPZ vector, Pyk2 shRNA, or FAK shRNA were plated on wells coated with 2.63
�g/cm2 fibronectin and then stimulated with 10 �g/ml soluble anti-IgG for 4 h (upper panels) or were plated on wells coated with 2.63 �g/cm2 anti-LFA-1 Abs
for 4 h (bottom panels). Representative images are shown. D, the percentage of adherent A20 cells that had spread after 2 or 4 h as indicated by being phase dark
with an elongated or irregular shape was determined. The data are presented as the average � S.E. for �300 cells counted in each of three experiments. *, p �
0.05; **, p � 0.01 by Student’s one-tailed paired t test compared with vector control cells. �IgG, anti-IgG Abs; �LFA-1, anti-LFA-1 Ab; FN, fibronectin.

FIGURE 4. BCR/integrin-induced tyrosine phosphorylation of Pyk2 and FAK
depends on activation of the Rap GTPases. Vector control and RapGAPII-ex-
pressing A20 cells were cultured for 30 min in wells coated with collagen/fi-
bronectin ECM before being stimulated with 20 �g/ml anti-IgG for the indicated
times. For unstimulated controls (�), A20 cells were plated on collagen/fibronec-
tin ECM for 30 min and then left unstimulated for another 30 min before being
lysed. A, anti-Pyk2 immunoprecipitates (ippt) were probed with an Ab against
Pyk2 that is phosphorylated on Tyr402 (pY402) or with the 4G10 anti-Tyr(P) (P-Tyr)
Ab before being reprobed with an anti-Pyk2 Ab. B, anti-FAK immunoprecipitates
were probed with an Ab that recognizes FAK that is phosphorylated on Tyr397

(pY397) or with the 4G10 anti-Tyr(P) Ab before being reprobed with an anti-FAK
Ab. C, anti-FAK immunoprecipitates were probed sequentially with Abs that rec-
ognize FAK that is phosphorylated on either Tyr576 or Tyr577 before being rep-
robed with an anti-FAK Ab. The relative levels of Pyk2 and FAK phosphorylation
were determined by quantifying band intensities using ImageJ, normalizing the
values to the total amount of Pyk2 or FAK in the same lane, and expressing the
values (mean � S.E. for three experiments) relative to the Pyk2 or FAK phospho-
rylation levels in unstimulated vector control cells (�1). *, p � 0.05 by Student’s
one-tailed paired t test.

FIGURE 5. Rap activation is important for integrin-induced phosphoryla-
tion of Pyk2 and FAK. Vector control and RapGAPII-expressing A20 cells
were plated in wells coated with 3.5 �g/cm2 anti-CD40 (control), anti-LFA-1,
or anti-VLA-4 monoclonal Abs for 15 or 30 min (�). Anti-Pyk2 (A) and anti-FAK
(B) immunoprecipitates (ippt) were analyzed by blotting with the 4G10 anti-
Tyr(P) (P-Tyr) Ab. The blots were then stripped and reprobed with Abs against
Pyk2 or FAK. For FAK phosphorylation, band intensities were normalized to
the amount of total FAK for each sample and then expressed as the relative
phosphorylation (mean � S.E. for three experiments) compared with that for
vector control cells plated on anti-CD40 (�1). *, p � 0.05 by Student’s one-
tailed paired t test.
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Rap Activation Is Important for BCR-induced Phosphoryla-
tion of Pyk2 but Not for BCR-induced Phosphorylation of FAK—
When A20 cells were stimulated with anti-Ig Abs while in sus-
pension, BCR clustering induced tyrosine phosphorylation of
both Pyk2 and FAK although to amuch lesser extent thanwhen
the cells were plated on ECM (Fig. 2). Because integrin engage-
ment is likely to be minimal when the cells are in suspension,
this may reflect integrin-independent BCR signaling events.
Therefore we asked whether Rap activation was important for
integrin-independent phosphorylation of Pyk2 and FAK by the
BCR. When we kept vector control and RapGAPII-expressing
A20 cells in suspension and stimulated them with soluble
anti-Ig Abs, blocking Rap activation completely abrogated
BCR-induced phosphorylation of Pyk2 at Tyr402 and Tyr579/
Tyr580 (Fig. 6A). In contrast, blocking Rap activation did not
impair the ability of the BCR to increase tyrosine phosphoryla-
tion of FAK, as judged using the 4G10 anti-Tyr(P) Ab, or more
specifically phosphorylation of FAK at Tyr397 (Fig. 6B). Thus
both BCR-induced (Fig. 6A) and integrin-induced (Fig. 5A)
Pyk2 phosphorylation required Rap activation, whereas inte-
grin-induced FAKphosphorylationwas dependent onRap acti-
vation (Fig. 5B), but BCR-induced FAK phosphorylation was
Rap-independent (Fig. 6B).

The Role of Rap Activation in the
Phosphorylation of Pyk2 and FAK
Corresponds to a Requirement for
Actin Dynamics—Because Rap acti-
vation is required formaximal BCR-
induced increases in polymerized
F-actin in A20 cells (17), we hypoth-
esized that Rap might regulate the
phosphorylation of Pyk2 and FAK
via its ability to promote actin
polymerization or stabilize actin fil-
aments. To test this, we pretreated
A20 cells with latrunculin A, a drug
that prevents the addition of actin
monomers to existing actin fila-
ments, thereby leading to a loss of F-
actin. Confocal microscopy showed
that a 30-min treatment with
latrunculin A led to a nearly com-
plete loss of F-actin in A20 cells
(data not shown). In the presence
of latrunculin A, anti-Ig-induced
phosphorylation of Pyk2 at Tyr402
and Tyr579/Tyr580 was almost com-
pletely blocked both when the cells
were stimulated in suspension and
when they were stimulated while on
ECM (Fig. 7A). Similar results were
obtained using cytochalasin D (data
not shown), another drug that leads
to the loss of F-actin. An intact actin
cytoskeleton was not required for
other BCR signaling events such as
phosphorylation of Erk or Akt (Fig.
7B). Importantly latrunculin A did

not block BCR-induced Rap1 activation (Fig. 7C), consistent
with the idea that F-actin acts downstream of Rap activation to
promote Pyk2 phosphorylation.
For FAK phosphorylation, the requirement for an intact

actin cytoskeleton paralleled the requirement for Rap activa-
tion.When A20 cells were stimulated with anti-Ig while in sus-
pension, BCR-induced FAKphosphorylationwas unaffected by
blocking Rap activation (Fig. 6B) or by disrupting the actin
cytoskeleton with latrunculin A (Fig. 7D). In contrast, when
the cells were stimulated while on ECM, BCR/integrin-in-
duced FAK phosphorylation was significantly reduced by
disrupting the actin cytoskeleton with latrunculin A (Fig.
7D) and by blocking Rap activation (Fig. 4B). Thus a Rap- and
F-actin-dependent pathway links integrins, but not the BCR,
to FAK phosphorylation.
The ability of latrunculin A and cytochalasin D to block

BCR-induced Pyk2 phosphorylation could reflect a require-
ment for actin filaments, which may act as signaling plat-
forms, or a requirement for the dynamic assembly and disas-
sembly of actin filaments. To distinguish these possibilities, we
used jasplakinolide, a drug that prevents actin filament disas-
sembly (55). When A20 cells were stimulated in suspension,
jasplakinolide treatment completely inhibited BCR-induced

FIGURE 6. Rap activation is important for BCR-induced tyrosine phosphorylation of Pyk2 but not FAK. Vector
control and RapGAPII-expressing A20 cells were stimulated in suspension with 20 �g/ml anti-IgG for the indicated
times. For unstimulated controls (�), A20 cells were left in suspension for 30 min without being stimulated. A, anti-
Pyk2 immunoprecipitates (ippt) were probed with either the 4G10 anti-Tyr(P) (P-Tyr) Ab, an Ab against Pyk2
that is phosphorylated on Tyr402, or an Ab against Pyk2 that is phosphorylated on Tyr579/Tyr580. The blots were
then stripped and reprobed with a Pyk2 Ab. B, anti-FAK immunoprecipitates were probed with either the 4G10
anti-Tyr(P) Ab or an Ab against FAK that is phosphorylated on Tyr397. The blots were then stripped and rep-
robed with a FAK Ab. Band intensities were normalized to the amount of total Pyk2 or FAK for each sample and
then expressed as the relative phosphorylation (mean � S.E. for three experiments) compared with that for
unstimulated vector control cells (�1). *, p � 0.05 by Student’s one-tailed paired t test. The values for FAK
phosphorylation in vector and RapGAPII-expressing cells were not significantly different by this test.
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phosphorylation of Pyk2 while having no effect on BCR-in-
duced Rap1 activation (Fig. 7E). Thus both disrupting actin
filaments and stabilizing actin filaments inhibited the Rap-de-
pendent phosphorylation of Pyk2 by theBCR. In contrast, BCR-
induced phosphorylation of FAK in cells that were kept in sus-
pension did not require Rap activation and was unaffected by
either latrunculin A (Fig. 7D) or jasplakinolide (Fig. 7E).
B Cell Spreading Requires Pyk2/FAK Kinase Activity—We

have shown that Rap activation is important for BCR/integrin-
induced tyrosine phosphorylation of Pyk2 and FAK (Figs. 4 and
5) and for BCR- and integrin-induced B cell spreading (6, 17).
This suggests that activated Rap may promote B cell spreading
at least in part by facilitating the phosphorylation-dependent
activation of Pyk2 and FAK. Indeed knocking down the expres-
sion of either Pyk2 or FAK reduced B cell spreading (Fig. 3C).
To specifically address the role of Pyk2 and FAK kinase activity
in BCR/integrin-induced B cell spreading, we used PF-431396,
a potent andhighly selective pyrimidine-based inhibitor of both
Pyk2 and FAK (40). Consistent with the idea that the tyrosine
phosphorylation of Pyk2 and FAK involves an initial autophos-
phorylation or transphosphorylation step, treating A20 cells
with PF-431396 blocked anti-Ig-induced tyrosine phosphoryl-
ation of Pyk2 and FAK when the cells were stimulated in sus-
pension (Fig. 8A) and when they were stimulated on ECM (Fig.
8B). The phosphorylation of Pyk2 and FAK induced by cluster-
ing LFA-1 with plate-bound Abs was also inhibited by
PF-431396 (Fig. 8B). PF-431396 treatment was not cytotoxic as
judged by 7-amino-actinomycin D staining (data not shown)
and did not reduce the ability of the BCR to stimulate Erk phos-
phorylation or overall protein tyrosine phosphorylation (Fig.
8A), which is dependent on the activation of both Src family
kinases and the Syk tyrosine kinase. Thus, PF-431396 appeared
to selectively inhibit BCR-induced tyrosine phosphorylation of
Pyk2 and FAK. Importantly this correlated with a significant
inhibition of A20 cell spreading. PF-431496 treatment signifi-
cantly reduced the number of A20 cells that developed an elon-
gated, spread morphology after being stimulated with anti-Ig
Abs while on fibronectin (Fig. 8C). The spreading of A20 cells
plated on immobilized anti-LFA-1 Abs was also significantly
reduced by PF-431396 treatment (Fig. 8D). Thus the kinase
activity of Pyk2 and/or FAK is required for both BCR/integrin-
and integrin-induced B cell spreading.

DISCUSSION

The binding of antigens by B cells often occurs in the context
of integrin engagement. Integrin-dependent cell spreading
enhances the ability of B cells to contact antigens, and integrin
signaling may synergize with BCR signaling to promote both B
cell spreading and activation. ThePyk2 andFAKkinases are key
regulators of cellmorphology, and in this reportwe showed that

FIGURE 7. Rap-dependent phosphorylation of Pyk2 and FAK requires
actin dynamics. A20 cells in suspension or plated on ECM were pretreated
with 10 �M latrunculin A or an equivalent volume of DMSO for 30 min before
being stimulated with 20 �g/ml soluble anti-IgG for the indicated times. For
unstimulated controls (�), A20 cells were kept in suspension or plated on
collagen/fibronectin ECM for 30 min and then left unstimulated for another
30 min before being lysed. A, anti-Pyk2 immunoprecipitates (ippt) were
sequentially probed with an Ab that recognizes Pyk2 that is phosphorylated
at Tyr402, an Ab that recognizes Pyk2 that is phosphorylated at Tyr579/Tyr580,
the 4G10 anti-Tyr(P) (P-Tyr) Ab, and an anti-Pyk2 Ab. B, cell lysates were
assayed for phosphorylation of Akt (P-Akt) and Erk (P-Erk) as in Fig. 2B. C, a
GST-RalGDS fusion protein was used to selectively precipitate the active GTP-
bound form of Rap1, which was detected by immunoblotting with a Rap1 Ab
(upper panel). The lower panel shows the amount of Rap1 in the cell lysates.
D, tyrosine phosphorylation of FAK was assessed by blotting anti-FAK immu-
noprecipitates with the 4G10 anti-Tyr(P) Ab and then reprobing with an anti-

FAK Ab. FAK phosphorylation (mean � S.E. for three experiments) relative to
that in unstimulated DMSO-treated cells kept in suspension (�1) is graphed.
*, p � 0.05 by Student’s one-tailed paired t test. E, A20 cells in suspension were
pretreated with 1 �M jasplakinolide or an equivalent volume of DMSO for 30
min before being stimulated with 20 �g/ml anti-IgG for the indicated times or
being left unstimulated for 30 min (�). Pyk2 and FAK tyrosine phosphoryla-
tion as well as Rap1 activation was assessed. For each panel, similar results
were obtained in three experiments. Lat A, latrunculin A; Jas, jasplakinolide.
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the kinase activities of Pyk2 and FAK are important for BCR/
integrin-induced B cell spreading. Moreover we showed that
integrins enhance the ability of the BCR to phosphorylate Pyk2
and FAK on their auto/transphosphorylation sites, the initial
step in the activation of these kinases. Finally we showed that
both Rap activation and actin dynamics were critical for BCR/
integrin-induced phosphorylation of Pyk2 and FAK.

We had shown previously that in-
tegrin engagement enhances BCR-
induced Pyk2 phosphorylation (17),
and we have now shown that the
same is true for FAK phosphoryla-
tion. Moreover by clustering inte-
grinswithAbs, we showed that inte-
grin signaling was sufficient to
induce tyrosine phosphorylation of
Pyk2 and FAK in B cells. Thus sig-
naling by antigen-clustered BCR
complexes and ligand-bound inte-
grins can have additive effects on
the phosphorylation of Pyk2 and
FAK. This highlights the ability of
integrins to act as co-stimulatory
receptors that collaborate with lym-
phocyte antigen receptors. Pyk2 and
FAK appeared to be selective targets
of the BCR/integrin collaboration as
integrin engagement did not en-
hance BCR-induced phosphoryla-
tion of other signaling proteins such
as Erk, Akt, and paxillin.
We also showed that activation of

the Rap GTPases was critical for
BCR/integrin signaling to induce
the phosphorylation of Pyk2 and
FAK on their auto/transphosphory-
lation sites as well as tyrosine resi-
dues in their activation loops. Al-
though Rap-GTP likely contributes
to Pyk2 and FAK phosphorylation
by activating integrins on B cells
(17), we found that activated Rap
also acts downstream of the BCR to
promote Pyk2 phosphorylation and
downstreamof integrins to promote
the phosphorylation of Pyk2 and
FAK. The active GTP-bound form
of Rap binds multiple effector pro-
teins that promote actin polymeri-
zation and the stabilization of F-ac-
tin polymers (38). Many of the
downstream consequences of Rap
activation may therefore reflect its
role in reorganization of the actin
cytoskeleton. Indeed we found that
the Rap-dependent steps in Pyk2
and FAK phosphorylation were also
blocked by actin-disrupting drugs.

This suggests that Rap-GTP promotes Pyk2 and FAK phospho-
rylation via its ability to remodel the actin cytoskeleton. Rap1
activation was not dependent on actin dynamics, suggesting
that the requirement for actin remodeling lies downstream of
Rap activation.
Although Pyk2 phosphorylation has been shown to require

an intact actin cytoskeleton in a number of cell types (21), how

FIGURE 8. An inhibitor of Pyk2/FAK activity blocks B cell spreading. A, A20 cells in suspension were treated
with the indicated concentrations of PF-431396 or with DMSO for 45 min before being stimulated with 20
�g/ml anti-IgG for 20 min. For unstimulated controls (�), A20 cells were kept in suspension for 45 min and then
left unstimulated for another 20 min before being lysed. Pyk2 and FAK immunoprecipitates (ippt) were ana-
lyzed by blotting with the 4G10 anti-Tyr(P) (P-Tyr) Ab (left panel) before being reprobed with Abs against Pyk2
or FAK. The same cell lysates were analyzed for total tyrosine phosphorylation using the 4G10 anti-Tyr(P) Ab
and for Erk phosphorylation (P-Erk) (right panel). B, A20 cells were treated with PF-431396 or DMSO for 45 min.
The cells were then added to fibronectin/collagen ECM-coated wells and stimulated for 30 min with soluble
anti-Ig. Alternatively the cells were added to wells coated with 2.63 �g/cm2 anti-LFA-1 Abs for 30 min. Pyk2 and
FAK immunoprecipitates were analyzed by blotting with the 4G10 anti-Tyr(P) Ab. C, A20 cells were plated on
wells coated with 2.63 �g/cm2 fibronectin (FN) and stimulated with 10 �g/ml anti-IgG in the presence of DMSO
or 2.5 �M PF-431396 (PF) for 1, 2, or 4 h. Representative images of the 4-h time point are shown. D, A20 cells were
plated on wells coated with 2.63 �g/cm2 anti-LFA-1 Ab in the presence of DMSO or 2.5 �M PF-431396 for 1 or
3 h. Representative images of the 3-h time point are shown. Cell surface expression of LFA-1 was not affected
by PF-431396 treatment (data not shown). The percentage of adherent A20 cells that had spread (mean � S.E.
for �150 cells counted in each of three experiments) as indicated by being phase dark with an elongated or
irregular shape was determined for each time point. *, p � 0.05 by Student’s one-tailed paired t test compared
with DMSO-treated cells.
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this contributes to Pyk2 phosphorylation is not clear. Phospho-
rylation of Pyk2 on Tyr402 may involve Pyk2 dimerization and
subsequent transphosphorylation (51). Rap-dependent actin
polymerization could create a cytoskeletal platform that pro-
motes Pyk2 dimerization. However, we found that treating B
cells with the actin-stabilizing agent jasplakinolide also pre-
vented tyrosine phosphorylation of Pyk2, indicating that poly-
merized F-actin is not sufficient to support receptor-induced
Pyk2 phosphorylation. Dynamic remodeling of the actin
cytoskeleton may be required for efficient Pyk2 dimerization.
Alternatively Pyk2-dependent phosphorylation in vivo may
require cycles of actin polymerization and depolymerization
that regulate either the kinase activity of Pyk2 or the accessibil-
ity of its catalytic site.
In contrast to Pyk2, Rap activation and actin dynamics

were required for integrin-induced FAK phosphorylation
but not for BCR-induced FAK phosphorylation in A20 B
lymphoma cells. For integrin-induced FAK phosphorylation,
Rap activation was required for the initial step in FAK acti-
vation, phosphorylation of Tyr397, an event that is initiated
by transphosphorylation and that can be amplified by Src
family kinase (56). How Rap activation and F-actin contrib-
ute to integrin-induced FAK Tyr397 phosphorylation is not
clear. Our microscopy data suggest that FAK constitutively
co-localizes with integrins in B cells. Rap activation and actin
polymerization could therefore contribute to the recruit-
ment and/or stabilization of other proteins that regulate
FAK Tyr397 phosphorylation. In adherent cells that form
focal adhesions, integrin activation results in the recruit-
ment of talin to the integrin � and � chain cytoplasmic
domains (57). This allows FAK to interact with paxillin and
undergo autophosphorylation. At the same time, activation
of Src family kinases by protein-tyrosine phosphatase �
increases the phosphorylation of FAK at Tyr397. Further
work is required to determine whether Rap and F-actin pro-
mote integrin-dependent FAK phosphorylation by regulat-
ing these steps in B cells. Interestingly Rap activation and
F-actin were not required for BCR-induced phosphorylation
of FAK when the cells were in suspension, a situation in
which there is minimal integrin engagement. FAK has been
reported to associate constitutively with the Src family
kinase Lyn and with the BCR inWEHI-231 B lymphoma cells
(33). FAK phosphorylation could therefore be a proximal
Rap-independent BCR signaling event that is initiated by
BCR.
A key finding was that Pyk2 and FAK are important for B

cell spreading that is initiated by BCR/integrin co-stimula-
tion or by integrin clustering. This is consistent with Pyk2
and FAK being downstream targets of Rap because blocking
Rap activation also prevents B cell spreading (6, 17). Knock-
ing down the expression of either Pyk2 or FAK in A20 B
lymphoma cells reduced the ability of these cells to undergo
cell spreading, whereas PF-431396, a dual specificity inhibi-
tor of the kinase activities of both Pyk2 and FAK, substan-
tially inhibited A20 cell spreading. This suggests that both
Pyk2 and FAK contribute to the ability of A20 B lymphoma
cells to undergo cell spreading. Moreover the use of PF-

431396 showed that the kinase activities of Pyk2 and FAK
were critical for B cell spreading.
Although it is not known how Pyk2 and FAK promote B cell

spreading, these kinases may coordinate the activation of Rac,
Cdc42, and RhoA, GTPases that control cytoskeletal organiza-
tion. In T lymphocytes, Pyk2 binds Vav (50), an exchange factor
that activates Rac. Both Pyk2 and FAK can interact with the
RhoA activator p190RhoGEF (58), and in fibroblasts Pyk2 asso-
ciates withWrch1, a Cdc42-like GTPase that promotes the for-
mation of filopodia (59). Pyk2 and FAK can also bind the p85
subunit of phosphoinositide 3-kinase following integrin liga-
tion (60, 61). Phosphatidylinositol 3,4,5-trisphosphate pro-
duced by phosphoinositide 3-kinase activates Vav and pro-
motes Rac-dependent actin polymerization and cytoskeletal
rearrangement. Pyk2 and FAK can also bind and phosphorylate
the scaffolding proteins p130Cas and paxillin, which can then
recruit the Rac activators DOCK180 and PAK-interacting
exchange factor (PIX), leading to Rac-dependent membrane
ruffling (61).
An interesting observation was that when B cells were acti-

vated with LPS plus IL-4 Pyk2 levels decreased, but FAK levels
increased significantly. B cells activated in this manner resem-
ble antigen-activated germinal center (GC) B cells, which pro-
liferate within lymphoid organ follicles and undergo somatic
hypermutation of their Ig genes. TheseGCBcells then compete
for limiting amounts of antigen that are displayed on the sur-
face of follicular dendritic cells, which provide the B cells with
survival signals. GC B cells interacting with follicular dendritic
cells in vivo exhibit a spread morphology with multiple mem-
brane processes (62, 63). This presumably increases their ability
to detect antigens on the surface of the follicular dendritic cell.
The activation-induced increase in FAK expressionmay reflect
a switch from themotile phenotype of a circulating B cell to the
more adhesive phenotype of an activated GC B cell. FAK
expression and activation are associated with sustained adhe-
sion at least in B cell progenitors (34). A number of adhesion
molecules including �6 integrin are up-regulated in activated
GC B cells (64, 65), and gene expression profiling has shown
that FAKmRNA levels are elevated inGCB cells (66). Thus, the
increased expression of FAK after B cell activation may be part
of a proadhesion gene expression program in which FAK pro-
motes integrin-dependent adhesion and cell spreading, which
facilitate BCR-antigen interactions that provide survival signals
for GC B cells. Similarly the change in Pyk2mRNA splicing in
activated B cells may allow Pyk2 to interact with additional
proteins that control cell adhesion or cytoskeletal reorgani-
zation. In summary, we have shown that Pyk2 and FAK are
downstream targets of the Rap GTPases that play an impor-
tant role in B cell spreading, a process that contributes to B
cell activation.
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