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Themarginal zone is a cellular niche bordering themarginal sinus of
the spleen that contains specialized B-cell and macrophage subsets
poised to capture bloodborne antigens. Marginal zone B cells are
retained in this niche by integrin-mediated signaling induced by G
protein-coupled receptors (GPCRs) and, likely, the B-cell receptor
(BCR). Sphingosine-1-phosphate (S1P) signaling via the S1P family
of GPCRs is known to be essential for B-cell localization in the mar-
ginal zone, but little is known about the downstream signaling
events involved. Here, we demonstrate that the adaptor protein
SHEP1 is required for marginal zone B-cell maturation. SHEP1 func-
tions in concert with the scaffolding protein CasL, because we
show that SHEP1 and CasL are constitutively associated in B cells.
SHEP1 association is required for the BCR or S1P receptor(s) to in-
duce the conversion of CasL into its serine/threonine hyperphos-
phorylated form, which is important for lymphocyte adhesion
and motility. Thus, SHEP1 orchestrates marginal zone B-cell move-
ment and retention as a key downstream effector of the BCR and
S1P receptors.
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Adhesion and migration are required for B-cell development,
differentiation, and function. B cells traffic to follicular

regions in the secondary lymphoid tissues in response to chemo-
kines produced by the follicular stroma (1). In the spleen, the
marginal zone (MZ) surrounding the white pulp contains a subset
of B cells that are poised to respond to antigens delivered via the
blood sinuses. MZ B cells are retained in this niche by integrin
signaling induced by “outside-in” signaling via G protein-coupled
receptors (GPCRs) and, likely, the B-cell receptor (BCR) (2).
The lipid mediator, sphingosine-1-phosphate (S1P), has been

shown to be a prominent factor in guiding B cells to the MZ niche
(3, 4). Similar to chemokine receptors, such as CXCR4 and
CXCR5, S1P receptors act in B cells by coupling to heterotrimeric
G proteins andmobilizing calcium (5). S1P has also been shown to
induce proximal phosphorylation of focal adhesion kinase and
paxillin in fibroblasts, and promote the phosphorylation of
downstream adaptors and activation of Ras family GTPases to
affect adhesion andmigration (6).MZB cells are particularly sen-
sitive to deletions of certain GTPases, GAPs (GTPase-activating
proteins), and GEFs that promote integrin activation, cell adhe-
sion, and cell migration. For example, deficiencies in Rap1A,
Rap1B, DOCK2, or the RhoGEF Lsc result in the loss of B-cell
chemotactic responses and in a marked reduction in MZ B cells
(7–11). These findings are consistent with the requisite roles of
LFA-1 and VLA-4 integrins, which are highly expressed on MZ
B cells compared with follicular B cells (12, 13). BCR and CXCR4
signaling have also been shown to induce the tyrosine phosphor-
ylation of the scaffolding protein CasL/HEF1 (14, 15). Tyrosine
phosphorylation of CasL is required for its interaction with the
adaptor CrkL, allowing CrkL to associate with C3G, a GEF for
Rap1 that promotes integrin activity and DOCK2, a GEF for
Rac1 that promotes cell migration (16–18). The importance of

CasL in mediating integrin signaling was demonstrated by the
observed loss of MZ B cells in CasL−/− mice (15).
To better understand the mechanisms of B-cell retention in the

MZ, we became interested in the adaptor molecule SHEP1 (SH2
domain-containing Eph receptor-binding protein 1), also known
as Sh2d3c or Cas-Hef1–associated signal transducer (CHAT),
which belongs to a family of proteins that feature an N-terminal
SH2 domain linked to a GEF-like domain (19). Other family
members include NSP1 and BCAR3/AND34 (19). The SHEP1
gene consists of 15 exons with alternative splicing occurring
among the first six exons, resulting in isoforms SHEP1α (long),
SHEP1β, SHEP1γ, and SHEP1δ (19). The N-terminal SH2 do-
main is followed by a pro/ser rich domain and a C-terminal GEF-
like domain, which has been shown to bind R-Ras, Rap1, and
Rap2 (20, 21).
Using conventional and B cell-specific conditional SHEP1-

deficient mice, we show that the loss of SHEP1 results in a marked
reduction in matureMZ B cells, whereas theMZ B-cell precursor
population remains intact. SHEP1-deficient B cells show defects
in migration toward CXCL13 and S1P. We found that SHEP1 is
required for the basal serine and tyrosine phosphorylation of
CasL and for both BCR- and S1P receptor-induced increases in
serine/threonine phosphorylation of CasL. We also show that
SHEP1 is constitutively bound to CasL in B cells and that this
association is required for CasL serine/threonine phosphoryla-
tion. These findings establish SHEP1 as an integral component
of the signaling networks coordinating MZ B-cell adhesion and
migration.

Results
SHEP1 Is Required for Marginal Zone B-Cell Formation. To determine
whether SHEP1 is expressed in B cells, purified splenic B cells
from wild-type (WT) and newly generated SHEP1−/− mice were
lysed and probed by immunoblotting with antibodies that recog-
nize the SH2 domain of SHEP1. The long isoform of SHEP1,
SHEP1α, is strongly expressed in B cells, as shown by the 115-kDa
band present in WT B-cell lysates, and was not present in
SHEP1−/− B-cell lysates (Fig. S1A). To examine B-cell differen-
tiation, flow cytometric analysis of the bone marrow and spleen of
SHEP1−/− mice was performed. This analysis revealed no ab-
normalities in the frequencies of pre-, pro-, immature, and
recirculating mature B cells, indicating that early B-cell de-
velopment is normal in the absence of SHEP1 (Fig. S1B). In the
spleen, overall B cell (B220+), T cell (CD3+), and macrophage
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(CD11b+) frequencies in the SHEP1−/− mice were comparable to
WT (Fig. S1C). However, more detailed analysis of SHEP1−/−

splenic B-cell subpopulations by flow cytometry and histology
revealed a sixfold decrease in the MZ B-cell subset (CD23lo/
CD21hi) (Fig. 1 A and B), indicating that SHEP1 is required for
MZ B-cell homing, maturation, and/or retention.
Interestingly, we found that the germline loss of SHEP1 also

resulted in a decrease in the MARCO+ macrophages of the MZ
but did not affect the MOMA-1+ metallophilic macrophages
lining the marginal sinus that circumscribes the follicular zone
(Fig. 1C). MZ macrophages and MZ B cells intermingle, and
MZ macrophages contribute to the retention and trafficking of B
cells in the MZ niche. Thus, to determine whether the observed
reduction in MZ B cells was due to a cell autonomous defect,
SHEP1flox/flox mice were bred with CD19cre mice to obtain mice
bearing a B cell-specific inactivation of the SHEP1 gene. The
specific loss of SHEP1 protein in B cells was verified by Western
blot (Fig. 2A). Analysis of splenic B-cell subsets by flow cytometry
and histology revealed a four- to sixfold decrease in theMZB-cell
population (Fig. 2B) (confirmed by staining for CD1d and CD9 as
additional MZ B-cell markers; Fig. S2A). In contrast to our
observations in SHEP1−/− mice, the MARCO+ MZ macrophage
population in the SHEP1flox/flox-CD19cre mice was unaffected
(Fig. 2C). Thus, SHEP1flox/flox-CD19cremice recapitulate the MZ
B-cell phenotype observed in SHEP1−/− mice, indicating that this

defect is B cell-intrinsic and that SHEP1 may influence MZ
B-cell maturation.
The reduction in MZ B-cell frequency could be due to a re-

duction in the MZ B-cell precursor (MZP) population or the in-
ability of MZ B cells to situate and remain in the MZ niche. To
investigate the first possibility, the frequency of MZ precursor B
cells (CD23hi/CD21hi/IgMhi) was assessed. The MZ compartment
was subdivided into CD23hi (representing MZ precursor B cells)
and CD23lo (representing mature MZ B cells) cells. Although the
abundance of mature MZ B cells was reduced, no statistically
significant difference was evident in the numbers of MZ pre-
cursors in WT-CD19cre versus SHEP1flox/flox-CD19cre mice (Fig.
2D). These findings suggest that SHEP1-deficient B cells traffic
normally to the spleen, differentiate to the MZ precursor stage,
but fail to complete maturation because of the inability to migrate
toward or be retained in the MZ.

SHEP1 Is Required for B-Cell Migration Toward S1P and CXCL13. S1P
is critical for the chemoattraction and retention of B cells in the
MZ niche (4). We found that both mature and MZ precursor B
cells migrate toward S1P (Fig. 3A). In the absence of SHEP1,
migration of follicular B cells as well as MZ and MZ precursor B
cells toward S1P was impaired (Fig. 3B). Treatment with pertussis
toxin, a G-protein inhibitor, abolished the migration of both fol-
licular andMZB cells in response to S1P (Fig. 3B). The reduction
in migration toward S1P was likely not due to reduced S1P re-
ceptor expression as mRNA transcripts for the S1P receptors
were comparable between WT-CD19cre and SHEP1flox/flox-
CD19cre B cells (Fig. S2B). Migration toward CXCL13 was
also reduced in SHEP1-deficient B cells (Fig. 3C, Left), whereas
cell surface expression of CXCR5, the receptor for CXCL13, was
not decreased. In fact, CXCR5 expression was higher in
SHEP1flox/flox-CD19cre B cells (Fig. 3C, Right). Thus, SHEP1
mediates responses downstream of S1P and CXCR5 receptor
engagement to coordinate B-cell chemotaxis.

SHEP1 Constitutively Associates with CasL and Promotes Its Hyper-
phosphorylation. SHEP1 has been shown to associate with CasL, an
adaptor protein that promotes integrin activation and is also re-
quired for MZ B-cell formation (15). Because integrin function is
vital for the retention of MZ B cells (12), we sought to determine
whether SHEP1 and CasL functionally interact in B cells. The
cellular localization of SHEP1 was determined by immunofluo-
rescence microscopy in unstimulated BAL17 cells, a mature B-cell
line. We found that SHEP1 colocalized with the cortical actin ring
and appeared to colocalize with CasL (Fig. S3). SHEP1-CasL
association was also assessed after stimulation with S1P, or with
anti-IgM to stimulate the BCR. CasL was immunoprecipitated
from stimulated BAL17 lysates with anti-CasL mAb and immu-
noblotted for coassociated SHEP1. SHEP1 and CasL exhibited
constitutive association, which was maintained over the time course
of stimulation with S1P or anti-IgM (Fig. 4A).
CasL exists as two forms, p105 and p115, as a result of dif-

ferential phosphorylation. The serine/threonine phosphorylation
of p105 at multiple sites converts it to the slower migrating p115
isoform (22), and this hyperphosphorylation is associated with
cell adhesion and cytoskeletal organization (23). To investigate
the role of SHEP1 in the regulation of CasL phosphorylation,
WT-CD19cre and SHEP1flox/flox-CD19cre B-cell lysates were
immunoblotted for CasL. SHEP1flox/flox-CD19cre B cells showed a
reduction in the 115-kDa band, suggesting a decrease in the
hyperphosphorylated formofCasL (Fig. 4B). The reduction inp115
in SHEP1flox/flox-CD19cre B cells cannot be attributed to the exclu-
sive expression of p115 by MZ B cells (which are absent in
SHEP1flox/flox-CD19cremice), because depletion ofMZBcells from
WTsplenicB-cell preparationsdidnot result in the lossofp115 (Fig.
S4A). Furthermore, WT-CD19cre but not SHEP1flox/flox-CD19cre

Fig. 1. SHEP1-deficient mice have a disrupted splenic microarchitecture. (A)
Splenocytes stained for B220, CD23, and CD21 and analyzed by flow cytom-
etry (B220+ gated cells). The average frequencies of gated MZ B cells (CD23lo,
CD21hi) are shown with SEM obtained from six mice. (B) Splenic sections
stained for B220 (green), CD3 (blue), andMOMA-1 (red). Themarginal zone is
indicated by a white arrow. (C) Splenic sections stained for MARCO (blue),
which detects MZ macrophages (dashed white arrow), and MOMA-1 (red),
which detects metallophilic macrophages (solid white arrow).
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Bcells from lymphnodes,whichdonothavemarginal zones, express
the p115 form of CasL (Fig. S4B).
Supportive evidence for the phosphorylated status of the p115

form was provided by treatment of lysates from WT-CD19cre
or SHEP1flox/flox-CD19cre B cells with λ protein phosphatase fol-
lowed by immunoblot analysis. This treatment revealed that de-
phosphorylation of CasL in B cells converts the p115 form into the
p105 form (Fig. 4C). To further examine whether CasL phosphor-
ylation is affected by the loss of SHEP1, CasL immunoprecipitates
from splenic B cells were immunoblotted with anti-phosphoserine,
anti-phosphotyrosine, anti-CasL, and anti-SHEP1 antibodies. We
found that SHEP1flox/flox-CD19cre B cells exhibited reduced CasL
serine and tyrosine phosphorylation (Fig. S5). Next, we determined
whether the p115 form of CasL could be influenced by BCR stim-
ulation. CasL was immunoprecipitated from anti-IgM stimulated
splenic B cells and immunoblotted for phosphoserine and SHEP1.
We found that the p115 hyperphosphorylated form of CasL was
increased uponBCRstimulation, but thismodification required the
presence of SHEP1 (Fig. 4D). Similarly, S1P receptor stimulation
up-regulated the p115 form of CasL in restingWT-CD19cre B cells
but not in SHEP1flox/flox-CD19cre B cells (Fig. 4E). These findings
indicate that SHEP1 is required for the conversion of p105 CasL
into its functionally distinct hyperphosphorylated p115 form.
To determine whether SHEP1/CasL association is required for

CasL hyperphosphorylation, we generated MSCV-based retro-

viruses to express either a Y787E mutant (pMIT-SHEP1-Y787E)
or WT (pMIT-SHEP1) SHEP1 protein. A mutation in SHEP1β
(Y635E) is analogous to Y787E in SHEPα and has been shown
to disrupt association with p130Cas (21). SHEP1 was immuno-
precipitated from transduced (Thy1.1+) SHEP1flox/flox-CD19cre B
cells and immunoblotted for CasL. Although exogenous WT
SHEP1 associated with CasL, the SHEP1-Y787E mutant failed
to associate, indicating the importance of this residue in the
constitutive interaction between SHEP1 and CasL (Fig. 5A).
Moreover, although the hyperphosphorylated form of CasL was
present in SHEP1flox/flox-CD19cre B cells transduced with pMIT-
SHEP1, this form was absent in SHEP1flox/flox-CD19cre B cells
infected with pMIT-SHEP1-Y787E or pMIT alone (Fig. 5B).
Thus, it is likely that direct binding of SHEP1 to CasL is necessary
for CasL hyperphosphorylation.

Discussion
Marginal zone B cells occupy a strategic niche in the spleen, where
they are exposed to antigens delivered via the blood sinuses.
Engineered mice bearing mutations that impair BCR signaling
often present defects in MZ B-cell maturation, implicating BCR
signal strength in the generation and maintenance of this B-cell
subset (2). Notably, we did not observe an impairment in Akt and
Erk phosphorylation or in calcium flux after BCR stimulation of
SHEP1-deficient cells (Fig. S6), indicating a selective downstream

Fig. 2. B cell-specific SHEP1 deficiency leads to a reduced marginal zone B-cell compartment. (A) Lysates from splenic B cells and non-B cells fromWT-CD19cre
and SHEP1flox/flox-CD19cre mice immunoblotted for SHEP1 and actin. (B; Upper) WT-CD19cre and SHEP1flox/flox-CD19cre splenic B cells stained for CD23 and
CD21. Frequencies of gated MZ B cells are shown with SDs obtained from three mice per group. (Lower) WT-CD19cre and SHEP1flox/flox-CD19cre splenic sections
stained for B220 (green) and MOMA-1 (red). MZ is indicated by a white arrow. (C) WT-CD19cre and SHEP1flox/flox-CD19cre splenic sections stained for B220
(red) and MOMA-1 (green; Upper) and MARCO (blue) and MOMA-1 (red; Lower). (D) WT-CD19cre and SHEP1flox/flox-CD19cre splenic cells stained for B220, IgM,
CD21, and CD23. The MZ+MZP compartments were gated as CD21hi, IgMhi (Upper Left) and subdivided into CD23hi (precursor MZB) and CD23lo (mature MZB)
populations (Lower Left). The dot plot shows total cell numbers from five mice/group (Right). P values were calculated by using Student’s t test.
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defect in BCR signaling. Upon antigen encounter, MZ B cells
rapidly differentiate into antibody-producing cells (24). MZ B
cells can also deliver opsonized antigen to follicular dendritic cells
in an antigen-nonspecific manner via the binding of complement

receptors (25–27). The continuous movement of B cells from
the MZ to the follicle is thought to depend on differential re-
sponsiveness and desensitization to CXCL13 versus S1P (26).
Indeed, MZ B-cell formation is normal in S1P1−/− mice, but the

Fig. 3. Migration of SHEP1-deficient B cells is impaired in response to BLC/CXCL13 and S1P. (A) Migration of WT B cells in response to different S1P con-
centrations. The number of follicular (FB), MZ, and MZP B cells in the lower wells was divided by the corresponding number of each B-cell subpopulation in the
input wells to obtain a measure of migration efficiency as a percentage of input cells. (B) Migration of WT-CD19cre and SHEP1flox/flox-CD19cre follicular (Left)
and MZ+MZP (Right) B cells in response to 100 nM S1P with or without pertussis toxin (Ptx) preincubation. (C) Migration of splenic B cells from WT-CD19cre
and SHEP1flox/floxCD19cre mice in response to 1 μg/mL BLC/CXCL13 for 4 h (Left). CXCR5 expression on splenic B cells (Right).

Fig. 4. SHEP1 constitutively associates with CasL, and SHEP1 promotes CasL hyperphosphorylation. (A) Immunoprecipitated CasL from BAL17 cells stimulated
with 1 μM S1P (Upper) or 10 μg/mL anti-IgM F(ab’)2 (Lower) and immunoblotted for SHEP1 and CasL. (B) Lysates from splenic B cells from WT-CD19cre and
SHEP1flox/flox-CD19cre mice immunoblotted for CasL, SHEP1, and actin. (C) B-cell lysates incubated with or without λ-protein phosphatase (λ-PP) and
immunoblotted for CasL and actin. (D) Immunoprecipitated CasL from splenic B cells from WT-CD19cre and SHEP1flox/flox-CD19cre mice stimulated with
10 μg/mL anti-IgM F(ab’)2 and immunoblotted for phosphoserine and SHEP1. Total lysates were immunoblotted for actin. (E) Lysates from splenic B cells from
WT-CD19cre and SHEP1flox/flox-CD19cre mice were stimulated with 1 μM S1P and immunoblotted for CasL and actin.
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cells are displaced to the follicles (4). Deficiencies in downstream
signaling components that promote migration and adhesion, such
as DOCK2, Lsc, or CasL, lead to the loss of MZ B cells (10, 11,
15). These deficiencies cause developmental defects in MZ B-cell
formation rather than failed localization. Overall, these findings
underscore a strong dependence of MZ B cells on integrin acti-
vation and actin reorganization. Our observation that MZ B cells
are absent in SHEP1-deficient mice prompted us to investigate
the underlying mechanisms of this B cell-intrinsic defect. Because
SHEP1 has been shown to regulate themigration of COS cells and
T cells (21, 28), we reasoned that SHEP1 might also regulate B-
cell migration. Indeed, in the absence of SHEP1, B cells revealed
impaired migration toward CXCL13 and S1P.
Mechanistically, we show that SHEP1 mediates S1P and B-cell

receptor signals by associating with and promoting the hyper-
phosphorylation of CasL, a key scaffolding molecule that medi-
ates integrin signaling, cell adhesion, and cell migration (29).
CasL, and the family member p130Cas, contain multiple domains
that serve as docking sites for molecules involved in integrin sig-
naling and actin reorganization. The N-terminal SH3 domain of
CasL binds the proline-rich region of FAK and Pyk2 (30, 31). The
tyrosine-phosphorylated sites in the substrate domain of CasL
recruit CrkL, another key adaptor molecule that, upon tyrosine
phosphorylation, engages the exchange factors C3G and DOCK2
(17, 32). Our finding that CasL tyrosine phosphorylation is re-
duced in the absence of SHEP1 suggests that CrkL recruitment
may be impaired. It has been shown that the C-terminal GEF-like
domain of SHEP1 binds certain Ras family GTPases (20) and
p130Cas (21, 33). We show here that SHEP1 binds CasL, and that
this interaction depends on Y787 located in the GEF-like domain
of SHEP1. This C-terminal-to-C-terminal association of SHEP1
and CasL could potentially expose docking sites for kinases and
phosphatases that regulate adhesion and migration.
The function of the serine-rich domain of p130Cas or CasL has

been linked to the 14-3-3 proteins, which only bind to Cas family
proteins when their serine phosphorylation is induced by sus-
tained integrin engagement with extracellular matrix ligands (34,
35). Furthermore, structural analysis of p130Cas revealed that the
serine-rich domain is a four-helical-bundle repeat that bears
structural similarity to the FAT domains of FAK and Pyk2 (36),
both of which bind paxillin at focal adhesion sites (37). Recently,
it has been shown that paxillin and p130Cas form a complex with
Crk, which activates Rac1 and facilitates pressure-induced ad-
hesion (38). These findings suggest that the serine-rich domain of
CasL may provide an important platform for protein interactions
that regulate adhesion and motility. Indeed, the p115 isoform of
CasL, representing its hyperphosphorylated form, has been
shown to be induced by substrate adhesion in fibroblasts and to

become dephosphorylated upon detachment, indicating that the
interconversion of p105 to p115 is dynamically regulated by cell
adhesion and detachment (23, 39).
We found that CasL and SHEP1 constitutively associate in B

cells and that this direct association is required for the generation
of the hyperphosphorylated p115 CasL. p115 CasL is likely nec-
essary for the integration of BCR and S1P-dependent integrin
signaling that permits MZ B cells to be retained in the MZ,
whereas dephosphorylation of CasL contributes to cell deta-
chment and trafficking to the follicle. Thus, the current studies of
SHEP1 function lendmolecular insight into the dynamic nature of
MZ B-cell migration and adhesion.

Methods
Mice. The SHEP1−/− and SHEP1flox/flox mice have been recently described (40).
SHEP1flox/flox mice were bred with CD19cre mice (41) to inactivate SHEP1 in
the B lineage. Mice were genotyped by PCR amplification of genomic DNA
from tail samples using the listed primers (Table S1). Animals were main-
tained in a pathogen-free animal facility at the Sanford-Burnham Medical
Research Institute (SBMRI), which approved all animal procedures through
the Institutional Animal Care and Use Committee.

RT-PCR, Cloning, and Mutagenesis. Splenic and lymph node B cells were pu-
rified by using anti-CD43–conjugated magnetic beads (Miltenyi Biotec). Total
RNA was isolated from B cells by using Nucleospin RNAII kit (Macherey-
Nagel). For cloning and mutagenesis of SHEP1, total B-cell cDNA was pre-
pared by using the MMLV Reverse Transcriptase cDNA Advantage Kit
(Clontech), mutagenized by using the QuikChange Lightning Site-Directed
Mutagenesis Kit (Stratagene), and cloned into the bicistronic, retroviral
vector pMIT (MSCV-IRES-Thy1.1). Primers used for RT-PCR and mutagenesis
are listed in Table S1.

Cells and Retroviral Transduction. BAL17cellsweregrownin10%FBS/RPMI1640
complete medium. Retroviral supernatants were obtained by transfecting the
packaging cell line, Phoenix-eco, with Lipofectamine 2000 (Invitrogen). For
spinfections, primary B cells were cultured for 18–24 h with mitogens before
infection. Viral supernatants were incubated with 8 μg/mL polybrene (Sigma)
for 10min on ice before addition to cells, and cells were spinfected at 930 g for
1.5 h at 30 °C. After spinfection, cells were resuspended in fresh media con-
tainingmitogens. Twodaysafter infection,B cellswereharvestedandanalyzed.

Immunoblotting. One to 10 million cells were stimulated with 10 μg/mL goat
anti-mouse IgM F(ab′)2 (Jackson ImmunoResearch Laboratories) or indicated
concentrations of S1P (Biomol International) for the indicated times at 37 °C.
Before stimulation, primary B cells were rested for 30–60 min in Hanks’
Balanced Salt Solution (HBSS; GIBCO). Cell pellets were lysed on ice for 30
min in either RIPA or Nonidet P-40 lysis buffer plus protease and phospha-
tase inhibitors (2 μg/mL leupeptin, 2 mM PMSF, 2 μg/mL aprotinin, 1 mM
sodium orthovanadate, and 50 mM NaF). Lysates were resolved by using
precast 4–12% polyacrylamide Bis-Tris or 3–8% Tris-Acetate gels (Bio-Rad)
and transferred onto nitrocellulose membranes. For λ protein phosphatase
treatment, lysates were prepared without phosphatase inhibitors and EDTA,
and the dephosphorylation reaction was performed for 1 h at 30 °C as in-
dicated by the manufacturer (Sigma). Antibody against CasL was from
Rockland Immunochemicals, and antibodies against Akt, phospho-Akt, Erk,
phospho-Erk, and β-actin were from Cell Signaling Technology. Generation
of the SHEP1 polyclonal antiserum has been described (40). Protein bands
were revealed with HRP-labeled donkey anti-mouse or anti-rabbit anti-
bodies (Jackson ImmunoResearch Laboratories) and developed with
a chemiluminescence kit (SuperSignal West Pico; Thermo Scientific).

Flow Cytometry. Single-cell spleen suspensions were stained with the fol-
lowing conjugated antibodies/reagents from eBiosciences: IgM-APC, B220-
PerCP-Cy5.5, CD11b-PE-Cy7, CD23-FITC, CD21-PE, CD9-biotin, CD1d-biotin,
and streptavidin-PE-Cy7, and analyzed by using a FACSCanto flow cytometer
(BD Biosciences) and FlowJo software (Treestar). For intracellular staining, B
cells were prestained for CD23, stimulated, fixed with BD Biosciences Cytofix
fixation buffer, permeabilized with BD Phosphoflow Perm/Wash buffer, and
stained with anti-phospho Akt followed by surface staining with anti-B220
and anti-CD21.

Histology. Eight-micrometer frozen spleen sections were acetone-fixed and
stained with reagents from eBiosciences (B220-FITC, IgM-APC, CD3-APC, and

Fig. 5. Direct interaction between SHEP1 and CasL is required for hyper-
phosphorylation of CasL. (A) SHEP1flox/flox-CD19cre B cells were transduced
with pMIT-SHEP1-WT or with pMIT-SHEP1-Y787E. Immunoprecipitated
SHEP1 from sorted Thy1.1+ cells immunoblotted for CasL and SHEP1. (B)
Lysates from Thy1.1+ SHEP1flox/flox-CD19cre B cells were transduced with
pMIT, pMIT-SHEP1-WT, or pMIT-SHEP1-Y787E and immunoblotted for CasL,
SHEP1, and actin.
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streptavidin-Cy5) or from BMA Biomedicals (MOMA-1-biotin). Sections were
mounted with Gel/Mount (Biomeda) and sealed with glass coverslips. Images
were acquired by using Zeiss Axiocam M1 microscope (Zeiss) and Slidebook
software (Intelligent Imaging Innovations). For SHEP1 and CasL intracellular
staining, cells were fixed in 2% formaldehyde, permeabilized with 0.5%
Triton X-100, and stained with SHEP1 and CasL antibodies followed by Cy5- or
PE-conjugated secondary antibodies, phalloidin-FITC, and DAPI.

Transwell Migration Assay. Two million splenic B cells were placed in insert
wells of a Transwell plate (Corning; 5.0 μm in diameter, 24-well plate) in RPMI
1640 containing 1% FBS and placed in wells containing 1 μg/mL CXCL13.
Cells were allowed to migrate for 4 h at 37 °C. For migration toward S1P,
splenic B cells were preincubated at 37 °C in RPMI 1640 containing 1% BSA
for 30 min with or without 100 ng/mL pertussis toxin (Calbiochem). Two
million preincubated cells were placed in insert wells. Insert wells were
placed in wells containing the indicated concentrations of S1P. Migrant cells
as well as input cells were stained with antibodies specific for B220, CD23,

CD21, and IgM. The numbers of migrant cells were divided by input cell
numbers to obtain migration efficiency.

Note Added in Proof. While this paper was in review, Al-Shami et al. (42)
published an independent line of SHEP1(Sh2d3c)−/− mice that were found to
lack marginal zone B cells.
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