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B lymphocytes from mice null for the Rho-family gua-
nine-nucleotide exchange factor, Vav, are defective in
their ability to proliferate in response to BCR cross-
linking, but are able to proliferate normally in response
to LPS. In addition, they have a depletion of CD5� (B1)
lymphocytes and defective IgG class switching. This
phenotype is reminiscent of that observed in mice null
for the cell cycle regulatory protein, cyclin D2. We dem-
onstrate here that the inability of vav�/� B cells to pro-
liferate in response to BCR ligation is due to an inability
to induce cyclin D2. In addition, we show that the pro-
liferative defect of these cells occurs after the cells have
entered early G1 phase. Analyses of potential down-
stream signaling intermediates revealed differential ac-
tivation of the stress-activated MAP kinases in the ab-
sence of Vav, normal activation of the ERK, MAPK, and
phosphatidylinositol 3-kinase pathways, and defective
intracellular calcium mobilization. We further demon-
strate that intracellular calcium homeostasis is re-
quired for cyclin D2 induction, implicating a possible
link with the defective calcium response of vav�/� B cells
and their inability to induce cyclin D2.

The vav proto-oncogene encodes a hemopoietic-specific pro-
tein that functions as a Rho-faily guanine-nucleotide exchange
factor (GEF)1 (for reviews, see Refs. 1–3). Vav is rapidly phos-
phorylated following stimulation of the antigen receptors in B
and T lymphocytes and integrates signals from antigen recep-
tors and co-stimulatory molecules (CD19 in B cells and CD28 in
T cells) (4, 5). Several protein-interaction domains are present
in Vav, including the GEF catalytic Dbl domain, a Src homol-
ogy 2 (SH2) domain, two SH3 domains, a calponin homology
domain, and a pleckstrin homology domain.

Analyses of vav�/� mice have demonstrated an important
role for Vav in lymphocyte development and proliferation (6, 7).
Defects in T cell selection in the thymus, and in the production
of peripheral T cells were observed in Vav-deficient mice (8).
Vav is essential for T cell receptor capping and actin polymer-
ization (9, 10), while in addition, T cells from Vav-deficient
mice fail to proliferate in response to antigen-receptor cross-
linking. A failure of interleukin-2 production by Vav-deficient T
cells was demonstrated to be the molecular basis for this pro-
liferative defect.

Recent data shows that Vav has in important role in setting
the threshold for antigen receptor-mediated activation of B
lymphocytes, which is likely due to its regulation of receptor
clustering (11). Thus, increased degrees of antigen receptor
cross-linking could partially reverse the proliferative defect in
the anti-IgM response of vav�/�-deficient B cells. Vav is also
implicated in efficient T help-dependent IgG class switching,
and in antibody responses to T cell-dependent hapten antigens.
In addition, Vav-deficient mice exhibit a defect in the develop-
ment of peritoneal CD5� (B1) B lymphocytes, a phenotype also
observed in mice lacking the Vav-interacting CD19 (12, 13) or
Bruton’s tyrosine kinase (14) proteins. However, Vav is not
essential for CD40, interleukin-4, or LPS-induced B cell acti-
vation, and vav�/� mice mount normal B cell responses to T
cell-independent repetitive viral and polyvalent hapten
antigens.

Cell proliferation requires successful transition through cell
cycle check-points. The D-type cyclins (cyclins D1, D2, and D3)
are rate-limiting for transition through the restriction point (R)
(15–17). Once cells have passed through R, the E-type cyclins
(E1 and E2) accumulate and allow S phase initiation (18). The
D- and E-families of G1 cyclins have different specificities for
their cyclin-dependent kinase (CDK) subunits; the D-type cyc-
lins preferentially bind to and activate CDKs-4 and -6, while
cyclin E is preferentially associated with CDK2. D-type cyclins
are predominantly regulated by extracellular mitogenic sig-
nals, whereas cyclin E is regulated autonomously, in a cyclical
manner, peaking at the G1/S boundary. The primary physio-
logical substrate for the CDKs are the retinoblastoma (pRb)
family of pocket proteins (pRb, p107, and p130) (19, 20). When
hypophosphorylated, the pocket proteins bind to and inactivate
the E2F family of transcription factors which are required for
the transcription of genes that are necessary for entry into
S-phase of the cell cycle. The activities of the CDKs are nega-
tively regulated by two families of CDK inhibitors, namely the
WAF/CIP family (comprising p21Cip1, p27Kip1, and p57Kip2) and
the INK4 family (p15INK4b, p16INK4a, p18INK4c, and p19INK4d).
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The WAF/CIP family inhibits a broad range of cyclin-CDK
complexes, while the INK4 family specifically inhibit cyclin
D-CDK4/6 complexes (21).

We have shown previously, that cyclin D2 is critical for IgM
mediated activation of B cells and that cyclin D3 can partially
compensate for the function of cyclin D2 in cyclin D2-deficient
B cells (22). Moreover, while cyclin D2-deficient B cells respond
poorly to weak cross-linking of the BCR by monoclonal anti-
IgM, they respond normally to LPS (23). The molecular basis
for the differential activation by IgM and LPS is due to specific
targeting of cyclin D2 by IgM, while LPS normally activates
both cyclins D2 and D3. Mice null for cyclin D2 share pheno-
typic features with vav �/� mice with respect to defects in
activation of B cells in response to BCR cross-linking, impaired
IgG class-switching, and having a significant depletion of CD5
(B1) lymphocytes (23). In the present study, we identify Vav as
a key component of IgM induced cyclin D2 induction and sub-
sequent cell cycle progression. In addition, we begin to delin-
eate the signaling pathways converging on cyclin D2 upon BCR
cross-linking.

EXPERIMENTAL PROCEDURES

Isolation of B Cells and Cell Culture—The generation of mice ho-
mozygous for the Vav null mutation have been described previously (8).
Splenic B cells were purified from these Vav null mice and their wild-
type counterparts by previously published methods (24). In brief, T cells
were killed by a mixture of monoclonal antibodies against Thy-1, CD4,
and CD8, plus guinea pig complement. Small, dense B cells were then
isolated on Percoll density gradients. These preparations typically con-
sisted of 90–95% B-lymphocytes. The cells were cultured at 106 cells
ml�1 in RPMI 1640 medium supplemented with 5% fetal calf serum, 2
mM glutamine, 100 units ml�1 penicillin/streptomycin and 50 �M 2-mer-
captoethanol, and were stimulated with 10 �g ml�1 of monoclonal
anti-IgM (clone b.7.6) (25), anti-CD40 (clone 3/23) (26), polyclonal anti-
IgM (affinity-purified F(ab�)2 goat anti-mouse purchased from Cappel/
ICN), or lipopolysaccharide (LPS) (Escherichia coli, serotype O55:B5)
(Sigma). The p38 MAPK inhibitor SB 203580 (purchased from Calbio-
chem) was used at 10 �M, and the calcium flux inhibitor SK&F 96365
(purchased from Sigma) at 10 �g ml�1.

Cell Proliferation Analysis—Cell proliferation was monitored by
[3H]thymidine incorporation assays. The cells were cultured in quad-
ruplicate at 105 cells/well in 200-�l cultures in supplemented RPMI
1640 medium, and [3H]thymidine was added for the final 4 h of a 72-,
48-, or 24-h culture period. Cells were collected using a PHD cell
harvester (Cambridge Technology, Cambridge, MA) and [3H]thymidine
incorporation into DNA was quantified by scintillation counting. All
presented data are mean � S.D. (n � 4) (some data points the error bars
are smaller than the data point symbol).

Cell Cycle Analysis—Cell cycle analyses were performed by combined
PI and fluorescein isothiocyanate staining as described (27). Briefly,
cells were washed with phosphate-buffered saline and fixed in 90%
ethanol, 10% phosphate-buffered saline. Following fixation, cells were
washed again and then incubated with 500 �g ml�1 DNase-free RNase,
20 �g ml�1 PI, and 0.05 �g ml�1 fluorescein isothiocyanate for 30 min
at 37 °C prior to analysis using a FACScan flow cytometer (Becton
Dickinson).

Western Blot Analysis and Antibodies—Western blot whole cell ex-
tracts were prepared by lysing cells with 4 times packed cell volume of
lysis buffer (1% Nonidet P-40, 100 mM NaCl, 20 mM Tris, pH 7.4, 10 mM

NaF, 1 mM sodium orthovanadate and protease inhibitors (“Complete”
purchased from Roche Molecular Biochemicals) on ice for 15 min. Pro-
tein yield was quantified by Bio-Rad Dc protein assay kit (Bio-Rad). 50
�g of lysate was separated by SDS-polyacrylamide gel electrophoresis,
transferred to nitrocellulose membranes, and recognized by specific
antibodies. The antibodies against cyclin D2 (M-20), cyclin D3 (18B6–
10), cyclin E (M-20), CDK2 (M2), CDK4 (C-22), CDK6 (C-21), and p27
(C-19) were purchased from Santa Cruz Biotechnology. The anti-phos-
pho pRB (Ser807/811) antibody was purchased from New England Biolabs
and the anti-phospho pRB (Thr821) antibody from BIOSOURCE. Anti-
bodies raised against phospho-p38 MAPK (Thr180/Tyr182), phospho-
p44/42 MAPK (Thr202/Tyr204), phospho SAPK/JNK (Thr183/Tyr185),
phospho-AKT (Ser473), and antibodies raised against the total (activa-
tion state-independent) forms of these kinases were purchased from
New England Biolabs. The antibodies were detected using horseradish

peroxidase-linked goat anti-mouse or anti-rabbit IgG (Dako), or mouse
absorbed goat anti-rat IgG (Southern Biotechnology Associates, Inc.)
and visualized by the enhanced chemiluminescent (ECL) detection sys-
tem (Amersham Pharmacia Biotech, United Kingdom).

Intracellular Calcium Analysis—Small dense B cells were stained
with anti-B220-fluorescein isothiocyanate before being incubated with
Indo-1 acetoxymethyl ester (Indo-1) for 20 min at 37 °C. Cells were then
washed before analysis of real-time intracellular free calcium by flow
cytometry. Indo-1 emmision was analyzed for 1 min before stimulation
to establish baseline calcium concentrations, and following stimulation
with monoclonal or polyclonal anti-IgMs, for a further 9 min.

RESULTS

Cell Cycle Analysis of B cells from vav�/� and Wild-type
Mice—Previous studies have shown that antigen receptor-me-
diated proliferative responses of B cells from vav�/� mice are
severely compromised. As a first step in identifying potential
cell-cycle regulatory events responsible for this defect, we an-
alyzed the kinetics of S-phase entry in cultures of small, dense
B cells stimulated with either monoclonal anti-IgM (a rela-
tively weak mitogen) or with the polyclonal activator, LPS (a
potent mitogen). Our results showed that small, dense B cells
from vav�/� mice proliferated equally as well as those from
wild-type mice in response to LPS, but unlike their wild-type
counterparts, were completely unable to proliferate in response
to monoclonal anti-IgM (Fig. 1). We next sought to analyze the
kinetics of cell cycle entry of these cells. This was monitored by
flow cytometric analysis of both DNA and protein content (Fig.
2 and Table I). Resting B cells were found to have a 2N DNA
content and low protein content in both wild-type and Vav-null
B cells, indicating that most cells (96 and 94%, respectively)
were in G0. Both wild-type and Vav null B cells had begun to
enter G1 by 24 h after LPS treatment, as evidenced by an
increase in their protein content. At 48 and 72 h following LPS
treatment, both wild-type and vav�/� B cells were observed to
have entered S and G2/M phases, since they had a high protein
content and an increased DNA content. As expected, the kinet-
ics of cell cycle entry were slower in wild type cells stimulated
with anti-IgM (compared with those activated by LPS), with
cells present in G1 phase by 48 h and S phase by 72 h. Inter-
estingly, Vav-null cells began to enter G1 phase by 48 h and
72 h, but did not progress into S phase. Rather, they appear to
have undergone apoptosis, indicated by a sub-2N DNA content.

FIG. 1. Proliferation of B cells from vav�/� and wild-type mice.
A, [3H]thymidine incorporation was used to monitor S-phase entry in
cultures of small dense B cells from vav�/� (open squares) and wild-type
mice (closed triangles) following treatment with either monoclonal anti-
IgM (10 �g/ml b.7.6), LPS (10 �g/ml), or with no stimulation. Each data
point represents a mean of four independent experiments (� S.D.). B
shows a larger scale graph of cells treated with monoclonal anti-IgM
(data as described for panel A).
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These data confirm the previously reported inability of Vav-
null cells to proliferate in response to antigen receptor-medi-
ated stimuli, and extend these findings to show that this defect
occurs after the cells have entered G1 phase.

Expression of Cell Cycle Regulatory Proteins following Anti-
IgM or LPS Treatment—We have shown previously that pro-
liferative signals emanating from the B cell receptor converge
on the pRB/E2F pathway, and that cyclin D2 is an essential
effector of pRB phosphorylation and subsequent activation of
E2F regulated genes and cell cycle entry in response to anti-
IgM. Since Vav-null B cells fail to enter S phase in response to
anti-IgM, and vav�/� mice share phenotypic features with
cyclin D2�/� mice, we next sought to ascertain if a defect in
cyclin D2 regulation was responsible for the inability of Vav-
null B cells to proliferate in response to anti-IgM. Consistent
with our hypothesis, there was no induction of cyclin D2 in

response to anti-IgM stimulation of Vav-null B cells (Fig. 3),
even after 48 and 72 h, by which time cell cycle analyses
demonstrated that they had entered G1. By contrast, cyclin D2
was induced by 24 h in wild-type B cells stimulated with
anti-IgM and in both wild-type and Vav-null cells treated with
LPS. This induction of cyclin D2 was concomitant with a down-
regulation of the cdk inhibitor, p27. Interestingly, this down-
regulation of p27 also occurred in the Vav-null cells treated
with anti-IgM which failed to up-regulate cyclin D2. D-type
cyclins are thought to be responsible for sequestering p27 and
their activation ultimately leads to its degradation in response
to mitogenic stimuli (21). However, the decrease in p27 levels
in this case is possibly due to general protein degradation as a
result of cells undergoing apoptosis. Using antibodies that spe-
cifically recognize CDK4/6 phosphorylated residues on pRb (21,
28), we measured the in vivo D-type cyclin-associated CDK (4
and 6) activity in these cells. In all cases, induction of cyclin D2
was associated with a subsequent induction of CDK4/6 activity,
followed by an induction of cyclin D3, the late G1 cyclin, cyclin
E, and the expression and activity of its catalytic partner,
CDK2. However, in Vav-null cells treated with anti-IgM, in-
duction of CDK4/6 activity and other downstream events did
not occur. It is notable that cyclin E expression is induced
faster and at a higher level in LPS-treated wild-type cells
compared with those treated with anti-IgM. Since cyclin D2
accumulation is important for passage through the restriction
point, while cyclin E is essential for S phase initiation (18), the
earlier expression of cyclin E in LPS-treated cells compared
with anti-IgM-treated cells explains the greater level of DNA
synthesis observed (Fig. 1.). We have shown previously that
cyclin D3 can partially compensate for cyclin D2 in cyclin
D2�/� B cells stimulated with anti-IgM. There was no induc-
tion of cyclin D3 in anti-IgM stimulated vav�/� B cells, con-
sistent with their inability to enter S phase and absence of
CDK activity, and as previously reported (29), B cells did not
express cyclin D1 (data not shown). The down-regulation in

FIG. 2. Cell cycle analysis of B cells
from vav�/� and wild-type mice. Small
dense B cells were cultured with either
monoclonal anti-IgM (10 �g/ml b.7.6) or
LPS (10 �g/ml) for the indicated times.
Cells were permeablized and stained with
PI and fluorescein isothiocyanate to
measure DNA and protein content, re-
spectively, prior to FACS analysis. Table I
shows the percentages of cells in each
phase of the cell cycle, determined by
their protein and DNA contents.

TABLE I
Fraction of vav�/� and wild-type small dense B cells in each phase of

the cell cycle
Cells were stimulated and analysed as described in the legend to Fig. 2.

G0 G1 S G2/M

Wild type
Anti-IgM 24 h 64 33 3 0

48 h 14 61 19 6
72 h 9 66 14 11

LPS 24 h 35 60 2 3
48 h 17 46 21 16
72 h 20 52 10 18

Vav�/�

Anti-IgM 24 h 77 22 0 1
48 h 52 45 2 1
72 h 35 62 3 0

LPS 24 h 27 65 5 3
48 h 11 59 16 14
72 h 6 74 9 11
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CDK activity observed at 72 h in cells treated with LPS is
consistent with cells having passed through S phase of the cell
cycle (Figs. 1 and 2). Also of note, are the lower levels of cyclin
E observed in Vav-null cells treated with LPS compared with
wild-type cells (Fig. 3), but this did not appear to be rate-
limiting for CDK 2 activity or S-phase induction.

Increased Cross-linking of the BCR by Anti-IgM in vav�/�

and Wild-type B Cells—It has been proposed that Vav plays an
important role in setting the threshold for antigen receptor-
mediated stimulation of B lymphocytes, since increased de-
grees of cross-linking could partially rescue the proliferative
defect in the anti-IgM response of vav�/� B cells (11). As a first
step to examining the molecular basis for this response, we
sought to analyze the proliferative response of small dense
resting B cells in response to polyclonal anti-IgM, which has a
higher degree of cross-linking to the BCR than that of the b.7.6
monoclonal anti-IgM. Previous work has demonstrated a dif-
ferential proliferative response to these two stimuli in the
presence of interleukin-4 (30). As has been shown previously
for the total B cell population, Vav-null B cells were now able to
proliferate in response to BCR cross-linking, albeit poorly in
comparison to their wild-type counterparts (Fig. 4A). We next
examined the expression of cell cycle regulatory proteins in
these cells, and found that cyclin D2 was up-regulated in re-
sponse to polyclonal anti-IgM, although its expression was
lower than that observed in their wild-type counterparts. Since
there was no further increase in [3H]thymidine incorporation
or in cyclin D2 expression between 48 and 72 h after BCR
cross-linking in Vav-null cells, it appears to be a quantitatively
lower response, rather than a delayed response compared with
wild-type cells. The lower level of cyclin D2 induced in vav�/�

cells is associated with a lower induction of the downstream
molecules cyclin D3 and cyclin E, reduced cdk activity and a
smaller reduction in p27 expression. Thus, these data further

implicate cyclin D2 as a specific target of Vav downstream of
the BCR.

Expression and Activation of Downstream Signaling Path-
ways following BCR Stimulation of vav�/� and Wild-type B-
cells—As described previously, Vav contains several protein
interaction domains in addition to its GEF activity, which
suggests it may be important in several signaling pathways
that might target cyclin D2 induction via the BCR. As a first
step to identifying which of these pathways are involved, we
analyzed the expression and activity of key enzymes by West-
ern blotting, using antibodies raised against their phosphoryl-
ated, active forms. In addition to analyzing the rapid activation
of these signaling intermediates in response to receptor cross-
linking, we also looked for more prolonged activation which
might be responsible for activating delayed-early genes such as
cyclin D2. Vav has been shown to function as a GEF with
selectivity for the Rho family GTPase, Rac1 (1). One potential
downstream effector of Vav is the stress-activated kinase, p38
MAPK, which is downstream of Rac1 (31). Vav has been re-
ported to integrate signals via the T cell receptor with p38
MAPK (32, 33), and there are several reports of p38 MAPK
activation in response to BCR cross-linking (34–38). The bio-
logical consequences of p38 MAPK activation in B cells, how-
ever, remains unclear. Fig. 5 shows that p38 MAPK is rapidly
activated in response to BCR cross-linking in wild-type B cells,
with levels approaching the basal state after 2 h. In the Vav-
null cells, however, there was no detectable p38 MAPK activity,
indicating that this kinase might play a role in mediating the
proliferative response to BCR cross-linking. p38 MAPK has
frequently been implicated in the regulation of D-type cyclins
(39–44), although none of these implicates this pathway in the
positive regulation of cyclin D2. In contrast to p38 MAPK, there
appeared to be a later up-regulation of another stress-activated
kinase family member, SAPK/JNK, that persisted until 2 h

FIG. 3. Expression of cell cycle reg-
ulatory proteins from vav�/� and
wild-type mice. Small dense B cells
were cultured with either monoclonal an-
ti-IgM (10 �g/ml b.7.6) or LPS (10 �g/ml)
for the indicated times. Whole cell lysates
were prepared for Western blotting as de-
scribed above.
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following stimulation. This activity was augmented in the Vav-
null cells compared with their wild-type counterparts, possibly
compensating for the loss of p38 MAPK in these cells. The
p42/p44 (ERK) MAPK pathway is most usually associated with
proliferative responses to mitogens, and has been implicated in
the positive regulation of the D-type cylins (44–49). BCR cross-
linking induced a rapid activation of p42/p44 MAPK in both
wild-type and vav�/� B cells, indicating that this pathway is
not dependent on Vav expression. Similarly, the activation of
the AKT protein kinase which lies downstream of PI 3-K, is
apparently unaffected by the loss of Vav. Recent data suggests
that PI 4-phosphate (PIP) 5-kinase is a downstream target of

Vav after BCR cross-linking (4). The activity of PIP 5-kinase is
essential for the biosynthesis of PIP2 the substrate for phos-
pholipase C which generates the [Ca2�]i (intracellular calcium)
regulator inositol 1,4,5-trisphosphate. Fig. 5B shows that there
is a diminished [Ca2�]i response observed following monoclonal
anti-IgM ligation of vav�/� B cells compared with wild-type
cells, whereas increased cross-linking of the BCR with poly-
clonal anti-IgM partially rescues this defect. Both the size of
the peak of [Ca2�]i and the maintained concentrations were
impaired in the Vav-null cells. Thus, the inability of vav�/� B
cells to induce cyclin D2 in response to anti-IgM could be due to
defective [Ca2�]i mobilization.

FIG. 4. Increased cross-linking of the BCR partially restores proliferation of vav�/� B cells. A, [3H]thymidine incorporation was used
to monitor S-phase entry in cultures of small dense B cells from vav�/� (open squares) and wild-type mice (closed triangles) following treatment
with polyclonal anti-IgM (10 �g/ml F(ab�)2) or with no stimulation. Each data point represents a quadruplicate mean (� S.D.). B, small dense B
cells were cultured with polyclonal anti-IgM (10 �g/ml F(ab�)2) for the indicated times. Whole cell lysates were prepared for Western blotting as
described above.
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Is p38 MAPK Activity Required for Anti-IgM-mediated B Cell
Activation?—In the previous section, we demonstrated that
p38 MAPK activity was absent in Vav-null B cells stimulated
with anti-IgM. We next sought to determine if this loss of
enzymatic activity might be responsible for the abrogated pro-
liferative response of these cells. Thus we used a specific inhib-
itor of p38 MAPK, SB 203580, to block its activation in re-
sponse to anti-IgM stimulation of normal small dense B cells.
DNA synthesis in these cells in the presence of the drug was
diminished (Fig. 6A), indicating that p38 MAPK activity is
important but not essential for anti-IgM induced B cell prolif-
eration (or that the drug is otherwise toxic to the cells at the
concentration used). However, the induction of cyclin D2 in
response to anti-IgM was unaffected by the presence of the
inhibitor (Fig. 6B). We have already identified cyclin D2 induc-
tion as a key target of Vav downstream of the BCR, and while the
proliferative response in the presence of SB 203580 is diminished
it is not abrogated. Thus we conclude that p38 MAPK is not a
primary target of Vav in relation to B cell activation.

Is Intracellular Calcium Homeostasis Required for Anti-IgM-
mediated B-cell Activation?—We next sought to ascertain if the
diminished increase in [Ca2�]i observed in Vav-null B cells
stimulated with anti-IgM, compared with wild-type cells, could
be responsible for their inability to up-regulated cyclin D2 and
progress into S-phase. SK&F 96365 is a drug that inhibits
capacitative Ca2� entry, that is, specific gating of Ca2� entry
across the plasma membrane in response to depletion of intra-

cellular stores during calcium signaling. Thus we used this
drug to inhibit the re-filling of intracellular calcium stores that
is required to maintain a calcium response to extracellular
stimuli. In the presence of SK&F 96365, the proliferative re-
sponse of small dense B cells was completely abrogated (Fig.
7A). Thus, we conclude that [Ca2�]i homeostasis is an absolute
requirement for anti-IgM-mediated B cell proliferation. Analy-
sis by Western blotting revealed that SK&F 96365 also abro-
gated cyclin D2 induction (Fig. 7B), indicating that the dimin-
ished [Ca2�]i induction observed in Vav-null cells might be
responsible for their inability to up-regulated cyclin D2 in
response to anti-IgM. To further test this hypothesis, we
treated small dense B cells with SK&F 96365 3 h after anti-
IgM cross-linking to see if the induction of cyclin D2 could still
be blocked. Using this strategy, we would maintain the normal
activation of early response genes (which might also require
calcium homeostasis). Also, induction of cyclin D2 is first ob-
served after this time (Ref. 29 and data not shown). The results
show that SK&F 96365 could still block cyclin D2 induction,
even when added 3 h following anti-IgM. In addition, there was
no DNA synthesis in these cells (data not shown). Thus we
conclude that the induction of early response genes in response
to the initial calcium flux in insufficient for induction of cyclin
D2, and that calcium homeostasis must be maintained well
beyond the time of the initial increase in [Ca2�]i seen upon
receptor cross-linking in order for cells to progress through the
cell cycle.

FIG. 5. Analysis of signaling inter-
mediates downstream of the BCR in
vav�/� and wild-type mice. A, small
dense B cells were cultured with mono-
clonal anti-IgM (10 �g/ml b.7.6) for the
indicated times. Whole cell lysates were
prepared for Western blotting as de-
scribed above. B, intracellular free cal-
cium flux in response to BCR activation.
Small dense B cells from wild-type or
vav�/� mice were cross-linked with either
10 �g/ml b.7.6 or 10 �g/ml polyclonal anti-
IgM F(ab�)2. Calcium flux was followed for
1 min prior to stimulation, and then for a
further 9 min. Data presented is represent-
ative of three separate experiments.
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DISCUSSION

In this study, we have furthered our investigations into the
mechanism by which ligation of the BCR promotes cell cycle
progression in B lymphocytes. We have shown previously that
cyclin D2 is essential for BCR-mediated pocket protein hyper-
phosphorylation, regulation of E2F activity, and S-phase entry
(22, 50). B cells from vav�/� mice are defective in their ability
to proliferate in response to BCR cross-linking, but are able to
proliferate normally in response to other mitogens such as LPS.
This phenotype is reminiscent of that observed in mice lacking
the Vav-interacting proteins CD19 (12, 13) or Bruton’s tyrosine
kinase (14), but is also observed in mice null for the cell cycle
regulatory protein, cyclin D2 (22, 23). In addition, all of these
knockout mice have a depletion of CD5� (B1) lymphocytes. In
light of the similarities in phenotype observed in these mice, we
hypothesized that cyclin D2 might be a downstream target of
Vav (and CD19 and Bruton’s tyrosine kinase). In order to
address this, we analyzed the cell cycle entry of small dense B
cells stimulated via the BCR or with LPS. D-type cyclin expres-
sion is rate-limiting for progression through the restriction
point (R) of the cell cycle, which is located in mid to late G1.
Thus, the separation of small dense B cells, which are in G0,
allows the analysis of progression through G1 in the absence of
cells which may have already passed beyond this stage. We
show that like “total” B cells (a mixture of unfractionated small
and large cells) from vav�/� mice, small dense B cells isolated
from these mice are unable to proliferate in response to anti-
IgM, while those isolated from their wild-type counterparts
enter S-phase. In addition, we show that like total vav�/� B
cells, small dense vav�/� B cells are able to proliferate nor-
mally in response to LPS. Furthermore, we were able to dem-
onstrate that while Vav-null B cells were unable to progress
beyond R and into S phase, they do enter G1 phase. Thus the
defect in BCR-mediated proliferation of vav�/� B cells is lo-
cated somewhere beyond early G1 phase.

Analysis of the expression of cell cycle regulatory proteins in
these cells revealed that, as predicted, cyclin D2 was not in-
duced in response to BCR cross-linking of vav�/� B cells, but
was induced normally in response to LPS. These data reveal

the existence of a linear signaling pathway from the BCR to
cyclin D2 via Vav. Previous work demonstrated the require-
ment for cyclin D2 in the development of CD5� (B1) cells and
for IgG class switching in addition to BCR-induced prolifera-
tion (22, 23). This raises the possibility that the defects in
CD5� (B1) cells and IgG class switching observed in Vav-null B
cells (30) may be due to their inability to induce cyclin D2. The
importance of this pathway in mediating proliferation of B cells
in response to BCR cross-linking was further demonstrated by
using a polyclonal anti-IgM to stimulate the BCR. Vav has been
postulated to act as an amplifier of signals downstream of BCR
ligation, since its absence can be partially compensated for by
increased cross-linking of the BCR with a polyclonal anti-IgM
(11, 30). Thus, Vav-null B cells stimulated with polyclonal
anti-IgM were able to proliferate, but not as well as wild-type
cells. The reason for this appears to be the induction of low
levels of cyclin D2 in response to polyclonal anti-IgM in vav�/�

cells, resulting in a later induction of CDK4/6 activity which
leads to pocket-protein hyperphosphorylation and a later in-
duction of E2F responsive genes such as cyclin E. Whether or
not this is due to functional compensation by another member
of the Vav family (Vav 2 and Vav 3 are expressed at low levels
in hemopoietic cells (2), or another mechanism remains to be
determined. It has been shown recently, however, that some
functional compensation does occur by Vav-2 for Vav in terms

FIG. 6. Inhibition of p38 MAPK represses BCR-mediated pro-
liferation but not cyclin D2 induction. A, [3H]thymidine incorpora-
tion was used to monitor S-phase entry in cultures of small dense B cells
following treatment with monoclonal anti-IgM (10 �g/ml b.7.6) for the
indicated times in the presence (open squares) or absence (filled
squares) of 10 �M SB203580 or with no stimulation (circles). Each data
point represents a quadruplicate mean (� S.D.). B, whole cell lysates
from cells treated as described in A were prepared for Western blotting
as described above.

FIG. 7. Inhibition of Ca2� flux abrogates BCR mediated prolif-
eration and cyclin D2 induction. A, [3H]thymidine incorporation
was used to monitor S-phase entry in cultures of small dense B cells
following treatment with monoclonal anti-IgM (10 �g/ml b.7.6) for the
indicated times in the presence (open squares) or absence (filled
squares) of 10 �g/ml SK&F 96365, or with no stimulation (circles). Each
data point represents a quadruplicate mean (� S.D.). B, whole cell
lysates from cells treated as described in A were prepared for Western
blotting as described above. C, whole cell lysates from cultures of small
dense B cells following treatment with monoclonal anti-IgM (10 �g/ml
b.7.6) for 24 h in the presence or absence of 10 �g/ml SK&F 96365 added
3 h after the addition of anti-IgM.
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of B cell development (51, 52). In addition, mice null for both
Vav and Vav-2 are unable to respond even to increased cross-
linking of the BCR. However, the proliferative response of
vav�/� B cells is still compromised in comparison to wild-type
cells, emphasizing the importance of Vav in mediating the
induction of sufficient amounts of rate-limiting cyclin D2 pro-
tein in response to BCR ligation. Interestingly, it was reported
recently that mice null for the BLNK (B cell linker) adapter
protein also have a similar phenotype to Vav-null mice (53).
BLNK (also known as SLP-65 or BASH) is an SH2/3 domain
containing protein that is phosphorylated by the Syk tyrosine
kinase on BCR cross-linking and is then thought to recruit
Bruton’s tyrosine kinase, phospholipase C (PLC)-�2, Vav,
Grb2, and Nck to integrate downstream signaling pathways.
BLNK�/� B cells fail to proliferate in response to BCR ligation,
while responding normally to LPS, and have a depletion of
CD5� (B1) lymphocytes. Furthermore, they were also unable to
induce cyclin D2 in response to BCR stimulation, but it is not
known if, like vav�/� B cells, they progress into early G1.

Since Vav contains a number of protein interaction domains
in addition to its GEF activity, there are numerous possible
pathways in which it might promote the induction of cyclin D2
by the BCR. As a first step in establishing which of these
pathways might be involved, we measured the activation of
potential downstream signaling intermediates in both wild-
type and vav�/� B cells in response to anti-IgM. The most
striking observation from this analysis was the absence of
detectable amounts of active p38 MAPK in Vav-null B cells,
while in wild-type cells the active form of this enzyme was
present in resting cells, and its activity was further augmented
by BCR cross-linking. This is consistent with the idea that p38
MAPK is downstream of Vav, probably due to its ability to
activate Rac1 (thought to be the main target of Vav in lympho-
cytes), which in turn activates a mitogen-activated protein
kinase cascade leading to p38 MAPK activation. However, in-
hibition of the activity of p38 MAPK in normal small dense B
cells did not diminish the induction of cyclin D2 by BCR cross-
linking, suggesting that p38 MAPK activity is not essential for
this process. This is despite the decreased proliferative re-
sponse of these cells, perhaps indicating that p38 targets some-
thing downstream of cyclin D2. In support of this, BLNK�/� B
cells which also fail to up-regulate cyclin D2, have no defect in
p38 MAPK activity (53). Inhibition of p38 MAPK did, however,
lead to a reduction in the proliferative capacity of these cells in
response to BCR ligation. This effect may be due to the require-
ment for p38 MAPK activity in other parts of the cell cycle or in
cellular metabolism, or could be due to nonspecific effects on
other cellular enzymes/processes. We show that anti-IgM fails
to activate p38 in the vav�/� B cells, but the p38 inhibitor
inhibits anti-IgM stimulated B cell proliferation without affect-
ing cyclin D2 expression. These observations suggest that the
proliferative defects in the vav�/� B cells involve more than
the failure to induce cyclin D2 expression. Nevertheless, our
recent publications have shown that cyclin D2 is essential
for the proliferation of B cells induced by BCR cross-linking
(22, 23).

In contrast to p38 MAPK, the activity of another stress-
activated kinase family member, SAPK/JNK was augmented
in the absence of Vav, perhaps due to functional compensation
by another Vav family member with specificity to SAPK/JNK
rather than p38 MAPK. It is possible that the increased level of
SAPK/JNK activity is responsible for suppressing the induc-
tion of cyclin D2 in vav�/� B cells, but this remains to be
tested. The MAPK pathway most usually associated with pro-
liferation and the induction of cyclins is that of the p42/p44
MAPK (ERK); this enzyme, however, appeared to be activated

normally in response to anti-IgM in the absence of Vav. This is
in contrast to the defective induction of p42/p44 MAPK ob-
served in T cells stimulated via the TCR (54). We additionally
show that the activation of the Akt protein kinase (a down-
stream target of PI 3K) is preserved in the absence of Vav. The
pleckstrin homology domain of Vav binds to the lipid products
of the reaction catalyzed by the lipid kinase activity of PI 3K,
promoting its activation, and possibly targeting it to sites of
activation within the cell (55). It is therefore possible that the
inability of vav�/� B cells to up-regulate cyclin D2 in response
to BCR ligation was due to negative feedback to PI 3K activity.
This is an important consideration, since PI 3K (and Akt) has
been frequently implicated in promoting cell cycle progression,
and D-type cyclin induction (56). The maintenance of Akt acti-
vation in the absence of Vav, however, suggests that down-
regulation of PI 3K activity via negative feedback is probably
not the mechanism by which cyclin D2 induction is negated in
vav�/� B cells.

It has been demonstrated previously that vav�/� B cells
have defects in calcium homeostasis following engagement of
antigen receptors and CD19 (4). However, calcium mobilization
was demonstrated to be normal in response to BCR ligation
alone (4, 51). Upon BCR engagement, PI 4-phosphate (PIP)
5-kinase phosphorylates PIP to generate PI 4,5-bisphosphate
(PIP2), the substrate for PLC. PLC�2 hydrolyses PIP2 to form
inositol 1,4,5-trisphosphate and diacylglycerols, which regulate
intracellular calcium and PKC, respectively. We demonstrate
here, that small dense vav�/� B cells stimulated with mono-
clonal anti-IgM do not maintain calcium fluxes as well as their
wild-type counterparts. Increased cross-linking of the BCR
with polyclonal anti-IgM results in a calcium flux which, while
still lower than that observed in wild-type cells, is greater than
that achieved with monoclonal anti-IgM. The apparent discrep-
ancy with reports that calcium mobilization is normal in re-
sponse to BCR cross-linking of Vav-null cells is possibly due in
part to the increased cross-linking of the receptor used in these
studies (either with higher concentrations of monoclonal anti-
IgM (51) or with polyclonal anti-IgM (4, 6, 7) and may also be
due in part to the different populations of B cells used. None of
these studies used small dense B cells, which may differ in
their response to large cells that are already in G1 phase of the
cell cycle. Since increased cross-linking of the BCR can also
partially rescue the proliferative defect of Vav-null B cells by
partially restoring cyclin D2 induction, we hypothesized that
the inability to maintain a [Ca2�]i flux might be the reason that
small dense vav�/� B cells are unable to respond adequately to
BCR cross-linking. By treating normal small dense B cells with
an inhibitor of capacitative Ca2� entry we were able to show
that maintenance of intracellular calcium is necessary for cy-
clin D2 induction. Since we have already demonstrated that an
inability of vav�/� B cells to induce cyclin D2 following BCR
ligation is central to their inability to proliferate in response to
this stimulus, we speculate that the role of Vav in regulating
intracellular calcium might be central to its regulation of cyclin
D2 in response to BCR engagement. In addition, we chose to
inhibit capacitative Ca2� entry several hours following BCR
engagement, and were still able to block the induction of cyclin
D2. These data show that maintenance of intracellular calcium
is not only required for events proximal to BCR ligation, but
also for the generation of downstream events. More sophisti-
cated analyses and manipulation of intracellular calcium will
be required to determine the precise requirements for calcium
homeostasis in relation to cyclin D2 regulation in both normal
and vav�/� B cells, and to assess the potential involvement of
calcium dependent factors. In support of the potential role of
calcium signaling in BCR-mediated cyclin D2 induction is the
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fact that LPS induced B cell activation (which is normal in
Vav-null B cells) normally occurs by a calcium-independent
mechanism (57). Further studies are required to determine if
there is a general requirement of capacitative Ca2� entry for
D-type cyclin induction in other cell systems. Numerous stud-
ies have implicated the requirement for Ca2� in proliferation
(58), and a recent report demonstrates the necessity to main-
tain intracellular calcium for timely progression through G1/S
(59). Confirmation of the importance of the Vav family in mo-
bilizing intracellular calcium has been shown recently, in that
mice null for both Vav and Vav-2 were unable to generate any
calcium response following BCR ligation (even with increased
cross-linking), which was attributed to be the cause of their
complete inability to proliferate following these stimuli (51, 52).

Further studies into the mechanism of regulation of cyclin
D2 by Vav should be informative in further defining the path-
way linking cyclin D2 and subsequent cell cycle progression
with BCR engagement, while delineation of this pathway may
reveal potential therapeutic strategies for immunological dis-
orders. Vav was first isolated by its transforming ability, and
has been shown to be constitutively activated by the BCR-ABL
oncogene (60), which is responsible for the pathogenesis of
chronic myelogenous leukemia and Philadelphia 1 (Ph1) acute
lymphoblastic leukemia. Furthermore, we have shown recently
that BCR-ABL promotes hemopoietic cell proliferation through
induction of cyclin D2 (61) (and down-regulation of p27), rais-
ing the possibility that it does so via Vav.
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