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CD38 Signaling Regulates B Lymphocyte Activation via a
Phospholipase C (PLC)-␥2-Independent, Protein Kinase C,
Phosphatidylcholine-PLC, and Phospholipase D-Dependent
Signaling Cascade1
Miguel E. Moreno-Garcı́a,*† Lucia N. López-Bojórques,‡ Alejandro Zentella,‡
Lisa A. Humphries,§ David J. Rawlings,§ and Leopoldo Santos-Argumedo2†

T

he CD38 is a 42-kDa type II transmembrane glycoprotein
expressed in many tissues, including most hemopoietic
cell lineages (1–3). CD38 was initially identified as an
ectoenzyme able to hydrolyze ␤-nicotinamide adenine dinucleotide to cyclic adenosine-diphosphoribose, adenosine diphosphoribose, and nicotinamide (4, 5). It is known that cyclic adenosinediphosphoribose triggers calcium mobilization from the
endoplasmic reticulum (ER)3 through ryanodine receptors (6).
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CD38, however, also displays activity as a cell surface receptor.
Activation through CD38 with agonistic Abs triggers a variety of
responses including: cell proliferation, rescue from apoptosis, inducible protein tyrosine phosphorylation, a low level increase in
intracellular calcium, and the expression of several surface molecules including MHC-II and CD69 (7–9).
Although preliminary investigations of the CD38 receptor
have revealed varied functions, the signaling events mediated
by CD38 engagement remain unclear. Indeed, while the proliferative response of mature splenic B cells to CD38 has been
shown to require both Src (Lyn and Fyn) (10) and Tec family
kinases (Btk) (11, 12), their downstream substrates remain unknown. A well-characterized target of Btk in BCR-mediated
signaling is the phosphoinositide-phospholipase C-␥2 (PI-PLC␥2). Btk is essential for the activation of PLC-␥2 (13–15), and
these enzymes work in concert to produce downstream signals
required for B cell survival, differentiation, and proliferation.
Once activated, PLC-␥2 mediates hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2), leading to the sustained production of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol
(DAG) required for an initial intracellular calcium release and
protein kinase C (PKC) activation, respectively (16).
Previous studies, however, have suggested that CD38-mediated
intracellular calcium flux is dependent on extracellular calcium
sources and occurs by a mechanism that is independent of inositol
phospholipase C; PIP2, phosphatidylinositol 4,5-bisphosphate; PKC, protein kinase C;
PLC, phospholipase C; PLD, phospholipase D; PY, phosphotyrosine; WT, wild type.
0022-1767/05/$02.00
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The CD38 cell surface receptor is a potent activator for splenic, B lymphocytes. The molecular mechanisms regulating this
response, however, remain incompletely characterized. Activation of the nonreceptor tyrosine kinase, Btk, is essential for CD38
downstream signaling function. The major Btk-dependent substrate in B cells, phospholipase C-␥2 (PLC-␥2), functions to generate the key secondary messengers, inositol-1,4,5 trisphosphate and diacylglycerol. Surprisingly, CD38 ligation results in no
detectable increase in phosphoinositide metabolism and only a minimal increase in cytosolic calcium. We hypothesized that Btk
functioned independently of PLC-␥2 in the CD38 signaling pathway. Accordingly, we demonstrate that CD38 cross-linking does
not result in the functional phosphorylation of PLC-␥2 nor an increase in inositol-1,4,5 trisphosphate production. Furthermore,
splenic B cells exhibit a normal CD38-mediated, proliferative response in the presence of the phosphoinositide-PLC inhibitor,
U73122. Conversely, protein kinase C (PKC) ␤-deficient mice, or PKC inhibitors, indicated the requirement for diacylglyceroldependent PKC isoforms in this pathway. Loss of PKC activity blocked CD38-dependent, B cell proliferation, NF-B activation,
and subsequent expression of cyclin-D2. These results suggested that an alternate diacylglycerol-producing phospholipase must
participate in CD38 signaling. Consistent with this idea, CD38 increased the enzymatic activity of the phosphatidylcholine (PC)metabolizing enzymes, PC-PLC and phospholipase D. The PC-PLC inhibitor, D609, completely blocked CD38-dependent B cell
proliferation, IB-␣ degradation, and cyclin-D2 expression. Analysis of Btk mutant B cells demonstrated a partial requirement
for Btk in the activation of both enzymes. Taken together, these data demonstrate that CD38 initiates a novel signaling cascade
leading to Btk-, PC-PLC-, and phospholipase D-dependent, PLC-␥2-independent, B lymphocyte activation. The Journal of Immunology, 2005, 174: 2687–2695.
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Materials and Methods
Cell preparation
Female BALB/c, BALB/c-XID, PKC-␤I and -␤II⫺/⫺, and PKC⫹/⫺ (24)
mice were used at 6 – 8 wk of age for all experiments. For splenic B cell
purification, T cells were eliminated by two rounds of panning using
anti-Thy-1 Abs.

Inhibitors
Ro-318425, an inhibitor of the PKC ␣, ␤I-II, ␥, and ⑀ isoforms, was used
at 62 nM; the PC-PLC inhibitor, D609, was used at 12, 13.5, and 15 g/ml.
The PI-PLC inhibitor, U73122, and its inactive analog, U73343, were used
at 0.3 M. All of the inhibitors were purchased from Calbiochem. Depending on the experiment, cells were pretreated for 30 min and throughout
the experiment with inhibitors.

Proliferation assays
For proliferation assays, splenic B cells (2 ⫻ 105 cells/well) were incubated
48 h with the following stimuli: 50 g/ml with the mAb anti-CD38 (NIMR5) (9); 10 g/ml anti-IgM F(ab⬘)2 (Jackson ImmunoResearch Laboratories); 20 g of LPS from Escherichia coli serotype O55:B5 (SigmaAldrich); anti-CD40 (IC10 supernatant diluted 1/4) (25); all the stimuli
were performed in the presence of murine rIL-4 at 20 U/ml (Genzyme).
The cells were pulsed with 1 Ci of [3H]thymidine (NEN) 12 h before
harvesting, and thymidine incorporation was measured in a beta scintillation counter (PerkinElmer Wallac).

IgG for 0.5, 1, 5, and 10 min. Cells were lysed in buffer containing 150 mM
NaCl, 10 mM Tris-base, pH 7.2, 2 mM Na3VO4, 0.4 mM EDTA, 10 mM
NaF, 1 mM PMSF, 5 g/ml aprotinin and leupeptin, and 1% Nonidet P-40.
PLC-␥2 was immunoprecipitated with an anti-PLC-␥2 Ab (Santa Cruz
Biotechnology) for 1 h at 4°C, and Ag-Ab complexes were precipitated
using protein G-Sepharose (Zymed Laboratories). Proteins were resolved
by SDS-PAGE and transferred to nitrocellulose. For phosphotyrosine (PY)
detection, the membrane was probed with the anti-phosphotyrosine Ab
4G10-HRP (Upstate Biotechnology) and developed by ECL-Plus (Amersham Biosciences). The membrane was stripped and reanalyzed with the
anti-PLC-␥2 Ab, followed by an anti-rabbit-HRP Ab (DakoCytomation).
For the detection of the phosphorylated tyrosine residue 759 of PLC-␥2
(pY759), B cells were stimulated for 1, 5, and 10 min with anti-CD38,
anti-IgM, and rat IgG, and pY759 was detected by Western blot from total
lysates using an anti-pY759 phosphospecific rabbit polyclonal Ab (19),
followed by an anti-rabbit-HRP Ab. For IB-␣ degradation assays, cells
(107 per stimuli) were preincubated for 30 min with 50 M cycloheximide
and stimulated for 30, 60, or 120 min with anti-CD38, anti-IgM, or nonspecific rat IgG, at the concentrations described above. LPS at 20 g/ml
and 2 g/ml PMA (Sigma-Aldrich) were used as controls. Cell lysates
were prepared, and 20 g of total proteins was used for immunoblotting.
IkB-␣ was detected using a polyclonal Ab anti-IB-␣ (Santa Cruz Biotechnology), followed by an anti-rabbit-HRP Ab (DakoCytomation).

EMSA
B cells were activated with rat IgG, anti-CD38, anti-IgM, and LPS at the
concentrations described above. Nuclear extracts were obtained, as described (26), and 10 g of nuclear extracts/sample was incubated with a
32
P-labeled oligonucleotide containing the B consensus sequence 5⬘AGTTGAGGGGACTTTCCCAGGC-3⬘. Mobility shift was analyzed on a
nondenaturing 7.5% polyacrylamide gel, as previously described (27).
Bands were developed by autoradiography in phosphorous plates using a
digitalizing system (Storm; Amersham Biosciences) and analyzed with the
ImageQuant software (Amersham Biosciences).

Cyclin-D2 expression
Splenic B cells were cultured in six-well tissue culture plates at a density
of 1 ⫻ 107 cells/ml for 12 h with anti-CD38, anti-IgM, rat IgG, and LPS
at the concentrations mentioned above in the presence of 20 U/ml IL-4.
Cells were harvested, pelleted at 500 ⫻ g, and lysed in 100 l of lysis
buffer. Proteins were resolved by SDS-PAGE (12%), and cyclin-D2 expression was detected by Western blot using a polyclonal Ab to cyclin-D2
(Santa Cruz Biotechnology).

IP3 production, PC-PLC, and PLD activation analysis
Purified B cells (1 ⫻ 108 cells/500 l) were stimulated with anti-CD38
(100 g/ml), rat IgG (100 g/ml), or anti-IgM (60 g/ml) for 0, 1, and 2.5
min, and IP3 was purified and measured following the manufacturer instructions using an inositol-1,4,5-trisphosphate 3H Radioreceptor Assay kit
(PerkinElmer; catalogue NEK064). To analyze the activation of PC-PLC
and PLD, the cells were stimulated for 0, 1, 30, 60, 120, and 180 min and
lysed, as previously described. Protein lysates (15 g/sample) were analyzed for PC-PLC activity using an Amplex Red PC-PLC assay kit, according to the manufacturer instruction (catalogue A-12218; Molecular
Probes). In this enzyme-coupled assay, PC-PLC activity is monitored indirectly using 10-acetyl-3,7-dihydrophenoxacine (Amplex Red reagent), a
sensitive fluorogenic probe for H2O2. First, PC-PLC converts exogenous
PC (lecithin) substrate to phosphocholine and DAG. Phosphocholine is
hydrolyzed to choline by alkaline phosphatase. Choline is oxidized by choline oxidase to betaine and H2O2. Finally, H2O2 in the presence of HRP
reacts with Amplex Red in a 1:1 stoichiometry to generate resorufin, which
is excited at 540 nm and detected at 590 nm using a microplate fluorometer
(Fluoromark; Bio-Rad). For PLD assays, a similar protocol was used, but
alkaline phosphatase was excluded from the system (as recommended by
the manufacturer). Thus, choline and not phosphocholine is quantified with
this assay (catalogue A-12219; Molecular Probes).

Flow cytometry
Purified splenocytes (106) were incubated 30 min with a mixture of B220FITC (BD Pharmingen) plus NIM-R5-PE (Southern Biotechnology Associates)-labeled Abs. Cell suspensions were analyzed using a FACSCalibur
cytometer (BD Biosciences).

Immunoprecipitation and Western blot
For PLC-␥2 immunoprecipitation, 5 ⫻ 107 B cells were stimulated with 50
g/ml NIM-R5; 10 g/ml anti-IgM F(ab⬘)2; or 50 g/ml nonspecific rat

Results
CD38-mediated B lymphocyte proliferation occurs independently
of PLC-␥2 activation
Btk has been shown to be crucial for CD38-induced B lymphocyte
proliferation (11, 12). As PLC-␥2 is a major substrate for Btk in
BCR-mediated signaling (13–15), we evaluated the requirement
for PLC-␥2 in CD38-mediated murine splenocyte activation (Fig.
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phosphate generation and internal calcium-store release (8, 9). Although these observations suggest that PLC-␥2 function may not
be required for CD38 signaling, they are seemingly in conflict with
the requirement of Btk in CD38 signaling.
To begin to address this apparent paradox, we evaluated the
participation of PLC-␥2 in CD38 signaling in murine splenic B
cells. Our studies show that CD38-dependent proliferation is unaffected by the addition of a PLC-specific inhibitor (U73122) and
that cross-linking of the CD38 receptor fails to induce IP3 generation. Consistent with these results, there was a loss of receptordependent, functional PLC-␥2 phosphorylation, as evidenced by
the absence of phosphorylation at PLC-␥2 Y759, a key regulatory
site (17–19). Together these data indicated that PLC-␥2 was not
required for the CD38 signaling pathway. Conversely, B cells deficient in the major classical PKC isoform, PKC-␤I and -␤II, exhibited a 2-fold reduction in the proliferative response to CD38,
and the addition of Ro-318425, a potent inhibitor of classical and
novel PKC isoforms, completely abrogated the CD38-induced proliferative response of normal B lymphocytes. Furthermore, CD38
engagement led to PKC-dependent degradation of IB-␣ and
translocation of NF-B into the nucleus, resulting in the production of the NF-B-dependent target, cyclin-D2.
Interestingly, it has been shown that both phosphatidylcholinespecific PLC and phospholipase D (PC-PLC and PLD) are able to
produce the DAG necessary for PKC activation in several signaling receptors without concomitant production of IP3 (20 –23). Indeed, we found that CD38 activated both the PC-PLC and PLD,
and the addition of a specific PC-PLC inhibitor (D609) blocked
CD38-induced proliferation, IB-␣ degradation, and cyclin-D2
synthesis. These data support a model in which CD38-dependent
proliferation occurs via a novel Btk/PC-PLC, PLD/PKC/NF-B
pathway, independent of PLC-␥2.

The Journal of Immunology
1). Initial analysis of whole cell lysates revealed the inducible increase in global tyrosine PY of cellular substrates peaked at ⬃5
min following stimulation with a CD38 agonist (data not shown).
This time point was therefore used to further evaluate total, and
activation site-specific, PLC-␥2 tyrosine phosphorylation. Using a
pan-phosphotyrosine-specific Ab, immunoprecipitated PLC-␥2
was found to be rapidly phosphorylated following CD38 crosslinking. The relative levels of PLC-␥2 total phosphorylation induced by anti-CD38 or anti-IgM engagement were indistinguishable (Fig. 1A), suggesting that CD38 stimulation may lead to the
activation of PLC-␥2. In contrast, while addition of the PI-PLC
inhibitor, U73122, markedly reduced BCR-dependent B cell proliferation, addition of this drug had no effect on CD38-dependent
proliferation. CD38-dependent proliferation was comparable in
untreated control cells, cells treated with the inactive analog
U73343, and cells treated with U73122 (Fig. 1B). U73122 also had
no appreciable effect on LPS-dependent proliferation, a surrogate
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DAG-dependent PKC isoforms are indispensable for
CD38-mediated B cell proliferation
Previous reports have shown that PKC may be involved in CD38
signaling events in T lymphocytes (31). In addition, recent studies

FIGURE 1. PLC-␥2 is tyrosine phosphorylated after CD38 cross-linking, but does not participate in the CD38-induced proliferation of B cells.
A, Splenic B cells were stimulated with anti-CD38, anti-IgM F(ab⬘)2, or rat
IgG Abs for the times indicated in the figure, and PLC-␥2 was immunoprecipitated with an anti-PLC-␥2 Ab. PY detection and protein loading
analysis were done with 4G10-HRP Ab (upper panel) and with antiPLC-␥2 Ab (lower panel), respectively. B, B cells were preincubated with
vehicle (DMSO, u) or with 0.3 M PI-PLC inhibitor U73122 (f) or its
inactive analog U73343 (䡺), followed by the activation of the cells (in the
presence of 20 U/ml IL-4) with rat IgG, anti-CD38, anti-IgM F(ab⬘)2, or
LPS, and the proliferation was measured by [3H]thymidine incorporation.
Higher U73122 concentrations (0.6 M or higher) were experimentally
excluded as they nonspecifically blocked the LPS-dependent proliferation.
The groups were compared with unpaired Student’s t test using the program INSTAT 2.02 (GraphPad), in which p values ⱕ0.05 were considered
to be significant.

FIGURE 2. CD38 is able to induce neither IP3 production nor phosphorylation of tyrosine-759 (pY759) of PLC-␥2. A, Splenic B cells (1 ⫻
107) were incubated during the times indicated in the figure with rat IgG,
anti-CD38, and anti-IgM F(ab⬘)2 Abs. Total cell lysates were prepared, and
the pY759 was detected by Western blot using a rabbit polyclonal Ab
against the PY-759 of PLC-␥2. B, B lymphocytes (1 ⫻ 108 cells/500 ml)
were stimulated with rat IgG, anti-CD38, and anti-IgM F(ab⬘)2 Abs, and
then IP3 production was quantified by an inositol-1,4,5-trisphosphate 3H
Radioreceptor Assay kit (PerkinElmer), as detailed in Materials and Methods. Triangles, anti-IgM F(ab⬘)2; squares, anti-CD38; diamonds, rat IgG.
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PLC-␥2-independent pathway (28 –30). These results suggested a
dispensable role for PLC-␥2 in CD38-mediated proliferation.
To more precisely characterize the extent of PLC-␥2 activation,
we next examined PLC-␥2 site-specific phosphorylation. Recent
reports have shown that activation of PLC-␥2 is dependent on the
phosphorylation of specific tyrosine residues, including Y753,
Y759, Y1197, and Y1217, and that mutation of these residues
impairs the biological function of the enzyme (17, 18). Furthermore, recent data also demonstrate that Btk/Tec kinases are
uniquely and specifically required for site-specific phosphorylation
of Y753 and Y759 within the Src homology 2-Src homology 3
linker region of PLC-␥2 (19). Thus, direct assessment of Y759
site-specific phosphorylation is a more accurate measure of
PLC-␥2 activation in comparison with evaluation using global
phosphotyrosine Abs. Fig. 2A clearly shows that BCR engagement
leads to a rapid, prominent increase in tyrosine phosphorylation at
the PLC-␥2 regulatory residue, Y759. In contrast, Y759 site-specific phosphorylation was not observed in CD38-stimulated cells at
any time point following receptor engagement (Fig. 2A). The
global increase in the phosphotyrosine content of PLC-␥2 (observed in response to CD38 cross-linking) most likely reflects
phosphorylation of alternative, Btk-independent sites (including
Y1197 and Y1217) similar to that seen in BCR-stimulated, Btkdeficient B cells (19). Consistent with these results, engagement of
CD38 did not induce IP3 production, while IgM stimulation induced a rapid and prominent increase in the production of this key
second messenger (Fig. 2B). These results demonstrate that CD38
engagement leads to the incomplete, nonfunctional, tyrosine phosphorylation of PLC␥2, and that these events correlate directly with
a lack of IP3 generation. Together, these findings strongly suggest
that PLC-␥2 is not required for CD38 signaling.
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FIGURE 3. CD38 requires DAG-dependent PKC isoforms for B cell
proliferation. A, Proliferative responses of splenic B cells stimulated (in the
presence of 20 U/ml IL-4) with anti-CD38, anti-IgM F(ab⬘)2, or LPS. Proliferation was measured by [3H]thymidine incorporation. Results on activation of PKC-␤⫺/⫺ (䡺) or PKC-␤⫹/⫺ (f) splenocytes are shown. B,
Expression of surface CD38 on splenic B cells derived from PKC-␤I and
-␤II⫺/⫺ (right) and PKC-␤⫹/⫺ (left) mice. Numbers in the upper right
quadrants represent the percentages of CD38⫹/B220⫹ cells. C, Proliferative response of B cells stimulated with IL-4 plus: anti-CD38, anti-IgM
F(ab⬘)2, LPS, or anti-CD40, in the presence (䡺) or absence (vehicle only,
DMSO, f) of the PKC inhibitor, Ro-318425 (62 nM). Proliferative responses were analyzed by [3H]thymidine incorporation.

inhibitor Ro-318425 (a potent inhibitor of classical and novel PKC
isoforms including PKC ␣, ␤I, II, ␥, and ⑀) before activation by
anti-CD38 or alternative stimuli (Fig. 3C). Ro-318425 completely
blocked the proliferation induced by both CD38 and IgM. In contrast, this inhibitor had no effect on LPS- or anti-CD40-dependent
B cell proliferation (34, 35). Together, these data support the conclusion that DAG-dependent PKC isoforms, including PKC-␤ isoforms, are required for CD38-mediated signal transduction and
proliferation.
CD38 signaling mediates PKC-dependent activation of NF-B
PKCs are required for the activation of the NF-B following BCR
engagement (36). We therefore next examined the effect of CD38dependent, PKC activation on the NF-B signaling cascade. To
determine the initial step of the NF-B pathway, IB-␣ degradation was evaluated following primary B cell activation with various stimuli including anti-CD38, anti-IgM, LPS, or PMA, in the
presence of cycloheximide. As expected, we observed a low basal
level of IB-␣ degradation in unstimulated or nonspecific rat IgGstimulated B cells. This is consistent with the estimated 2-h t1/2 of
IB-␣ in the presence of cycloheximide (37) (Fig. 4, A and B).
CD38 engagement led to a marked reduction in IB-␣ levels
within ⬃60 min poststimulation with protein barely detectable by
120 min (Fig. 4A). Similar kinetics was also observed with both
anti-IgM and LPS control stimuli. To determine whether CD38mediated IB-␣ degradation, and hence NF-B activation, was

FIGURE 4. CD38 induces a PKC-dependent, IB-␣ degradation and
NF-B activation in B lymphocytes. A, Kinetics of IB-␣ degradation of
cycloheximide-pretreated splenic B lymphocytes (107 per time) activated
with rat IgG, anti-CD38, anti-IgM F(ab⬘)2, and LPS for 0, 30, 60, or 120
min. B, Cycloheximide-pretreated B cells were stimulated with anti-CD38,
anti-IgM F(ab⬘)2, rat IgG, LPS, or PMA, in the absence (upper panel,
vehicle) or presence (lower panel) of the PKC inhibitor Ro-318425. IB-␣
degradation and protein-loading controls were analyzed by Western blot
using anti-IB-␣ and anti-actin Abs, respectively. C, Splenic B cells were
activated as above for 0.5 or 2 h, and EMSAs were done, as described in
Materials and Methods.
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indicate that PKC is involved in the activation of NF-B in splenic
B cells stimulated through CD38 (32). The failure to activate
PLC-␥2 in CD38-stimulated B cells suggested that DAG production and subsequent PKC isoform activation (33) were either deficient, or alternatively, could occur via a PLC-␥2-independent
pathway. To begin to examine the former possibility, we evaluated
CD38-mediated proliferation of B lymphocytes from mice deficient in the DAG- and Ca2⫹-dependent PKC isoforms (24)
PKC-␤I and -␤II (PKC-␤⫺/⫺). The proliferative response of
CD38-stimulated PKC-␤⫺/⫺ B lymphocytes was reduced by
⬃50% compared with that of PKC-␤⫹/⫺ cells (Fig. 3A). As previously characterized (24), a similar decrease in proliferation was
observed in response to IgM engagement in PKC-␤⫺/⫺ vs PKC␤⫹/⫺ B lymphocytes. In contrast, LPS-induced proliferation was
similar for PKC-␤⫺/⫺ and PKC-␤⫹/⫺ splenocytes. Of note, no
significant differences were observed in the percentage of CD38⫹
cells (or in the CD38 mean fluorescence intensity) in B220⫹
splenic B cells of PKC-␤⫺/⫺ vs PKC-␤⫹/⫺ mice. This finding
indicates that the defective proliferative response in PKC-␤⫺/⫺
mice was not secondary to altered CD38 expression (Fig. 3B).
The residual proliferative activity of PKC-␤⫺/⫺ B cells suggested that alternative PKC isoforms were most likely also involved in the CD38 signaling pathway. To evaluate this hypothesis, primary splenic B cells were treated with the global PKC
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CD38 induces PKC-dependent expression of cyclin-D2
Cyclin-D2 is essential for cell cycle progression in response to
BCR engagement in primary splenic B cells (39, 40), and the expression of this gene product is mediated in part by NF-B in B
lymphocytes (41). We evaluated whether the CD38 signaling
could regulate the inducible expression of this target protein.
Splenic B lymphocytes were stimulated, and the expression of cyclin-D2 was analyzed by Western blotting (Fig. 5). As shown in
Fig. 5A, CD38 signaling led to an increase in the expression levels

FIGURE 5. CD38 induces the PKC-dependent expression of cyclin-D2
in splenic B cells. A, Splenic B cells (107) were stimulated in the presence
of 20 U/ml IL-4 with different stimuli, including LPS, anti-CD38, anti-IgM
F(ab⬘)2, and rat IgG. Cyclin-D2 (12 h of stimulation) was analyzed by
Western blot using rabbit-specific polyclonal Abs. B, Splenic B cells were
stimulated as in A in the presence or absence of 62 nM PKC inhibitor
Ro-318425; then cyclin-D2 expression was analyzed by Western blot, as
above.

of cyclin-D2 within 12 h of receptor engagement. Similar results
were obtained for expression of the antiapoptotic protein, Bcl-xL,
another NF-B-dependent target gene (data not shown). Consistent
with our model, pretreatment with the PKC inhibitor, Ro-318425,
abolished CD38- and IgM-induced cyclin-D2 expression (Fig. 5B).
Conversely, up-regulation of NF-B target genes in response to
LPS stimulation was not blocked by PKC inhibition (Fig. 5B, and
data not shown). Thus, activation of B lymphocytes by CD38 promotes NF-B/PKC-dependent cell proliferation, and these events
are most likely mediated, at least in part, by inducible expression
of cyclin-D2.
PC-PLC and PLD are involved in the CD38-dependent
activation of splenic B lymphocytes
The requirement for DAG-dependent PKC isoforms, and the absence of PLC-␥2 activation, strongly suggested that CD38 receptor
engagement promoted DAG production via an alternate, PLC-␥2independent pathway. Recent data have suggested that several cytokine receptors as well as other cell surface receptors can mediate
DAG-dependent PKC activation without activation of phosphoinositide-PLC isoforms, IP3 production, or ER-dependent intracellular Ca2⫹ release (20 –23). In these reports, it has been postulated
that DAG is generated in these signaling cascades via the activation of phosphatidylcholine-PLC, PC-PLC. To directly analyze the
potential for CD38-dependent activation of this enzyme in B lymphocytes, we stimulated the cells with rat IgG, anti-CD38, or antiIgM Abs. Activated cells were lysed at different time points, and
lysates were analyzed for PC-PLC activity using an indirect fluorometric measurement of phosphocholine. The increase in relative fluorescence units reflects increased activity of PC-PLC (see
Materials and Methods) (Fig. 6A). Activation of B cells with antiCD38 Ab induced a marked, time-dependent activation of PCPLC. Activity was induced within 60 min and continued to increase at up to 180 min following receptor engagement (Fig. 6A).
In contrast, minimal or no change in PC-PLC activation was observed following short- or long-term stimulations with anti-IgM
(Fig. 6B, and data not shown).
To further evaluate the biological function of this enzyme in
CD38 activation, we analyzed the proliferative response of B cells
stimulated with either anti-CD38 or other B cell activators in the
presence of D609, an inhibitor of PC-PLC. Although this inhibitor
is relatively specific for PC-PLC at the concentrations used, it also
exhibits inhibitory activity against other phospholipases including
PLD (42) (Fig. 6C). Addition of D609 led to a total and dosedependent inhibition of anti-CD38-induced proliferation. Interestingly, this inhibitor also significantly reduced anti-IgM-dependent
proliferation. In contrast, LPS- and CD40-induced proliferation
were not significantly affected by D609, suggesting that these stimuli do not require PC-PLC or PLD for their signaling function in
primary B cells.
As anti-IgM stimulation did not lead to a significant increase in
PC-PLC activation, the inhibitory effect of D609 on antiIgM-induced proliferation is most likely the result of inhibition of
other PC-specific phospholipases. Supporting this hypothesis, it
has been reported that PLD is activated in lymphocytes stimulated
via the BCR (43– 45). Based on this evidence, we next analyzed
the participation of PLD in both CD38- and IgM-dependent signaling in splenic B cells (Fig. 7, C and D; wild type (WT)). Notably, both CD38 and IgM stimulation induced the activation of
PLD in splenic B cells. However, PLD-induced activation was
significantly higher following CD38 stimulation in comparison
with BCR engagement (Fig. 7, compare C and D; WT), suggesting
a prominent role for PLD in the CD38 signaling pathway.
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dependent on PKC activity, cells were stimulated with the indicated agonists in the absence (Fig. 4B, upper panel) or presence
(Fig. 4B, lower panel) of the PKC inhibitor, Ro-318425. Under
nonactivation conditions, a basal level of IB-␣ degradation is
observed (upper and lower panels, lines 1– 4, compare 0 and 2 h).
In contrast, CD38 or IgM stimuli each induce further IB-␣ degradation at 2 h poststimulation (upper panel, compare lines 2, 4, 6,
and 8). The addition of the PKC inhibitor (lower panel) abrogated
both CD38- and IgM-dependent IB-␣ degradation. The level of
IB-␣ degradation observed under these conditions was similar to
that observed under nonactivation conditions (lower panel, compare lines 2, 4, 6, and 8). The specificity of Ro-318425 used in this
assay was also verified by using both PKC-dependent (PMA) and
independent (LPS) control stimuli (38) (Fig. 4B, upper and lower
right panels, lines 9 –12).
Degradation of IB-␣ results in the translocation of NF-B to
the nucleus. We evaluated the nuclear translocation of NF-B in
response to CD38 stimulation using EMSAs performed with nuclear extracts from B cells stimulated with anti-CD38, anti-IgM, or
LPS. CD38 engagement leads to a significant increase in nuclear
NF-B at 2 h (Fig. 4C). As previously reported, NF-B translocation was clearly detected within 30 min and peaked within ⬃1 h
following stimulation with either LPS or anti-IgM (36). Taken
together, these data clearly demonstrate that CD38 is able to activate the NF-B pathway and that this activation is PKC
dependent.
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Based on the requirement for Btk in CD38-mediated signaling,
we next evaluated whether Btk is required for the activation of
PC-PLC and/or PLD following CD38 stimulation (Fig. 7). Consistent with previous reports (43, 45), we found anti-IgM-induced
PLD activation was reduced in splenic B cells purified from Btk
mutant, Xid mice (Fig. 7D). CD38-dependent activation of both
PLD and PC-PLC was also reduced in Xid compared with WT B
cells. Enzyme activity in Btk mutant cells was approximately onehalf of the total activity in the WT cells (Fig. 7, A and C). These
data clearly indicate that Btk contributes, although partially, to the
CD38-dependent activation of both PLD and PC-PLC.
D609 blocks NF-B activation and cyclin-D2 induction in the
CD38-dependent signaling
We next evaluated the role for PC-PLC and PLD in downstream
CD38-dependent signals. We tested the role for these enzymes in
NF-B activation, and cyclin-D2 synthesis using the PC-PLC/PLD
inhibitor, D609 (Fig. 8). D609 blocked both the degradation of
IB-␣ (Fig. 8A) and the synthesis of cylin-D2 (Fig. 8B) in response
to anti-CD38 or anti-IgM stimuli. In contrast, control, LPS-dependent cell proliferation, IB-␣ degradation, and cyclin-D2 induction
were not altered by this inhibitor (Fig. 8). Taken together, these
findings strongly suggest that these two enzymes are crucial me-

FIGURE 7. Btk is partially required for PLD and PC-PLC activation in
the CD38 signaling. Splenic B cells (107) from BALB/c (WT) or BALB/
c-XID (Xid) mice were stimulated with anti-CD38, anti-IgM Abs, or rat
IgG for 180 min at 37°C. Total cell lysates were prepared, protein concentration was determined, and 15 g of total proteins was analyzed for
PC-PLC (A and B) or PLD (C and D) activity following the manufacturer
instructions. Data represent mean ⫾ SD of three independent experiments
using five mice for each data point. The groups were compared with unpaired Student’s t test using the program INSTAT 2.02 (GraphPad), in
which p values ⱕ0.05 were considered to be significant. RFU, relative
fluorescence units.

diators of a CD38-dependent, Btk, PKC-dependent, and PLC␥2independent signaling cascade leading to NF-B activation, cyclin-D2 induction, and proliferation of mature B cells.

Discussion
In this work, we have evaluated the participation of key downstream signaling proteins in the activation of splenic B cells stimulated through the CD38 cell surface receptor. CD38 activation
with agonistic Abs in B lymphocytes results in a variety of biological responses including: proliferation, survival, class switching, and apoptosis (9, 32, 46, 47). Most notably, while it is clear
that the CD38-dependent signal is absolutely dependent upon Btk
(12), our data demonstrate that Btk most likely mediates its crucial
activity, via an alternative, PLC-␥2-independent, signaling pathway(s) that leads, directly or indirectly, to the activation of PCPLC and PLD. These events promote the activation of PKC isoforms and NF-B. The cascade leads to expression of cell cycle
genes including cyclin-D2 and cell proliferation. Fig. 9 presents
our current working model of this signaling cascade.
Recent studies of BCR-dependent signaling have demonstrated
the critical role for PLC-␥2 as a primary target for Btk-dependent
signals (13–15) (Fig. 9A). This has led to confusion with regard to
the role for the PLC-␥2 pathway in CD38 signaling. For example,
the absence of phosphoinositide metabolism and IP3-dependent
Ca2⫹ mobilization in CD38-stimulated splenic B cells (8, 9)
seemed contradictory to the requirement for PKC activation in this
pathway (32). In the current study, we clearly demonstrate that
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FIGURE 6. PC-PLC is activated and required for proliferation of B
cells activated via CD38. Splenic B cells (108) were stimulated with rat
IgG, anti-CD38, and anti-IgM for 0, 1, 30, 60, 120, or 180 min. Cellular
lysates were prepared, and 15 g of total proteins was analyzed for PCPLC activity using a PC-PLC assay (for assay details, please see Materials
and Methods). The increase in PC-PLC activity was measured as an increase in the relative fluorescence units produced by an increase in the
production of resorufine. Squares represent the anti-CD38 stimulation (A)
and anti-IgM stimulation (B). Diamonds represent the rat IgG as control
stimulus. C, Splenic B cells were preincubated for 30 min with the PC-PLC
inhibitor, D609, at the concentrations shown in the figure, and proliferation
assays were conducted in the presence of the inhibitor with the following
stimuli: rat IgG, anti-CD38, anti-IgM F(ab⬘)2, LPS, and anti-CD40, all of
them in the presence of 20 U/ml IL-4. Proliferation was measured by
[3H]thymidine incorporation.
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PLC-␥2 functional activity is not significantly increased following
CD38 receptor engagement. This is illustrated by both the failure
to induce IP3 production and the lack of PLC-␥2 Y759 site-specific
tyrosine phosphorylation following CD38 engagement. BCR-dependent phosphorylation of Y759 is specifically mediated by Btk,
and this signal is absolutely required for full activation of PLC-␥2
(17–19). Our data suggest that unlike BCR-dependent signaling,
PLC-␥2 may not be recruited into the CD38 signalosome. As
BCR-dependent PLC-␥2 recruitment is largely dependent upon its
interaction with the adapter protein, B cell linker (48), we anticipate that B cell linker may also be dispensable for CD38 signaling.
Although PLC-␥2 is not required for CD38 signaling, the activation of DAG-dependent PKC isoforms is clearly required for
efficient signaling (Fig. 3). This was demonstrated by the reduction
in the CD38-dependent proliferation observed in PKC-␤-I,II
knockout B cells and in Ro-318425-pretreated B cells. Although
the specific PKC isoforms that participate in this pathway are not
yet clear, redundant activity of several PKC isoforms appears responsible for CD38-dependent B cell proliferation. PKC-␤, one of
the most extensively studied isoforms in B cells (24, 49), is necessary for full CD38-dependent function. A detailed knowledge of
the additional PKC isoforms involved will help to further elucidate
the role of this receptor in B lymphocyte biology.
Several cytokine receptors, including the receptors for IL-1,
TNF-␣, IL-3, and IFN-␣ (20 –23), are also capable of activating
DAG-dependent PKC isoforms without IP3 production and ERdependent Ca2⫹ mobilization. In these receptor systems, activation
of the PC-PLC appears sufficient for DAG production via metabolism of PC. Similar to these findings, our data clearly demonstrate
the activation of both PC-PLC and PLD in response to CD38 receptor engagement and suggest a crucial role for these enzymatic
pathways in CD38-dependent PKC activation, IB-␣ degradation,
cyclin-D2 synthesis, and proliferation (Figs. 6 and 8).
The activation of PLD has also been reported in response to
BCR activation and to require the combined activity of Btk, Syk,
and PLC-␥2 (43, 45). In contrast to these findings, our results

FIGURE 9. Working model of the CD38 vs BCR-dependent signaling
cascade. A, Shows a subset of the signals triggered by BCR engagement.
Activation of Src kinases, Lyn and Fyn, leads to the activation of both Syk
(not shown) and Btk family kinases. Btk phosphorylates and activates
PLC-␥2, generating the second messengers DAG and IP3, promoting PKC
activation and Ca2⫹ release, respectively. NF-B activation is essential for
cell survival, cyclin-D2 expression, and cell proliferation. In addition, BCR
signaling also weakly activates PLD in a Btk-dependent manner, in which
PLC-␥2 and Syk may also be involved (not shown). This additional pathway may also contribute to sustained DAG production. B, Shows proposed
CD38 signaling pathways. CD38, probably through association with Ig-␣/
Ig-␤ subunits, activates Lyn and Fyn, leading to Btk activation. Btk does
not activate PLC-␥2 and, instead, participates in association with other
signals (possibly including large or small G proteins, or other tyrosine
kinases) in PC-PLC/PLD activation. These events promote sustained production of DAG, and activation of PKC and NF-B. Btk may also contribute to additional independent signals that promote cell survival, cyclin-D2 expression, and cell proliferation. Filled words and arrows
designate previously reported signaling events; u and gray arrows designate signaling events evaluated in this study; and 䡺 and open arrows designate possible signals activated by CD38 cross-linking in splenic B cells.
Tyr kinases, tyrosine kinases; G. prot, G proteins; PI5K, phosphatidylinositol-4-phosphate 5-kinase.

indicate that activation of both PC-PLC and PLD can occur independently of PLC-␥2 activation, but is partially dependent on the
function of Btk in response to CD38 engagement (Fig. 7). Previous
reports have also shown that PLD activity is not completely abolished in Btk-deficient B cell lines stimulated with agonists including 12-O-tetradecanoylphorbol-13-acetate or anti-IgM (43, 50).
Based upon the phenotype of Btk vs Btk/Tec-deficient B cells (51),
it is likely that redundant function of an alternative Tec kinase (i.e.,
Tec) explains the partial requirement for Btk in PC-PLC/PLD activation. The requirement of Tec in the CD38 signaling in immature B cells (52) and its expression in mature splenic B cells (53)
supports this idea. Finally, as it is reported that in addition to
PLC-␥2, Btk is able to interact and/or modify additional signaling
molecules including PKC, Wiskott-Aldrich syndrome protein, Cbl,
Syk, and TFII-I (54), it is possible that Btk may also activate
additional pathways besides PC-PLC/PLD required for the CD38dependent B cell proliferation (Fig. 9B).
It remains to be determined how Tec kinases function in activation of the PC-PLC and PLD pathways. Consistent with both
IgM and CD38 signaling, PKC isoforms most likely participate in
the regulation of selected PLD isoforms in B cells (55). We suggest that the combined effects of a CD38-dependent transient increase in intracellular calcium levels, PC-PLC-mediated DAG production, and Btk-adapter-mediated phosphatidylinositol-4phosphate 5-kinase membrane recruitment (56) may be sufficient
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FIGURE 8. The PC-phospholipase-specific inhibitor, D609, blocks the
degradation of IB-␣ and the synthesis of cyclin-D2 in response to CD38
signaling. A, Cycloheximide-pretreated splenic B lymphocytes (107) from
BALB/c mice were stimulated with rat IgG, anti-CD38, anti-IgM, and LPS
for 120 min at 37°C, and IB-␣ degradation was analyzed by Western
blotting, as above. B, B cells (107 per stimulus) were activated in the
presence of 20 U/ml IL-4 with different stimuli, including rat IgG, antiCD38, anti-IgM F(ab⬘)2, and LPS. Cells were lysed at 12 h, and cyclin-D2
expression was analyzed by Western blotting. Cells were preincubated for
30 min before stimulation without (vehicle) or with D609 (13.5 g/ml).
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to trigger PIP2- and classical PKC-dependent, PLD activation (55).
The molecular events controlling CD38- and Btk-dependent, PCPLC activation are even less well defined. It will be important to
ascertain whether Btk functions directly or indirectly in these
events and whether PC-PLC activation may also require other signaling pathways. Future studies will be required to address the
specific role for signaling modules reported to be involved in both
PC-PLC and PLD activation, including heterotrimeric G proteins,
small G proteins, MAPKs, tyrosine kinases, and PIP2 (55).
Our data also indicate that activation of PKC isoforms and PCPLC/PLD by CD38 is responsible for downstream activation of the
NF-B pathway. This is supported by our observations of CD38dependent IB-␣ degradation, NF-B nuclear translocation, and
induction of the cell cycle regulator, cyclin-D2 (Figs. 4, 5, and 8).
Previous reports have shown both that Btk is necessary to activate
NF-B and that NF-B signaling is required for CD38-dependent
B cell proliferation (32). This suggests that the Btk, PC-PLC/PLD,
and PKC pathways together promote NF-B activation, which
through cyclin-D2 expression leads to CD38-dependent B cell proliferation (Fig. 9B). Interestingly, most of these pathways and specific downstream targets are similarly up-regulated in response to
BCR engagement in splenic B cells and also require the activity of
Btk (57). The BCR/NF-B signaling pathway requires the activation of a CARD-MAGUK1/B cell lymphoma 10/1B kinase signalosome specifically mediated by PKC-␤-dependent CARDMAGUK1 activation within BCR-associated lipid raft
microdomains (49, 58, 59) (D. Rawlings, unpublished data). It will
be important to determine whether CD38 signaling regulates
NF-B activation via a similar or distinct pathway; and whether
membrane lipid rafts are also required for efficient CD38 signaling
in B cells.
Notably, it remains unclear how CD38-dependent intracellular
signals are initiated in splenic B cells. Previous reports indicate
that deletion of the intracellular region of CD38 does not alter its
signaling function (60, 61), suggesting that CD38 is likely to be
physically and/or functionally associated with another cell receptor. Accordingly, it has been reported that CD38-dependent activation of T and B cell lines requires the parallel expression and
function of the TCR or BCR and their corresponding signaling
modules (CD3 for TCR and Ig-␣/Ig-␤ for BCR), respectively (62–
65). This observation is consistent with the requirement for Src and
Tec kinases to initiate both BCR (66) and CD38 signaling in B
cells. It will be important to determine whether the BCR and its
signaling modules Ig-␣/Ig-␤ are necessary to initiate the CD38dependent signaling in primary splenic B cells. Despite the potential role for Ig-␣/Ig-␤ in CD38 signaling, our results clearly indicate that CD38 triggers distinct signals, in which Btk, the lack of
PLC-␥2 activation, and the preferential PC-PLC/PLD activation
play a central role (Fig. 9).
Together, these observations suggest the opportunity to identify
novel Btk-dependent substrates and/or protein interactions. Identification of PC-PLC- and PLD-dependent genes may also help to
better elucidate the biological functions of these key enzymes and
the PC cycle in B lymphocyte development, survival, and
activation.
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