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Abstract
Caspase (Casp) family proteases regulate not only lymphocyte apoptosis but also lymphocyte
activation and development. In this study, we show that Casp6 regulates B cell activation and
differentiation into plasma cells by modifying cell cycle entry. B cells from Casp6 knockout
(Casp6 KO) mice examined ex vivo have more cells in G1 than wild-type B cells, and mitogen-
induced G1 entry of Casp6 KO B cells is much faster than that of wild-type B cells. Even so, S phase
entry and proliferation are not increased in Casp6 KO B cells. Rather than proliferating, activated
Casp6 KO B cells preferentially differentiate into syndecan-1+ plasma cells and produce Abs. In
Casp6 KO mice compared with WT mice, serum levels of IgG1, IgG2a, and IgG2b are increased
and Ag-specific Ab responses are also enhanced along with increased percentages of syndecan-1+

plasma cells. Casp6 may regulate both B cell activation and differentiation by modifying
requirements for G0 B cells to enter G1.

The caspase (Casp)4 family of the cysteine aspartate-specific proteases is best known for its
involvement in apoptosis through cleavage of specific substrates. However, the 14 Casps
identified in mammals are involved not only in cell death, including apoptosis and autophagy,
but also in the maturation of proinflammatory cytokines and lymphocyte development (1-3).
Casp family members can be divided into three groups: activators of cytokines, initiator Casps,
and effector Casps. The cytokine activators (Casp1, 4, 5, 11, and 12) trigger the release of
inflammatory mediators through the cleavage of precursors of the inflammatory cytokines
IL-1β and IL-18 (4). During apoptosis, effector Casps including Casp3, 6, and 7 are usually
cleaved and activated by initiator Casps such as Casp2, 8, 9, and 10.

As the executioners in apoptosis, activated effector Casps cleave crucial specific cellular
substrates (5,6). Casp6, an effector Casp, cleaves substrates involved in cell cycle, survival, or
development such as SATB1, p27Kip1, Notch1, AP-2α, lamin A, Akt, and 5-lipoxygenase
(7-14). Casp6 also may cleave other Casps including initiator Casps (15-17). Recently,
mutations in the Casp6 gene (Casp6) were found in human gastric and colorectal carcinomas,
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suggesting that dysregulation of Casp6 may contribute to the pathogenesis of gastrointestinal
cancers (18). In addition, invasive melanomas and metastatic cancers express activated Casp6
and Casp3 and down-regulate the Casp substrate AP-2α, a transcriptional factor required for
cell proliferation that suppresses genes controlling terminal differentiation and apoptosis (19,
20). Thus, Casp6 may not only be involved in the development of tumors as a proapoptotic
executor, but may also contribute to tumor progression in melanomas.

Some Casps also regulate nonapoptotic functions, including cell proliferation and
differentiation (2,21). Terminal differentiation is characterized by prolonged cell cycle arrest
in the G1 phase, where cells become refractory to signals for proliferation (22). Some Casps
are involved in terminal differentiation of cells such as keratinocytes and erythroblasts (23,
24). In the immune system, Casp3 activity is detectable in immature dendritic cells and can
inhibit dendritic cell maturation, while macrophage differentiation requires both Casp3 and
other Casps, including Casp8 (25-27). During the initial stages of human Th 2 cell
differentiation, Casp3 is inhibited by IL-4 (28). In terminally differentiated plasma cells, Casp6
expression is also strongly repressed with other apoptosis-associated genes (29).

Casps regulate cell proliferation; Casp8, in particular, may play a critical role in the activation
of NF-κB by TLRs or Ag receptors (30-32). In B cells, Casp8 may be required for B cell
activation by the TLR agonists, dsRNA, and LPS (33,34). The effector caspase Casp3 is also
involved in B cell activation and cleaves its substrate cyclin-dependent kinase (CDK) inhibitor
p21Cip1 during B cell proliferation (35). We previously demonstrated that Casp6 influences B

4Abbreviations used in this paper:

Casp  
caspase

KO  
knockout

WT  
wild type

PY  
pyronin Y

CDK  
cyclin-dependent kinase

Rb  
retinoblastoma protein

TD  
T cell dependent

VEID  
benzyloxycarbonyl(Cbz)-Val-Glu-Ile-Asp(Ome)-fluoromethylketone

Ct  
cycle threshold

7AAD  
7-aminactinomycin D

GC  
germinal center

IAP  
inhibitor of apoptosis

pRb  
phosphorylated Rb
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cell activation and that both Casp6 and its substrate SATB1 are cleaved after CD40-induced
stimulation of resting human B cells (36). Benzyloxycarbonyl-(Cbz)-Val-Glu-Ile-Asp(Ome)-
fluoromethylketone (VEID), a Casp6 selective inhibitor, blocked human B cell proliferation
and expression of proteins, which promote cell cycle progression including cyclin D2, cyclin
A, and CDK4. Recently, Werz et al. (13) showed that Casp6 cleaves human 5-lipoxygenase,
which initiates the synthesis of bioactive leukotrienes from arachidonic acid. This cleavage
correlated with the proliferation of the Burkitt lymphoma line BL41, again suggesting Casp6
may have an important role in regulating B cell activation.

Casp6 knockout (KO) mice are grossly normal, breed with Mendelian ratio, and are only
slightly protected from anti-Fas/CD95-induced cell death (37). To further analyze the role of
Casp6 in B cell biology, we examined B cell activation and differentiation in Casp6 KO mice.
We found that G1 cell cycle entry from a quiescent state is accelerated in Casp6 KO B cells.
Surprisingly, despite this accelerated G1 entry, neither the S phase entry nor cell death is
increased in Casp6 KO B cells. Instead, more Casp6 KO B cells differentiate into
syndecan-1+ plasma cells compared with wild-type (WT) B cells. Thus, Casp6 may play a role
in balancing B cell proliferation and differentiation at the point of cell cycle entry.

Materials and Methods
Mice

Casp6 KO mice were generated as described previously (37). Mice were backcrossed for >15
generations to C57BL/6 and housed under specific pathogen-free conditions at the University
of Washington. All experiments were performed in compliance with the University of
Washington Institutional Animal Care and Use Committee.

B cell isolation
After RBC depletion by Gey’s solution, splenic B cells were purified by magnetic depletion
using anti-Thy 1.2 and anti-CD11b MACS beads (BD Biosciences) or, after anti-Thy 1.2 bead
depletion, the negative fraction was subjected to plastic adherence for 1 h at 37°C to remove
monocytes/macrophages. Splenic resting B cells were isolated by negative selection using the
EasySep mouse B cell enrichment kit (StemCell Technologies), which includes CD4, CD8,
CD11b, CD43, CD49b, Gr-1, TER119 Abs, or by using the 66/70% interface cells from a
Percoll gradient after negative selection using Thy1.2 beads (38). The purity of the resting B
cell preparations was >90%.

Western blotting
Resting B cells were treated with CpG oligodeoxynucleotide 1826 (1 μg/ml; Coley
Pharmaceutical Group), LPS (5 μg/ml; Sigma-Aldrich), or staurosporine (50 nM; Sigma-
Aldrich) at the indicated times at 37°C. Samples were harvested and washed with PBS, then
lysed with Nonidet P-40 lysis buffer (10 mM Na2HPO4, 150 mM NaCl, 2 mM EDTA, 1%
Nonidet P-40, pH 7.2) containing 1 mM Na3VO4, 50 mM NaF, 1 μg/ml leupeptin, 1 μg/ml
aprotinin, 1 μg/ml pepstatin, and 1 mM PMSF. Cell lysates were subjected to brief sonication
on ice. Proteins were quantified using the Bio-Rad protein assay and then 20 μg of cell lysate
was applied per lane.

For detection of the cleavage of Casp6, we used a combination of two anti-Casp6 sera (Cell
Signaling Ab 9762 and Ab 9761). The Ab 9761 antiserum was made against a region of Casp6
(aa 153-162), which is very close to the 162 aspartic acid cleavage site in the large subunit of
cleaved Casp6. The Ab 9762 antiserum was generated against aa 171-190, which is in the
propeptide and small subunit of Casp6. Neither the Ab 9761 antiserum nor the 9762 antiserum
cross-reacts with other Casps. Using Ab 9762, our laboratory and another found that WT mouse
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spleen, liver, and brain express Casp6, Casp6+/- tissues express less, and Casp6-/- tissues have
no detectable Casp6 (17). The Casp6 KO mice were constructed by replacing the first exon of
Casp6, including the atg start codon into the Neo gene (37). Using primers derived from intron
1 or intron 2 for genotyping, we confirmed that exon 1 was completely deleted in the Casp6
KO mice.

An Ab to Casp8 (1G12; Alexis Biochemicals) was made by immunization with the recombinant
mouse Casp8 large, catalytic domain p20. The Casp8 Ab recognizes full-length Casp8 (∼55-58
kDa), the apoptosis-induced cleavage fragment of Casp8 (∼20 kDa), and truncated forms of
Casp8 (35-51 kDa) (39).

Abs specific for Casp3 (Cell Signaling Abs 9661 and 9662), p38 MAPK (C-20; Santa Cruz
Biotechnology), c-myc (Ab 9402; Cell Signaling), p27kip1 (Ab 2552; Cell Signaling), CDK4
(Ab 2906; Cell Signaling), cyclin D2 (M-20; Santa Cruz Biotechnology), cyclin E (M-20; Santa
Cruz Biotechnology), CDK2 (M2; Santa Cruz Biotechnology), phosphorylated Rb (pRb)
Ser780 (Cell Signaling), pRb Ser807/811 (Cell Signaling), and retinoblastoma protein (Rb) (IF8;
Santa Cruz Biotechnology) were purchased.

Flow cytometry
Single-cell suspensions were prepared from mouse spleens. Peritoneal cavity cells were
collected by flushing the peritoneal cavity with PBS containing 0.5% FCS. One million cells
were stained with the following mAbs: anti-CD16/CD32 (2.4G2), anti-IgD (JA12.5), anti-
CD43 (S7), anti-CD8 (Ly-2), anti-B220 (RA3-6B2), anti-CD5 (53-7.3), anti-CD11b (M1/70),
anti-IgM (R6-60.2), anti-CD21/35 (CR2/CR1), anti-CD19 (1D3), and syndecan-1 (CD138,
281-2) conjugated with or without FITC, PE, PerCP, allophycocyanin, or biotin (BD
Biosciences). Streptavidin-FITC, -PE, and -allophycocyanin were used as second-step reagents
for biotinylated Abs. Stained cells were analyzed using an LSR 1 (BD Biosciences), and the
data analysis was performed using FlowJo software (Tree Star).

Cell cycle analysis
For analysis of the cell cycle using BrdU, 7-aminoactinomycin D (7AAD) and pyronin Y (PY),
purified B cells were stimulated with or without LPS, then BrdU was added for the last 6 h of
culture. After harvesting, BrdU-labeled cells were frozen in FBS containing 10% DMSO at
-80 °C over-night. For the detection of BrdU and definition of each cell cycle stage, the
manufacturer’s protocol for the FITC BrdU flow kit (BD Biosciences) was followed. Briefly,
after dissolving frozen cells, cells were fixed again with BD Biosciences Cytofix/Cytoperm
buffer, then treated with DNase for 1 h at 37 °C. Cells were stained with FITC-conjugated anti-
BrdU Ab for 20 min at room temperature, followed by 7AAD for 10 min, and lastly incubated
with PY. Stained cells were analyzed using an LSR 1 with FlowJo software.

Proliferation assays
Resting B cells (1 × 105 cells/well) purified by EasySep were cultured in RPMI 1640 medium
(HyClone) supplemented with 10% FCS (Life Technologies), 100 U/ml penicillin, 100 μg/ml
streptomycin, 2 mM L-glutamine, and 2-ME (5 × 10-5 M) in the presence or the absence of 10
μg/ml anti-CD40 mAb 1C10 (40), 1 μg/ml CpG oligodeoxynucleotide 1826, 5 μg/ml anti-
CD180 (Rp105) mAb (RP/14; eBioscience), or LPS. The peptide Casp6 inhibitor was
purchased from Kamiya Biomedical. After 2 days, cells were pulsed with 0.5 μCi of [3H]
thymidine for 8 h. Cells were then harvested onto glass fiber filters with a cell harvester, and
radioactivity was measured in a liquid scintillation counter. In some experiments, cells were
pretreated for 3 h with VEID at 80 μM or DMSO as a vehicle control.
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For CFSE assays, purified B cells (2 × 107cells/ml) were incubated with 5 μM CFSE (Molecular
Probes) for 10 min at 37°C, then quenched with RPMI 1640 medium containing 10% FCS and
50 μM 2-ME. CFSE-labeled B cells were washed twice in RPMI 1640 medium containing FCS
as above, then seeded into 6-well plates with either medium only, LPS with or without IL-4
(10 ng/ml). After culture for the indicated times, stimulated CFSE-labeled cells were analyzed
by FACScan (BD Biosciences) using FlowJo software.

Cell death assay
For measurement of cell viability, cultured cells with various stimuli were stained with
MitoTracker ROS red dyes (Molecular Probes). Stained cells were then analyzed by FACScan
(BD Biosciences) with CellQuest software (BD Biosciences).

Ig production and plasma cell formation
Purified resting B cells were cultured in 48-well plates (5 × 105 cells/well) for 5 days at 37°C
with the indicated stimuli to detect plasma cells (syndecan-1+B220-low), and for 7 days with
the indicated stimuli for measurement of Ig production. IL-4 was purchased from R&D
Systems. To induce Ab responses to T cell-dependent (TD) Ag in vivo, 10-wk-old mice were
immunized by i.p. injection with the indicated dose of alum-precipitated OVA (alum, Pierce
and OVA, Sigma-Aldrich) and bled 7 or 14 days after immunization.

Ig levels of harvested supernatants or mouse sera were determined by ELISA. Briefly, ELISA
plates were coated with donkey anti-mouse IgM or IgG (The Jackson Laboratory) or OVA
(Sigma-Aldrich) and blocked with 1% of BSA. Diluted samples were detected with goat anti-
mouse isotype antisera (IgM, IgG1, IgG2b, and IgG3 from The Jackson Laboratory; IgG2a
from GeneTex) and donkey anti-goat IgG HRP (The Jackson Laboratory). To control for plate-
to-plate variation, serial dilutions of isotype standards (Zymed) were used as relative standards
on each plate.

Quantitative real-time PCR
Total RNA was extracted from B cells by RNeasy (Qiagen) and cDNA was prepared by a
Cloned AMV First-Strand cDNA synthesis kit (Invitrogen). Quantitative real-time PCR was
performed on an Applied Biosystems 7300 machine with a cycle of 50°C, 2 min and 95°C, 10
min for 1 cycle and 95°C, 15 s and 60°C, 1 min for 40 cycles, recording data at 60°C at 1 min
and using primers for Blimp-1 (5′-ATGAGTTGAATGGGAGC-3′ and 5′-
CAATGCTTGTCTAGTGTC-3′) and Gapdh (5′-TGCACCACCAACTGCTTAG-3′ and 5′-
GGATGCAGGGATGATGTTC-3′). Relative quantitation of samples was calculated using the
comparative cycle threshold (Ct) method, relative ratio = 2˄(Ct (Gapdh) - Ct(Blimp-1)).

Results
Casp6 is cleaved after B cell activation

To investigate the in vivo effects of Casp6 on B cell function, we obtained Casp6 KO mice.
Adult Casp6 KO mice showed no significant differences in the numbers of bone marrow B
cell subsets (pre, pro, immature B cells), peritoneal B-1a B cells (CD11b+ B220+CD5+) and
B-1b B cells (CD11b+B220+CD5-), or splenic B cell subsets including transitional 1
(IgMhighIgDlowCD21low), transitional 2-follicular precursor (IgMhighIgDhighCD21low),
transitional 2-marginal zone precursor (IgMhighIgDhighCD21high), follicular
(IgMlowIgDhighCD21low) B cells, and marginal zone (IgMhighIgDlowCD21high) B cell subsets
(data not shown). Splenic T cell levels (CD4+ T cells, CD8+ T cells) were also normal in
Casp6 KO mice (data not shown).
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We next tested whether Casp6 is activated in murine B cells in vitro as it is in human B cells
(36). Since Casp6 is an effector Casp in apoptosis pathways, we measured Casp6 expression
and cleavage in both apoptotic and activated B cells from both WT and Casp6 KO mice. Using
appropriate Casp6-specific antisera (see Materials and Methods), we detected the 18-kDa
cleaved form of Casp6 in WT B cells treated with staurosporine, an apoptotic stimulus (Fig.
1A). As expected, these bands were not detectable in B cells from Casp6 KO mice. Furthermore,
after stimulating B cells with CpG, which leads to strong B cell activation through TLR9,
Casp6 cleavage again was detectable in WT B cells but not in Casp6 KO B cells. We also
detected Casp6 cleavage in anti-CD40-stimulated WT B cells (data not shown).

Both Casp3 and Casp8 are involved in B cell activation and B cell death (35,36,41) and both
were cleaved after treating B cells with either staurosporine or CpG in both WT and Casp6
KO B cells (Fig. 1B). The kinetics and intensities of cleavage were the same between WT and
Casp6 KO B cells, and the kinetics of Casp3 and Casp8 cleavage induced by CpG was slower
(detectable at 48 h) than that of Casp6 cleavage (detectable at 8 h). Thus, these Casps may be
cleaved in proliferating or dying B cells via a Casp6-independent pathway.

We also compared proliferation induced by various stimuli between WT and Casp6 KO murine
B cells, because VEID, a Casp6-selective inhibitor peptide, blocked human B cell proliferation
strongly in our previous study (36). To our surprise, Casp6 KO B cells did not show any
impaired proliferation induced by graded doses of various stimuli, including anti-CD40, anti-
CD180 (Rp105), LPS, or CpG (data not shown). Pretreatment with VEID not only blocked the
proliferation of WT B cells but also the proliferation of Casp6 KO B cells (Fig. 2). These data
demonstrate that VEID affects something other than Casp6 in mouse B cells and thus require
that our previous results based solely on the use of VEID be reevaluated (see Discussion).

G1 entry into cell cycle is accelerated in Casp6 KO B cells
To assess the role of Casp6 in B cell activation, we next looked at the cell cycle status of
Casp6 KO B cells. To examine each stage of the cell cycle, we used PY, 7AAD, and BrdU.
PY is a dye which specifically binds to RNA in the presence of a DNA dye, such as 7AAD or
4′,6-diamidino-2-phenylindole, and can be used as a marker of cells in G1 within a mixed G0-
G1 population (BrdU-7AAD-) (42). Using this method, we gated on BrdU- 7AAD- cells (Fig.
3A, top) and measured binding to PY (Fig. 3A, bottom). We found that the number of G1
(BrdU- 7AAD- PY high) splenic B cells from Casp6 KO mice was significantly greater than
those in WT mice when examined ex situ (Fig. 3A). In the spleens of adult WT mice, ∼80%
of all B cells were in the quiescent G0 stage. In contrast, only ∼60% of splenic B cells in
Casp6 KO mice were in G0 and 30% were already in G1without stimulation. Both the
percentage and absolute cell number of G1 CD19+ B cells in spleens of Casp6 KO mice were
significantly increased compared with WT B cells (Fig. 3B).

Based on this result, we next tested whether G1 entry was accelerated in Casp6 KO B cells.
We examined cell cycle status by using resting small B cells obtained from Percoll density
gradients. High-density small resting B cells isolated from Percoll density gradients had 99%
of G0 cells in both WT and Casp6 KO mice (data not shown). However, 24 h after LPS
stimulation (10 μg/ml) of G0 B cells, about twice as many Casp6 KO B cells had entered G1
compared with WT B cells (Fig. 3C, left). Over time, more LPS-stimulated Casp6 KO B cells
moved into G1 (Fig. 3C). The differences between WT and Casp6 KO B cells were statistically
significant in separate independent experiments (e.g., p < 0.05 at 48 h after 10 μg/ml LPS, WT
= 3.1 ± 0.04%, Casp6 KO = 27.3 ± 10.4%). Interestingly, more Casp6 KO B cells than WT B
cells were in G1, yet the number of Casp6 KO B cells proliferating, if anything, was less than
the number of proliferating WT B cells (Fig. 2). Similar results were also obtained when we
used anti-CD40 or CpG for stimulation (data not shown). These results indicate that entry into
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the G1 stage of the cell cycle was accelerated in Casp6 KO B cells, but that the S phase entry
was not similarly affected.

Proliferation and cell death are not enhanced in Casp6 KO B cells
Casp6 KO mice have more G1 B cells ex situ and have B cells that rapidly enter G1 after
activation. However, B cell subset numbers in bone marrow and spleen are normal in adult
Casp6 KO mice and, after activation, the number of S phase Casp6 KO B cells is not increased
compared with WT B cells. To further assess the basis of these phenotypes, we next examined
more closely the effect of Casp6 on B cell division. CFSE analysis revealed that cell division
of Casp6 KO B cells after LPS with or without IL-4 stimulation was almost the same compared
with that of WT B cells (Fig. 4A). Similar results were obtained when B cells were stimulated
with graded doses of anti-CD40, anti-IgM, or CpG (data not shown). After activation with
various stimuli, there were no differences in cell viability between Casp6 KO and WT B cells
as measured using MitoTracker (Fig. 4B), propidium iodide, annexin V, or TUNEL (data not
shown). We also looked at B cell death to see whether activated B cells were dying faster in
Casp6 KO mice than in WT mice. After treatment with staurosporine, cell viability as measured
by MitoTracker was not significantly elevated in Casp6 KO B cells (Fig. 4C). Taken together,
these results indicate that the absence of Casp6 leads to an acceleration of B cell entry into the
G1 stage of the cell cycle following either LPS, CD40, or CpG stimulation, but does not result
in increased cell proliferation or increased susceptibility to cell death.

Activated Casp6 KO B cells do not reduce expression of Rb
To further investigate the underlying mechanisms of accelerated G1 entry in Casp6 KO B cells,
we examined the expression of several cell cycle-related proteins in activated WT and
Casp6 KO B cells, including the retinoblastoma-susceptibility protein Rb. In the mammalian
cell cycle, Rb negatively regulates cell proliferation through a restriction point in late G1. After
mitogenic stimulation, CDKs phosphorylate Rb, leading to the release of E2F family
transcription factors from Rb, thereby allowing subsequent cell cycle progression (43). Rb is
known to block apoptosis and is degraded by Casps in response to apoptotic stimuli (44-45),
and thus was a good candidate for being directly or indirectly affected by Casp6.

Using Western blotting analysis, we compared the expression of cell cycle-related proteins in
WT vs Casp6 KO B cells after activation with LPS (Fig. 5). Rb is phosphorylated on Ser780

by cyclin D-CDK4 in early G1 and on Ser807/811 in late G1 (46). The phosphorylation of Rb
on Ser780 and Ser807/811 was significantly up-regulated in LPS-activated Casp6 KO B cells
(Fig. 5A). Hyperphosphorylation of Rb in activated Casp6 KO B cells was also seen with
different stimuli, including LPS plus IL-4, CD40, or CpG (data not shown). In contrast, the
expression levels of total Rb were not very different in activated WT and Casp6 KO B cells.
Changes in c-myc, CDK inhibitor p27kip1, cyclin D2, cyclin D3, cyclin E, CDK2, and CDK4
(up until 48 h) were also not different in activated WT and Casp6 KO B cells (data not shown
and Fig. 5B). Thus, although changes in pRb Ser780 and pRb Ser807/811 correlated with
enhanced cell cycle entry in Casp6 KO B cells, the levels of Rb degradation and other G1
indicators were normal. Although activated Casp6 KO B cells enter the cell cycle rapidly, their
progression through S phase may not be accelerated due to the lack of down-regulation of Rb.

B cell differentiation into plasma cells is accelerated in Casp6 KO mice
Next, we sought to determine why accelerated G1 entry in Casp6 KO B cells did not affect
proliferation or cell death. During T cell-dependent humoral immune responses, Ag-specific
B cells divide and form germinal centers (GCs). B cells later exit from GCs and terminally
differentiate into plasma cells in extrafollicular foci. In many cell types, decisions are made
during G1 to either return to quiescence or terminally differentiate (47). Furthermore, as B cells
terminally differentiate into plasma cells, they arrest in G1 and secrete Igs (48). Thus, we tested

Watanabe et al. Page 7

J Immunol. Author manuscript; available in PMC 2009 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



whether the accelerated G1 entry of Casp6 KO B cells, rather than translating into increased
S phase entry, shifted B cells toward differentiating into plasma cells. Indeed, syndecan-1+

plasma cell formation compared with WT B cells was clearly increased in Casp6 KO B cells
cultured with either graded doses of LPS, LPS plus IL-4, or with low doses of anti-CD40 mAb
(Fig. 6A and data not shown). Higher doses of LPS induce more B cell G1 entry and proliferation
than lower doses (e.g., Fig. 3C); the increased proliferation with high doses of LPS, however,
is associated with fewer plasma cells being induced than at lower doses of LPS (Fig. 6A). In
fact, as little as 0.1 μg/ml LPS stimulated less B cell proliferation but more plasma cell
production than 0.3 μg/ml LPS (data not shown). Overall, these findings indicate that plasma
cell formation is increased in Casp6 KO B cells.

We also compared in vitro Ig production between WT and Casp6 KO B cells. LPS-stimulated
B cells mainly produced IgM, but IgG1 was made when IL-4 was added (Fig. 6B). The levels
of IgM were significantly higher in Casp6 KO B cell cultures compared with WT B cells after
stimulation with either LPS or LPS plus IL-4. IgG1 production was also higher in Casp6 KO
B cells stimulated with LPS plus IL-4 (Fig. 6B). Furthermore, the expression levels of Blimp-1
(B lymphocyte-induced maturation protein 1), which is considered to be an essential regulator
of B cell differentiation into plasma cells (49), were also up-regulated in Casp6 KO B cells
activated at a low dose of LPS compared with that of WT B cells (Fig. 6C). These results
suggest that in vitro B cell differentiation into plasma cells was accelerated in Casp6 KO B
cells.

We next investigated the role of Casp6 in B cell differentiation in vivo. We first measured
serum levels of Igs in WT and Casp6 KO mice. IgG1, IgG2a, and IgG2b were significantly
increased in Casp6 KO mice compared with age-matched WT mice (Fig. 7A); however, serum
IgM and IgG3 levels were normal. This suggested to us that TD Ab responses may be
dysregulated in Casp6 KO mice. Indeed, after immunization with the TD Ag, OVA, the levels
of Ag-specific IgM were elevated in sera of Casp6 KO mice at day 7 compared with those of
WT mice (Fig. 7B, left). The levels of Ag-specific IgG1 were higher in the sera of Casp6 KO
mice bled 14 days after immunization with a low dose (2 μg) of OVA but not in mice immunized
with 20 μg of OVA (Fig. 7B, right). In addition, syndecan-1+ plasma cells were significantly
higher in immunized Casp6 KO mice (Fig. 7C). In contrast, GC B cells that are PNA+B220+

were decreased in immunized Casp6 KO mice compared with those of WT mice (Fig. 7D).
Together with the in vitro B cell differentiation experiments (Fig. 6), these in vivo experiments
show that serum levels of some Igs are already increased ex situ in Casp6 KO mice and that
both humoral immune responses to specific Ag and plasma cell differentiation are elevated in
Casp6 KO mice.

Discussion
Our data demonstrate that Casp6 regulates the balance between proliferation and differentiation
in B cells by affecting both entry into G1 and the Rb-dependent restriction point. Two striking
phenotypes in Casp6 KO mice were a dysregulated entry into the G1 phase of the cell cycle
(Fig. 3) and an accelerated B cell differentiation into plasma cells (Figs. 6 and 7). This dual
phenotype of dysregulated cell cycle entry and B cell differentiation suggests a common
function for Casp6 to control the equilibrium between cell proliferation and differentiation by
cleaving substrates involved in maintaining B cell quiescence.

Previously, we reported that Casp6 is cleaved early after human B cells are stimulated to
proliferate (36). Similarly, CpG induces Casp6 cleavage within 8-24 h after activation of mouse
B cells (Fig. 1A), suggesting Casp6 may play a role in both mouse and human activated B cells.
However, our results using human tonsillar B cells and the Casp6-selective inhibitor VEID
(36) differ from those that we obtained using Casp6 KO B cells: although VEID strongly
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blocked human B cell proliferation (36), the proliferation of Casp6 KO B cells was normal.
Furthermore, VEID treatment of activated human B cells strongly reduced the levels of cell
cycle-related proteins (cyclin D1/2/3, CDK4, and pRb). In contrast, the expression levels of
cell cycle-related proteins were not different in activated Casp6 KO B cells compared with
WT B cells except that Rb phosphorylation was markedly increased (Fig. 5).

One possibility is that these disparate results reflect some difference between mouse splenic
B cells and human tonsillar B cells. Although we cannot completely rule this out, we think this
is unlikely since VEID has the same effect on mouse and human B cells: it inhibits the
proliferation of both (Ref. 36 and Fig. 2). A more likely explanation is that VEID has a different
and broader effect on B cells than Casp6 deficiency has. VEID inhibits proliferation of both
WT and Casp6 KO B cells (Fig. 2) and in a number of experiments using a number of different
stimuli, we detected no differences in the responses between VEID-treated WT and Casp6 KO
B cells (data not shown). Thus, VEID at least in B cells is not specific for Casp6. It is unclear
how VEID blocks B cell proliferation, but the data in Fig. 2 demonstrate that Casp6 is not
required for the VEID-mediated inhibition. Although our first study showed that Casp6 is
activated soon after B cells are stimulated (36), our model that Casp6 is required for B cells to
enter the cell cycle turned out to be incorrect; we did not take into consideration that VEID
could be affecting B cell entry into the cell cycle via a Casp6-independent mechanism.

Casp6 is activated within 12 h after activation of either human (36) or mouse B cells (Fig.
1A). This occurs before activation-induced cell death. Thus, Casp6 activity appears to function
early after B cell activation. G1 B cells are increased in both ex vivo B cells from Casp6 KO
mice (Fig. 3) and in resting human tonsillar B cells treated with Casp6- selective inhibitor
VEID (data not shown). G1 entry from G0 is also accelerated in activated Casp6 KO B cells
(Fig. 3C), These observations at first suggested that Casp6 may have an inhibitory role on cell
cycle entry for maintaining the B cell pool in a homeostatic balance. However, to our surprise,
the increased numbers of G1 B cells in Casp6 KO mice did not translate into dysregulation of
overall B cell numbers in adult Casp6 KO mice, but rather into an elevation of serum Ig levels
(Fig. 7A). Consistent with this in vivo phenotype, G1 cell cycle entry and syndecan-1+ plasma
cell formation in vitro were accelerated in Casp6 KO B cells, but S phase entry and cell death
were normal (Figs. 2-4 and 6A).

These findings suggest that Casp6 plays a role during G1 progression in determining whether
B cells decide to proliferate or differentiate. Stimuli that normally drive B cell proliferation
and thereby reduce differentiation (e.g., high doses of LPS) in the absence of Casp6 were less
effective at preventing differentiation (Fig. 6A). Similarly, Casp6 KO mice after immunization
had fewer GC B cells and more syndecan-1+ plasma cells (Fig. 7, C and D). Thus, Casp6 may
regulate the threshold favoring proliferation rather than differentiation into syndecan-1+

plasma cells. Terminal differentiation is usually coupled with cell cycle exit and maintenance
of the nonproliferative state in certain cell types. Many plasma cells are arrested in G1 (48) and
factors promoting cell cycle progression and proliferation, including Casp6, are down-
regulated as cells terminally differentiate (29). Interestingly, microarray analyses comparing
murine plasma cells to surface IgM+ naive B cells showed that Casp6 is dramatically down-
regulated (435-fold) (29). It may be necessary for Casp6 to be down-regulated in order for B
cells to become plasma cells.

Very few Casp substrates of the hundreds of possible candidates have been verified, since
rigorous criteria must be met before it is certain a protein is a substrate (6). One possible direct
or indirect target for Casp6 in B cells is Rb (44,45). As cells go into S phase, Rb normally is
inactivated by phosphorylation and then cleaved to release E2F-DP1 complexes. Rb
phosphorylation was increased much more after activation of Casp6 KO B cells than WT B
cells. However, the total amount of Rb, which reflects the level of Rb degradation, was not
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notably different between WT and Casp6 KO B cells (Fig. 5). Thus, if Rb is a substrate for
Casp6 in B cells, it may be cleaved after it is phosphorylated.

The hyperphosphorylation of Rb in activated Casp6 KO B cells could have simply reflected
that more Casp6 KO B cells had entered G1; however, the expression levels of other early
G1 indicators, CDKs and cyclins, were similar in activated Casp6 KO B cells and activated
WT B cells. Another possibility is that Rb phosphorylation is more strongly elevated in
Casp6 KO B cells because activated Casp6 KO B cells do not progress readily into S phase
and are predisposed to differentiate. Rb has been implicated both in promoting terminal
differentiation in several cell types (50) and in inhibiting repressors of differentiation (47).

A dynamic balance between transcriptional repressors including Blimp-1, Bcl-6, and Pax-5
determine whether GC B cells continue to divide, become memory B cells, or differentiate to
become plasma cells (51). Blimp-1 is a well-defined transcriptional repressor, which is induced
upon B cell differentiation into plasma cells (49). The expression level of Blimp-1 was up-
regulated in LPS-activated Casp6 KO B cells where plasma cell formation was increased (Fig.
6C), suggesting that Casp6 may influence the balance of transcriptional repressors. A number
of molecules regulate Blimp-1 expression including NF-κB, IRF4, STAT3, STAT5, p53, and
AP-1 (49,52-56). NF-κB p50, p65, STAT3, and p53 have been reported to be cleaved by Casps
(57-60). Therefore, it is possible that Blimp-1 expression is influenced by Casp6 indirectly by
cleavage of Blimp-1 activators. A remaining question, as to whether G1 entry/arrest and B cell
differentiation are affected directly or indirectly through Casp6 substrates needs to be further
investigated.

The function of Casp6 in B cells is distinct from two other Casps which regulate B cell
activation and proliferation, Casp8 and Casp3. B cells from patients with Casp8 deficiency and
from mice with Casp8-deleted B cells (bCasp8 KO mice) have impaired nuclear translocation
of NF-κB p65 (30,34). Adult bCasp8 KO mice, like adult Casp6 KO mice have normal numbers
of B cells (33,34). However, unlike Casp6 KO B cells, Casp8 KO B cells are more susceptible
to activation-induced cell death and have defective proliferative responses to TLR3 and TLR4
agonists (33,34). Thus, Casp8 appears to regulate B cell survival and proliferation in response
to certain TLR agonists, while Casp6, in contrast, provides a brake on B cell entry into the cell
cycle.

Woo et al. (35) showed that Casp3, like Casp6, is essential for cell cycle control of mature B
cells. Unlike Casp6 KO mice, Casp3 KO mice have dramatically increased numbers of B cells
in vivo and enhanced splenic B cell proliferation (35). Casp6 KO B cells, unlike Casp3 KO B
cells (35), do not have abnormal increased expression of p21Cip1 and indeed, if anything,
express less p21Cip1 (data not shown); this suggests that unlike Casp3, Casp6 does not cleave
p21Cip1 in mitogen-activated B cells. After mitogenic stimulation of resting B cells, both Casp6
and Casp3 are cleaved and are presumably activated but with different kinetics; Casp6 cleavage
was consistently detectable earlier after stimulation compared with Casp3 cleavage in our
experiments (Fig. 1) and others (35). One possibility is that Casp6 is active and functions at
an early stage of the cell cycle, while Casp3 is activated and operates at a later point in the cell
cycle. However, the target of Casp6 during early cell cycle entry remains to be identified.

It is noteworthy that certain inhibitors of apoptosis (IAPs) like cIAP1 and cIAP2 (61), which
are activated in B cells by LPS, CD40 ligation, and other mitogenic signals, can inhibit Casp8
and Casp3, but not Casp6 (21). B cells, in particular, appear to be regulated by a team of Casps
(Casp3, Casp8, and now Casp6) during B cell activation. Further understanding as to how
Casps work together to regulate steps leading to B cell proliferation may lead to new insights
into how to eliminate dysregulated B cells in autoimmune disorders and cancers. This is the
first report to show a role of Casp6 in B cells in vivo and our data demonstrate that Casp6 is
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not only an apoptotic factor, but also functions to maintain B cells in a G0 or quiescent state
and can modify terminal differentiation. These findings on Casp6 KO B cells provide more
information to the growing area of nonapoptotic functions of Casps, including the regulation
of cell cycle and cell differentiation in B cells. Further studies are required to clarify the roles
of various Casp6 substrates in these processes.
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FIGURE 1.
Casp6 is cleaved in CpG-stimulated WT B cells. A and B, Small splenic resting B cells from
WT or Casp6 KO mice were treated with staurosporine (St.; 50 nM) or CpG (1 μg/ml) for the
indicated times. Each cell lysate was subjected to Western blotting with antisera specific for
the indicated proteins. Membranes were blotted with Abs to p38 MAPK (p38) as a loading
control. The data are representative of three independent experiments.
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FIGURE 2.
Casp6 inhibitor blocked Casp6 KO B cell proliferation. Splenic B cells were purified by anti-
Thy1.2 and anti-CD11b magnetic bead negative selection, then stimulated with anti-CD40
mAb (1 μg/ml), anti-CD180 mAb (5 μg/ml), or LPS (indicated doses) for 48 h. [3H]Thymidine
was added for the last 8 h of culture. ■ or ◆, WT DMSO; □ or ◇, Casp6 KO DMSO;  or
●, WT VEID;  or ○; KO VEID. The data are representative of five independent experiments.
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FIGURE 3.
G1 entry is accelerated in Casp6 KO B cells. A, Splenic B cells were purified by anti-Thy1.2
and anti-CD11b magnetic bead negative selection. BrdU was added for 6 h. After harvesting
the B cells with incorporated BrdU, samples were stained with anti-BrdU, 7AAD, and PY.
From the BrdU-7AADlow gate (G0-G1 cells), the population of PYhigh group was determined
to be cells in G1. The BrdU+ population was designated as S phase cells and the
BrdU-7AADhigh population as G2-M phase cells. B, Percentages or cell numbers are shown
for G1 WT B cells (■) and Casp6 KO B cells (□) of CD19+ gated splenic cells without negative
selection. C, Small resting B cells were prepared by Percoll gradient centrifugation after
negative selection. Large activated cells were collected from the 50/60% interface of the
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gradient and small resting cells were from the 66/70% interface of the gradient. Small resting
B cells were stimulated with LPS and BrdU was added for the last 6 h of culture. Harvested
cells were stained with BrdU, PY, and 7AAD. Only live and single cells were gated for analysis.
Closed bars (WT B cells) and open bars (Casp6 KO B cells) show percentages of G1 cell cycle
stage after LPS stimulation for the indicated times. The data are representative of more than
three independent experiments.
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FIGURE 4.
B cell proliferation and cell death are not increased in Casp6 KO mice. A, Resting B cells were
stained with CFSE, then stimulated with or without LPS (1 μg/ml) or LPS plus IL-4 (10 ng/
ml) for 48 h. Cell division was measured on FL-1 using a FACScan. Gray areas show WT
responses and thick lines show Casp6 KO responses. B and C, Purified resting B cells were
treated with medium, CpG (1 μg/ml), CD40 (10 μg/ml), LPS (1 μg/ml), poly(I:C) (100 μg/ml),
or anti-μ (10 μg/ml) for 48 h (B) or with staurosporine (St.; 10-50 nM) for 6 or 18 h (C). Cells
were stained with MitoTracker ROS Red and analyzed with FACScan and CellQuest software.
Percent viability is indicated for WT mice (closed bars or closed symbols) and Casp6 KO mice
(open bars and open symbols). The data are representative of three independent experiments.
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FIGURE 5.
Phosphorylation of Rb is up-regulated in activated Casp6 KO B cells. A and B, Resting B cells
were stimulated with LPS (5 μg/ml) for the specified times and harvested. Each lysate was
subjected to Western blotting with antisera specific for the indicated proteins. p38 MAPK (p38)
served as a loading control for each blot. The data are representative of three independent
experiments.
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FIGURE 6.
In vitro plasma cell formation and Ig production are enhanced in Casp6 KO mice. A, Purified
resting B cells were stimulated with graded doses of various stimuli with or without IL-4 (10
ng/ml). Stimulated cells were harvested on day 5 and stained with PE-syndecan-1 and PerCP-
B220. Plasma cells were identified as syndecan-1+B220 -low and percentages were calculated
on live gated cells. B, Resting B cells were stimulated with LPS (1.25 μg/ml) with or without
IL-4 (10 ng/ml). After 7 days of culture, supernatants were harvested and the levels of IgM
and IgG1 were determined by ELISA. The WT mice are shown as closed bars and Casp6 KO
mice as open bars. C, Quantitative real-time PCR performed on cDNA prepared from 4-day
stimulation of resting B cells with LPS. Relative quantitation of Blimp-1 expression to GAPDH
was calculated using the comparative Ct method, relative ratio = 2˄(Ct Gapdh - Ct sample). The
data are representative of three independent experiments using three mice per genotype per
experiment. Statistical analysis was defined as *, p < 0.05 and **, p < 0.01 by a paired t test.
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FIGURE 7.
Basal level of serum Igs and Ag-specific Ig production are elevated in Casp6 KO mice. A, Sera
were collected from mice and Ig isotype levels were determined by ELISA. B-D, Mice were
immunized i.p. with alum-precipitated OVA at indicated doses and bled at day 7 or 14. Ag-
specific Ig levels of collected sera were determined by ELISA. At day 7 postimmunization,
spleens were harvested and plasma cells (syndecan-1+B220-low) and GC B cells
(PNA+B220+) were examined. The data (A-D) are representative of three independent
experiments using four to eight mice per genotype per experiment. Statistical analysis was
defined as *, p < 0.05 and **, p < 0.01 by a paired t test.
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