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Calcium is an essential signaling molecule in developing B cells,
thus altering calcium dynamics represents a potential target for
toxicant effects. GW7845, a tyrosine analog and potent peroxi-
some proliferator-activated receptor vy agonist, induces rapid
mitogen-activated protein kinase (MAPK)-dependent apoptosis
in bone marrow B cells. Changes in calcium dynamics are capable
of mediating rapid initiation of cell death; therefore, we investi-
gated the contribution of calcium to GW7845-induced apoptosis.
Treatment of a nontransformed murine pro/pre-B cell line
(BU-11) with GW7845 (40.M) resulted in intracellular calcium
release. Multiple features of GW7845-induced cell death were
suppressed by the calcium chelator BAPTA, including MAPK
activation, loss of mitochondrial membrane potential, cytochrome
c release, caspase-3 activation, and DNA fragmentation. A likely
mechanism for the calcium-mediated effects is activation of
CaMKII, a calcium-dependent MAP4K. We observed that three
CaMKII isoforms (B, v, and ) are expressed in lymphoid tissues
and bone marrow B cells. Treatment with GW7845 increased
CaMKII activity. All features of GW7845-induced cell death,
except loss of mitochondrial membrane potential, were suppressed
by CaMKII inhibitors (KN93 and AIP-II), suggesting the activation
of multiple calcium-driven pathways. To determine if CaMKII
activation is a common feature of early B cell death following
perturbation of Ca®* flux, we dissected tributyltin (TBT)-induced
death signaling. High-dose TBT (1uM) is known to activate
calcium-dependent death. TBT induced rapid apoptosis that was
associated with intracellular calcium release, CaMKII activation
and MAPK activation, and was inhibited by AIP-II. Thus, we show
that early B cells are susceptible to calcium-triggered cell death
through a CaMKII/MAPK-dependent pathway.
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Peroxisome proliferator-activated receptor y (PPARY)
agonists of diverse structures have been shown to cause
apoptosis in a number of different cell types, including those
of hematopoietic origin (Contractor et al., 2005; Konopleva
et al., 2004; Padilla et al., 2000; Piva et al., 2005; Ray et al.,

2004; Schlezinger et al., 2002, 2004), leading to the
consideration of PPARy as a target for treatment in
hematologic malignancies (Tsao et al., 2010). However,
these agonists also may initiate apoptosis through receptor-
independent mechanisms (Berry ef al., 2005; Chintharlapalli
et al.,2005). We have shown that GW7845, a tyrosine analog
PPARY agonist, induces rapid apoptosis in several types of
bone marrow B cells, primary pro-B cells, a pro/pre-B cell line
(BU-11), and an immature B cell lymphoma line (WEHI231)
(Schlezinger et al., 2006, 2007). While GW7845 was developed
as a potent agonist for PPARY, its ability to induce apoptosis in B
cells results from a receptor-independent activation of a mitogen-
activated protein kinase (MAPK) cascade (Schlezinger et al.,
2006). The strong rapid death signal induced by GW7845
provided us with a tool to investigate potential receptor-
independent pathways initiated by a PPARYy agonist, as well as
to gain a broader understanding of death pathways in B cells.
Calcium is a key signaling molecule and changes in calcium
dynamics are capable of rapid initiation of MAPK activation and
cell death (Orrenius et al., 2003). Intracellular Ca”" distribution is
tightly controlled by active (ATP-dependent) membrane calcium
pumps, and several types of perturbations in Ca>" homeostasis
will elicit cell death (Cerella er al., 2010). Ca** depletion in
the endoplasmic reticulum (ER) leads to induction of apoptosis by
the ER stress pathway and caspase-12 (Rao er al., 2004). Ca*"
release from the ER into the cytosol can initiate opening of the
mitochondrial permeability transition pore leading to onset of
necrosis (Orrenius et al., 2003; Szabadkai and Rizzuto, 2004). An
increase in cytosolic Ca®" and/or decrease in ER Ca>" may lead to
activation of pro-apoptotic BCL family members and initiate
mitochondria-dependent apoptosis (Nutt ez al., 2002; Pan et al.,
2001). Furthermore, multiple pathways may be triggered at
once, resulting in necrapoptosis (Lemasters et al., 2009). Ca**-
mediated pathways may be of particular significance to B
lymphocytes, as it is an essential signaling molecule for B cell
development and function (Scharenberg ef al., 2007) and plays
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a key role in B-cell receptor—mediated apoptosis in developing
B cells during the process of negative selection (Ruiz-Vela et al.,
1999).

Calcium/calmodulin protein kinase II (CaMKII) is a conduit
for translating cytosolic Ca®>" flux into physiological and patho-
logical signals. CaMKII is a serine-threonine kinase that is
activated by Ca”"/calmodulin binding, which results in a con-
formational change revealing the catalytic site (Hudmon and
Schulman, 2002). CaMKII is a multifunctional signaling pro-
tein that regulates numerous physiological processes including
ion channel function (Pitt, 2007), transcription factor activation
(Wheeler et al., 2008), MAPK activation (Gardner et al., 2005;
Takeda et al., 2004), and pathological processes such as
necrosis and apoptosis induced by ischemia/reperfusion injury
in cardiomyoctyes (Vila-Petroff et al., 2007), by cholesterol
accumulation in macrophages (Timmins ez al., 2009), and by
toxicant exposure (Fladmark ez al., 2002; Olofsson et al., 2008;
Wang et al., 2009). Knowledge of the participation of CaMKII
in B cell physiology and apoptotic pathways in B lymphocytes
is limited (Valentine et al., 1995).

Here, we employed toxicants as putative Ca®" flux inducers
to investigate the role of CaMKII in the induction of apoptosis
in bone marrow—derived developing B cells. In addition to
GW7845, we examined the contribution of Ca?* flux to B cell
death induced by tributyltin (TBT). TBT is a known immun-
otoxicant (Vos et al., 1984), which alters calcium dynamics
and induces apoptosis in both thymocytes and B cells
(De Santiago and Aguilar-Santelises, 1999; Gennari et al.,
2000; Raffray and Cohen, 1993; Stridh et al., 1999). Here, we
show that both GW7845 and TBT initiate catastrophic cyto-
plasmic calcium release and CaMKII activation. All features of
GW7845-activated cell death (MAPK activation, loss of mito-
chondrial membrane potential, cytochrome c release, caspase-3
activation, and DNA fragmentation) were suppressed by the
calcium chelator BAPTA. CaMKII inhibitors (KN93 and AIP-
IT) suppressed both GW7845- and TBT-activated cell death.
The results are consistent with the conclusion that toxicants
that alter Ca>" flux in B lymphocytes induce cell death through
activation of CaMKII, leading to MAPK-stimulated mitochon-
drial permeabilization and apoptosis, in concert with necrosis.

MATERIALS AND METHODS

Materials. GW7845 was the generous gift of Dr T. Willson
(GlaxoSmithKline, Research Triangle Park, NC). BAPTA-AM and KNO93
were from Biomol (Plymouth Meeting, PA). AIP-II-Antennapedia was from
EMD Biosciences (San Diego, CA). Antibodies specific for cleaved caspase-3,
p38 MAPK, phospho-p38 MAPK, ATF-2, and phospho-ATF-2 were from Cell
Signaling Technology (Beverly, MA). The cytochrome c-specific antibody
was from BD Biosciences Clontech (Palo Alto, CA). Plasmocin was from
Invivogen (San Diego, CA). Fluo3-AM, Fluo-4-AM, and JC-1 were from
Molecular Probes (Eugene, OR). Murine rIL-7 was from Research
Diagnostics (Flanders, NJ). The JNKI1-specific antibody was from Santa
Cruz Biotechnology (Santa Cruz, CA). Propidium iodide, Protease Inhibitor
Cocktail for Mammalian Cells, and the p-actin antibody were from
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Sigma-Aldrich (St Louis, MO). All other reagents were from Fisher Scientific
(Pittsburgh, PA).

Cell cultures. Stromal cell-dependent CD43% BU-11 cells expressing
rearranged cytoplasmic Ig heavy chains (pro/pre-B cells) (Yamaguchi et al.,
1997) were cocultured on cloned BMS2 bone marrow—derived stromal cells
(Pietrangeli er al., 1988) (kindly provided by Dr P. Kincade, Oklahoma
Medical Research Foundation). Stocks of BU-11 cells were maintained on
BMS2 cell monolayers in an equal mixture of Dulbecco’s modified Eagle
medium and RPMI 1640 medium with 5% fetal bovine serum (FBS) (Thermo
Fisher Scientific, formerly Hyclone), plasmocin, L-glutamine and 2-
mercaptoethanol. All cultures were maintained at 37°C in a humidified, 5%
CO, atmosphere. Cell cultures were determined to be mycoplasma negative by
PCR (MycoAlert Mycoplasma Detection Kit; Cambrex, East Rutherford, NJ).

All animal studies were reviewed and approved by the Institutional Animal
Care and Use Committee at Boston University. Spleen, thymus, and bone
marrow were collected from wild-type C57BL/6 mice (Jackson Laboratories,
Bar Harbor, ME). Primary bone marrow pro-B cell cultures were prepared
essentially as described (Tze er al., 2000). Bone marrow was flushed from the
femurs of 4- to 8-week-old mice. Red blood cells were lysed by incubation in
0.17M NH4Cl, 10mM KHCO;, and lmM EDTA at 37°C for 5 min. The
remaining cells were cultured for 5-7 days in primary B cell medium (RPMI
containing 10% FBS, penicillin/streptomycin, L-glutamine, 2-mercaptoethanol,
and 16 ng/ml murine rIL-7). This procedure results in a B cell culture in which
at least 95% of the cells express CD43, B220, and CD19.

For experiments, BU-11 cells were cultured (0.5-1 X 10° cells/ml medium)
overnight without BMS2 cells in RPMI with 5% FBS and IL7 (16 ng/ml) and
treated with Vh (ethanol:dimethyl sulfoxide [DMSO], 50:50, 0.1% final
concentration) or GW7845 (40uM) and TBT (1 uM) for 5 min—4 h. Where
applicable, cells were pretreated with Vh (DMSO, 0.1% final concentration),
BAPTA (5-15uM), KN-93 (1-5uM), or AIP-II (4pM) for 30 min.

Flow cytometry. For analysis of free intracellular calcium, cells were
loaded with Fluo-3-AM (1puM), or in later experiments with the enhanced
analog Fluo-4-AM, for 30 min. After a 15-min treatment, B cells were
transferred to tubes without washing and analyzed immediately for green
fluorescence (FL-1) on a Becton/Dickinson FACScan flow cytometer. For
experiments with GW7845, batch fluorescence also was determined using
a multifunctional plate reader (Synergy 2; Biotek Instruments, Winooski, VT).

For analysis of mitochondrial membrane potential (AY,,), 5,5',6,6'-
tetrachloro-1,1",3,3’ -tetraethylbenzimidazolylcarbocyanine iodide (JC-1, 1.4uM)
was added to cultures at the time of dosing. At the time of harvest, B cells were
transferred to FACS tubes without washing and analyzed immediately for green
(FL-1) and red (FL-2) fluorescence by flow cytometry. Only cells in the live gate
were analyzed. Cells with low mitochondrial membrane potential (Aq/ij;w) were
determined to be those having an increased green fluorescence with or without
a loss of red fluorescence.

Cell death assays. To analyze caspase-3 activation, the Caspase-Glo
3/7 Assay Kit was used (Promega). To analyze LDH release, the CytoTox-Glo
Assay Kit was used (Promega). Luminescence values in experimental wells
were normalized by that measured in Naive cells to determine “Fold Change
from Naive” values.

For analysis of cellular DNA content, cells were harvested into cold PBS
containing 5% FBS and 10pM azide. Cells were resuspended in 0.25 ml
hypotonic buffer containing 50 pg/ml propidium iodide (PI), 1% sodium citrate,
and 0.1% Triton X-100 and analyzed for red fluorescence with FL-2 in the log
mode. The percentage of cells undergoing apoptosis was determined to be those
having a weaker PI fluorescence than cells in the G¢/G,; phase of the cell cycle.

Immunoblotting. For analysis of caspase expression or kinase expression
and phosphorylation, cytoplasmic extracts were prepared from tissues or cells
as described previously (Schlezinger et al., 2006, 2007). For analysis of
cytochrome c release, cytoplasmic fractions from digitonin-permeabilized cells
were prepared as described previously (Schlezinger et al., 2006). Protein
concentrations were determined by the Bradford method.



110

Proteins (5-60 pg) were resolved on 12% (ATF-2, p38 MAPK, and JNK) or
15% (cytochrome c) gels, transferred to a 0.2 pm nitrocellulose membrane, and
incubated with primary antibody. Primary antibodies included anti-cleaved
caspase-3 (catalog # 9661), anti-cytochrome (S2050), anti-JNK1 antibody
(sc-474), anti-phospho-ATF-2 (Thr71) (5112), and anti-phospho-p38 MAPK
(Thr180/Tyr182) (9215). The secondary antibodies were horseradish peroxidase-
linked goat anti-rabbit and goat-anti mouse IgG (Bio-Rad, Hercules, CA).
Immunoreactive bands were visualized with enhanced chemiluminescence. To
control for equal protein loading, blots were re-probed with antibodies to total
p38 MAPK (9212), total ATF-2 (9226), or B-actin (A5441) and analyzed as
above. To quantify changes in protein expression, band densities were
determined using the UVP Bioimaging System and the Labworks 4 program
(UVP, Inc., Upland, CA). For kinases, the band density of the phospho-specific
protein was divided by the band density of the total protein. For all other proteins,
the band density of the specific protein was divided by the band density of
B-actin. P-actin-normalized data are reported as “Relative Expression.” When
appropriate, the phospho/total ratio or the protein/B-actin ratio for experimental
samples then was divided by the ratio in the Naive sample from that experiment,
and the data are reported as “Fold Change from Naive.”

Enzyme activity assays. For JNK activation, B cells were harvested and
washed once in cold PBS. Cytoplasmic extracts were prepared by pipetting
cells in lysis buffer (20mM Tris-HCI [pH 7.5], 150mM NaCl, ImM EDTA,
ImM ethylenebis(oxyethylenenitrilo)tetraaceticacid, 1% Triton, 10% glycerol,
10mM sodium fluoride, 2.5mM sodium pyrophosphate, ImM B-glycerophos-
phate, ImM sodium orthovanadate, 1 pg/ml leupeptin, and 1mM phenyl-
methylsulfonyl fluoride). Lysates were cleared by centrifugation at 14,000 rpm.
Protein concentrations were determined using the Bradford method. INK1 was
immunoprecipitated from 200 pg extract with an anti-JNK1 antibody (sc-474)
and Protein A-Sepharose beads by nutation at 4°C for 1 h. Following multiple,
successive washes with kinase buffer (40mM 4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid [HEPES] [pH 7.5], 40mM B-glycerophosphate, 40mM
MgCl,, 1.5mM sodium orthovanadate, 1.5mM dithiothreitol) containing 3M
urea, then kinase buffer alone, immune complexes were incubated with GST-
c-jun and [y-**PJATP for 30 min at 30°C. GST-c-jun was then purified from the
reaction mixture with glutathione-Sepharose beads, followed by resolution on
a 12% acrylamide gel and autoradiography. To ensure equal pull down of JNK1,
an identical sample was analyzed by immunblotting to determine the level of
JNKI1 expression. Relative JNK activity was quantified as described above. For
CaMKII activation, the SignaTect Assay kit was used (Promega, Madison, WI).
Cytoplasmic extracts were prepared and the protein concentrations determined by
the Bradford method. To determine specific activity, experimental reactions were
run for 6 min, along with a 3-min reaction with extracts from untreated cells to
determine background activity. All counts per minute (CPM) values were
normalized for protein content, and the protein-corrected CPM values determined
in the background reaction were subtracted from all experimental reactions run
concurrently. Corrected CPM values in experimental wells were normalized by
that measured in Naive cells to determine “Fold Change from Naive” values.

RT-PCR for CaMKII isoform expression. Total RNA was prepared from
tissues and cells using RNA-Stat 60 (Tel-Test Inc., Friendswood, TX) and
quantified. Equal amounts of total RNA were reverse transcribed using iScript (Bio-
Rad, Hercules, CA). PCR specific for each isoform was performed as described
previously (Lorenz et al., 2002). As a control, PCR for B-actin also was performed.

Statistics. Statistical analyses were performed with StatView (SAS
Institute, Cary, NC). Data are presented as means + SE. One-factor ANOVAs
were used, in combination with the Dunnett’s or Tukey-Kramer multiple
comparisons tests, to analyze the data and determine significant differences.

RESULTS

Calcium-Dependence of GW7845-Induced Apoptosis

GW7845 (40uM) activates a rapid increase in the percentage
of cells with a sub-Gy/G; DNA content, indicative of apoptosis,
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in cultured pro/pre-B cells and primary B cells (Schlezinger
et al., 2007). In addition, necrosis is evident following
treatment with GW7845 at late time points (Supplementary
fig. SI). A MAPK cascade is activated within minutes of
exposure and contributes significantly to GW7845-activated
B cell death (Schlezinger et al., 2006). One mechanism for the
rapid activation of MAPKs is the accumulation of Ca*" in
the cytosol (Takeda et al., 2004). Therefore, we investigated
the contribution of cytoplasmic Ca*" to the activation of
MAPKSs and cell death in cultured pro/pre-B cells following
treatment with GW7845.

Cytoplasmic Ca®" was determined in Fluo-3-loaded BU-11
cells, a nontransformed murine pro/pre-B cell line. BU-11 cells
were treated with vehicle (DMSO:ethanol, 50:50, 0.1% final
concentration) or GW7845 (40uM) and analyzed for Fluo-3
fluorescence. There was a distinct increase in Fluo-3 fluores-
cence, indicative of cytoplasmic Ca2+, from 33 + 3 relative
fluorescence units (RFUs) in Vh-treated cells to 86 = 20 RFUs in
GW7845-treated cells (p < 0.05, ANOVA, Dunnett’s) (Fig. 1A).
This increase was prevented by co-treatment with the calcium
chelator BAPTA. In order to determine the contribution of Ca®"
to the activation of MAPKs, BU-11 cells were pretreated with
BAPTA (5-15uM), treated with vehicle or GW7845, and then
analyzed for MAPK phosphorylation and activation.
A significant increase in the phosphorylation of p38 MAPK,
indicative of activation, was evident following treatment with
GW7845, and this was significantly decreased by co-treatment
with BAPTA (Fig. 1B). Similarly, JNK was activated by
treatment with GW7845, as indicated by an in vitro kinase assay,
and this was significantly decreased by co-treatment with
BAPTA (Fig. 1C). We have shown previously that ATF-2 is
an endogenous target of both p38 MAPK and JNK following
GW7845 treatment (Schlezinger et al., 2006). Here, we show
that GW7845-stimulated ATF-2 phosphorylation also is signif-
icantly decreased by BAPTA co-treatment (Fig. 1D). From these
experiments, it was concluded that GW7845 treatment results
in a significant increase in cytoplasmic Ca®>" and calcium-
dependent MAPK-activation.

Given the critical role of MAPKs in GW7845-induced cell
death (Schlezinger et al., 2006), we next examined the effect of
BAPTA on features of GW7845-induced apoptosis. BU-11
cells were pretreated with vehicle (DMSO:ethanol, 50:50, 0.1%
final volume) or BAPTA (5-15uM), treated with vehicle or
GW7845 (40uM), and analyzed for changes in mitochondria,
as well as for capase-3 activation and DNA fragmentation.
GW7845 induced a nearly complete loss of mitochondrial
membrane potential (Fig. 2A) and a significant release of
cytochrome c¢ (Fig. 2B), both of which were suppressed by
co-treatment with BAPTA. Accordingly, the downstream
events of GW7845-induced cell death, caspase-3 activation
(Fig. 2C) and DNA fragmentation (Fig. 2D), were inhibited by
co-treatment with BAPTA. The data are consistent with the
conclusion that GW7845 activates a calcium-dependent death
pathway via MAPK-dependent mitochondrial permeabilization.
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(1uM) prior to treatment with Vh (DMSO, 0.1%) or GW7845 (= 15uM BAPTA)
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Role of CaMKII in Ca®" Flux-Induced Apoptosis

Given the requirement for Ca®>" in GW7845-induced MAPK
activation, we sought to determine how Ca”" triggers that
activation. CaMKII is a calcium-dependent MAP4K that is
known to activate MAPKs (Takeda ef al., 2004) and has been
associated with toxicant-induced cell death (Fladmark et al.,
2002; Gardner et al., 2005; Olofsson et al., 2008). Therefore,
we investigated the contribution of CaMKII to GW7845-
induced cell death.

There is limited information on the distribution of CaMKII
isoforms in the immune system; therefore, we began by
determining the expression of CaMKII a, B, v, and 6 in brain,
primary immune tissues, cultured primary B cells, and a B cell
line by RT-PCR. As expected, all CaMKII isoforms were
detected in the brain, and brain was the only tissue in which
CaMKII o was detected (Fig. 3A). In contrast, B, v, and & all
were detected in spleen, thymus, and bone marrow and in
cultured primary pro-B cells and the pro/pre-B cell line BU-11.
To determine if CaMKII was activated following initiation of
the Ca>* flux, BU-11 cells were treated with vehicle (DMSO:e-
thanol, 50:50, 0.1% final volume) or GW7845 (40uM). CaMKII
activity increased within 5 min and reached significance at 10
min. These data demonstrate that B cells express multiple
isoforms of CaMKII, and CaMKII can be activated rapidly by
treatment with GW7845.

To test the contribution of CaMKII activation to Ca®" flux-
induced MAPK activation and apoptosis, BU-11 cells were
pretreated with vehicle (DMSO, 0.1%) or KN93 (1-5uM),
a CaMKII inhibitor (Sumi et al., 1991). BU-11 cells then were
treated with vehicle or GW7845 and analyzed for MAPK
activation, alterations to the mitochondria, and apoptosis.
A significant increase in the phosphorylation of p38 MAPK
was evident following treatment with GW7845, and this was
significantly decreased by co-treatment with KN93 (Fig. 4A).
Similarly, JNK was activated by treatment with GW7845, as
indicated by an in vitro kinase assay, and this was significantly
decreased by co-treatment with KN93 (Fig. 4B). GW7845-
stimulated ATF-2 phosphorylation also was significantly
decreased by KN93 co-treatment (Fig. 4C). Accordingly,
multiple features of GW7845-induced death were significantly
suppressed, including GW7845-induced cytochrome c release
(Fig. 5B), caspase-3 activation (Fig. 5C), and DNA fragmen-
tation (Fig. 5D). The one exception was that KN93 did not
suppress GW7845-induced loss of mitochondrial membrane
potential (Fig. 5A); however, this is consistent with
the previous observations that GW7845 appears to induce
multiple independent changes in mitochondria (Schlezinger
et al., 2007). The suppression of multiple aspects of GW7845-
induced cell death by KN93 supports the conclusion that
GW?7845-induced apoptosis results from activation of CaMKII.
As with all inhibitors, caution must be taken interpreting the
results; KN93 also causes a reduction in currents of L-type
calcium channels (Gao et al., 2006). However, the suppression
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of GW7845-induced caspase-3 activation by the structurally
distinct CaMKII peptide inhibitor AIP-II (Ishida et al., 1995)
(see below) provides further support for the conclusion.

CaMKII-Dependent Cell Death is Activated Following TBT-
Induced Ca®" Flux

TBT has long been known as an immunotoxicant. High dose
acute TBT exposure induces thymic atrophy and suppresses
immune responses to infection in rodent models (Vos et al.,
1984), potentially via inducing thymocyte apoptosis (Raffray
and Cohen, 1993; Stridh et al., 1999). While TBT generally is
thought of as a thymocyte toxicant, B lymphocytes also are
highly susceptible to TBT-induced apoptosis (De Santiago and
Aguilar-Santelises, 1999). Micromolar concentrations of
TBT influence calcium dynamics, and this is thought to be
a mechanism through which TBT induces apoptosis in multiple
cell types (Gennari et al., 2000; Grundler et al., 2001; Nakatsu
et al., 2007). Here, we tested the hypothesis that high-dose
TBT induces a calcium- and CaMKII-dependent apoptotic
pathway in B cells.

First, we characterized the timing of high-dose TBT—induced
B cell death. BU-11 cells were treated with vehicle (DMSO,
0.1%) or TBT (1uM) and analyzed for caspase-3 activation and
LDH release. TBT rapidly induced apoptosis, as evidenced
by significant caspase-3 activation occurring within 2 h of
treatment (Figs. 6A and 6B). Significant LDH release indicated
that necrosis occurred concurrently with TBT-induced apoptosis
(Fig. 6A). Next, we examined TBT-treated BU-11 cells for
release of Ca®" into the cytoplasm and activation of CaMKIL
There was a significant increase in Fluo-4 fluorescence,
indicative of cytoplasmic Ca”>", within 15 min of treatment
with 1uM TBT (Fig. 6C) that was accompanied by a significant
increase in CaMKII activity (Fig. 6D) and activation of p38
MAPK (Fig. 6E). Finally, we tested the contribution of CaMKII
activation to TBT-induced apoptosis. BU-11 cells were pre-
treated with vehicle (DMSO, 0.1%) or AIP-II (4 uM), a CaMKII
inhibitor (Ishida ez al., 1995). BU-11 cells then were treated with
vehicle, GW7845, as a positive control, or TBT (1uM) and
analyzed for capsase-3 activity. AIP-II significantly suppressed
both TBT- and GW7845-induced caspase activation. The data
support the conclusion that CaMKII is a common conduit to
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FIG. 3. Multiple CaMKII isoforms are expressed in B cells, and CaMKII
is activated following GW7845 exposure. (A) Total RNA was prepared from
tissues and cells, reverse transcribed, and amplified using CaMKII isoform- and
B-actin-specific primers. (B) BU-11 cells were treated with Vh (ethanol:DMSO,
50:50, 0.1%) or GW7845 (40uM) for 5-20 min. CaMKII activity was
determined in cytoplasmic extracts using the SignaTect Assay (Promega). CPM
values in experimental wells were normalized by that measured in untreated
cells and are presented as ‘‘Fold Change from Naive.”” Data are presented as
means + SE from at least three independent experiments. *Statistically different
from t = 0 (p < 0.05, ANOVA, Dunnett’s).

apoptosis for agents that stimulate catastrophic release of Ca®"
into the cytoplasm of B cells.

DISCUSSION

Ca®" is a second messenger that is an essential signaling
molecule for B cell development and function (Scharenberg
et al., 2007) and plays a key role in B-cell receptor—-mediated
apoptosis in developing B cells during the process of negative
selection (Ruiz-Vela et al., 1999); therefore, we hypothesized
that changes in calcium dynamics are a potential target for
toxicant-induced effects. Given the growing recognition of the
role that changes in Ca’" dynamics play in multiple death
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FIG. 4. A CaMKII inhibitor, KN93, suppresses GW7845-induced MAPK
activation. BU-11 cells were pretreated with Vh (DMSO, 0.1%) or KN93
(1-5uM) for 30 min and then treated with Vh (ethanol:DMSO, 50:50, 0.1%) or
GW7845 (40uM) for 30 min. Cytoplasmic extracts were prepared and analyzed
for p38 MAPK activation by detection of phosphorylated p38 MAPK by
immunoblotting (A), for JNK activation by in vitro kinase assay (B), and for
endogenous p38 MAPK/JNK activity by detection of phosphorylated ATF-2
by immunoblotting (C). Protein expression was quantified as described in the
Materials and Methods and presented as ‘‘Fold Change from Naive.’” Data are
presented as means = SE from at least three independent experiments.
*Statistically different from Vh-treated (p < 0.05, ANOVA, Tukey-Kramer).
**Statistically different from GW-treated alone (p < 0.05, ANOVA,
Tukey-Kramer).

pathways (Zhu et al., 2007), we investigated the contribution of
Ca”>" to toxicant-induced apoptosis in a developing B cell
model and the mechanism of signal transduction between
increased cytosolic calcium and activation of the apoptotic
machinery.

We have shown previously that GW7845 induces rapid,
MAPK-dependent apoptosis in bone marrow B cells (Schlezinger
et al., 2006, 2007). GW7845 activates an intrinsic apoptotic
pathway dependent upon mitochondrial permeabilization and
release of cytochrome c, but not loss of mitochondrial membrane
potential (Schlezinger et al., 2007). Here, we show that GW7845
stimulates accumulation of Ca”" in the cytosol and that a calcium
chelator suppresses upstream signaling (p38 MAPK and JNK
activation), alteration of the mitochondria (loss of mitochondrial
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FIG.S5. KNO93 inhibits GW7845-activated apoptosis. BU-11 cells were pretreated with Vh (DMSO, 0.1%) or KN93 (1-5uM) for 30 min and then treated with
Vh (ethanol:DMSO, 50:50, 0.1%) or GW7845 (40uM). (A) Mitochondrial membrane potential was analyzed after 30 min of treatment by JC-1 staining, followed
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was analyzed after 2 h of treatment by PI staining, followed by flow cytometry. Data are presented as means + SE from at least three independent experiments.
*Statistically different from Vh-treated (p < 0.05, ANOVA, Tukey-Kramer). **Statistically different from GW-treated alone (p < 0.05, ANOVA, Tukey-Kramer).

membrane potential and cytochrome c release), downstream
apoptotic signaling (caspase-3 activation), and a terminal
apoptotic feature (DNA fragmentation). These results are
consistent with the conclusion that changes in calcium flux are
an apical event in GW7845-induced cell death. Thus, we sought
to determine the mechanism by which Ca®" leads to initiation of
this MAPK-dependent death pathway.

A likely intermediary for the calcium-dependent effects is
CaMKII. Of the four CaMKII isoforms, o and 3 are abundantly
expressed in neurons, whereas y and O are more widely
expressed (Tobimatsu and Fujisawa, 1989). However, a recent
study has suggested that CaMKII, including the  isoform, not
only is expressed in T lymphocytes but also contributes
significantly to T cell physiology (Lin er al., 2005). In
concurrence with these studies, we have found that CaMKIIf,
v and 9J, but not a, are expressed in lymphoid tissues (spleen,
thymus, and bone marrow) and have extended this analysis to
show that these isoforms are expressed in primary pro-B cells
and a developing B lymphocyte model (Fig. 3). To date,
CaMKIId is the one isoform that has specifically been
associated with initiation of cell death (Zhu er al., 2007,
Timmins et al., 2009). CaMKII targets at least two MAP3Ks,
apoptosis signaling kinase 1 and TGF-B-activated kinase 1

(Takeda et al., 2004; Wang et al., 2009), which could initiate
the MAPK cascade and result in MAPK-dependent cell death
as seen following GW7845 treatment. Further investigations
are required to determine the specific CaMKII isoform(s) that
contribute to GW7845-induced B cell death, as well as the
CaMKII target(s).

Evidently, GW7845 activates a calcium- and CaMKII-
dependent apoptosis pathway. However, the facts that BAPTA,
but not KN93, suppresses the loss of mitochondrial membrane
potential (Fig. 2) and that GW7845 also stimulates LDH
release indicative of necrosis suggest that more than one
calcium-mediated mechanism is at work. These results are in
line with our previous observation that cyclosporin A, an
inhibitor of permeability transition pore opening, significantly
reduces GW7845-induced mitochondrial membrane potential
loss, but not cytochrome c release or apoptosis (Schlezinger
et al., 2007). The data are consistent with the conclusion that
calcium initiates activation of CaMKII leading to MAPK-
dependent mitochondrial permeabilization (Fig. 7, pathway 1)
and also has a direct effect on the mitochondria leading to
opening of the permeability transition pore (Fig. 7, pathway 2).
The mitochondria can act as a sink for Ca®" released into
the cytosol; however, when the sequestering capacity of



CaMKII-DEPENDENT PRO/PRE-B CELL APOPTOSIS

A 6
e
3{% S om
= @
g5 B
o T ©
¢ & -3 &
85 5
g5 23
(G =]
° F1
B
0 0
0 1 2 3 4
Time (hrs)
c o
Vh (2 £ 1%)
80 4
" BT
'u.:: ] . (55 +6%*)
>
i}
40
20 Jr
|Ou 10‘ |[]2 |U3 m"
Fluo-4 Fluorescence
E TBT (1 uM)
£ £
s £ & E
S ® 8 ° o

—-; —— D-p38

[ ———— Total p-38

Relative

4.7 Expression

0.1 56.3* 8.5 47

115

B
_ TBT (1 uM)
(0]
=
© £ =
- E E .
S s B g ~
&
= Cleaved
P . s
b
[=]
w
| — — — - [}-actin
04 B7 154*143* 8.1 Se'at"’e.
xpression
D s
0 ;
= *
3.‘2“ 4 & — e
= g
g9 1
I 3
N
=5
86 2
=
[=]
L
0 5 10 15 20 25
Time (min)
F 5
—_ *
_g — \/h
23 4| == AP
£E
<8 3 .
Qo
%g‘ 5 * %
(0]
Q
25
oz 1
o
L
0
Vh GW7845 TBT
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followed by flow cytometry. (D) CaMKII activity was determined in cytoplasmic extracts using the SignaTect Assay (Promega). CPM values in experimental wells

were normalized by that measured in untreated cells and are presented as ‘‘Fold

phosphorylated p38 MAPK in cytoplasmic extracts by immunoblotting. (F) BU-

Change from Naive.”” (E) p38 MAPK activation was determined by detection of
11 cells were pretreated with Vh (DMSO, 0.1%) or AIP-II (4uM) for 30 min and

then treated with Vh (DMSO, 0.1%) or TBT (1 uM). Caspase-3 activity was assessed using the Caspase3/7-Glo Assay, as described in (A). Data are presented as
means + SE from at least three independent experiments. *Statistically different from Vh-treated (p < 0.05, ANOVA, Tukey-Kramer). ** Statistically different

from GW-treated alone (p < 0.05, ANOVA, Tukey-Kramer).

the mitochondria is exceeded, opening of the permeability
transition pore ensues leading to collapse of the mitochondrial
membrane potential, loss of the ability to produce ATP and
necrosis, all of which can occur concurrently with apoptosis
(necrapoptosis) (Lemasters et al., 2009).

In order to test whether activation of CaMKII is a common
feature of Ca®"-mediated cell death in B lymphocytes, we
examined its role in cell death induced by an immunotoxicant
known to influence calcium dynamics, high-dose TBT.

Micromolar concentrations of TBT activate calcium-dependent
apoptosis in thymocytes (Gennari et al., 2000; Grundler et al.,
2001). Here, we extended these studies by demonstrating that
developing bone marrow B cells also are susceptible to high-
dose TBT-activated apoptosis. As with thymocytes, this cell
death is mediated by a calcium-activated pathway (Fig. 6).
Yu et al. (2000) demonstrated p38 MAPK and JNK activation
following TBT exposure, and data presented here show for the
first time that CaMKII activation is the signal transduction



116

GW7845
TTT
Endoplasmic
reticulum KN-93
AlP
l 1., cavki
BAPTA _| Ca2* -~ activation
|
|
. |
MPT v
Opening MAPK
Necrosis <----—--- activation
|
|
|
|
| e ¥
| )
v
Cytochrome c
|
|
v
Apoptosis

FIG. 7. Hypothesized pathways of GW7845- and TBT-induced, calcium-
mediated death.

mechanism leading from cytosolic Ca®" accumulation to
MAPK activation and apoptosis. B lymphocytes appear to be
highly susceptible to TBT exposure, as concentrations as low
as 100nM induce apoptosis in mature human B cells
(De Santiago and Aguilar-Santelises, 1999). Interestingly, data
suggest that distinct dose-dependent mechanisms lead to the
activation of different apoptotic pathways by exposure to high
(micromolar) and low (nanomolar) concentrations of TBT
(Nakatsu et al., 2007). Indeed, in our own hands, low-dose
TBT (100nM) activates a slower onset of apoptosis than high-
dose TBT (1uM) (40% apoptosis occurring within 16 vs. 2 h
[data not shown]), which we hypothesize results from
a difference in the contribution of calcium to activation of
the death pathways.

GW7845 and TBT share two prominent characteristics, the
ability to activate PPARYy at low doses and to cause substantial
changes in Ca®" flux at high doses. Interestingly, exposure to
thiazolidinediones, therapeutic PPARY agonists, also results in
receptor-independent alteration of Ca*" flux and activation of
CaMKII (Gardner et al., 2005). It is unknown at this time
whether these compounds perturb Ca*™ homeostasis by similar

BISSONNETTE ET AL.

or disparate mechanisms. Once calcium flux is initiated by
these compounds, however, CaMKII activation is a common
result. In concurrence with the growing recognition of the
contribution that calcium plays in apoptotic pathways, our data
show that the end result of CaMKII activation following
substantial cytoplasmic calcium release in an early B cell
model is the initiation of apoptosis. Given the minimal
information available on the role of CaMKII in physiologic
and pathological processes in B cells and the dearth of
knowledge of how it regulates developing lymphocyte ap-
optosis, the present study on the contribution of CaMKII to
apoptosis signaling and its activation by toxicants, including
environmental chemicals, represents an important step forward
in defining toxicant-induced CaMKII signaling leading to rapid
death in developing B cells.
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