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ABSTRACT

Immature B cells express constitutive nuclear factor-«B (NF-
kB) activity and inhibition of this activity is associated with the
induction of apoptotic cell death. Previous studies have impli-
cated a calcium-dependent proteolysis of the NF-«B inhibitory
protein IkBa as critical in the maintenance of constitutive
NF-«B activity in these cells. We tested whether modulation of
diverse calcium-dependent processes affects the maintenance
of constitutive NF-«B activity in the WEHI-231 immature B cell
line. Calmodulin inhibitors, but not calcineurin inhibition,
blocked both IkBa turnover and the maintenance of constitu-
tive NF-«kB activity. Inhibition of NF-«B DNA binding activity by
the calmodulin antagonist W13 also resulted in a loss of the

expression of the NF-«xB target gene, IkBa. However, pro-
longed inhibition of NF-kB activity for up to 8 h did not lead to
apoptotic induction in the WEHI-231 cells. Moreover, removal
of calmodulin inhibitors resulted in the reappearance of consti-
tutive NF-«kB activity and the renewed expression of the IkBa
gene. Thus, calmodulin activity is a requirement for the contin-
ual turnover of IkBa and the maintenance of constitutive NF-«B
function in WEHI-231 cells. In addition, our findings suggest
that inhibition of NF-«kB activity does not lead to the immediate
onset of apoptosis, indicating that prolonged inhibition of NF-
kB-dependent gene expression is required to cause apoptosis
of WEHI-231 B cells.

Activation of the transcription factor NF-«B has been in-
tensely studied in recent years and has received considerable
attention as a paradigmatic signaling pathway. The versatil-
ity of the NF-«B transcription factors is underscored by the
distinct types of NF-«kB—activating agents as well as the great
number of NF-«kB-regulated genes whose products affect
such broad cellular processes as apoptosis, immune response,
inflammation, cell adhesion, and the cell cycle (Ghosh et al.,
1998). Studies using genetic and biochemical approaches
have identified several components of a signaling network
that ultimately direct the degradation of NF-«B inhibitory
proteins (IkBs), a prerequisite of NF-«B activation. In a ma-
jority of cell types NF-«B is kept inactive as a cytoplasmic
complex with an IkB family member until an activating sig-
nal allows for the liberation and nuclear translocation of
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NF-«B. However, many instances in which NF-«B is consti-
tutively activated have also been described. Such activation
of NF-«B in the apparent absence of an inducing stimulus is
generally attributable to either 1) the deregulation of one or
more components in the signaling pathway, or 2) the normal
developmental program of a cell. The deregulation of Rel/
NF-«B or I«B protein activity has been implicated in aber-
rant cell growth, cell death, and oncogenesis (Luque and
Gelinas, 1997). It is now known that many lymphoid malig-
nancies as well as solid tumors display constitutively nuclear
NF-«B activity, although the molecular mechanisms respon-
sible for this activity are not altogether clear. Furthermore,
as a part of their transformation process, the Epstein-Barr
virus, the human T-cell leukemia virus, and hepatitis B virus
constitutively activate NF-«kB (Mosialos, 1997). Although the
transforming abilities of NF-«B activity await further clari-
fication, it is clear that activated NF-«B can have profound
effects on a cell’s tendency to undergo apoptosis (Beg and
Baltimore, 1996; Van Antwerp et al., 1996; Wang et al.,
1996).

ABBREVIATIONS: NF-«B, nuclear factor-«kB; 1B, inhibitor of NF-«B; Igk, immunoglobulin « light chain; TPCK, tosylphenylalanine chlormethyl-
ketone; PDTC, pyrrolidine dithiocarbamate; CsA, cyclosporin A; BAPTA-AM, 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid-ace-
toxymethyl ester; W12, N-(4-aminobutyl)-2-napthalenesulfonamide, HCI; W13, N-(4-aminobutyl)-5-chloro-2-napthalenesulfonamide, HCI; EMSA,
electrophoretic mobility shift assay; PBS, phosphate-buffered saline; BSA, bovine serum albumin; RT-PCR, reverse transcription-polymerase
chain reaction; AP-1, activator protein 1; CaM, calmodulin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Cl-I, calpain inhibitor I; LPS,
lipopolysaccharide; TCR, T-cell receptor; CaN, calcineurin; PMA, phorbol 12-myristate 13-acetate; W7, N-(6-aminohexyl)-5-chloro-1-naphtha-

lenesulfonamide HCI.
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Constitutive activity of NF-«B may also be established and
maintained as a part of normal cellular development. Most
notably, both B and T lymphocytes contain constitutively
activated NF-«B at distinct stages during their development
(Sen and Baltimore, 1986). In fact, NF-«xB was first charac-
terized based on its presence in the nucleus of several un-
stimulated B-cell lines (Sen and Baltimore, 1986). Within the
context of B cells, several roles for constitutive NF-«B activ-
ity have been suggested, including the demethylation of chro-
matin surrounding the immunoglobulin « light chain (Igk)
locus (Demengeot et al., 1995; Kirillov et al., 1996), the tran-
scription and rearrangement of the Igk gene (Scherer et al.,
1996), the temporal regulation of the Oct-2 transcription
factor (Bendall et al., 1997), and as a survival mechanism
targeted for down-regulation leading to the apoptotic death of
self-reactive immature B cells (Schauer et al., 1998).

Although many effects of constitutive NF-«B activity have
been demonstrated in the B-lymphocyte life cycle, the under-
lying cause of this activity has not been established. We and
others have shown previously that unlike most cases of in-
ducible NF-«B activity, constitutive NF-«B levels in B cells
are not affected by proteasome inhibitors (Phillips and
Ghosh, 1997; Miyamoto et al., 1998). Conversely, free cal-
cium (Ca®") chelating agents were shown to reduce the
amount of DNA binding NF-«B in unstimulated B cells but
could not inhibit the proteasome-dependent activation of
NF-«B in either B or non-B cells (Miyamoto et al., 1998). Both
upstream and downstream events associated with calcium
regulation of NF-kB activity in B cells remain to be deter-
mined. In the present study, we have examined potential
downstream components involved in proteasome-indepen-
dent IkBa degradation and NF-«B activation in B cells. We
found that calmodulin (CaM) inhibitors selectively reduce
the active portion of NF-«B in B cells, concomitant with a
block in IkBa protein turnover and a marked decrease in the
message of a NF-kB-dependent target gene. However, the
immunosuppressant drug cyclosporin A, which inhibits the
Ca®*/CaM-dependent phosphatase calcineurin, was unable
to reduce NF-«B levels in unstimulated cells. Furthermore,
inhibition of constitutive NF-«B activity through interfer-
ence of CaM function in the B cells was reversible even after
6 h and did not result in a rapid onset of apoptosis. Our data
suggest a unique role for Ca®*/CaM activity in the mainte-
nance of a constitutive pool of NF-«B in B cells and further
suggest that antiapoptotic proteins whose synthesis is regu-
lated by NF-«kB may have relatively long half-lives in the
context of B cells.

Materials and Methods

Cell Culture and Reagents. WEHI-231 and 70Z/3 cells were
maintained in RPMI 1640 medium (Mediatech, Herndon, VA) sup-
plemented with 10% fetal bovine serum (HyClone Laboratories, Lo-
gan, UT), 1250 U/ml penicillin G (Sigma Chemical, St. Louis, MO),
0.5 mg/ml streptomycin sulfate (Sigma Chemical), and 5 X 107° M
B-mercaptoethanol in a 5% CO, humidified incubator. W231.Bcl-X;,
cells were generated by retroviral infection of WEHI-231 cells with
pLNLCA-flagBcl-X;, followed by selection in 1 mg/ml G418 (Invitro-
gen, Carlsbad, CA) and were subsequently maintained as described
above in the added presence of 0.5 mg/ml G418. For splenocytes,
whole spleens were isolated from C57BL/6 female mice approxi-
mately 70 days old. Individual cells were manually released, filtered,
and red blood cells were removed by density-gradient centrifugation

over LymphoPrep (Mediatech). The remaining cells were plated at 1
to 1.5 X 10"/ml in the same media described above and allowed to
recover for 2 to 3 h before treatment. Dimethyl sulfoxide, tosylphe-
nylalanine chlormethylketone (TPCK), pyrrolidine dithiocarbamate
(PDTC), cyclosporin A (CsA), and cycloheximide were obtained from
Sigma Chemical. BAPTA-AM; calpain inhibitor I; N-(4-aminobutyl)-
2-napthalenesulfonamide, HCl1 (W12); N-(4-aminobutyl)-5-chloro-2-
napthalenesulfonamide, HCI (W13); and calmidazolium were from
Calbiochem (San Diego, CA).

Electrophoretic Mobility Shift Assay. Cells were aliquoted in
12-well culture dishes at ~2 X 10%ml and treated at 37°C, 5% CO,
in a humidified incubator. After treatment the cells were pelleted,
washed twice in ice-cold PBS, and stored at —70°C until further
processing. Nuclear extract preparation and the conditions for
EMSA have been described previously (Miyamoto et al., 1994b).
Briefly, 2 to 3 ug of nuclear extract or 4 to 6 ug of whole cell extract
was incubated on ice with 0.5 ug of poly dI-dC before addition of
32P-labeled double-stranded oligonucleotide containing either the kB
binding site from the Igk intronic enhancer (5'-CTCAACAGAGGG-
GACTTTCCGAGAGGCCAT-3’), the NF-Y binding site (5'-TTTTCT-
GATTGGTTCTGGCGAGTTTGG-3'), or the AP-1 binding site (Pro-
mega, Madison, WI). Oligonucleotides used for competition assays
were either the wild-type kB sequence or a mutated «B binding site
(5'-TCAACAGAGCTCACTTTATGAGAGGCC-3'). The c-Rel anti-
body 5075 used for supershift analysis has been described previously
(Inoue et al., 1992), and others are from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA): p65 (sc-372-G), RelB (sc-226), p50 (sc-114-G),
and p52 (sc-297-G). Reactions were separated in a 4% native acryl-
amide gel, and the gels were dried and exposed to X-ray film.

Apoptosis Assays. For flow cytometric analyses, ~10° cells were
first washed in PBS containing 1 mM EDTA and 0.1% BSA, resus-
pended in 100 pl of the PBS/EDTA/BSA solution plus 900 ul of
chilled ethanol, and fixed overnight at 4°C. Cells were washed in
phosphate citric acid buffer before being incubated overnight in
PBS/EDTA/BSA containing 0.2 mg/ml RNase A and 50 pg/ml pro-
pidium iodide (Molecular Probes, Eugene, OR). Samples were pro-
cessed on FACStar. DNA laddering assays were performed as de-
scribed previously (Smith et al., 1989).

Western and Northern Blotting. Conditions for processing and
probing Western blots were as described previously (Miyamoto et al.,
1998). Rabbit anti-IkBa antibody (C21) was purchased from Santa
Cruz Biotechnology, Inc., monoclonal anti-flag antibody was from
Kodak IBI (New Haven, CT), and anti-a-tubulin antibody was pur-
chased from Calbiochem. For Northern blots, total cellular RNA was
prepared from ~107 cells/sample according to manufacturer’s in-
structions for RNeasy (QIAGEN, Valencia, CA). From each sample
15 pg of total RNA was separated in a 1% formaldehyde-agarose gel,
transferred to a GeneScreen nylon membrane (PerkinElmer Life
Sciences, Boston, MA), and cross-linked with UV irradiation. DNA
probes were labeled with [*2P]dCTP by random priming of cDNA
fragments spanning IkBa (Apal-Eco72]) or GAPDH (HindIII-Pstl).

Semiquantitative Reverse Transcription PCR. Total cellular
RNA was prepared from treated or untreated cells as described
above for Northern blotting. RT-PCR reactions for each treatment
condition were performed with 5, 25, and 125 pg of total RNA with
the Access RT-PCR kit according to instructions (Promega) and PCR
products were fractionated on 1.5% agarose gels. The primer se-
quences for PCR amplification of Bcl-2, Al, and B-actin have been
described previously (Tomayko and Cancro, 1998). Those used for
PCR amplification of IkBa were sense, 5'-CCGCAGGAGGCGC-
CGCTG-3’, and antisense, 5-GGTATTTCCTCGAAAGTCTCG-3/,
and generated a product of 285 base pairs.

Results

Inhibitors of NF-kB Cause a Rapid Onset of Apopto-
tic Cell Death. The serine protease inhibitor TPCK as well
as the antioxidant PDTC have previously been shown to
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abrogate the NF-«B activity constitutively present in WEHI-
231 cells (Miyamoto et al., 1994a; Wu et al., 1996). We have
shown that an intracellular Ca®" chelating agent, BAPTA-
AM, is also able to effectively inhibit the DNA binding activ-
ity of NF-«kB in these cells by stabilizing the IkBa inhibitor
protein (Miyamoto et al., 1998). Because in the WEHI-231
cell line a loss of constitutive NF-«B activity is reported to
lead to the rapid onset of apoptosis (Wu et al., 1996), we were
interested in determining whether BAPTA-AM could induce
apoptosis in these cells as is the case for TPCK and PDTC.
The Bcl-2 family member Bcl-X; protects WEHI-231 cells
from apoptosis initiated by TPCK, PDTC, and a number of
other apoptotic agents (Fang et al., 1995). Therefore, we
introduced epitope-tagged Bcl-X; into WEHI-231 cells and
screened numerous clones for the stable expression of the
exogenous Bcl-X; protein to be included as a control. We
selected clone 1.4 (Fig. 1A, lane 5) for our experiments and
will refer to this line as W231.Bcl-X;.. To ensure that stable
expression of the Bcl-X;, protein does not alter the specificity
or composition of constitutive NF-«B in these cells, we used
nuclear extract from W231.Bcl-X;, cells to perform the com-
petition and supershift experiments shown in Fig. 1B. Con-
sistent with the parental WEHI-231 cells, we were unable to
detect p65, RelB, or p52. Rather, as in the WEHI-231 cell
line, the upper, diffuse band distinguished by EMSA consists
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Fig. 1. Stable expression of flag-Bcl-X;, does not alter NF-«B activity in
WEHI-231 cells. A, Western blot analysis of parental WEHI-231 (lane 1)
and individual WEHI-231 clones stably expressing flag-Bcl-X; (lanes
2—6) probed with anti-flag antibody. NS, nonspecific protein. B, nuclear
extract from untreated W231. Bel-X, cells were used for gel shift analysis
in the absence of competing oligonucleotide (lane 1) or in the presence of
a 10-fold molar excess wild-type or mutant unlabeled B oligonucleotide
(lanes 2 and 3, respectively). In lanes 5 to 9, 200 ng of each of the
indicated antibodies was added to the EMSA binding reactions. No anti-
body was added to lane 4.
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primarily of p50/c-Rel heterodimers as well as c-Rel ho-
modimers, whereas the lower, sharper band is composed of
p50 homodimers (Miyamoto et al., 1994b).

Inhibition of NF-«B activity in either the WEHI-231 or the
W231.Bcl-X;, cell line was determined by gel shift analysis
and is compared in Fig. 2A. Doses of TPCK and BAPTA-AM
were chosen that strongly inhibit the DNA binding of the
p50/c-Rel heterodimeric complex yet have little or no effect on
the p50 homodimeric complex. Treatment of WEHI-231 or
W231.Bcl-X; cells with TPCK, PDTC, or BAPTA-AM
strongly inhibited NF-kB activity irrespective of exogenous
Bcl-X;, expression (Fig. 2A, compare lanes 3 and 10, 4 and 11,
and 5 and 12). Incubation with a high concentration of the
proteasome inhibitor CI-I is ineffective at blocking constitu-
tive p50/c-Rel activity (Fig. 2A, lanes 6 and 13), which is
consistent with previous observations (Miyamoto et al.,
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Fig. 2. Ca?" chelator BAPTA-AM induces apoptosis independent of
NF-«B inhibition or Bcl-X; expression. A, parental WEHI-231 cells or
W231.Bcl-X;, were either left untreated or treated with solvent at 0.1%,
TPCK at 25 uM, PDTC at 25 pM, BAPTA-AM at 30 puM, CI-I at 50 uM,
or 20 pg/ml cycloheximide for 4 h. A gel shift assay for kB-binding activity
was performed using equal amounts of nuclear protein extract from each
of the indicated treatment conditions. B, WEHI-231, W231. Bcl-X;, or
70Z/3 cells were treated as outlined in B and assayed for sub-G,/G, DNA
content as described under Materials and Methods. The cells with sub-
G,/G, DNA content are represented as a percentage of the total cells
assayed over one to three independent experiments. C, WEHI-231 or
W231.Bcl-X;, cells were treated as described in B and DNA fragmentation
was determined by agarose gel electrophoresis.

2102 ‘T Jaquiadaq uo 1sanb Aq Biosjeunofiadse: wieyd|jow woiy papeojumoq


http://molpharm.aspetjournals.org/

aspew

180  Shumway et al.

1998). The high concentration of CI-I used in this experiment
resulted in a marked reduction of p50 homodimers, perhaps
owing to the proteasome-dependent synthesis of the p50 mol-
ecule (Palombella et al., 1994). The prosurvival effects of
NF-«kB that have been characterized thus far seem to be
mediated by the up-regulated expression of antiapoptotic
gene transcripts. Therefore, as an additional control we used
cycloheximide to intervene downstream of transcription by
blocking protein synthesis in an attempt to mimic the effects
of NF-kB withdrawal. It has been shown that inhibition of
protein synthesis does in fact accelerate programmed cell
death in both WEHI-231 cells and normal B cells (Illera et al.,
1993; Quintans et al., 1994). When cycloheximide was added
to the media an increase in NF-«B activity was observed (Fig.
2 A, lanes 7 and 14). This is consistent with the reported
shorter half-life of the IkBa and IkBg proteins relative to the
NF-«B subunits, c-Rel, and p50 (Miyamoto et al., 1994b),
which over time could lead to a larger pool of free NF-«B
proteins.

Unstimulated 70Z/3 pre-B cells, in contrast to the WEHI-
231 immature B cells, do not exhibit detectable amounts of
activated NF-kB and are not dependent on constitutive
NF-«B activity for their survival (Sen and Baltimore, 1986).
Therefore, the 70Z/3 cell line was included in our apoptosis
studies as a control for NF-kB—independent effects of the
inhibitors. Figure 2B shows that, as expected, an incubation
of only 4 h with TPCK or PDTC is sufficient to cause the
appearance of cell death phenotypes in WEHI-231 cells and
that this effect was largely blocked in the W231.Bcl-X; cells
(Wu et al., 1996). Treatment with BAPTA-AM also resulted
in cell death of the WEHI-231 cells. However, in the case of
BAPTA-AM, exogenous Bcl-X;, expression could not rescue
the WEHI-231 cells from this fate. Strikingly, the 70Z/3
pre-B cell line, in which NF-«B activity is undetectable (Sen
and Baltimore, 1986), was sensitive to cell death induced by
TPCK, PDTC, and BAPTA-AM. To confirm apoptosis as the
cause of death after BAPTA-AM treatment, a DNA laddering
assay was performed in the WEHI-231 and W231.Bcl-X;, cells
and is shown in Fig. 2C. Consistent with the flow cytometric
analysis, BAPTA-AM treatment caused the nucleosomal
fragmentation of genomic DNA in both WEHI-231 parental
as well as W231.Bcl-X;, cells, whereas TPCK, PDTC, CI-I,
and cycloheximide caused laddering only in the parental cells
(Fig. 2C; data not shown). In addition, marked DNA ladder-
ing was also observed in 70Z/3 cells treated with TPCK,
PDTC, BAPTA-AM, CI-I, and cycloheximide (data not
shown). We conclude that BAPTA-AM treatment results in
the apoptotic death of WEHI-231 cells and that this effect is
not directly due to inhibition of NF-«B. Furthermore, because
TPCK and PDTC also cause rapid apoptosis of 70Z/3 cells,
these agents exert toxic effects that are independent of
NF-«B inhibition yet sensitive to a Bcl-X;, protective path-
way.

Inhibition of CaM Activity Results in a Decline of
Constitutive NF-«kB Activity. The observation that
BAPTA-AM is a potent inducer of apoptosis in both the
W231.Bcl-X;, and the 70Z/3 cell lines raises the possibility
that constitutive NF-«B activity is not inhibited by calcium
chelation per se, but rather as a result of cell death incurred
by calcium chelation. Yet, CI-I and cycloheximide induce
apoptosis in WEHI-231 cells, and under these conditions,
NF-kB activity is either unchanged or increased, respec-

tively, indicating that reduction of NF-«B activity after
BAPTA-AM treatment in WEHI-231 cells is not likely to be a
consequence of cell death processes. Therefore, to identify a
potential downstream effector(s) of calcium in the regulation
of constitutive NF-«kB activity, we treated WEHI-231 cells
with diverse inhibitors and the DNA binding of NF-xB was
determined by EMSA (data not shown). Among those agents
tested, treatment with CaM antagonists consistently led to a
reduction in the constitutive activity of NF-«B in both the
WEHI-231 and W231.Bcl-X;, cell lines.

To demonstrate the antagonistic action of the CaM inhib-
itor W13 toward CaM, a closely related but less potent inhib-
itor was used. The compound W12 is the dechlorinated ho-
molog of W13 and this singular difference between the two
compounds accounts for a 5-fold reduced binding affinity for
CaM. Because of this, W12 is required at approximately
5-fold higher concentrations, both in vivo and in vitro, than is
W13 to achieve comparable inhibition of CaM activity
(Chafouleas et al., 1982). We therefore carried out a dose
response in W231.Bcl-X;, cells of W13 in comparison with
W12 over 3 h. W13 is approximately 5-fold more potent an
inhibitor of NF-«B than is W12 (Fig. 3A, top). Protein from
the same sample extracts was incubated with probe contain-
ing the AP-1 binding site to validate the integrity of the
extracts (Fig. 3A, bottom). The specificity of the AP-1 binding
complex was determined by competition EMSA with unla-
beled AP-1 oligonucleotide (data not shown). To ensure that
W13 does not directly interfere with the capacity of NF-«B to
bind DNA, we added up to a 10-fold molar excess of W13 to
the in vitro DNA binding reaction mixture and noted no
difference in the measured activity of NF-«xB (Fig. 3B, lanes
2—4). The structurally related compound W7 is also able to
inhibit the DNA binding activity of NF-«B in these cells as
well as the structurally unrelated CaM inhibitor calmidazo-
lium in a dose-dependent manner (data not shown). Time
course experiments demonstrated that the ability of W13 to
inhibit NF-kB DNA binding activity waned by 7 h of treat-
ment (Fig. 3D). To determine whether this observed loss of
effectiveness was due to the metabolism of W13 we tested
whether W13 could inhibit NF-«B activity after a 6-h incu-
bation period in complete media. A comparison of the detect-
able NF-«kB activity between lanes 3 and 4 of Fig. 3E indi-
cates that the potency of W13 in inhibiting NF-«B is reduced
after the prolonged exposure of W13 to complete cell media.

Pooled lymphocytes extracted from spleens exhibit consti-
tutive NF-kB activity that is present almost entirely due to
the B-cell population of splenocytes (Feuillard et al., 2000;
Fields et al., 2000). To determine whether the W13-depen-
dent inhibition of NF-«B observed in W231.Bcl-X; cells is
representative of primary B cells, splenocytes were harvested
and treated with W13, and NF-«B activity was assessed by
EMSA. As with the W231.Bcl-X;, cells, NF-«B activity in
freshly isolated spleen cells was reduced in a dose-dependent
manner (Fig. 3C, top, lanes 2 and 3), whereas unrelated
transcription factor activity was not affected (Fig. 3C, bot-
tom, lanes 2 and 3; others not shown). Therefore, perturba-
tion of CaM activity in W231.Bcl-X;, cells as well as primary
splenocytes disrupts the constitutive DNA binding activity of
NF-«B.

CaM Inhibition by W13 Does Not Lead to Rapid Cell
Death in WEHI-231 Cells. Because W13 treatment of un-
stimulated W231.Bcl-X;, cells effectively inhibits the consti-
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tutive NF-«B DNA binding activity, we were next interested
in examining whether W13 treatment also results in a rapid
induction of apoptosis as is the case for TPCK, PDTC, and
BAPTA-AM. To this end, we incubated 70Z/3, WEHI-231,
and W231.Bcl-X; cells in media containing W13 or
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Fig. 3. W13 acts as a CaM antagonist to inhibit NF-«B activity. A,
W231.Bcl-X|, cells were either left untreated or were treated with increas-
ing concentrations of W13 or W12 for 3 h before termination. Nuclear
extracts were prepared, and equal amounts from each sample were used
for EMSA of both kB and AP-1 DNA binding activity. The diffuse band
representing NF-«kB (p50/c-Rel) is indicated in the top and that repre-
senting AP-1 in the bottom. The specificity of the AP-1 band was deter-
mined by competition EMSA with unlabeled AP-1 oligonucleotide (data
not shown). B, W13 was added at the indicated amounts to samples from
the same W231.Bcl-X; cell nuclear extract preparation (lanes 1-4). The
reactions were incubated at room temperature for 20 min before addition
of radiolabeled kB probe and subsequent gel shift analysis. C, freshly
extracted splenocytes were cultured in the presence of 0, 10, or 20 uM
W13 for a period of 3 h. Total cell extracts were prepared from treated
cells and examined by EMSA for DNA binding activity using a kB oligo-
nucleotide (top) or NF-Y oligonucleotide (bottom). D, W231.Bcl-X;, cells
were treated for the indicated times in the presence of 20 uM W13 and
total cell extracts were analyzed by EMSA for NF-kB DNA binding
activity. E, W13 was incubated either with W231.Bcl-X; cells suspended
in complete media or with complete media alone. After 6 h the cells were
terminated (lane 2) and previously untreated W231.Bcl-X;, cells were
resuspended with either fresh W13 (lane 4) or with the preincubated
W13-containing media (lane 3) and terminated after 3 h. Total cell ex-
tracts were analyzed by EMSA.
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BAPTA-AM for up to 6 h and assayed for the fragmentation
of genomic DNA as an indication of apoptosis. As before,
BAPTA-AM treatment led to a rapid onset of apoptosis in
WEHI-231 and W231.Bcl-X; cells (Fig. 4, lanes 6 and 11,
respectively). Surprisingly, however, inhibition of CaM activ-
ity for up to 6 h by W13 was not able to induce apoptosis in
any one of the cell lines tested (Fig. 4, lanes 2, 3, 7, 8, 12, and
13). Therefore, because interfering with CaM function results
in a marked decrease in NF-«B activity but not apoptosis, we
conclude that CaM inhibitors are comparably effective yet
overall less toxic than other pharmacological compounds
used to inhibit constitutive NF-«kB activity in WEHI-231
cells. These studies also demonstrate that extensive inhibi-
tion of constitutive NF-«B activity does not lead to the rapid
onset of apoptosis. Additionally, these data suggest that an-
tiapopototic gene products synthesized in a NF-«kB-depen-
dent manner may have relatively long half-lives in WEHI-
231 cells.

Calmodulin Inhibition Reversibly Blocks NF-«B Tar-
get Gene Expression. Although our EMSA data indicate
that CaM inhibition leads to a reduction of NF-«kB DNA
binding activity, it is unclear whether NF-«B function is
equally inhibited. The gene encoding IxBa is among the
target loci whose transcriptional activity is highly increased
after NF-«B activation. Several kB sites have been identified
within the promoter region of the IkBa gene, which provide a
direct linkage between NF-«B activity and IkBa mRNA syn-
thesis (Bail et al., 1993; Martin et al., 1993; Chiao et al.,
1994). It follows then that one consequence of constitutive
NF-«B activity in B cells is a relatively large amount of IxBa
transcript (Miyamoto et al., 1994a). The half-life of IxBa
mRNA is very short, approximately 15 to 20 min, which
enables us to examine the quantity of IkBa message as an
indication of the NF-«B transcriptional activity within the
cell. When WEHI-231 cells were treated for increasing times
with W13 the total amount of IkBa transcript dropped (Fig.
5A, middle, lanes 2—4) concomitantly with the decrease in the
DNA binding capacity of NF-kB (Fig. 5, top, lanes 2—4).
Removing W13 from the culture medium after 6 h allowed
the WEHI-231 cells to completely recover constitutive NF-«xB

70Z/3 WEHI231 W231.Bcl-X
| ol o ol og o |
— = - = -
- - N -
= = E = % = e = % =
o [ ] o O o] | o o m | |
Z 46 ZF X g Z T g6

12 3 456 7 8 9 10 1112 13

Fig. 4. W13 treatment does not induce apoptosis. WEHI-231, W231.Bcl-
X, or 70Z/3 cells were left untreated for 6 h or, where indicated, were
treated with 20 uM W13, 30 uM BAPTA-AM, or 0.1% dimethyl sulfoxide
for either 4 or 6 h. After treatment the cells were assayed for nucleosomal
DNA fragmentation by agarose gel electrophoresis.
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activity (Fig. 5, top, lane 5). Importantly, IkBa mRNA was
resynthesized to a total amount resembling the initial
amount of transcript (Fig. 5A, middle, lane 5). RNA loading
was relatively constant as indicated by the GAPDH signal
(Fig. 5A, bottom).

To determine whether W13 treatment results in a general
repression of transcription, more particularly at the IkBa
locus, we treated the 70Z/3 pre-B cell line with LPS for 18 h
followed by the addition of W13 to the culture medium. The
cells were then processed to be assayed by EMSA for NF-«B
activity and by Northern blot for IkBa transcript amounts as

A B
wis LPS + W13
d 6+ | 1
HR:0 2 4 6 6wash HR: 0 0 3 6
——— <«—NF-xB—> “
ﬂﬂ e e
. - i . probe: IxBo ..'

BRANE - meee
1 2 3 4

w13
NoTr w13 + wash
BT B2
BT A1
BT («Bo

EECTENETTTERETTT j-actin
1 2 3 456 7 8 9

Fig. 5. W13 treatment causes a reversible decline in the IkBa gene
transcript. A, W231.Bcl-X, cells were either left untreated or were incu-
bated with 20 uM W13 for 2, 4, or 6 h before being terminated. One
sample was washed after a 6-h treatment with W13 and allowed to
recover in complete media for an additional 6 h (lane 5). Top, EMSA
prepared from whole cell extracts. From the same samples total RNA was
isolated and 10 ug was used for Northern blot analysis in the bottom two
for the determination of IkBa and GAPDH transcript levels. B, 70Z/3
pre-B cells were either left untreated or were stimulated with 10 ug/ml
LPS for 18 h and then further treated with 20 uM W13 for 3 or 6 h. As in
A, the top represents an EMSA prepared from whole cell extracts, and in
the bottom two 10 ug of total RNA was probed for IkBa or GAPDH as
indicated. C, total RNA was isolated from WEHI-231 cells that were
untreated (lanes 1-3), incubated for 6 h with W13 (lanes 4—6), or washed
and recovered for 6 h after a 6-h W13 treatment (lanes 7-9). The amount
of input RNA per RT-PCR reaction was increased over 25-fold for each
sample (1X, 5X, 25X).

described above. The measured half-life of the IkBa tran-
script under these conditions was ~24 min (data not shown),
which indicates that the IkBa locus must be continually
transcribed to maintain constant levels of IkBa mRNA.
Clearly, LPS alone caused an appreciable activation of
NF-«B activity (Fig. 5B, top, lane 2) as well as a substantial
increase in the amount of IkBa mRNA (Fig. 5B, middle, lane
2). Importantly, treatment of the stimulated 70Z/3 cells with
W13 for up to 6 h was unable to cause a decline in the
measurable amount of IkBa mRNA (Fig. 5B, middle, lanes 3
and 4), which is consistent with the inability of W13 to inhibit
NF-«B activity under these conditions (Fig. 5B, top, lanes 3
and 4). These studies demonstrate that CaM activity is se-
lectively necessary for the maintenance of constitutive
NF-«B activity in B cells, which is under the control of a
calcium-dependent process.

The selectivity of W13 treatment allowed us to address
which, if any, of the putative NF-«kB-responsive antiapop-
totic genes may exhibit disrupted regulation upon inhibition
of NF-kB. To test for this, semiquantitative RT-PCR was
performed using RNA isolated from untreated and W13-
treated WEHI-231 cells (Fig. 5C). As expected, the level of
total IkBa transcript dropped dramatically as a result of W13
treatment as well as that of the Al antiapoptotic gene. The
total amount of Bel-2 changed only slightly and expression of
neither Bel-X; nor the cellular inhibitor of apoptosis proteins
was detectable under these conditions (data not shown).

Rapid Turnover of IkBa in WEHI-231 Cells Requires
CaM Activity. Because the degradation of IkBa almost in-
variably precedes the activation of NF-«B, including the con-
stitutively active NF-«kB in WEHI-231 cells (Miyamoto et al.,
1994a), we wanted next to determine the effect that W13
treatment has on the stability of the IkBa protein. Previ-
ously, others and ourselves have demonstrated that IkBa is
unusually short-lived in WEHI-231 cells relative to non-B
and other cell types (Rice and Ernst, 1993; Miyamoto et al.,
1998; Doerre and Corley, 1999). The half-life of IxkBa was
tested by blocking protein synthesis with cycloheximide and
terminating cells at successive time points. Both IkBa and
a-tubulin as a loading control were probed against in the
same blot. In the absence of W13 and consistent with previ-
ous studies, the IkBa protein is rapidly degraded in the
WEHI-231 cells with an approximate half-life of under 1 h
(Fig. 6A, lanes 1-4). However, the addition of W13 completely
blocked the degradation of IkBa even up to 3 h after treat-
ment (Fig. 6A, lanes 5-7). When an equal concentration of
W12 was added in addition to cycloheximide over 3 h, a very
weak effect on the turnover of IkBa was observed (Fig. 6A,
compare lanes 4 and 8), consistent with its relatively weak
CaM inhibitory activity. The basal turnover of IkBa in the
70Z/3 pre-B cell line was not affected by W13 treatment (data
not shown). Moreover, signal-dependent degradation of IxkBa
is also not affected with W13 or W12 treatment (Fig. 6B,
compare lane 2 with lanes 4 and 6). Therefore, CaM activity
is critical for the accelerated degradation of IkBa and the
maintenance of constitutive NF-«kB function in WEHI-231
cells.

Constitutive NF-kB Activity Requires Calmodulin
but Not Calcineurin Activity. A dependence on Ca®* for
NF-«B activation been demonstrated for various inducers of
NF-«B, most notably the T-cell receptor (TCR). In this case
an intracellular Ca®" increase after stimulation is a requisite
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for activating the Ca®*/CaM-dependent phosphatase cal-
cineurin (CaN), which in turn is necessary for activating
NF-kB (Mattila et al., 1990; Frantz et al., 1994; Steffan et al.,
1995). Because we have shown a Ca?"/CaM dependence of
constitutive NF-«kB activity in a B-cell line, we were inter-
ested in assessing whether this activity was also CaN-medi-
ated as is the case in T cells after TCR stimulation. Signaling
through the TCR can be simulated through the synergistic
effect of Ca®?" ionophore and phorbol ester added simulta-
neously. Treatment of the W231.Bcl-X;, cell line with phor-
bol-12-myristate-13-acetate (PMA) was able to activate
NF-«B (Fig. 7A). Surprisingly, however, addition of the Ca?"
ionophore inonomycin at concentrations ranging from 0.01 to
10 pg/ml was unable to further activate NF-«B (data not
shown). Nevertheless, CaN seems to be required for the in-
duction of NF-«B by PMA because this activation was sensi-
tive to both W13 and the CaN inhibitor CsA. And as expected,
these agents had no effect on the induction of NF-«B after
LPS treatment of W231.Bcl-X;, cells. To determine, then,
whether CaN plays a role in the constitutive maintenance of
NF-«B we incubated cells with either W13 or CsA and mea-
sured NF-«B activity over 3 h. Although W13 was effective,
we were unable to detect a reduction of NF-«B DNA binding
activity in cells treated with CsA (Fig. 7B). We conclude from

A CHX CHX+w13 CHX
I ] 1 +W12

(0] 1 2 3 1 2 3 3

hours

I T e . o i . e | 41 c-TUBUNN

D —— . — — — | g [\« B 1

1 2 3 4 5 6 7 8

B w12 w13
= + - + . -|-I LPS
«—c~tubulin
| —  e— e |+ |xBou

o ST
-
1 2 3 q 5 6

Fig. 6. W13 prevents the constitutive but not the inducible degradation of
IkBa in W231.Bcl-X;, cells. A, W231.Bcl-X;, cells were incubated with 25
png/ml cycloheximide (CHX) alone (lanes 1-4), or in addition to either
W13 (lanes 5-7) or W12 (lane 8), each at 20 uM concentration. The cells
were incubated for approximately 15 min to allow for drug action before
terminating the reference sample (lane 1). Other samples were termi-
nated at the indicated times. Whole cell extract (20 ng) was used for
Western blotting against the IkBa and a-tubulin proteins. B, W231.
Bcl-X;, cells were left untreated or were incubated over a period of 3 h
with 20 uM W12 or 20 uM W13. After this pretreatment the cells were
either left unstimulated or were stimulated with 20 ug/ml LPS for 20
min. Top, Western blot performed on 20 ug of total protein and probed for
IkBa and a-tubulin. Bottom, EMSA demonstrating kB DNA binding
activity that was performed on the same whole cell extracts described for
the top. The p50/c-Rel homodimeric complex is indicated as NF-«B.
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these studies that a CaN requiring event is unlikely to be the
Ca®*/CaM-dependent step for maintaining constitutively ac-
tive NF-«B.

Discussion

We have identified previously a novel proteolytic inactiva-
tion of the NF-«B inhibitory protein IkBa. Whereas IkBa is
typically degraded by the ubiquitin-dependent 26S protea-
some, in WEHI-231 cells the ongoing turnover of IkB« is not
blocked by excess concentrations of proteasome inhibitors.
However, these inhibitors effectively block the LPS-induced
degradation of IkBa in these cells. Conversely, the intra- and
extracellular Ca®* chelators BAPTA-AM and EGTA, respec-
tively, are able to block the constitutive turnover of IkBa but
not that of the LPS-induced turnover of IkBa (Miyamoto et
al., 1998; Fields et al., 2000). We further provided evidence
that this calcium-dependent degradation of IxkBa is preceded
by a proteasome-dependent mechanism during differentia-
tion of B cells in vitro (Fields et al., 2000). However, both
upstream and downstream components required for rapid
IkBa degradation and the maintenance of constitutive NF-«B
activity in B cells remain undefined. In this study, we show
that the activity of the calcium-sensing protein CaM is nec-
essary for these processes both in the WEHI-231 B cell line
and in primary splenocytes.

The WEHI-231 line is an immature B-cell lymphoma (Ig-

A

W13(pM)-I- 20 -
CsAMM) - - - 4 - - a4

NF-xB

hours: 0 1 3 1 3

1 2 3 4 5

Fig. 7. CaN inhibition is unable to block constitutive NF-«kB. A,
W231.Bcl-X;, cells were either left untreated (lanes 1, 2, and 5) or were
incubated for 30 min with 20 uM W13 (lanes 3 and 6) or 4 uM CsA (lanes
4 and 7). After this pretreatment, cells were stimulated with either 10 nM
PMA (lanes 2—4) or 20 ug/ml LPS (lanes 5-7) for an additional 30 min.
Whole cell extracts were analyzed by EMSA for kB binding activity (top)
or NF-Y binding activity (bottom). B, W231.Bcl-X;, cells were treated with
20 uM W13 (lanes 2 and 3) or 4 uM CsA (lanes 4 and 5) and were
terminated at the times indicated. Whole cell extracts (untreated cells are
included in lane 1) were analyzed as in A.
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M"/IgD) that undergoes apoptosis after cross-linking of
surface IgM antigen receptors, and therefore has been widely
studied as a model for the clonal deletion of self-reactive B
lymphocytes. It has been shown using WEHI-231 cells that,
in the absence of costimulation, surface IgM cross-linking
results in a transient increase of NF-«B activity followed by
a complete loss of the constitutive NF-«B activity at approx-
imately 4 to 6 h after treatment (Lee et al., 1995). Detectable
signs of apoptosis under these conditions have been detected
at 18 to 24 h after treatment (Benhamou et al., 1990;
Gottschalk et al., 1994). Furthermore, when an inducible
dominant negative form of IkBa was used to inhibit the
constitutive NF-kB activity in an Epstein-Barr virus-trans-
formed cell line, appreciable apoptosis was observed at 24 h
after a reduction in NF-«B activity (Cahir-McFarland et al.,
2000). This lapse in time between a reduction in NF-«B
activity and the onset of apoptosis is not seen when TPCK,
PDTC, or BAPTA-AM is used to inhibit NF-«B (Fig. 1; Wu et
al., 1996). Perhaps, then, a drop in NF-«B function alone may
not be sufficient to cause a rapid onset of apoptosis in these
cells. Additional events influenced by these agents are prob-
ably causing rapid apoptotic cell death. Thus, our data sug-
gest that the use of these pharmacological agents to study
NF-kB-dependent antiapoptotic processes in B cells should
be viewed with caution. Moreover, our data suggest that any
antiapoptotic gene product(s) produced in a NF-«B-depen-
dent manner probably has a relatively long half-life, making
a sustained drop in NF-«B activity a requirement for the
onset of apoptosis.

How long is a drop in NF-«kB activity required for
WEHI231 B cells to commit to apoptotic cell death? We have
failed to detect either apoptosis or loss of cell viability in
WEHI-231 cells after treatment with W13 for indefinite pe-
riods. Surprisingly, time course experiments revealed that
the NF-kB inhibitory effect of W13 was completely lost at
approximately 8 to 10 h after its addition to the culture
medium (Fig. 3D). Incubating W13 in media alone for 6 h
abrogated its ability to inhibit NF-«B, suggesting that the
loss of a W13 effect was due to instability of W13 in the
medium. Therefore, the cytotoxic consequences of W13-me-
diated inhibition of NF-«B function could not be directly
assessed at time points greater than 8 h after treatment.
Nevertheless, because W13 is able to inhibit NF-«B activity
with similar kinetics as for TPCK, PDTC, and BAPTA-AM,
yet does not induce apoptosis up to 8 h, we propose that
NF-«B activity needs to be down-regulated for a time greater
than 8 h for proapoptotic events to be able to overcome the
antiapoptotic effects of NF-«B. There are a number of anti-
apoptotic genes implicated as direct targets of NF-«B, such
as Bfl-1/Al, TAP1/2, and Bcl-X;,. Thus, it is likely that one or
a combination of these antiapoptotic genes is regulated by
NF-«B in WEHI-231 cells and their in vivo half-lives are such
that at least 8 h or more is required to lose their antiapoptotic
effects. A role for NF-kB—dependent expression of Al in
WEHI-231 cells is supported by our finding that A1 mRNA
levels drop in the presence of W13 but return after its re-
moval (Fig. 5C).

Treatment of T lymphocytes with PMA in conjunction with
ionomycin mimics cross-linking of surface TCRs. One result
of this is the activation of diverse transcription factors such
as nuclear factor of activated T cells, AP-1, and NF-«B. Using
PMA plus ionomyecin to treat T cells, it has been shown that

the Ca®*/CaM-dependent phosphatase calcineurin is re-
quired for activation of NF-«xB (Mattila et al., 1990; Frantz et
al., 1994, Steffan et al., 1995). And although a requirement
for CaM activity has been implicated in this model, it was not
until recently that a necessary role for Ca®*/CaM activity
upstream of IkBa phosphorylation and degradation was
more directly supported (Hughes et al., 1998). Hughes et al.
(1998) conducted studies that demonstrate that in T cells
NF-«B activation, as well as IkBa phosphorylation and deg-
radation, are sensitive to an array of CaM antagonists after
treatment with either PMA alone or PMA plus ionomycin.
Because CsA could not inhibit NF-«B activation by PMA
alone in T cells, Hughes et al. (1998) conclude that CaM is
involved in CaN-independent as well as CaN-dependent
NF-«B activation pathways. In support of this, our results
show that although CaM antagonists block the constitutive
activity of NF-«B in the W231.Bcl-X;, cell line, inhibition of
CaN does not (Fig. 7). Furthermore, a slower migrating phos-
phorylated form of IkBa was not detectable in W231.Bcl-X;,
cells in which IkBa degradation was blocked by W13 (Fig. 6A,;
data not shown). Therefore, the step in the constitutive IkBa
proteolytic pathway in W231.Bcl-X;, cells at which CaM in-
hibitors intercede seems to be distinct from that in which
CaM inhibitors block the inducible IkBa proteolytic pathway
in T cells. The nature of the Ca?"/CaM-dependent step in the
constitutive, signal-independent IkBa degradative pathway
is currently under investigation.

Although we investigated potential downstream effectors
of Ca®* that are critical for the regulation of constitutive
NF-kB in B cells, we did not address potential upstream
regulators of the Ca®" levels required for constitutive NF-«B
activity in B cells. In our recent study, we have obtained
several lines of evidence that 1,4-dihydropyridine-sensitive
calcium channels may be involved in the maintenance of
Ca?" levels in B cells (C. M. Berchtold, S. D. Shumway,
S. Miyamoto, M. N. Gould, manuscript in preparation). To-
gether, these studies suggest that there is a signaling system
in B cells that begins with 1,4-dihydropyridine-sensitive cal-
cium channels to maintain Ca®*/CaM activity that then
leads to downstream events, ultimately causing the degrada-
tion of IkBa in a proteasome-independent manner followed
by the release of NF-«B into the nucleus. Because NF-«B
(p50/cRel) can stimulate the synthesis of p50, c-Rel, and IkBa
in this system (Miyamoto et al., 1994b), these events lead to
the maintenance of constitutive NF-«B activity to continue
their viability in vitro and in vivo. Thus, important future
investigations include the identification of an IkBa protease
responsible for its Ca?"/CaM-dependent degradation and an
“endogenous signal” that maintains this process independent
of an added exogenous stimulus.

Acknowledgments

We thank Dr. G. Nuiiez for generously providing flag-Bel-X;, A.
Moser for C57BL/6 mice, and members of the Miyamoto lab for many
helpful suggestions throughout the course of this work.

References

Bail OL, Schmidt-Ullrich R, and Israel A (1993) Promoter analysis of the gene
encoding the IkBa/MADS3 inhibitor of NF-«B: positive regulation by members of
the rel/NF-«B family. EMBO (Eur Mol Biol Organ) J 12:5043-5049.

Beg AA and Baltimore D (1996) An essential role for NF-«B in preventing TNF-a-
induced cell death. Science (Wash DC) 274:782-784.

Bendall HH, Scherer DC, Edson CR, Ballard DW, and Oltz EM (1997) Transcription

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

aspew

factor NF-«B regulates inducible Oct-2 gene expression in precursor B lympho-
cytes. J Biol Chem 272:28826-28828.

Benhamou LE, Cazenave PA, and Sarthou P (1990) Anti-immunoglobulins induce
death by apoptosis in WEHI-231 B lymphoma cells. Eur J Immunol 20:1405-1407.

Cahir-McFarland ED, Davidson DM, Schauer SL, Duong J, and Kieff E (2000)
NF-«B inhibition causes spontaneous apoptosis in Epsetin-Barr virus-transformed
lymphoblastoid cells. Proc Natl Acad Sci USA 97:6055-6060.

Chafouleas JG, Bolton WE, Hidaka H, Boyd AE 3rd, and Means AR (1982) Calmod-
ulin and the cell cycle: involvement in regulation of cell-cycle progression. Cell
28:41-50.

Chiao PJ, Miyamoto S, and Verma IM (1994) Autoregulation of IkBa activity. Proc
Natl Acad Sci USA 91:28-32.

Demengeot J, Oltz EM, and Alt FW (1995) Promotion of V(D)J recombinational
accessibility by the intronic Ex element: role of the kB motif. Int Immunol 7:1995—
2003.

Doerre S and Corley RB (1999) Constitutive nuclear translocation of NF-«B in B cells
in the absence of IkB degradation. J Immunol 163:269-277.

Fang W, Rivard JJ, Ganser JA, LeBien TW, Nath KA, Mueller DL, and Behrens TW
(1995) Bel-xL rescues WEHI 231 B lymphocytes from oxidant-mediated death
following diverse apoptotic stimuli. o/ Immunol 155:66-75.

Feuillard J, Memet S, Goudeau B, Lilienbaum A, Schmidt-Ullrich R, Raphael M, and
Israel A (2000) In vivo identification of lymphocyte subsets exhibiting transcrip-
tionally active NF-«kB/Rel complexes. Int Immunol 12:613—621.

Fields ER, Seufzer BJ, Oltz EM, and Miyamoto S (2000) A switch in distinct IkBa
degradation mechanisms mediates constitutive NF-«kB activation in mature B
cells. J Immunol 164:4762—4767.

Frantz B, Nordby EC, Bren G, Steffan N, Paya CV, Kincaid RL, Tocci MJ, O’Keefe
SJ, and O’Neill EA (1994) Calcineurin acts in synergy with PMA to inactivate
IkB/MAD3, an inhibitor of NF-«kB. EMBO (Eur Mol Biol Organ) J 13:861-870.

Ghosh S, May MJ, and Kopp EB (1998) NF-«kB and Rel proteins: evolutionarily
conserved mediators of immune responses. Annu Rev Immunol 16:225-260.

Gottschalk AR, McShan CL, Merino R, Nunez G, and Quintans J (1994) Physiolog-
ical cell death in B lymphocytes. I. Differential susceptibility of WEHI-231 sub-
lines to anti-Ig induced physiological cell death and lack of correlation with bel-2
expression. Int Immunol 6:121-130.

Hughes K, Antonsson A, and Grundstrom T (1998) Calmodulin dependence of NF-xB
activation. FEBS Lett 441:132-136.

Illera VA, Perandones CE, Stunz LL, Mower DA Jr, and Ashman RF (1993) Apopto-
sis in splenic B lymphocytes. J Immunol 151:2965-2973.

Inoue J-I, Kerr LD, Rashid D, David N, Bose HRJr. and Verma IM (1992) Direct
association of pp40/IkBa with rel/NF-«B transcription factors: role of ankyrin
repeats in the inhibition of DNA binding activity. Proc Natl Acad Sci USA 89:
4333—-4337.

Kirillov A, Kistler B, Mostoslavsky R, Cedar H, Wirth T, and Bergman Y (1996) A
role for nuclear NF-«B in B-cell-specific demethylation of the Igk locus. Nat Genet
13:435-441.

Lee H, Arsura M, Wu M, Duyao M, Buckler AJ, and Sonenshein GE (1995) Role of
Rel-related factors in control of c-myc gene transcription in receptor-mediated
apoptosis of the murine B cell WEHI 231 line. J Exp Med 181:1169-1177.

Luque I and Gelinas C (1997) Rel/NFkB and IxB factors in oncogenesis. Semin
Cancer Biol 8:103-111.

Martin RD, Vanhove B, Cheng Q, Hofer E, Csizmadia V, Winkler H, and Bach FH
(1993) Cytokine-inducible expression in endothelial cells of an IkBa-like gene is
regulated by NF-«B. EMBO (Eur Mol Biol Organ) J 12:2773-2779.

CaM Regulation of NF-«B Activity in B Cells 185

Mattila PS, Ullman KS, Fiering S, Emmel EA, McCutcheon M, Crabtree GR, and
Herzenberg LA (1990) The actions of cyclosporin A and FK506 suggest a novel step
in the activation of T lymphocytes. EMBO (Eur Mol Biol Organ) J 9:4425—4433.

Miyamoto S, Chiao PJ, and Verma IM (1994a) Enhanced IkBa degradation is
responsible for constitutive NF-«B activity in mature murine B-cell lines. Mol Cell
Biol 14:3276-3282.

Miyamoto S, Schmitt MdJ, and Verma IM (1994b) Qualitative changes in the subunit
composition of kB-binding complexes during murine B-cell differentiation. Proc
Natl Acad Sci USA 91:5056-5060.

Miyamoto S, Seufzer BJ, and Shumway SD (1998) Novel IkBa proteolytic pathway in
WEHI231 immature B cells. Mol Cell Biol 18:19-29.

Mosialos G (1997) The role of Rel/NF-«B proteins in viral oncogenesis and the
regulation of viral transcription. Semin Cancer Biol 8:121-129.

Palombella VJ, Rando OJ, Goldberg AL, and Maniatis T (1994) The ubiquitin-
proteasome pathway is required for processing the NF-«B B1 precursor protein
and the activation of NF-kB. Cell 78:773-785.

Phillips RJ and Ghosh S (1997) Regulation of IkBB in WEHI 231 mature B cells. Mol
Cell Biol 17:4390-4396.

Quintans J, Bonn GA, McShan CL, and Gottschalk AR (1994) Studies on the
induction of apoptosis in WEHI 231 cells by pharmacological agents and lipid
mediators. Sphingosine and ceramide induce apoptosis in WEHI 231. Cell Death
Differ 1:93-99.

Rice NR and Ernst MK (1993) In vivo control of NF-«B activation by IkBa EMBO
(Eur Mol Biol Organ) J 12:4685—-4695.

Schauer SL, Bellas RE, and Sonenshein GE (1998) Dominant signals leading to
inhibitor kB protein degradation mediate CD40 ligand rescue of WEHI 231 im-
mature B cells from receptor-mediated apoptosis. J Immunol 160:4398—-4405.

Scherer DC, Brockman JA, Bendall HH, Zhang GM, Ballard DW, and Oltz EM (1996)
Corepression of RelA and c-Rel inhibits immunoglobulin k gene transcription and
rearrangement in precursor B lymphocytes. Immunity 5:563-574.

Sen R and Baltimore D (1986) Multiple nuclear factors interact with the immuno-
globulin enhancer sequences. Cell 46:705-716.

Smith CA, Williams GT, Kingston R, Jenkinson EJ, and Owen JJ (1989) Antibodies
to CD3/T-cell receptor complex induce death by apoptosis in immature T cells in
thymic cultures. Nature (Lond) 337:181-183.

Steffan NM, Bren GD, Frantz B, Tocci MdJ, O’Neill EA, and Paya CV (1995) Regu-
lation of IkBa phosphorylation by PKC- and Ca®*-dependent signal transduction
pathways. J Immunol 155:4685-4691.

Tomayko MM and Cancro MP (1998) Long-lived B cells are distinguished by elevated
expression of Al. J Immunol 160:107-111.

Van Antwerp DJ, Martin SJ, Kafri T, Green DR, and Verma IM (1996) Suppression
of TNF-a-induced apoptosis by NF-kB. Science (Wash DC) 274:787-789.

Wang CY, Mayo MW and Baldwin AS Jr (1996) TNF- and cancer therapy-induced
apoptosis: potentiation by inhibition of NF-kB. Science (Wash DC) 274:784-787.

Wu M, Lee H, Bellas RE, Schauer SL, Arsura M, Katz D, FitzGerald MdJ, Rothstein
TL, Sherr DH, and Sonenshein GE (1996) Inhibition of NF-«B/Rel induces apo-
ptosis of murine B cells. EMBO (Eur Mol Biol Organ) J 15:4682—4690.

Address correspondence to: Shigeki Miyamoto, Ph.D., Department of Phar-
macology, University of Wisconsin, 3765 Medical Sciences Center, 1300 Uni-
versity Ave., Madison, WI 53706. E-mail: smiyamot@facstaff.wisc.edu

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

