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Antigen receptor signaling is known to activate NF-kB in lymphocytes. While T-cell-receptor-induced NF-xB
activation critically depends on novel protein kinase C 6 (PKC0), the role of novel PKCs in B-cell stimulation
has not been elucidated. In primary murine splenic B cells, we found high expression of the novel PKCs & and
€ but only weak expression of the 0 isoform. Rottlerin blocks phorbol ester (phorbol myristate acetate [PMA])-
or B-cell receptor (BCR)-mediated NF-kB and c-Jun N-terminal kinase (JNK) activation in primary B and T
cells to a similar extent, suggesting that novel PKCs are positive regulators of signaling in hematopoietic cells.
Mouse 70Z/3 pre-B cells have been widely used as a model for NF-kB activation in B cells. Similar to the
situation in splenic B cells, rottlerin inhibits BCR and PMA stimulation of NF-kB in 70Z/3 cells. A derivative
of 70Z/3 cells, 1.3E2 cells, are defective in NF-kB activation due to the lack of the IkB kinase (IKK<y) protein.
Ectopic expression of IKK<y can rescue NF-kB activation in response to lipopolysaccharides (LPS) and
interleukin-1f (IL-1p), but not to PMA. In addition, PMA-induced activation of the mitogen-activated protein
kinase JNK is blocked in 1.3E2 cells, suggesting that an upstream component common to both pathways is
either missing or mutated. Analysis of various PKC isoforms revealed that exclusively PKCO was absent in
1.3E2 cells while it was expressed in 70Z/3 cells. Stable expression of either novel PKCO or -6 but not classical
PKCBII in 1.3E2 IKK+y-expressing cells rescues PMA activation of NF-kB and JNK signaling, demonstrating

a critical role of novel PKCs for B-cell activation.

Transcription factor NF-kB is critically involved in many
cellular processes such as inflammation, immune response,
proliferation, and apoptosis. In most cells, NF-kB resides in
the cytoplasm and activation is triggered in response to mul-
tiple stimuli, e.g., proinflammatory cytokines (tumor necrosis
factor alpha [TNF-a] or interleukin-1p [IL-1B]), bacterial li-
popolysaccharides (LPS), mitogenic signals (i.e., phorbol my-
ristate acetate [PMA]), or antigen receptor signaling. The sig-
nal transduction pathways which are initiated by all these
signals converge at the IkB kinase (IKK) complex, which upon
activation phosphorylates NF-kB-inhibitory molecules (IkBs).
Phosphorylated IkBs are prone to rapid ubiquitination and
proteasomal degradation, liberating NF-kB, which subse-
quently translocates to the nucleus and activates gene tran-
scription (23). In addition, most NF-kB-inducing agents also
stimulate mitogen-activated protein kinase (MAPK) signaling
cascades, leading to the activation of the transcription factor
AP-1 (8). NF-«kB and AP-1 cooperate at the level of transcrip-
tion, and the induction of certain promoters (e.g., IL-2 pro-
moter) depends on the activation of both transcription factors
(1, 22).

Intensive work has focused on the signaling cascades up-
stream of the IKK complex. Especially the events leading to
NF-kB activation in response to pro-inflammatory cytokines
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and LPS have been analyzed in great detail. Ligand binding
induces the association of effector molecules (e.g., TRAFs,
RIP) into the respective receptor complexes. Nevertheless, the
exact mechanism by which activation of the IKK complex is
accomplished remains to be determined, but there is good
evidence that MAPK kinase kinases play a role (16, 23).

More recently it was shown that signaling events down-
stream of the T-cell receptor (TCR), TCR/CD3, are distinct
from cytokine-mediated signaling in that they require Vav and
the novel protein kinase C 6 (PKC6) for the activation of the
IKK complex (9, 11, 29). In mature T cells from PKC6-defi-
cient mice, NF-kB activation was blocked in response to T-cell
stimulation, proving the essential and selective role of PKCO
(40). TCR/CD28 costimulation can be mimicked by PMA plus
Ca®" ionophore (39). Yet, it is not clear how PKC# activates
the IKK complex in response to TCR/CD28 or PMA stimula-
tion. Endogenous PKC6 associates with the activated IKK
complex, and TCR/CD28 signaling induces recruitment of
PKCH and IKK into membrane lipid rafts (24). Furthermore,
Bcl10 is required for NF-kB activation in response to TCR
signaling and PMA treatment, but not LPS, IL-1, or TNF-q,
and Bcl10 probably acts either at the level of or downstream of
PKCH (38). However, due to the absence of well-defined sub-
strates for PKCs, the exact mechanism by which PKC6 triggers
NF-kB activation remains to be identified. Recently, the IKK-
related NF-«kB-activating kinase has been proposed to act as a
direct target of PKCs and to function as an intermediate for
IKK activation in response to PMA (41). It was also reported
that different PKC isoenzymes can activate IKKB directly (27).
Still, the relevance of both findings for T-cell activation is not
clear.
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Using Jurkat T cells, several studies have demonstrated that
PKC6, but not other PKC isoforms, also mediate c-Jun N-
terminal kinase (JNK) activation in a T-cell specific manner (2,
14, 39, 43). However, peripheral T cells from PKC6-deficient
mice display no defect in TCR/CD28-induced activation of
JNK, even though AP-1 activation was reduced, questioning
the physiological relevance of MAPK signaling for T-cell acti-
vation (1, 40).

In primary B cells, immunoglobulin M (IgM) cross-linking of
the B-cell receptor (BCR) as well as CD40 ligation have been
shown to activate NF-«B (12, 13, 30, 35). CD40 receptor is a
member of the TNF receptor superfamily, and signal transduc-
tion through the receptor involves association of TRAFs and
subsequent IKK activation (19-21). Considerably less is known
about BCR-triggered NF-«kB activation. Recently, it was dem-
onstrated that Bruton’s tyrosine kinase activates phospholipase
C-v2, which couples the BCR to the IKK complex and subse-
quently activates NF-kB (3, 33, 34). Furthermore, antigen re-
ceptor-induced NF-«kB activation in B cells and T cells is ab-
rogated in Bcl10-deficient mice, suggesting that Bcl/10 is a
common constituent of both pathways (38). Still, nothing is
known about other signaling intermediates, especially about
the role of PKCs for BCR-induced NF-«B activation.

In this study we provide evidence that novel PKCs are nec-
essary for BCR- and PMA-induced NF-kB and JNK activation
in B cells. Pharmacological inhibitors indicate that novel PKCs
transmit PMA and BCR signaling in primary splenic B cells as
well as in 70Z/3 pre-B cells. 1.3E2 cells, a derivative of 70Z/3
pre-B cells, carry a defect in PMA signaling that is independent
of a functional IKK complex. Novel PKC6 was found to be
weakly expressed in 70Z/3 cells but was absent in 1.2E3 cells.
Stable expression of either novel PKC6 or -3 but not classical
PKCBII could rescue PMA-mediated NF-kB and JNK activa-
tion in 1.3E2 cells, suggesting that novel PKCs are critically
involved in B-cell activation.

MATERIALS AND METHODS

Cell culture and treatment. 70Z/3 and 1.3E2 cells were grown in RPMI
medium supplemented with 7.5% fetal calf serum, 2 mM L-glutamine, 100 U of
penicillin and streptomycin per ml, and B-mercaptoethanol. Jurkat T cells were
grown in RPMI supplemented with 10% fetal calf serum, 2 mM L-glutamine, and
100 U of penicillin and streptomycin per ml. The stable 1.3E2 IKKy clone was
cultured using 1 ug of G418/ml, and stable 1.3E2 IKKy/PKC6 clones were grown
using 1 pug of G418/ml and 1 pg of hygromycin/ml. Cells were treated with the
following agents and concentrations: 200 ng of PMA (Calbiochem) per ml, 10 pg
of LPS (Sigma) per ml or 10 ng of IL-18 (Promega) per ml, 20 ng of TNF-a
(Biomol) per ml, 12 pg of anti-mouse IgM F(ab’), fragment (Jackson Labora-
tories) per ml, and 10 ng of gamma interferon (IFNy; Endogene) per ml. PKC
inhibitors G66976 and rottlerin were purchased from Calbiochem. For UV
irradiation, cells were exposed to 150 J/m? at 254 nm (UV-C) in a Stratagene UV
cross-linker.

Stable and transient transfection. 1.3E2 cells were transfected by electropo-
ration. Generation of 1.3E2 IKKy-expressing clones was described previously
(17). For stable transfections of PKC isoenzymes, cells were electroporated using
28 pg of either PEF-PKCH, PEF-PKC3, or MTH-PKCBII together with 2 g of
pTK-hygromycin (Clontech) in a Bio-Rad gene pulser at 950 wF and 220 V.
After 2 days, selection was started using 2.5 wg of hygromycin/ml. For transient
transfections, cells were electroporated using 1 pg of pTK-luciferase (Clontech),
2 pg of 6xNF-kB-luciferase (6), and 27 pg of pcDNA3. Thirty-six hours post-
transfection, the cells were stimulated for 6 h as indicated and luciferase activity
was determined using a dual luciferase assay kit (Promega).

Antibodies. The following antibodies were used: IkBa (C-21), IkBB (N-20),
IKKa (H744), IKKy (FL419), PKCBI (C-16), PKCBII (C-18), PKC3 (C-17), and
PKCe (C-15) were obtained from Santa Cruz; monoclonal PKCa, PKCy, and
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PKC6 antibodies were purchased from Transduction Laboratories. Further an-
tibodies used were monoclonal JNK1 (Pharmingen), phospho-SAPK/JNK (Cell
Signaling), ERK1/2 (Calbiochem), and phospho-ERK1/2 (Biomol).

Extracts, EMSA, Western blotting, and kinase assay. Whole cell extracts were
prepared and analyzed by electrophoretic mobility shift assay (EMSA) and
Western blotting essentially as described previously (26). Preparation of nuclear
and cytoplasmic extracts was performed using low-salt lysis with 0.1% NP-40 and
subsequent high-salt lysis essentially as described previously (25).

For the IKK and JNK1 kinase assays, lysis of cells, immunoprecipitation using
specific antibodies (see above), and kinase reactions were performed as de-
scribed previously (18). For IKK activity, GSTIkBa1-53 was used as substrate,
and for JNKI1 activity GSTJun1-79 was used as substrate. PKC kinase assays
were performed with purified rat brain PKC (Promega) and 1 g of myelin basic
protein as a substrate in 30 mM Tris-HCI (pH 7.5), 100 mM KCl, 6 mM MgCl,,
0.5 mM CaCl,, 10 pg of phospatidylserine/ml, 1 pg of diolein/ml, 10 uM ATP,
and 5 p.Ci of [y->?P]ATP for 15 min at 30°C.

Purification of splenic B and T cells and flow cytometry. Either BALB/c
wild-type or BALB/c nude mice were used for the preparation of splenic B and
T cells. Spleens were homogenized using a 70-pm cell strainer (Falcon), and
erythrocytes were removed by ACK lysis buffer (150 mM NH,CI [pH 7.3], 1 mM
KHCO;, 0.1 mM EDTA). Magnetic-activated cell sorting (MACS) was per-
formed according to the manufacturer’s protocol using B220 or Thyl.2 mi-
crobeads and VS+ columns (Miltenyi Biotech.). In order to get maximal puri-
fication of B220-positive B cells, splenocytes from BALB/c wild-type mice were
first sorted for Thyl.2-positive cells and then the Thyl.2-negative cells were
subsequently sorted using B220 microbeads. B220-positive cells from BALB/c
nude mice were obtained in a single round of purification. Purification efficiency
was determined by fluorescence-activated cell sorter flow cytometry using fluo-
rescein isothiocyanate (FITC)-labeled Thyl.2 (Caltag Laboratories) and phyco-
erythrin-labeled B220 (Southern Biotech) antibodies. IgM surface expression
was analyzed with FITC-labeled anti-mouse IgM antibody (R6-60.2; Pharmin-
gen). Analysis and quantification were done using WinMDI.

Indirect immunofluorescence. 70Z/3 and 1.3E2 cells were grown on chamber
slides in the absence of serum. After 16 h the cells completely attached to the
surface of the chamber slide. Cells were fixed for 15 min in 4% paraformalde-
hyde and permeabilized for 5 min with 0.1% Triton X-100. For the detection of
monoclonal PKC6 antibody, a donkey anti-mouse tetramethyl rhodamine iso-
cyanate-conjugated antibody for the detection of the polyclonal IKKy antibody
and a donkey anti-rabbit FITC-conjugated antibody (both Jackson Laboratories)
were used. Chamber slides were analyzed and photographed by indirect immu-
nofluorescence microscopy using an Axioplan 2 microscope (Zeiss).

RESULTS

Novel PKCs are involved in PMA- and BCR-induced NF-kB
and JNK activation in splenic B cells. In lymphocytes, stimu-
lation with PMA, a pleiotropic PKC activator, induces activa-
tion of NF-kB and MAPK signaling pathways. To assess the
expression and the function of novel PKCs in primary lympho-
cytes, splenic B and T cells were obtained from wild-type and
nude mice (Fig. 1). Splenic B and T cells were purified by
MACS using Thyl.2 (CD90) and B220 (CD45R) microbeads.
The purification led to almost homogenous B-cell and T-cell
populations with minimal cross-contamination (Fig. 1A). Ex-
pression of PKC isoforms was analyzed by Western blotting
(Fig. 1B). In agreement with previously published results (32),
we found high expression of PKC3 and PKCe in primary B220-
positive B cells compared to Thyl.2-positive T cells. In con-
trast, there was only a weak signal for PKCO in the B220-
positive B cells and strong expression of PKC6 in Thyl.2-
positive T cells. After 24 h in culture, the B and T cells were
stimulated with PMA in the absence or presence of the PKC
inhibitors rottlerin and G66976 and analyzed for NF-kB and
JNK kinase activation (Fig. 1C and D). Rottlerin, an inhibitor
with high specificity towards Ca**-independent (novel) PKCs
(15, 42), interfered with NF-kB and JNK activation in B and T
cells at a concentration of 30 uM, whereas the PKC inhibitor
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FIG. 1. Novel PKCs are involved in NF-kB and JNK activation in response to PMA in primary murine splenic B and T cells. (A) Splenocytes,
MACS-separated Thy1.2-positive cells (Thyl.2+), or MACS-separated B220-positive cells (B220+) from either wild-type (BALB/c) or nude mice
were analyzed for Thyl.2 and B220 expression by flow cytometry. (B) Whole cell extracts of B220- or Thy1.2-positive cells were analyzed for the
expression of different PKC isoenzymes, as indicated. A nonspecific band that migrates slightly faster than PKC# is indicated by a circle. (C and
D) T cells from BALB/c mice and B cells from nude mice were pretreated for 30 min with the indicated concentrations of PKC inhibitors G66976
or rottlerin and subsequently stimulated with PMA. NF-«kB activity was determined by EMSA (C) and IkBa degradation and JNK phosphorylation
were determined by Western blotting (D). (E) Specificities of G66976 and rottlerin were confirmed in an in vitro kinase reaction using purified

rat brain PKCs and myelin basic protein as a substrate.

G66976, which inhibits Ca**-dependent (classical) PKCs, had
no effect on either signaling pathway. The specificity was con-
firmed in a kinase reaction on purified rat brain PKC, which
consists primarily of the «, B, and +y isoforms, with lesser
amounts of & and { isoforms (Fig. 1E). Whereas 200 nM
G066976 strongly inhibited the activity of rat brain PKCs, rot-
tlerin exerted no effect at concentrations up to 30 wM. Loss of
NF-«kB signaling was most likely due to impaired upstream
signaling events because IkBa was significantly stabilized in the
presence of rottlerin (Fig. 1D, upper panel). These results
indicate that similar signaling pathways which involve novel
PKCs contribute to NF-kB and JNKI1 activation in primary B
and T cells.

It has been shown that NF-kB is activated in response to
stimulation of the BCR (3, 34). To elucidate the role of novel

PKCs for BCR-mediated NF-«kB activation we treated primary
B cells from nude mice with anti-IgM antibody. We checked
expression of surface IgM (sIgM) in splenocytes and B220-
positive cells from nude mice (Fig. 2A). Nearly all B220-posi-
tive cells were also sIgM positive. NF-kB was activated in
B220-positive B cells in response to IgM cross-linking (Fig.
2B). Activation of NF-«kB correlated with reduced IkBa pro-
tein levels, and the process was inhibited by rottlerin but not by
G06976. We did not detect MAPK activation in response to
IgM ligation (data not shown). These data demonstrate that
novel PKCs are involved in BCR-induced activation of NF-«kB
and provide evidence that a conserved pathway links antigen
receptors from B and T cells to their downstream targets.
Novel PKCs are involved in NF-kB and JNK activation in
70Z/3 pre-B cells. We analyzed the requirement of individual
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FIG. 2. BCR-directed activation of NF-«kB requires novel PKCs. (A) Splenocytes from nude mice and B220-positive cells obtained after MACS
(Fig. 1) were analyzed for B220 and IgM surface expression by flow cytometry. Left and middle panels represent single stains; right panels represent
double stains. (B) NF-«kB activation and IkBa degradation of B220 cells in response to anti-IgM or PMA stimulation was analyzed by EMSA or
Western blotting, respectively. Rottlerin or G66976 was added at the indicated concentrations 30 min prior to stimulation.

PKC:s for the activation of NF-kB in mouse 70Z/3 pre-B cells
as a model system. This well-characterized cell line can be
activated to express surface IgM in response to LPS or IFN-y
(36). We first investigated by pharmacological inhibition which
PKC subfamilies are responsible for NF-kB and JNK activa-
tion in 70Z/3 cells (Fig. 3). Rottlerin was a potent inhibitor of
PMA-induced NF-kB activation with an effective concentra-
tion of 5 to 10 pM (Fig. 3A). In Jurkat T cells, where PKC6 has
been implicated in PMA-mediated NF-kB activation (42),
complete inhibition was exerted with 30 uM rottlerin. These
concentrations had no effect on NF-kB activation in response
to either LPS (70Z/3; Fig. 3A, lanes 9 to 11) or TNF-a (Jurkat;
Fig. 3A, lanes 20 to 22), showing that rottlerin specifically
inhibited PMA-induced activation of NF-kB. Furthermore, ad-
ministration of rottlerin inhibited PMA-induced degradation

of IkBa (Fig. 3B), demonstrating that PKC inhibition affected
upstream signaling events. G66976 did not elicit an effect on
NF-kB activation at a concentration of 200 nM in 70Z/3 and
Jurkat T cells. Similar to NF-«kB activation, JNK1 phosphory-
lation in 70Z/3 cells was inhibited at a rottlerin concentration
of 5 uM and G066976 had no effect (Fig. 3B).

We treated 70Z/3 pre-B cells for 24 h with IFN-y to induce
expression of sIgM (Fig. 3C). IFN-y pretreatment induced
sIgM expression without any effect on NF-«kB (Fig. 3 and data
not shown). Incubation of the IgM-positive cells with an anti-
IgM antibody led to a weak NF-«kB activation in 70Z/3 cells
(Fig. 3D). NF-kB activation was strictly dependent on sIgM
expression, because in 70Z/3 cells that had not been pretreated
with IFN-vy, IgM ligation did not activate NF-kB (data not
shown). NF-kB activation in response to IgM cross-linking or
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FIG. 3. Inhibition of novel PKCs blocks NF-kB and JNK kinase activation in 70Z/3 cells. (A) 70Z/3 pre-B or Jurkat T cells were pretreated
for 30 min with the indicated amounts of G66976 or rottlerin and subsequently stimulated with PMA, TNF-a, or LPS for 15 min. Whole cell
extracts were analyzed for NF-kB activation by EMSA. (B) 70Z/3 cells were treated as for panel A, and JNKI as well as IkBa were analyzed by
Western blotting. The star indicates the position of the hyperphosphorylated 46-kDa JNK1 isoform. (C) 70Z/3 cells were stimulated for 24 h with
10 ng of IFN-y/ml, and IgM surface expression was determined by flow cytometry (untreated and stimulated cells, left and right panels,
respectively). (D) IFN-y-stimulated cells were pretreated with the indicated concentrations of rottlerin for 30 min and stimulated with mouse
anti-IgM antibody (30 min), PMA (10 min), or LPS (30 min). NF-kB DNA binding activity was determined by EMSA.

PMA was inhibited by rottlerin to a similar extent. Again, LPS
induction of NF-kB was not affected by rottlerin. As in primary
B cells, we did not observe activation of JNK in response to
IgM ligation (data not shown). We conclude that NF-kB acti-
vation in 70Z/3 pre-B cells and in primary B cells by PMA or
IgM cross-linking involves the same signaling pathways that
depend on novel PKCs. Therefore, 70Z/3 pre-B cells are a
suitable model system to investigate the contribution of novel
PKC:s in response to B-cell activation.

Defective activation of NF-kB and JNK by PMA in the
mutant pre-B-cell line 1.3E2. 1.3E2 cells, derivatives of 70Z/3
cells, are unable to activate NF-kB in response to either LPS,
IL-1, PMA, Taxol, or double-stranded RNA (10). This defi-
ciency is due to the lack of IKKry (44). In order to analyze the
pathway for NF-«B activation by PMA, we reintroduced IKKry
into the 1.3E2 cells. Stable expression of IKKyHA rescued
NF-«kB activation after stimulation with either LPS or IL-1B
but, surprisingly, IKKry failed to rescue NF-kB activation in
response to PMA in three different IKKy-expressing clones
(Fig. 4A). Also, in transient transfections N-terminally Flag-

tagged IKKy could rescue LPS- but not PMA-induced activa-
tion of an NF-kB reporter, ruling out that the position or
sequence of the epitope tag has an effect on NF-«kB activation
(S. Tegethoff, unpublished results). NF-«kB activation in 1.3E2
IKKY clones by LPS or IL-1B was slightly reduced in compar-
ison to 70Z/3 cells, which was most likely due to the increased
amounts of IKKy (Fig. 4A; lower panel). Overexpression of
IKKYy alone has been shown to inhibit IKK and NF-«kB acti-
vation, probably through competition for upstream activators
of the IKK complex (25, 28). Next, we tested whether PMA led
to the activation of IKKs by performing in vitro kinase reac-
tions after immunoprecipitation of the IKK complex (Fig. 4B).
PMA efficiently activated the IKK complex in 70Z/3 cells but
failed to do so in either 1.3E2 or 1.3E2 IKKYy cells. Therefore,
the loss of NF-kB activation must be due to an upstream defect
that is independent of IKKry deficiency.

Since PMA is a potent inducer of MAPK signaling pathways,
we tested its ability to activate JNKI1 in the different cell lines
(Fig. 4C). JNKI kinase assays using GstJun1-79 as a substrate
were performed after immunoprecipitation with JNK1 anti-
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FIG. 4. (A) IKKy expression rescues LPS- and IL-1B- but not PMA-induced NF-kB activation of 1.3E2 cells. 70Z/3 cells, three 1.3E2
IKKy-expressing clones, and 1.3E2 cells were treated with PMA, LPS, or IL-1B for 30 min and NF-kB DNA-binding activity was determined by
EMSA. IKKY protein was determined by Western blotting (lower panel). (B and C) Activation of IKK and JNKI1 in response to PMA is defective
in 1.3E2 and 1.3E2 IKKYy cells. (B) 70Z/3, 1.3E2, and 1.3E2 IKK~y2 cells were stimulated with PMA (10 min), and extracts were analyzed for IKKa
protein expression. IKK activity was determined in an in vitro kinase reaction after IKK immunoprecipitation with an anti-IKKa antibody.
GstlkBal-53 was used as a substrate. (C) 70Z/3, 1.3E2, and 1.3E2 IKK«y2 cells were stimulated with PMA (10 min), LPS (20 min), or UV light
(20 min) and cellular extracts were analyzed for JNK1 expression (upper panel). The hyperphosphorylated 46-kDa JNKI1 isoform is indicated by
a star. JNK1 kinase activity was determined in an in vitro kinase reaction after immunoprecipitation of JNKI. Kinase activity was determined with
recombinant GstJun1-79 as substrate. (D) Activation of ERK1/2 is not defective in 1.3E2 cells. Cells were stimulated with PMA for 10 min and
cellular extracts were analyzed by Western blotting using JNKI1, phospho-ERK1/2, or ERK1/2 antibodies (as indicated). Migration of the

hyperphosphorylated 46-kDa JNKI is indicated by a star.

body. PMA or UV light led to an activation of JNKI in 70Z/3
cells, whereas LPS only weakly activated JNK1. In contrast, in
neither 1.3E2 nor 1.3E2 IKKy cells could JNKI1 kinase activity
be stimulated by PMA. Since JNKI1 could still be activated by
UV light, JNK signaling is not generally defective in 1.3E2
cells. To further test MAPK signaling in 1.3E2 cells, we ana-
lyzed activation of ERK1/2 using a phospho-specific antibody
(Fig. 4D). Phosphorylation of ERK1/2 in response to PMA did
not differ in 70Z/3, 1.3E2, and 1.3E2 IKKry cells. We did not
observe activation of p38 in either 70Z/3 or 1.3E2 cells when a
phospho-specific antibody was used (data not shown). These
results suggest that the loss of PMA-mediated NF-«B and JNK
activation in 1.3E2 cells is caused by a common defect up-
stream of the IKK complex that does not affect activation of
ERKs.

Novel PKCO is absent in 1.3E2 cells. Classical and novel
PKC isoforms are directly activated by phorbol ester. We com-
pared the protein amounts of various PKC family members in

70Z/3, 1.3E2, 1.3E2 IKKYy, and Jurkat cells by Western blotting
(Fig. 5A). As expected, compared to Jurkat T cells the pre-B
cell line 70Z/3 as well as its 1.3E2 derivative contained high
amounts of the Ca®"-independent PKCS and PKCg, both of
which have been shown to be expressed in the B-cell lineage
(32). Nevertheless, novel PKCs § and € and the classical Ca**-
dependent PKCs «, BL, BIL, and vy (Fig. SA) as well as the
atypical phorbol ester-independent PKC isoforms v and A (data
not shown) were all equally expressed in 70Z/3 cells compared
to 1.3E2 cells. In contrast, PKC68 was only weakly expressed in
70Z/3 cells versus Jurkat T cells, and it was absent in 1.3E2 and
1.3E2 IKKy cells. We confirmed this result by nuclear-cyto-
plasmic fractionation of 70Z/3, 1.3E2, and Jurkat cells (Fig. 5;
lower panel). As expected, PKC6 was predominantly localized
in the cytoplasmic compartment and only weakly in the nu-
cleus. Again, PKCHO expression was observed in Jurkat and,
albeit more weakly, in 70Z/3 cells, but it was lacking in 1.3E2
cells. Due to the weak expression of PKCH in 70Z/3 cells, a
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FIG. 5. PKC6 is absent in 1.3E2 and 1.3E2 IKKYy cells. (A) Whole cell extracts were prepared from 70Z/3, 1.3E2, 1.3E2 IKKv2, and Jurkat T
cells and the expression of various PKC family members was determined by Western blotting. Lower panel, nuclear (N) and cytoplasmic (C)
extracts of 70Z/3, 1.3E2, and Jurkat cells were analyzed for PKCH expression. A nonspecific band migrating faster than PKC9 is indicated by a dot.
(B) In response to PMA, PKC6 translocates to the membrane but does not quantitatively associate with IKKry. Cells were attached to the surface
of the chamber slides by culturing in the absence of serum for 16 h. 70Z/3, 1.3E2, 1.3E2 IKKvy/PKC6, or 1.3E2 IKK'y cells were left untreated or
stimulated with PMA for 20 min. After fixation and permeabilization, cells were costained with polyclonal IKKy and monoclonal PKC6 primary
antibodies. For the detection, FITC-conjugated donkey anti-rabbit and tetramethyl rhodamine isocyanate-conjugated donkey anti-mouse second-

ary antibodies were used.

nonspecific band appears that migrates slightly faster than the
specific signal.

Previous studies have suggested that the function of PKC6 in
the hematopoietic lineage is restricted to T cells (32, 40).
Therefore, by performing indirect immunofluorescence in
70Z/3 pre-B cells, we tested if PKC6 translocates to the mem-
brane in response to PMA (Fig. 5B). In unstimulated 70Z/3
cells, PKCH resided predominantly in the cytoplasm, but upon
activation the majority was localized to the cytosolic mem-
brane. In parallel, we costained IKKvy in the same cells and
found that IKKy resided in the cytoplasm and to a small
degree also in the nuclear compartment, with no change upon
stimulation. Congruent with the Western blotting data, no
staining of either PKCHO or IKKy was observed in 1.3E2 cells,
which confirms the specificity of the staining in 70Z/3 cells.
PKC6 deficiency in 1.3E2 cells together with defective PMA
signaling suggested that this isoform could be engaged in
NF-kB and JNK activation in 70Z/3 pre-B cells and encour-
aged us to rescue PMA signaling by ectopic expression of
PKC6.

6646

Stably expressed novel PKCO or PKCd, but not classical
PKCBII, rescues NF-kB and JNK activation in 1.3E2 IKKry-
expressing cells. We decided to introduce different PKC isoen-
zymes into 1.3E2 IKKry-expressing cells to see if defective
PMA signaling can be rescued. Novel PKC6 and PKCS as well
as classical PKCBII were stably transfected in 1.3E2 IKK'y cells
and PKC-positive clones were selected (Fig. 6A). In some
cases IKKy protein expression was lost during the process of
selection (clones 1, 4 and 9), making it possible to determine
the role of PKCs in the absence of a functional IKK complex.

NF-«B activation by PMA (10 and 30 min) or LPS (45 min)
was determined by EMSA (Fig. 6B). Stable expression of ei-
ther PKCO or PKC3 in 1.3E2 IKKy cells (clones 2, 3, 5, and 6)
rescued NF-kB activation in response to PMA. In contrast,
ectopic PKCBII failed to reinstate PMA responsiveness in
1.3E2 IKKYy cells. NF-kB activation was abrogated in response
to LPS only in 1.3E2 cells and in the PKC6-expressing clone 4,
which had lost any detectable IKK+y protein. Thus, LPS re-
sponsiveness was unaffected as long as a functional IKK com-
plex was present. NF-«B activation was functional, as observed
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FIG. 6. Stable expression of PKC6H or PKC3, but not PKCBII, rescues PMA activation of NF-kB and JNK in 1.3E2 IKKYy cells. (A) Expression
of the different PKC isoforms and IKK' in the stable transfectants was analyzed by Western blotting. Note that some clones (1, 4, and 9) lost IKKry
expression during the process of selection. (B) Activation of NF-«kB in 70Z/3, 1.3E2, and 1.3E2 IKKYy cells and various PKC-expressing clones in
response to PMA (10 and 30 min) or LPS (45 min), as determined by EMSA. (C) NF-kB activation in response to LPS and PMA was determined
by NF-kB reporter assays in 1.3E2 IKKry cells and either PKC6- or PKC3-expressing clones. Each bar represents the average of three independent
experiments, with standard deviations indicated. (D) PMA-induced JNK activation in 70Z/3 cells and in various 1.3E2 clones was determined in
a Western blot using phospho-JNK and anti-JNK1 antibodies. Migration of transiently phosphorylated JNK is marked by a star.

in a luciferase reporter assay (Fig. 6C). Whereas LPS activated
the NF-«B reporter independent of ectopic PKC6 or PKCS,
PMA could only activate the reporter in the presence of either
kinase. We also tested NF-kB activation by IgM ligation in
1.3E2 cells or in the IKKy- or IKK+y/PKC-expressing clones.
No activation was detectable; however, only about 50% of the
IFN~v-treated 1.3E2 cells were sIgM positive. In addition, the
overall level of sIgM in positive cells was decreased compared
to IFNy-induced 70Z/3 cells (data not shown). Therefore,
given the relatively weak activation of NF-kB in 70Z/3 cells
(see Fig. 3D), the lack of activation in 1.3E2 cells is probably
due to the limiting amount of the BCR on the cell surface.
Besides NF-«kB activation, stable expression of novel PKC6
and PKC3 also rescued JNK activation in 1.3E2 cells (Fig. 6D).
Western analysis using anti-phospho-JNK and anti-JNK1 an-
tibodies showed that JNK was transiently phosphorylated in
response to PMA in 70Z/3 cells as well as in all 1.3E2 cell
clones, which were expressing either PKC6 or PKC3. JNK
kinase activation was independent of a functional IKK com-
plex, since JNK phosphorylation was also obtained in the
clones which had lost IKK+y expression. Since several clones
(two PKC6- and one PKC8-expressing clone; Fig. 6D and data
not shown) displayed JNK activation in the absence of IKKy,
clonal differences cannot account for the maintenance of JINK

signaling. Again, ectopic expression of PKCBII did not rescue
JNK signaling in 1.3E2 cells.

We conclude that a defect in NF-kB and JNK activation in
response to PMA in the 70Z/3-derived 1.3E2 cell line can be
overcome by the ectopic expression of novel PKC6 or -3. Ex-
pression of classical PKCBII cannot promote NF-kB and JNK
activation. Taken together, the results present evidence for a
specific role of novel PKCs for PMA- or BCR-specific activa-
tion of NF-kB in B cells.

DISCUSSION

During the last years much attention has been focused on
the role of novel PKCs and especially of PKC6 for TCR/CD3,
and CD28 costimulation with PMA-ionomycin is thought to
mimic this stimulation in T cells (2, 9, 11, 14, 24, 29, 40, 42).
Using the PKC inhibitor rottlerin, we showed that novel PKCs
are also involved in PMA-induced NF-«kB activation in primary
B220-positive B cells derived from spleens of wild-type and
nude mice. It was demonstrated that stimulation of the BCR
leads to activation of NF-«B (5, 35), a process which involves
Bruton’s tyrosine kinase, phospholipase C-y2, and the IKK
complex (3, 33, 34). We now demonstrate that BCR activation
of NF-kB requires novel PKCs in 70Z/3 pre-B cells as well as
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in primary B cells. In contrast to peripheral T cells, which are
characterized by high expression of novel PKC6, B cells ex-
press high amounts of PKC38 and -¢. Congruent with this ob-
servation, BCR signaling was shown to activate PKC3 (4). We
did not observe MAPK activation after BCR cross-linking in
70Z/3 cells or primary B cells (data not shown). Interestingly,
Ruland et al. (38) have now shown that Bc/10™/~ mice are
defective in NF-«kB activation in response to both antigen re-
ceptors (TCR and BCR). Our data suggest that the upstream
signaling events leading to IKK activation in response to anti-
gen receptor signaling in B and T cells are distinct from those
of pathways initiated by TNF-a, IL-1, or LPS. Signal transduc-
tion in both cases involves novel PKCs, Bc/10, the IKK com-
plex, and subsequently NF-kB, which shows that signaling ini-
tiated by TCR and BCR is highly conserved.

We looked for a cellular model to study NF-«B activation in
a well-characterized cell line of the B-lymphocytic lineage.
70Z/3 pre-B cells were chosen because expression of sIgM can
be induced and it was previously shown that cross-linking of
sIgM leads to NF-«kB activation (35). We found that, just like
in primary B cells, IgM ligation activated NF-«kB in 70Z/3 cells,
demonstrating that these cells express a functional BCR and
contain all components necessary for downstream signaling.
Importantly, both BCR- and PMA-induced signaling required
novel PKCs. The 1.3E2 cell line has been isolated by immu-
noselection as a variant of 70Z/3 cells that is unable to express
surface IgM in response to LPS (31). Subsequently, it was
shown that the cells are defective in NF-kB and Oct-2 activa-
tion (7, 10, 36). 1.3E2 cells do not functionally express the
NF-kB essential modulator (NEMO) or IKKry, which is essen-
tial for activation of the IKK complex (37, 44). NF-«B activa-
tion in response to multiple stimuli can be recovered by
NEMO/IKKYy expression. In contrast to previous results by
Yamaoka et al. (44), we found that defective NF-«kB activation
by PMA was not complemented by the stable expression of
IKKY, even though LPS and IL-1 responses could be recov-
ered. Possibly, clonal differences depending on the lots of the
1.3E2 cells used may explain this discrepancy. Nevertheless, all
other molecular and cellular parameters which we determined
for 1.3E2 cells (i.e., lack of NEMO/IKKy protein, reduced
Oct-2 DNA binding, active ERK1/2 kinases, sIgM expression
in response to IFN+y but not to LPS) are congruent with pre-
viously published observations. We have used the human
NEMO/IKKy cDNA for complementation, but the fact that
LPS and IL-1 responses as well as PMA stimulation in the
presence of novel PKCs could be rescued in 1.3E2 cells
strongly argues against species-specific functional differences
of IKKYy. The reproducible finding of defective PMA responses
of NF-«kB and JNK (see also below) in 1.3E2 cells as well as in
1.3E2 IKKy clones made it possible to specifically investigate
the requirements for PKC-mediated antigen receptor signaling
in pre-B cells.

The observation that 1.3E2 cells are not only defective in
NF-«kB activation but also fail to activate the MAPK JNK
provides further evidence that loss of PMA responsiveness is
caused by a defect in a component common to both pathways.
Defective JNK activation was shown with antibodies recogniz-
ing the hyperphosphorylated form of JNK as well as in vitro
kinase reactions using GSTJunl-79 as a substrate. Impor-
tantly, UV light-induced JNK signaling was still intact, provid-
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ing evidence that the defect resides in PMA-induced signal
cascades and is not a consequence of a mutation in JNK itself.
NF-kB and JNK signaling pathways diverge somewhere up-
stream of the IKK complex, making it very likely that either the
loss of or a mutation at the level of PKCs is responsible for the
signaling defect. Interestingly, MAPK signaling is not generally
affected because ERK1 and -2 are still active in 1.3E2 cells
(Fig. 4D) (10), showing that distinct pathways activate individ-
ual MAPKs (also reviewed in reference 8). Also, in Jurkat T
cells it has been demonstrated that PKC6 contributes to JNK
but not to ERK activation (14; see also below).

Since PMA directly activates PKCs, we determined the ex-
pression of a panel of PKC family members. Just like in pri-
mary B cells, strong expression of PKC8 and -€ could be ob-
served in the pre-B cell lines. However, of all PKC isoenzymes
tested in Western blotting, only PKC6 was differentially ex-
pressed in 70Z/3 versus 1.3E2 cells. This result was confirmed
by indirect immunofluorescence, showing that PKC8 is not
only expressed in 70Z/3 cells but also translocates to the mem-
brane in response to PMA. In T cells it has been shown that
upon stimulation with PMA-ionomycin or CD3/CD28, PKC6
associates with IKKa or -B and colocalizes at the membrane
(24). Therefore, we investigated if endogenous IKKy is at least
partially shifted to the membrane in response to stimulation,
but we found that IKKvy resides in the cytoplasm and maybe
partially in the nucleus (see also reference 28). Since IKKrvy
quantitatively associates with IKKB and IKKa in 70Z/3 cells
(25), we find no evidence that membrane translocation of the
IKK complex precedes its activation by PMA. Nevertheless, a
transient translocation of the IKK complex to the membrane
might precede its activation.

The finding that PKC6 was differentially expressed in the
pre-B cell lines was quite surprising, because an analysis of
PKCs in hematopoietic cells reveals that PKCO is predomi-
nantly expressed in T cells (Fig. 1B) (32). However, the differ-
ential expression of PKCO in 70Z/3 and 1.3E2 cells clearly
suggests that this isoenzyme should have a key function for
NF-kB and JNK activation. Due to the extremely poor trans-
fection efficiency in 70Z/3 cells, we failed to block NF-«B
activation using kinase-inactive mutants of either PKC,
PKC3, or PKCe (data not shown), and we therefore attempted
to rescue PMA signaling by stable expression of PKCs in 1.3E2
IKKry cells. In line with the hypothesis that PKC8 is essential
for NF-kB and MAPK activation by PMA in the pre-B-cell
lines, we could rescue both signaling pathways by ectopic ex-
pression of PKCH (Fig. 6). Surprisingly, PKC3, another novel
PKC isoform, could also rescue NF-kB and JNK activation. In
contrast, PMA activation was not restored by expression of the
Ca®"-dependent classical PKC isoform BII. Therefore, in
agreement with the data obtained using the pharmacological
inhibitor rottlerin, a rescue was observed only when novel
PKCs were transfected. The question remains why PKC func-
tion could be rescued with either PKC6 or -3, even though
PKC3, in contrast to PKCH, was expressed in considerable
amounts in 70Z/3 as well as in 1.3E2 cells. As a likely expla-
nation, strong overexpression of one novel PKC isoform might
suffice to compensate for the loss of the other. In fact, among
the novel PKCs, PKCS is the closest relative of PKC6, with an
overall extended identity of 59% suggesting that both isoforms
could be functionally redundant. The similarity between PKC60
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and other novel PKC isoforms is considerably lower, with 38%
identity for PKCe as the next relative. Significant homologies
to classical PKCs are restricted to the kinase and PMA binding
domains. Furthermore, NF-kB and JNK activation in 1.3E2
cells was strictly dependent on PKC activation by PMA, and
PKC overexpression alone did not suffice to activate signaling
nonspecifically. Moreover, in the mutant 1.3E2 cells, ectopi-
cally expressed PKCH translocates to the membrane in re-
sponse to PMA, indicating that all other components necessary
for PMA signaling are intact. It was shown recently that Bc/10
is necessary for NF-kB activation in response to TCR stimu-
lation and acts downstream or at the level of PKC6 (38). We
found no change in Bc/10 protein expression between 70Z/3
and 1.3E2 cells (data not shown). Furthermore, Bc/10 defi-
ciency does not affect MAPK activation (38), indicating that
the point where NF-kB and MAPK pathways diverge is up-
stream of Bcl10 at the level of PKC activation. Therefore, it is
most likely that PKC8 deficiency in 1.3E2 cells is responsible
for the PMA signaling defect, but this defect can be overcome
either by reintroduction of PKC6 or by increasing the levels of
the related & isoform.

The data thus suggest that besides the specific function of
PKC6 in T-cell lines, mature primary T cells, and the 70Z/3
and 1.3E2 pre-B cell lines, PKC# plays a key role in NF-kB
signaling in primary B cells. The analysis of PKC isoenzyme
expression in primary B and T cells revealed that PKC6 levels
are highest in T cells. Nevertheless, we did observe expression
of PKC6, albeit weaker, also in primary B cells. A detailed
analysis of B cells from PKCO- and/or PKC3-deficient mice
needs to be performed to answer the question of which PKC
isoform plays a crucial role for pre-B cells or at any other stage
of B-cell differentiation. In this respect, it is interesting that
PKCS is essential for TCR-mediated NF-kB activation in ma-
ture but not immature T lymphocytes (40). The PKC isoform
responsible for NF-kB activation in immature T lymphocytes
remains to be identified. In addition, in mice, MAPK signaling
in T cells was not influenced by PKC6 deficiency, even though
PKCSH is an upstream regulator for JNK in Jurkat T cells (2,
14). The data indicate that each individual PKC isoform carries
out specific functions which are not only dependent on the cell
type but which also differ in the downstream signaling pathway
that they activate.

In this study we established a role for novel PKCs in BCR
signaling to NF-«kB, and thereby we underscored a striking
conservation for antigen receptor signaling in T and B cells.
Future studies will need to address the mechanism by which
novel PKCs are linking the antigen receptor activation to the
IKK complex.
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