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buffered paraformaldehyde, removed from the coverslip, permeabilized for 6–12 h,
incubated for 15min in Alexa Fluor 488 streptavidin (Molecular Probes), washed again
andmounted. Eight-bit image stacks were acquired on a confocal microscope (SP2; Leica)
using the 40 £ HCXPAPO (numerical aperture 1.25) oil-immersion objective. Voxel size
in the xyz dimension was 0.4 £ 0.4 £ 0.5 mm3 (0.05 £ 0.05 £ 0.5 mm3 for high resolution).
Measures of axonal arborization and diameter of the large mossy terminals were
performed on montages of maximal intensity projections (Supplementary Fig. 1a) using
ImageJ software (National Institute of Mental Health, Bethesda, Maryland). No further
filtering or image processing was used.

Drugs and chemicals
MCPG and NBQXwere purchased from Tocris Cookson, and ATP, CrP, EGTA, GTP, (2)-
bicuculline methochloride and 3,3 0 -diaminobenzidine from Sigma/Fluka. (E)-4-(3-
phosphonoprop-2-enyl)piperazine-2-carboxylic acid (CPPene) and CGP62349 were
kindly provided by Novartis AG.

Data acquisition and analysis
Signals were filtered at 2 or 5 kHz, digitally recorded on a computer by using CLAMPEX 7
software (Axon Instruments) and stored on tape for later analysis. The amplitude, latency
and kinetics were determined as described elsewhere30. To quantify the synaptic responses
evoked by each action potential during a train, the peak amplitude and the area of the
response were measured from the baseline directly preceding each EPSP. The standard
deviation of the latencies was used to calculate the jitter. For calculation of the paired-pulse
ratios, averages (including failures) were obtained. Numerical data in the text are
expressed as means ^ s.e.m.
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Approximately 65% of B cells generated in human bone marrow
are potentially harmful autoreactive B cells1. Most of these cells
are clonally deleted in the bone marrow, while those autoreactive
B cells that escape to the periphery are anergized or perish before
becoming mature B cells2–5. Escape of self-reactive B cells from
tolerance permits production of pathogenic auto-antibodies6;
recent studies suggest that extended B lymphocyte survival is a
cause of autoimmune disease in mice and humans7. Here we
report a mechanism for the regulation of peripheral B-cell
survival by serine/threonine protein kinase Cd (PKCd): spon-
taneous death of resting B cells is regulated by nuclear localiza-
tion of PKCd that contributes to phosphorylation of histone H2B
at serine 14 (S14-H2B). We show that treatment of B cells with the
potent B-cell survival factor BAFF (‘B-cell-activating factor
belonging to the TNF family’) prevents nuclear accumulation
of PKCd. Our data suggest the existence of a previously unknown
BAFF-induced and PKCd-mediated nuclear signalling pathway
which regulates B-cell survival.

The increased lifespan of B cells in transgenic mice that over-
express the B-cell survival factor BAFF is associated with develop-
ment of lupus-like autoimmunity8–10. We recently described a
lupus-like autoimmune disease with defective B-cell tolerance in
mice deficient for PKCd11. In searching for the mechanism of the
disease, we found that PKCd-deficiency renders B cells BAFF-
independent. Injection of a soluble BAFF receptor-Fc decoy,
BAFF-R:Fc12, in PKCdþ/þ mice reduces the cellularity of the
lymphoid organs (Fig. 1a, upper panel) by emptying peripheral
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B-cell compartments and blocking most B-cell maturation at the
transitional 1 (T1) (IgMþCD212) stage (Fig. 1b, upper panel).
Unlike PKCdþ/þ mice, injection of the soluble BAFF receptor into
PKCd-deficient mice has no effect on either the size of the B-cell
compartment or B-cell survival and maturation (Fig. 1a and b,
upper panels).

The independence of PKCd2/2 B cells on BAFF was confirmed by
analysis of B-cell subpopulations in mice in which PKCd-deficiency
is combined with a loss-of-function mutation in the BAFF receptor
(BAFF-R). To produce these mice, the PKCd2/2 mice were bred to
A/WySnJ mutant mice that express a signalling-incompetent form
of the BAFF-R13,14. In the presence of PKCd, lack of BAFF signalling
leads to reduction in the size of the lymphoid organs (Fig. 1a, lower
panel), a decline in peripheral B-cell numbers (Fig. 1c) and a partial
block in the maturation of immature (IgMþCD212) to mature
(IgMþCD21þ) B cells (Fig. 1b, lower panel). In contrast to PKCdþ/þ

A/WySnJmice, PKCd2/2A/WySnJmice have evenmore splenic and
lymph node B cells and display a normal pattern of peripheral B-cell
maturation (Fig. 1b and c, and data not shown). The recovery of the
peripheral B-cell compartment in the absence of PKCd cannot be
attributed to higher expression of BAFF-R as PKCd-deficient B cells
have wild-type levels of BAFF-R messenger RNA (Supplementary
Fig. 1a) and BAFF levels in the serum of the PKCd2/2 mice are

within PKCdþ/þ limits (Supplementary Fig. 1b).
The greater than wild-type size of the PKCd2/2 B-cell compart-

ment in the absence of BAFF signalling could be due to the increased
lifespan of PKCd-deficient B cells in vitro and in vivo (Fig. 2a and c).
Most PKCdþ/þ B cells cultured in serum-containing medium die
within 3–4 days (Fig. 2a). PKCd-deficiency renders B cells less
susceptible to spontaneous death; about 20% remain alive even
on day 14 of culture (Fig. 2a). Increased survival of the PKCd-
deficient B cells is not due to increased production of pro-survival
cytokines such as interleukin-6 (IL-6). In the absence of stimulation,
both PKCdþ/þ and PKCd-deficient B cells express equal levels of IL-6
mRNA, and secrete similar amounts of IL-6 (Supplementary Fig. 2a).
Furthermore, in vitro depletion of IL-6 with a neutralizing anti-IL-6
antibody does not affect the survival of PKCd-deficient B cells
(Supplementary Fig. 2b). The PKCd-deficient B cells that survive
in vitro for 14 days are functional and can be activated to proliferate
by anti-IgM with IL-4, bacterial lipopolysaccharide (LPS), or
unmethylated oligonucleotide (CpG) with kinetics similar to acti-
vation of freshly isolated PKCdþ/þ or PKCd-deficient B cells (Fig. 2b).
It is possible that PKCd controls B-cell survival in a BAFF-

independent fashion and survival of PKCd-deficient B cells reflects
the general pro-apoptotic activity of PKCd. To test this model, we
generated mice in which PKCd-deficiency is combined with Btk-

Figure 1 PKCd-deficient B cells are independent of BAFF. a, Lymph nodes of mice

injected with soluble BAFF-R:Fc (upper panel) or of 8-week-old A/WySnJ PKCd2/2 or

littermate control mice (lower panel) are shown. b, c, PKCd-deficiency releases the block

in B-cell maturation in the absence of BAFF signalling. b, Maturity of splenic B cells was

assessed by analysis of the surface expressed CD21/35 and IgM. Data are representative

of three independent experiments. c, Absolute numbers of splenic CD19þ immature

(IgMþCD212) and mature (IgMþCD21þ) B cells of A/WySnJ PKCdþ/þ (open symbols) or

A/WySnJ PKCd2/2 (filled symbols) mice are shown. Each dot represents an individual

mouse.
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deficiency15. The latter mutation causes a major decline in the
survival of naı̈ve B cells in vitro; this can be reversed by over-
expression of the Bcl-2 protein16. Our data show that PKCd-
deficiency fails to rescue poor survival (Fig. 2d) and B-cell cellularity
in the lymphoid organs of the PKCd2/2 Btk2/2 mice (Fig. 2e and
data not shown). The existence of a PKCd-dependent pro-apoptotic
pathway that operates via potentially novel signallingmechanisms is
also supported by Affymetrix gene chip and RT–PCR analyses,
which show no significant differences in the PKCd-deficient and
PKCdþ/þ B cells in expression of mRNAs encoding known anti- or
pro-apoptotic proteins (Supplementary Fig. 3a). Furthermore,
deficiency in PKCd does not affect BAFF-mediated processing of
the NF-kB2 that was previously implicated in positive regulation of
B-cell survival17,18 (Supplementary Fig. 3b). Collectively, these
results exclude a general anti-apoptotic effect of PKCd-deficiency
and suggest a specific BAFF-dependent pathway that regulates B-cell
survival by negative regulation of PKCd.
Previous studies on the role of PKCd in cell death revealed a pro-

apoptotic function of this enzyme in cells of various types19. It
was shown that initiation of apoptosis caused by various agents
correlates with nuclear translocation of the full-length PKCd

(PKCd-FL) or its catalytic fragment (PKCd-CF), generated by
caspase-3-mediated cleavage at the site that separates the regulatory
and the catalytic subunits of the enzyme20,21. The pro-apoptotic
activity of PKCd requires nuclear localization22 and correlates
directly with its enzymatic activity; this is demonstrated by differ-
ences in the efficiency of cell death induction by expression of
exogenous PKCd-FL and PKCd-CF, which possess higher enzymatic
activity than non-cleaved PKCd-FL23. These findings, as well as the
failure of catalytically inactive PKCd to cause cell death22, suggest
that the pro-apoptotic function of PKCd is mediated through
phosphorylation of nuclear targets.

In ex vivo isolated splenic B cells, themajority of the PKCd protein
is located in the cytosol (Fig. 3a). However, 24 h incubation of B cells
in serum-containing medium, which triggers some of the B cells to
death (Fig. 2a), leads to an increase in nuclear PKCd-FL (Fig. 3a).
This process is independent of the activity of caspases that are
implicated in cell death. Incubation of ex vivo isolated B cells with
the pan-caspase inhibitor Z-VAD-FMK or with inhibitors specific
for caspase-3, -6 or–9 does not prevent nuclear accumulation
of PKCd-FL (Fig. 3b and data not shown). Whereas the role of
caspases in cell death is obvious, our data suggest that nuclear

Figure 2 PKCd promotes B-cell survival. a, B-cell survival in vitro. Frequencies of viable

PKCdþ/þ(open circles) or PKCd2/2 (filled circles) B cells incubated in medium. Data are

means ^ s.d. from 5–10 independent experiments. n.d., not detectable. **P , 0.0001

by t test. b, Proliferation of freshly isolated PKCdþ/þ or PKCd2/2 B cells (day 14 after

culture) in the absence (grey histogram) or presence of stimuli (thick line) was measured

by CFDA-SE labelling. c, B-cell lifespan in vivowasmeasured by BrdU incorporation. Open

bars, PKCdþ/þ; filled bars, PKCd2/2. Data are means ^ d.f. from three mice.

d and e, PKCd-deficiency does not rescue the survival of Btk-deficient B cells.

d, Frequencies of viable B cells after incubation in medium. Open circles,

PKCdþ/þBtkþ/þ; filled circles, PKCd2/2Btkþ/þ; open squares, Btk2/2; filled triangles,

PKCd2/2Btk2/2. Data are means ^ s.d. from two independent experiments.

e, Frequencies of splenic (upper panel) and lymph node (lower panel) T (CD90þ) and B

(CD19þ) cells.
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translocation of PKCd and hence related to it B-cell death, are
caspase-independent. It is possible that BAFF regulates B-cell
survival through negative regulation of nuclear PKCd. Indeed, we
found that treatment of B cells with recombinant BAFF prevents
nuclear accumulation of PKCd (Fig. 3a).

The connection between PKCd translocation to the nucleus and
cell death raises the question of nuclear targets for PKCd. Within the
nucleus, the most abundant PKC substrates are histones. It has been
shown that phosphorylation of histone H2B at serine 14 (S14-H2B)

is associated with cell death24,25. We therefore hypothesized that the
ability of PKCd to induce apoptosis might reflect its ability to
phosphorylate S14 of the histone H2B.
Expression of the exogenous PKCd catalytic fragment (PKCd-CF)

in NIH3T3 cells and in PKCdþ/þ or PKCd-deficient embryonic
fibroblasts increases S14-H2B phosphorylation to levels higher than
those observed in non-transfected cells (or in cells transfected with
either the full-length PKCd or a PKCd variant that lacks the caspase-
cleavage site) (Fig. 4a and b). The overall higher levels of S14-H2B
phosphorylation in NIH3T3 cells that express various PKCd var-
iants is likely to reflect the higher expression levels of the PKCd–GFP
fusion proteins in NIH3T3 cells as compared to embryonic fibro-
blasts. In lymphoid cells S14-H2B appears to be a specific substrate
for PKCd, as neither phosphorylation of serine 10 (S10-H3) nor
serine 28 (S28-H3) of histone H3 is affected by expression of highly
pro-apoptotic PKCd-CF (Fig. 4c). Involvement of PKCd in S14-H2B
phosphorylation is further supported by the analysis of ex vivo
isolated peripheral resting B cells (Fig. 4d). The S14-H2B phos-
phorylation could be detected in freshly isolated PKCdþ/þ B cells
that do not contain nuclear PKCd. Hence kinases other than PKCd
can also contribute to S14-H2B phosphorylation in B cells. One of
them could be the sterile twenty kinaseMst1 that can phosphorylate
S14-H2B in mammalian cells25. Nonetheless, the significantly
reduced levels of S14-H2B phosphorylation in PKCd-deficient
B cells points to a major contribution of PKCd to regulation of
S14-H2B phosphorylation in resting B cells (Fig. 4d). Appearance
of phosphorylated S14-H2B is unlikely to be the consequence of
apoptosis as such. Thus apoptotic death of PKCdþ/þ B cells induced
by anti-Fas antibody is not associated with an increase in S14-H2B
phosphorylation (Fig. 4e). This result, along with our data on
unaltered PKCd2/2 B-cell sensitivity to Fas-mediated death11,
point to a specific role of PKCd and S14-H2B phosphorylation in
spontaneous B-cell death.
Whereas our data reveal an important role of PKCd in regulation

of S14-H2B phosphorylation, the role of S14-H2B phosphorylation
in B-cell death remains unclear. The presence of multiple H2B genes

Figure 3 Nuclear expression of PKCd in ex vivo isolated B cells is negatively regulated by

BAFF. Purified B cells were incubated for 24 h in serum-containing medium in the

absence or presence of BAFF (a), or with pan-, caspase-3 or -9-specific inhibitors (b),

followed by preparation of cytosolic and nuclear extracts. Expression of PKCd was

measured by western blot analysis of extracts using anti-PKCd antibody. Protein loading

was controlled by tubulin and lamin A expression analysis. 0, freshly isolated cells. Data

were quantified by NIH Image software.

Figure 4 PKCd contributes to cell-death-related phosphorylation of S14-H2B. a–c, The

levels of histone phosphorylation were measured by western blot analysis using phospho-

and residue-specific antibodies in NIH3T3 cells (a); mouse embryonic fibroblasts

generated from PKCdþ/þ and PKCd2/2 mice (b); murine A20 cells (c) overexpressing

full-length (FL), catalytic fragment (CF), caspase-cleavage-deficient (D327A), nuclear

localization sequence (NLM)-deficient or kinase-inactive (KN) PKCd. Protein loading was

controlled by Ponceau staining of core histones. –, not infected; ev, empty vector.

d, Purified PKCdþ/þ and PKCd2/2 B cells were incubated in serum-containing medium

for different time periods. The levels of S14-H2B and S28-H3 phosphorylation were

measured by western blot analysis. Data were quantified by NIH Image software.

e, Not-activated (2) or anti-CD40-triggered (þ) purified PKCdþ/þ and PKCd2/2 splenic

B cells were subjected to anti-Fas antibody treatment for 6 h. The level of S14-H2B

phosphorylation was measured by western blot analysis. 0, freshly isolated cells.
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in the mouse genome precludes analysis of the physiological role of
S14-H2B phosphorylation by mutagenesis in vivo. Nonetheless,
attenuation of hydrogen-peroxide-induced cell death by replace-
ment of S14-H2Bof Saccharomyces cerevisiae (S.H. Ahn andD.Allis,
personal communication), and recent data that show accumulation
of the S14-H2B at sites of DNA breaks26, indicate the importance of
P-S14-H2B in apoptosis. Should S14-H2B phosphorylation deter-
mine the rate of spontaneous B-cell death, then the lower levels of
S14-H2B phosphorylation in the absence of PKCd may explain
slower (compared to PKCdþ/þ B cells) kinetics of PKCd-deficient B
cell death in vitro.
In conclusion, our results show that BAFF promotes B-cell

survival not only through the NF-kB-mediated increase in the
expression of anti-apoptotic proteins, but also by actively prevent-
ing nuclear translocation of PKCd. A

Methods
Mice
Mice with PKCd-deficiency11, initially on 129/Sv*Ola background, were backcrossed to
C57BL/6 mice for at least 10 generations. PKCdþ/2 mice were intercrossed to generate
mutant and control mice. The predominant C57BL/6 genetic background of PKCd2/2

mice was verified by microsatellite genotyping performed at the Rockefeller University
Genotyping Resource Center (Supplementary Table 1). BAFF-R mutant PKCd2/2 or
Btk2/2PKCd-doubly-deficient mice and the corresponding littermate control mice were
generated by crossing either PKCd-deficient and A/WySnJ mice (The Jackson Laboratory)
or PKCd-deficient and Btk2/2 mice (The Jackson Laboratory) and intercrossing the
resulting F1 mice to generate F2. For neutralization of BAFF, 30-week-old littermate
PKCd-deficient or PKCdþ/þ were injected i.p. with 100 mg of control-Ig (human IgG,
Novartis) or with BAFF-R:Fc12 three times a week for five weeks. For 5-bromo-2-
deoxyuridine (BrdU) labelling, PKCdþ/þ and PKCd-deficient mice received 1mgml21 of
BrdU in their drinking water for 14 days. BrdU incorporation into B cells was determined
by staining with FITC-labelled anti-BrdU antibody (BD Pharmingen). Frequency of
BrdUþ B cells was measured by flow cytometry.

Cell lines, transient transfections, nuclear extract preparation
Mouse embryonic fibroblasts were generated from 13.5-day PKCdþ/þ and PKCd2/2

embryos by standard procedure. Transfection of NIH3T3, Jurkat, BJAB, Ramos and A20
cells was done either according to the Lipofectamine Plus kit (Invitrogen) or by
electroporation. Seventy-two hours after transfection with various constructs22, cells were
washed with PBS and lysed as described27. Briefly, cells were lysed for 15min on ice in
320mM sucrose, 10mM Tris pH 8.0, 3mM CaCl2, 2mM magnesium acetate, 0.1mM
EDTA, 0.5% NP-40, supplemented with protease (Sigma) and phosphatase (Calbiochem)
inhibitor cocktails. After 5min of centrifugation at 500g, supernatants were saved as the
cytosolic fraction. The nuclei were washed in the same buffer without NP-40 and then
lysed in 1% NP-40, 500mMNaCl, 50mM Tris pH 8.0, 10% glycerol, and sonificated. The
supernatants after 15min of centrifugation at 16 £ 103g were used as nuclear fraction.

Immunoblotting analysis
Western blot analysis was performed by separating equal amounts of protein extracts by
SDS–PAGE and blotting to nitrocellulose membrane by standard procedures. For
immunoblotting of cytoplasmic and nuclear PKCd, protein extracts of purified B cells were
analysed by immunoblotting with an antibody against PKCd (Santa Cruz). Protein loading
was controlled with anti-lamin A antibody (Cell Signaling) and anti-tubulin antibody
(Sigma). The expression of p100 and p52 of NF-kB2 was studied using protein extracts
prepared as described18 and antibodies against NF-kB2 (Upstate) or b-actin (Oncogene).
For immunoblotting of nuclear histones, protein loading was controlled by reversible
staining of the core histones H3, H2B, H2A and H4 on the membrane with Ponceau S
solution (Sigma), followed by probing with phospho-specific antibodies against S14-H2B,
S10-H3 and S28-H3 (Upstate). Data were quantified by NIH Image software.

B-cell purification, proliferation, staining and flow cytometry
Splenic B cells were purified as described previously11 and stimulated in vitro with
2.4 mgml21 F(ab

0
)2 fragment of goat anti-mouse IgM (Jackson ImmunoResearch) in

combination with 25Uml21 recombinant mouse IL-4 (R&D), 5 mgml21 bacterial LPS
(Sigma), or 10 nM CpG ODN 1638 (MWG Biotech). For neutralization of any IL-6
bioactivity, purified rat anti-mouse IL-6 (MP5-20F3) and rat IgG1 isotype-matched
control (R3-34) antibodies (BD Pharmingen) were used. The caspase inhibitors
Z-VAD-FMK, Z-VEID-FMK, Z-LEHD-FMK (BioVision) and DEVD-CHO (Biosource)
were used at a concentration of 100 nM. For induced apoptosis, purified B cells were
activated with 0.6 mgml21 anti-CD40 antibody for 12 h and then subjected to 50 ngml21

anti-Fas antibody treatment. Labelling of cells with 5-(and 6-)-carboxyfluorescein
diacetate, succinimidyl ester (CFDA-SE; Molecular Probes) for analysis of proliferation
was performed as described11. The decline in CFSE fluorescence as a measure of B-cell
proliferation was determined by FACS analysis. Lymphocyte surface marker expression
was analysed using monoclonal antibodies against CD19, CD21/35, CD23, CD90, B220
(BD Pharmingen) or F(ab

0
)2 fragment of goat anti-mouse IgM (Jackson

ImmunoResearch) as described previously11.

Construction and generation of MigRI-PKCd retroviruses
Construction of the GFP-tagged PKCd-FL, its catalytic fragment (PKCd-CF), caspase-
cleavagemutant (D327A), or PKCdwithmutated nuclear localization sequence (NLM), or
dominant-negative (K376R) PKCd were described previously22. The PKCd–GFP fusions
were excised with NotI and XhoI, blunt-ended and ligated into the MigRI vector28 after
removing the IRES–GFP. The infectious retroviral particles were then produced by
cotransfecting retrovirus vector DNAwith the helper plasmid pCL-Eco into Bosc23
packaging cells. Retroviral supernatants were collected and filtered 48 h later. The
PKCdþ/þ and PKCd2/2 MEFs were then infected with the supernatant with 8 mgml21

polybrene (Sigma). Aliquots of cells were either subjected to FACS analysis for GFP
expression or lysed 48 h post-infection.

Cell survival assay
Purified B cells were cultured either in medium alone or in the presence of 500 ngml21 of
recombinant BAFF29 for the indicated time and stained with Annexin V (Roche) and
7-aminoactinomycin D (7-AAD; Sigma-Aldrich)30.
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The causes of sporadic human cancer are seldom recognized, but
it is estimated that carcinogen exposure and chronic inflam-
mation are two important underlying conditions for tumour
development, the latter accounting for approximately 20% of
human cancer1. Whereas the causal relationship between
carcinogen exposure and cancer has been intensely investigated2,
the molecular and cellular mechanisms linking chronic inflam-
mation to tumorigenesis remain largely unresolved1. We pro-
posed that activation of the nuclear factor kB (NF-kB), a hallmark
of inflammatory responses3 that is frequently detected in
tumours4,5, may constitute a missing link between inflammation
and cancer. To test this hypothesis, we studied the Mdr2-knock-
out mouse strain, which spontaneously develops cholestatic
hepatitis followed by hepatocellular carcinoma6, a prototype of
inflammation-associated cancer7. We monitored hepatitis and
cancer progression in Mdr2-knockout mice, and here we show
that the inflammatory process triggers hepatocyte NF-kB
through upregulation of tumour-necrosis factor-a (TNFa) in
adjacent endothelial and inflammatory cells. Switching off NF-kB
in mice from birth to seven months of age, using a hepatocyte-
specific inducible IkB-super-repressor transgene, had no effect
on the course of hepatitis, nor did it affect early phases of
hepatocyte transformation. By contrast, suppressing NF-kB inhi-
bition through anti-TNFa treatment or induction of IkB-super-
repressor in later stages of tumour development resulted in
apoptosis of transformed hepatocytes and failure to progress to
hepatocellular carcinoma. Our studies thus indicate that NF-kB is
essential for promoting inflammation-associated cancer, and is
therefore a potential target for cancer prevention in chronic
inflammatory diseases.

Hepatocellular carcinoma (HCC), the third leading cause of
cancermortality worldwide, commonly develops in the background
of chronic hepatitis8. We confirmed and extended previous

results6,9, according to which tumour development in the Mdr2-
knockout mouse, similarly to human HCC8, progresses through
distinct phases: inflammation, dysplasia, dysplastic nodules (ade-
noma-like), carcinoma and metastasis (Supplementary Fig. 1a, b).
Hepatitis is the earliest sign of disease in the Mdr2-knockout mice,
and is characterized by an extensive periductular and periportal
mixed inflammatory infiltrate, rich in CD3-positive cells (Sup-
plementary Fig. 1c).
NF-kB activation is often observed in human HCC, particularly

following hepatitis8. The possibility that NF-kB activation is
involved in Mdr2-knockout hepatocarcinogenesis was investigated
by RelA (p65) immunostaining (Fig. 1a). Nuclear staining, indica-
tive of NF-kB activation, was evident in knockout livers ofmice at all
ages, but not in normal, age-matched mice; this prompted a search
for the source of NF-kB activation in the knockout mice. In some
neoplasms such as Hodgkin’s disease and certain lymphomas,
NF-kB activation is an intrinsic, tumour autonomous feature,
possibly related to mutations in its signalling pathway10. If a similar
mechanism occurs in Mdr2-knockout HCC, one would observe
nuclear NF-kB activation in all neoplastic hepatocytes. However,
this was not the case; NF-kB activation appeared scattered at the
parenchyma, predominantly adjacent to inflamed portal tracts
(Fig. 1e, left panel), suggesting an inflammation-induced phenom-
enon. To evaluate this possibility, we fed knockout and wild-type
mice with the non-steroidal anti-inflammatory drug (NSAID)
ibuprofen for 10 days. This treatment resulted in decreased inflam-
mation, evident by histological analysis (Fig. 1b), decreased serum
alanine aminotransferase (ALT), a marker for hepatocyte damage,
(Fig. 1c) and fewer neutrophils (Fig. 1c, d). p65 immunostaining
showed that the degree of hepatocyte NF-kB activation in the
NSAID-treated group was significantly lower than in the controls
(Fig. 1e). In contrast, ibuprofen had no effect on hepatocyte NF-kB
activation following intraperitoneal TNFa administration (data not
shown). Hence, it seems that NF-kB activation in the knockout
hepatocytes is secondary to parenchymal infiltration by inflamma-
tory cells.
One likely mediator of NF-kB activation in the inflamed liver is

TNFa, particularly its membrane form, which is upregulated in
knockout livers (Fig. 2a). To study this possibility, we treated
knockout mice with neutralizing anti-TNFa antibodies for three
days and analysed hepatocyte NF-kB activation. Anti-TNFa treat-
ment abolished hepatocyte p65 nuclear staining (Fig. 2b), confirm-
ing the prediction that NF-kB activation is primarily induced by
TNFa. To determine the source of TNFa in the inflamed liver, we
fractionated wild-type and knockout livers to hepatocytes (.80%
purity by haematoxylin-and-eosin (H&E)) and other cells (,2%
hepatocytes). Analysis of the two fractions for TNFa expression by
real-time polymerase chain reaction (PCR) confirmed that the
source of TNFa was the non-hepatocyte fraction, which expressed
fivefold more TNFa than the corresponding fraction of wild-type
mice (Fig. 2c).
To study the relationship between the TNFa-producing cells and

NF-kB activation in the hepatocytes, liver sections were stained for
both TNFa and p65 (Fig. 2d, f). TNFa expression was detected
primarily at portal spaces, both in endothelial and inflammatory
cells (Fig. 2d). Hepatocyte nuclear p65 staining was particularly
abundant close to TNFa-positive portal spaces (Fig. 2f), indicating
that hepatocyte NF-kB is activated through paracrine TNFa stimu-
lation. To confirm the identity of the TNFa producers and dis-
tinguish them from TNFa-binding cells, liver sections of wild-type,
knockout and ibuprofen-treated mice were analysed by in situ
messenger RNA hybridization. Similar to the immunostaining
data, TNFamRNAwas found to be highly expressed by endothelial
and inflammatory cells of knockout mice, but far less in wild-type
and ibuprofen-treated knockout mice. TNFa expression was hardly
detected in either knockout or wild-type hepatocytes (Fig. 2e).
The frequent activation of NF-kB in knockout hepatocytes
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