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Toll-like receptors (TLRs) recognize conserved products of microbial pathogens to initiate the innate
immune response. TLR4 signaling is triggered upon binding of lipopolysaccharides (LPS) from gram-negative
bacteria. Using comparative gene expression profiling, we demonstrate a master regulatory role of IxB kinase
(IKK)/NF-kB signaling for immediate-early gene induction after LPS engagement in precursor B cells. IKK/
NF-kB signaling controls a large panel of gene products associated with signaling and transcriptional acti-
vation and repression. Intriguingly, the induction of AP-1 activity by LPS in precursor B cells and primary
dendritic cells fully depends on the IKK/NF-kB pathway, which promotes expression of several AP-1 family
members, including JunB, JunD, and B-ATF. In pre-B cells, AP-1 augments induction of a subset of primary
NF-kB targets, as shown for chemokine receptor 7 (CCR7) and immunoglobulin k light chain. Thus, our data
illustrate that NF-kB orchestrates immediate-early effects of LPS signaling and controls secondary AP-1
activation to mount an appropriate biological response.

Activation of transcription factor NF-«B plays a pivotal role
in the regulation of diverse cellular processes such as inflam-
mation, immune response, differentiation, proliferation, and
apoptosis. The mammalian NF-«B family consists of five mem-
bers, p50, pS2, p65/RelA, c-Rel, and RelB, which are tightly
controlled by a family of inhibitory molecules (IkBs) compris-
ing IxBa, IkBB, IkBg, and the precursor molecules for p50 and
p52, p105 and p100, respectively. IkB proteins prevent nuclear
entry and DNA binding of NF-kB. NF-«kB activation is initi-
ated through cytokine signaling, innate or adaptive immune
responses, morphological signals, or environmental stress (14,
18, 28). All signaling pathways known to date converge at the
IkB kinase (IKK) complex that consists of two catalytic sub-
units (IKKa and IKKB) and one regulatory subunit (IKKvy/
NEMO). The “canonical” IKKB- and IKKy-dependent signal-
ing pathway involves stimulus-dependent phosphorylation of
the IkB molecule IkBa, IkBB, IkBeg, or pl05 at conserved
serine residues. Phosphorylation triggers the recognition and
polyubiquitination of IkBs by SCFF"™" ubiquitin ligases and
their subsequent destruction by the 26S proteasome. Released
NF-«kB enters the nucleus, where it activates transcription of
target genes (14, 22). Aside from this canonical IkB degrada-
tion pathway, a “novel” pathway, which is activated by a subset
of NF-kB stimuli, e.g., B-cell activating factor (BAFF), lym-
photoxin B (LTB), CD40 ligand, and lipopolysaccharide (LPS)
and enhances the processing of p100 and the generation of p52
containing DNA binding complexes, has been described (6, 7,
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10, 23, 36, 50). The p100 processing pathway requires NF-«kB-
inducing kinase, as shown for BAFF, LTB, CD40, and IKKa,
as demonstrated for LTB. Furthermore, a requirement for
ongoing protein synthesis was revealed for LT, CD40, and
LPS.

The biological responses to IKK and NF-kB signaling largely
depend on transcriptional up-regulation of a network of direct
target genes that contain NF-kB consensus sites in their pro-
moter or enhancer regions. About 150 target genes have been
identified, mainly by studies with transfected promoters and by
in vitro DNA binding assays (reviewed in reference 40). The
gene expression profiles in response to well-established NF-«B
stimuli, such as tumor necrosis factor alpha (TNF-a), interleu-
kin-1B (IL-1B), CD40 ligand, and LPS, have been determined
by microarray analyses (8, 31, 35, 51-53). Yet many stimuli
known to trigger NF-«kB activation also induce other signal-
ing pathways, especially mitogen-activated protein kinase
(MAPK) cascades, which ultimately lead to phosphorylation
and enhanced transcriptional activity of transcription factors,
e.g., c-Jun, JunB, JunD, ATF-2, and Elk-1/TCF (25). Previous
reports have analyzed the contribution of IKK components
and NF-«B activation for global gene expression by LPS, IL-
1B, or TNF-a in pre-B cells and embryonal fibroblasts (27, 29)
and by CD40 ligand in B cells (8). However, these microarray
studies did not allow a differentiation between direct and in-
direct effects of NF-kB on target gene expression. By using
gene profiling and chromatin immunoprecipitation, a net-
work of direct NF-kB target genes has been identified in
Hodgkin’s disease-derived tumor cells, which indicated a
central role of NF-kB in the pathogenesis of Hodgkin’s
lymphoma (19).

We have investigated the requirement of the IKK complex
and NF-kB for gene expression by performing gene profiling in
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TABLE 1. LPS and IKKvy target gene profiling in murine pre-B cells”
Result for expt no.
GenBank 1 2 Verified b
Categotr}{ and accession Northerny Refer—f
protein no. Change (fold) for: Call for Change (fold) for: Call for blot® ence(s)
7023 cells  13E2cells  PEZCells 9073 cells 13E2 cetts  13E2 cells
Extracellular ligands
TNF-B¢ M16819 16.0 1.3 NC 8.0 25 NC 19, 40
TNF-of D84196 10.6 9.8 I 7.5 1.6 1 19, 40
MIP-1a/Scya3“ J04491 9.2 23 I 243 2.6 I + 19, 40
4-1BB ligand” L15435 8.0 0.9 NC 4.0 1.0 NC +
IP-10/ScyB10 M33266 53 0.2 NC 4.9 0.6 NC 40
LT-B U16985 3.7 0.8 NC 9.2 0.8 NC 40
WNT10A U61969 32 0.9 NC 35 1.1 NC 27
EBI-3 AF013114 2.6 0.9 NC 2.8 2.5 NC 27
RANK ligand” AF019048 25 0.8 NC 5.3 1.1 NC
IL-12 (p35) M86672 2.0 1.1 NC 13.0 0.8 NC 15
Cell surface receptors
ICAMI® M90551 22.6 1.1 NC 16.0 1.1 NC 19, 40
CD40¢ M83312 10.6 1.4 NC 139 0.4 NC + 19
Notchl 711886 7.5 0.3 NC 4.3 6.1 NC 27
Igk light® M80423 2.6 1.1 NC 35 1.0 NC 27, 40
Eck/Eph A2” U07634 2.6 0.9 NC 2.1 1.1 NC +
IL-10RB" U53696 2.0 0.8 NC 2.3 0.9 NC +
CCR7/EBII¢ L31580 1.9 1.2 NC 2.3 0.6 NC + 19, 27
IFNaR2B” Y09864 15 1.1 NC 2.5 1.1 NC
CD5/Ly1” M15177 1.5 0.9 NC 2.5 1.4 NC
Intracelluar signaling
A20 U19463 48.5 1.1 NC 211 0.9 NC 40
COT/TPL2” D13759 19.7 0.8 NC 3.7 0.2 NC +
MyD118/GADD45B¢ X54149 11.3 0.7 NC 6.5 1.1 NC 27
RGS16 U94828 7.0 0.8 NC 9.2 1.2 NC 27
PIM1¢ AAT64261 5.7 0.9 NC 35 0.9 NC + 54
Pea-15/Mat-1 L31958 53 0.9 NC 2.6 0.9 NC 27
PAC-1 U09268 4.3 2.0 I 4.0 13 I 27
MKP7/MKPM"< Al642662 4.3 25 I 3.0 2.1 I +
p21/CDKNI1A”* AW048937 2.6 1.5 I 2.8 13 I +
CASPASEL11 Y13089 2.6 0.9 NC 3.0 0.8 NC 27
TRAF3® U21050 25 1.0 NC 2.1 1.2 NC +
BCL-10” AJ006289 23 1.2 NC 1.9 1.1 NC
F52/MLP1” X61399 23 1.0 NC 1.9 1.1 NC
PKC3 X60304 2.0 1.1 NC 2.1 0.9 NC + 19
RNF14/TRIAD2" AW123517 2.0 1.0 NC 1.7 1.0 NC +
ABIN-1 AJ242778 1.4 0.9 NC 2.0 1.0 NC + 19, 27
IAP-1 U88908 ND ND ND 2.5 1.1 NC 40
A1/BFL1° U23778 1.5 1.1 NC 2.6 1.1 NC 19, 40
Transcriptional activation/
repression
JunB** U20735 32.0 2.0 NC 7.5 0.9 NC + 19, 40
MAIL"“ AA614971 13.9 6.5 I 243 35 1 +
IkBa® U57524 12.1 1.3 I 9.8 1.3 I 40
RelB® M83380 53 2.8 NC 8.0 0.8 NC 27
p100¢ AW047899 4.0 0.9 NC 6.5 1.2 NC 40
TIS11/ZFP36” M58566 32 0.9 NC 3.7 15 I +
MPC2/CBX4" U63387 32 1.0 NC 2.6 0.9 NC +
NAB2” U47543 3.0 1.6 NC 2.0 1.3 NC +
IxBe” AF030896 2.8 0.9 NC 2.8 1.4 NC +
OCT2 X53654 2.8 0.2 NC 2.5 0.5 NC 4
BTG1” 716410 2.6 1.1 NC 2.0 1.1 NC +
B-MYB® X70472 25 0.9 NC 2.1 1.1 NC +
IRF-8/ICSBP1” M32489 2.5 1.0 NC 1.9 1.1 NC +
Stral3/Decl1” YO07836 25 0.9 NC 1.6 1.7 1 +
CHOP10/DDIT3” X67083 25 1.2 MI 3.0 1.1 I +
ZNF40/a ACRYBP1” 136829 25 23 NC 3.7 0.8 NC +
B-ATF AF017021 23 0.8 NC 2.8 0.3 NC + 27
IRF-5 AF028725 23 1.2 NC 2.8 0.8 NC 27
BTG2? M64292 2.1 1.1 NC 1.7 1.1 NC +
LITAF/PIG7¢ AI852632 2.0 1.4 I 2.0 1.1 NC + 19
pl05 M57999 2.0 0.9 NC 1.7 0.9 NC 40
NUR77/NR4A1? X16995 2.0 1.3 NC 1.6 1.1 NC +
NF-AT¢” AF087434 1.7 1.4 I 2.0 13 NC
TIS7 V00756 ND ND ND 2.0 14 NC +

Continued on following page
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TABLE 1—Continued

Result for expt no.

GenBank 1 2 Verified by

Category and . Refer-
protein accession ) - ) - Northe’rn ence(s)f
no. Change (fold) for: Call for Change (fold) for: Call for blot®
20Z/3 cells  13B2cells  13E2CClls 5073 cens 13E2 s 13E2 cells
Miscellaneous
IL4 induced 1 U70430 184 0.7 NC 17.1 0.9 NC 27
ISG15 X56602 7.0 0.5 NC 6.1 6.1 NC 27
ZNF151° U14556 3.7 0.8 NC 4.0 14 NC +
mKIAA0964° AI840413 3.7 14 NC 2.0 0.9 NC +
CD74 antigen (DHLAG)”  X00496 32 2.1 NC 32 0.5 NC
HERPUD1? AI846938 2.3 1.3 1 2.5 1.1 NC +/-
SWAP-70? AF053974 1.7 0.7 NC 2.5 14 NC +

“ Wild-type 70Z/3 cells and their IKKvy-lacking derivative 1.3E2 cells were left untreated or treated for 90 min with LPS before total RNA was prepared and subjected
to DNA microarray analysis. LPS-inducible genes were grouped according to their potential cellular function. Shown are the results of two independent experiments
(1 and 2). The indicated values represent the increases (fold) of RNA after LPS stimulation compared to the untreated controls as a baseline (70Z/3 LPS versus without
70Z/3 and 1.3E2 LPS versus without vs. 1.3E2; left and central columns, respectively). According to the sort criteria, all genes had an increased call after LPS stimulation
in 70Z/3 cells. The change call for the genes in 1.3E2 cells upon LPS treatment is shown in the right column for each experiment (NC, not changed; I, increased; MI,

mildly increased; ND, not determined).
> Novel IKK and/or NF-«kB target genes.

¢ Genes activated by constitutive NF-kB in Hodgkin’s disease tumor cells (19).

4 Genes induced by at least twofold in IKKy-negative 1.3E2 cells in both experiments.

¢ Multiple hits on the microarray.
/Previously described NF-«kB/IKK induced genes.

& LPS-induced expression for the majority of novel IKK/NF-«B target genes have been verified by Northern blotting, as indicated (+) (compare to Figure 1).

murine pre-B-cell lines after short-term LPS stimulation. We
have taken advantage of the well-characterized 70Z/3 cell sys-
tem, where the availability of an IKK-deficient mutant (1.3E2)
and its revertant and efficient inhibition of “classical” NF-kB
by IkBaAN allows for an investigation of differential gene
induction by LPS. About 70 genes were reproducibly up-reg-
ulated, the vast majority of which required both a functional
IKK complex and NF-kB for full gene induction, indicating
that the classical IkB degradation pathway is the central me-
diator of gene induction in the innate immune response. In
addition, our data suggest that the IKK complex can mediate
induction of a few genes by an alternative, at least partially
NF-kB-independent, pathway. Primary IKK/NF-«kB-triggered
gene induction enhances the expression of a network of sig-
naling components as well as positive and negative transcrip-
tional regulators. LPS-induced AP-1 activity in 70Z/3 pre-B
and primary human dendritic cells fully depends on IKK/
NF-kB signaling. Subordinately activated AP-1 (JunD and
JunB) complexes cooperate with NF-kB and are required for
sustained, high-level chemokine receptor 7 (CCR7) and im-
munoglobulin k (Igk) light chain expression and production of
surface IgM. Our data indicate that the IKK/NF-kB cascade
plays a master role in the immediate-early gene response to
LPS and that it mounts secondary transcriptional responses
involving AP-1 and a network of other regulators.

MATERIALS AND METHODS

Cell culture and treatment. Cell culture conditions for 70Z/3, 1.3E2, and 1.3E2
IKKry/protein kinase C 6 (PKC6) have been described previously (24). Retroviral
infection of 70Z/3 with pFBneolkBaAN, pLXSNA-Fos, or empty vector (pFB-
neo or pLXSN) and preparation of human primary dendritic cells were done as
described previously (36). Except when stated otherwise, cells were treated with
10 wg of LPS (Sigma)/ml, 200 ng of phorbol myristate acetate (PMA) (Sigma)/
ml, 20 pg of cycloheximide (CHX) (Calbiochem)/ml, or 10 ng of gamma inter-
feron (IFN-y) (Endogen)/ml. For UV light irradiation, cells were exposed to 120
J/m? of UV light at 254 nm (UV-C) in a Stratagene UV cross-linker.

Plasmids and antibodies. Flag-IkBaAN was cloned into pFBneo (Stratagene)
or pcDNA3 (Invitrogen), and Flag-A-Fos was cloned into pLXSN (Clontech).
Antibodies used were as follows: anti-Flag M5 (Sigma), anti-JunD (sc-74), anti-
cFos (sc-52; all from Santa Cruz), anti-JunB (33), anti-p65 (both from Biomol),
and anti-mouse IgM (R6-60.2; both from Pharmingen).

DNA microarray analysis. Total RNA was prepared from 70Z/3 and 1.3E2
cells, clones or pools of 70Z/3 cells infected with control virus (CV) (pFBneo;
Stratagene), or 70Z/3 cells infected with IkBa AN virus (ANV) (pFBneolkBaAN)
left untreated or treated with LPS (90 min) by using an RNeasy kit (QIAGEN).
Samples were prepared from 7.5 pg of total RNA according to manufacturer’s
instructions. Murine Genome U74Av2 GeneChip (Affymetrix) containing about
12,500 unique probe sets for genes and expressed sequence tags was hybridized
with biotinylated cRNA for 16 h at 45°C, washed, and stained according to the
manual. cRNA labeling and quality was confirmed by using GeneChip Test3
array (Affymetrix). DNA chips were scanned with a GeneChip scanner, and
microarray image files were processed with Affymetrix Microarray Suite 5. For
comparison, all chip files were scaled to a uniform intensity value of 1,000 U.
Comparative analyses were done as follows. The values of LPS-stimulated 70Z/3,
1.3E2, 70Z/3CV, or 70Z/3ANV cells were taken as the experimental file and
compared to the corresponding unstimulated cells as the baseline file. Probe sets
that fit the following criteria were considered increased in 70Z/3 cells after 90
min of LPS stimulation (Table 1): the change call reflecting the variations of
mRNA levels in the samples as calculated by the software was increased in both
independent experiments, a twofold difference or more was obtained in at least
one experiment, a presence call was given after LPS stimulation, and the signal
value after LPS induction was 500 or more. Independent verifications by North-
ern blotting of genes that were included or excluded due to these criteria were
performed (Fig. 1 and data not shown) to confirm that a reproducible increase
was obtained even for genes that had increase calls of around twofold. For the
comparison of 70Z/3CV and 70Z/3ANV cells, only probe sets that had an in-
crease call in LPS-stimulated 70Z/3CV cells were chosen.

DNA binding assays and Western and Northern blotting. Preparation of
whole-cell extracts for Western blotting and electrophoretic mobility shift assay
(EMSA) were essentially performed as described previously (24, 33). For North-
ern blotting, total RNA was prepared, separated by using gel electrophoresis,
blotted, cross-linked, and hybridized as described previously (19). Probes were
generated from IMAGE cDNA clones obtained from the Resource Center of the
German Human Genome Project, Berlin, Germany (http://www.rzpd.de). A de-
tailed description of probe generation is available upon request.

Flow cytometry. Surface IgM expression was analyzed with fluorescein isothio-
cyanate-labeled anti-mouse IgM antibody. Cytometric analysis was done with a
FACSCalibur cytometer (Becton Dickinson).
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FIG. 1. Analysis of LPS and IKK+y-dependent gene regulation by
Northern blotting. 70Z/3, 1.3E2, or 1.3E2 IKK-y/PKC6-expressing cells
were stimulated for 2 h with PMA (P), LPS (L), LPS in the presence
of CHX (C), or CHX alone. As a control, whole-cell extracts were
prepared and analyzed by EMSA for NF-kB DNA binding activity
(upper left panel). In parallel, total RNA was extracted and subjected
to Northern blotting with cDNA probes for the indicated genes. Mem-
branes were repetitively used after stripping, and equal loading was
verified by using a GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) probe.
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RESULTS

The IKK complex mediates the primary LPS response in
pre-B cells. To characterize the requirement of the IKK com-
plex for the repertoire of genes induced by LPS, we performed
gene expression profiling in pre-B cells. 70Z/3 and IKK+y-defi-
cient 1.3E2 cells were left untreated or were stimulated with
LPS for 90 min. This relatively short stimulation time was
chosen to restrict the analysis to primary LPS/IKK-responsive
genes. Total RNA was prepared and hybridized to high-density
DNA microarrays comprising approximately 12,500 genes and
expressed sequence tags. Table 1 shows all genes that had an
increased call after LPS stimulation of 70Z/3 cells in two in-
dependent experiments and that were up-regulated by twofold
or more in at least one experiment. Untreated 70Z/3 served as
a baseline. The results were compared to 1.3E2 cells treated
accordingly.

LPS stimulation for 90 min in 70Z/3 cells reproducibly up-
regulated approximately 70 genes, which were grouped accord-
ing to their assigned cellular functions (Table 1). Expression of
none of these LPS response genes was increased in IKKwy-
negative 1.3E2 cells to the same extent, and only three genes,
namely, MIP-1a, MKP-7, and MAIL, were reproducibly in-
duced in 1.3E2 cells (Table 1 and Fig. 1), indicating that an
IKK~y-independent pathway(s) allows at least partial induction
of these genes after LPS treatment. Moreover, we did not
observe an increase in the expression of any gene after LPS
treatment in 1.3E2 cells that was not increased in 70Z/3 cells
(Table 1 and data not shown). These data indicate that the
IKK complex is the central mediator for LPS-stimulated gene
expression. In contrast, the baseline signal for most LPS-in-
ducible genes in 70Z/3 cells was not significantly altered in
1.3E2 cells (data not shown), suggesting that the function of
the IKK pathway is largely restricted to inducible gene activa-
tion rather than to basal expression. Furthermore, the expres-
sion of only very few genes decreased in 70Z/3 cells after 90
min of LPS treatment (data not shown), emphasizing that the
IKK signaling pathway predominantly causes gene induction as
a primary response.

A number of LPS response genes have been described pre-
viously as IKK/NF-kB-regulated genes (Table 1), but more
then 50% of the genes were putative novel IKK/NF-kB-regu-
lated genes (Table 1). We investigated the mRNA up-regula-
tion for most of these putative IKK/NF-«B target genes (Table
1 and Fig. 1). Northern blotting was performed with mRNA
from 70Z/3 and 1.3E2 cells and from a 1.3E2 clone expressing
IKKy and PKC6 to rescue LPS- and PMA-mediated NF-«B
activation (24) (Fig. 1). Induction of nearly all LPS target
genes was verified, indicating that the microarray data are
highly reliable. Furthermore, most genes were not induced in
1.3E2 cells while induction was restored in cells complemented
with IKK+y and PKCH, proving that the induction of these
genes by LPS requires intact IKK signaling. As expected from
the microarray data (Table 1), MIP-1a. and MAIL were par-
tially induced in 1.3E2 cells, while induction of MKP-7 was
completely independent of IKKy.

LPS stimulation was also performed in the presence of the
translation inhibitor CHX to discriminate between a primary
immediate-early gene induction and secondary gene expres-
sion. As expected, CHX either did not affect or even enhanced
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control retrovirus

signal cha
EXTRACELLUAR LIGANDS - LPS fold
M16819  TNF-| 631,3 ¢
DB4196 TNF-E 661,3 7%%%?2 g,g
J04491  MIP-1c/ Scya3 930,1 6827 75
L15435 4-1BB ligand 758 6193 7,0
M33266 IP-10/SeyB10 22,1 287,8 9.8
U16985  Lymphotoxin-8 1075,5 5303,8 5,7
Us1969 nt10a 6213 14379 2,1
AF019048 RANK ligand 2201 7392 3,7
MB8672  IL 12 (p35) 266,1 9346 2.1
CELL SURFACE RECEPTORS
M90551 ICAM1 6783 13327 19,7
M83312  CD40o* 528,4 25531 5.7
Z11886 Notch1 3498 8043 3,0
X00496  Igx light 2069 641,1 2,8
U53696 | 10FF 1313 2988,2 23
Y09864 IFNaR2B 1012,3 1798 2,0
INTRACELLUAR SIGNALING
U19463 A20 12,6 1895,824,3
013759  COT/TPL2 198 5394 184
X54149 MyD118 2704 20063 7,5
Us4828 RGS16 1275,3 71856 7,5
AAT7E4261 PIM1 1804,4 7297,7 3,0
L31958  Pea-15/Mat-1 1255,7 2267,3 1,7
Uog268  PAC-1 45505 17963 4,0
Al642662 MKP7/ MKPM 8903 1944 28
09507 %1!CDKNTA 5156 1388 28
U21050 AF3 4443 965,1 23
X60304  PKCS 1960,4 4276,2 1,9
usso08 1AP-1 468,6 23078 46
TRANSCRIPTIONAL ACTIVATION/REPRESSION
U20735 JunB 112 2509 226
AAB14971 MAIL 301,3 9078,7 21,1
Us7524 IxBa 1878,4 26221 11,3
AV240218 RelB 45, 230,3 3,7
AW 047899 PBOO 700,3 2160,6 4,0
M58566 11/ ZFP36 1203 72646 4,9
Ug3387 MPC2/CBX4 1786,5 45126 2,5
U47543 NAB2 1187,1 1928,3 2,1
AF030896 IxBe 570,8 1531,6 3,0
216410 Btg1 14478 43588 26
X67083 CHOP10/DDIT3 586,3 18418 2.8
L36829 ZNF40 / cACRYBP1 51,1 3209 8,0
AF028725 IRF-5 1850,7 6912,7 3,2
Voo756  TIS7 5154 15826 25
MISCELLANEOUS
U70430 IL4I1 131,3 8423 53
Ut4556  ZNF151 3924 1220,7 23
X00496  CD74 antigen 2069 6411 28
AlB46928 HERPUD1 2799,2 6930,2 3,0
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IxBaxAN retrovirus

nge signa| change fold LPS induction
call - LPS fold call 5 10 15 20 25
I |337.5 4167 09 NC
I 9045 2046 1,6 |
| |8796 5045 7,0 |
I |387,2 4747 1,0 NC
I 1541 328 03 NC
I 894,1 987,4 1,1 NC
| 2975 3942 1,1 NC
I |2281 255 08 NC
I 4352 6026 1,2 NC
I |460,7 1178 2,1 NC
1 83,7 5242 65 |
I 321,7 2892 1,0 NC
I |272,7 2364 1,7 NC
I |823,2 1261 1,1 NC
I | 677,8 3925 0,8 NC
I 75,7 2189 2,0 NC
I 504 371 09 NC
I 139,2 2162 1,1 NC
I 979 1607 19 |
I 1946 1974 1,1 NC
| 906,1 1225 0,9 NC
I 4352 12172 26 |
I | 5686 1965 2,8 |
I |9065 597,2 0,89 NC
I |4739 8413 16 NC
I 2176 1755 1,1 NC
| 434,1 788,7 1,5 NC
I |187,6 758,1 4,3 NC
I 4146 3042 86 |
I 3077 3885 1,2 NC -
I 379 787 0,2 NC
I 5435 6743 15 NC
I | 1233 5207 30 |
I 1815 2638 1,2 NC
I | 1327 1979 1,9 |
1 519,3 567,3 1,1 NC
I 2559 2234 1,1 NC
I |8824 3347 26 |
I 1956 845 0,4 NC
I 2887 2459 1,1 |
I 506,2 1398 26 |
515 296 09 NC
282,2 5914 1,6 NC
272,7 2364 1,7 NC
2658 5243 15 |

FIG. 2. LPS and NF-kB-dependent target gene profiling in murine pre-B cells. Either mock-infected (control retrovirus) cells or a clone of
70Z/3 cells infected with IkBaAN-expressing retrovirus (IkBaAN retrovirus) were left untreated or stimulated with LPS for 90 min before total
RNA was extracted and subjected to microarray analysis. Shown are the baseline signals (first column), the signal intensity after LPS stimulation
(second column), the induction (fold) (third column), and the change call comparing LPS to baseline signals (fourth column) for 70Z/3 control
(left) or IkBaAN (right). A graphical representation of the severalfold inductions for each gene in 70Z/3CV cells (black) and 70Z/3 IkBAN cells
(gray) is shown. Genes were sorted as shown in Table 1. Genes in gray boxes are refractory to IkBaAN-mediated LPS induction. Note that basal
CD40 expression is highly reduced in IkBaAN-expressing cells. The deceptive increase in 70Z/3 IkBaAN cells after LPS treatment results from

the very low expression level and could not be verified by Northern blotting (data not shown).

the expression of most LPS target genes, underscoring that
these genes actually constitute an immediate-early transcrip-
tional response and do not require induced synthesis of other
factors. For many genes, CHX treatment alone caused a slight
enhancement of mRNA expression, and CHX-mediated up-
regulation was seen in 1.3E2 cells as well (e.g., PIM1, IkBg,
BTG2, and NUR?77), perhaps due to a depletion of IkBs or
other inhibitors by constitutive turnover. In contrast, up-regu-
lation of MIP-1a was significantly inhibited by CHX treatment,
indicating that either the blocked synthesis of labile costimu-
latory factors or a secondary NF-kB-dependent event might be
required for full gene induction.

We also determined the mRNA amounts induced by PMA
as a further IKK-activating agent. PMA directly activates PKC
and mimics B-cell receptor signaling in 70Z/3 pre-B cells (24).
For most genes, LPS was a stronger stimulus than PMA, which
could be explained by the weaker and more transient NF-«kB
activation by PMA compared to the sustained NF-kB activa-
tion in response to LPS (36). Alternatively, LPS, but not PKC,
activation might trigger costimulatory pathways that are re-
quired for full NF-kB-driven transcriptional activation. Only
two genes, NAB2 and Stral3, were activated more strongly by
PMA. Remarkably, PMA induced both genes in 1.3E2 cells as
well, although LPS induction required the presence of IKKYy.
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FIG. 3. Analysis of LPS-mediated NF-kB-independent gene regu-
lation in 70Z/3 cells. (A and B) CV- or IkBANV-infected 70Z/3 cells
(a pool or two independent clones, as indicated were treated with LPS
for the times indicated, and RNA was prepared and subjected to
Northern blotting as indicated. LPS-mediated induction of IkBe,
PIM1, MKP-7, MIP-1a, CHOP10, PAC1, and GAPDH was analyzed.

These data indicate that in pre-B cells, PMA induces expres-
sion of a subset of genes by distinct pathways, independent of
the IKK complex.

NF-kB activation is required for the induction of most LPS
response genes. To determine the contribution of NF-«B for
LPS/IKK-mediated gene expression, we performed a genechip
analysis using 70Z/3 cells retrovirally infected either with a CV
or with an IkBa superrepressor-expressing virus (IkBaANV)
to inhibit NF-kB activation. An IkBaAN-expressing clone with
strong expression of the transgene was used for the microarray
analysis. In all IkBaAN-expressing 70Z/3 cells, LPS-induced
NF-kB activation and postinductive IkBa resynthesis were ef-
ficiently inhibited (see Fig. 6A and data not shown). Cells were
left untreated or stimulated for 90 min with LPS before RNA
extraction. Microarray analysis was performed, and the results
are shown in Fig. 2.

Retroviral infection led to an overall decrease in the induc-
tion of many target genes compared to uninfected cells (data
not shown). Comparable results were also obtained with a pool
of IkBaAN-expressing cells, even though the block of induc-
tion of many target genes was less pronounced due to the
slightly weaker expression of the superrepressor (data not
shown). Expression of only 44 genes was increased in 70Z/3CV
cells compared to the initial screen with 68 induced genes,
suggesting that viral infection might render the cells less sus-
ceptible to LPS. Most genes whose expression was stimulated
in 70Z/3 cells showed a considerable reduction in LPS-medi-
ated gene activation upon IkBaAN expression (Fig. 2). Never-
theless, some genes, namely, MIP-1a, PAC1, MKP-7, TIS11,
NAB2, CHOP10, and TIS7, were hardly repressed in IkBaAN-
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expressing cells, suggesting that their induction was partially
or completely independent of NF-«kB. Therefore, the induction
of some of these genes was further analyzed by Northern
blotting in different IkBaAN-expressing 70Z/3 cell lots (Fig. 3).
Whereas the induction of the bona fide IKK/NF-«kB targets
IkBe and PIM1 was strongly impaired upon NF-«B inhibition,
MKP-7, MIP-1a, CHOP10, and PAC1 were completely unaf-
fected.

The microarray analysis highlights the central role of the
IKK complex and NF-kB for primary LPS-mediated gene ac-
tivation. Since induction of a minority of IKKvy-dependent
genes was not influenced by NF-kB inhibition, IKK+y appears
to directly or indirectly control the activity of other transcrip-
tion factors. Interestingly, genes whose induced expression
was partially (MIP1-a) or completely (MKP-7) independent
of IKK+y (compare Table 1 and Fig. 1) were also found in the
group of genes that was insensitive to NF-kB inhibition.
Thus, full LPS-mediated induction of these genes may re-
quire autonomous, IKK/NF-kB-independent signaling path-
ways.

Primary IKK/NF-kB activation is required for LPS-induced
AP-1 activity in pre-B cells and dendritic cells. Besides the
well-established autoregulation of NF-«kB/IkB family mem-
bers, LPS-triggered IKK signaling induced a large panel of
further transcriptional activators (e.g., Oct2 and B-Myb) or
repressors (e.g., MPC2, NAB2, Stral3, CHOP10, and TIS7).
Furthermore, LPS strongly enhanced the expression of JunB
and B-ATF, two potential AP-1 complex components (Table
1). We asked whether IKK/NF-kB signaling is necessary for
LPS-mediated AP-1 activation in 70Z/3 pre-B cells (Fig. 4A).
AP-1 DNA binding was induced by LPS, and activation was
completely blocked in IKK+y-deficient 1.3E2 cells and in 70Z/3
cells infected with IkBaAN retrovirus. Similarly, LPS-induced
AP-1 activity in human primary dendritic cells was inhibited
upon IkBaAN expression (Fig. 4B). These observations pro-
vide the first evidence that NF-kB regulates an AP-1 activity in
LPS-initiated responses.

To address the mechanism of NF-kB-mediated gene expres-
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FIG. 4. NF-kB is required for LPS-induced AP-1 activation in
pre-B cells and dendritic cells. (A) Untreated 70Z/3, CV- and IkBAN-
infected 70Z/3, or 1.3E2 cells were stimulated with LPS for 12 h, and
AP-1 DNA binding activity was determined by EMSA. (B) Human
primary dendritic cells were mock transfected or transfected with
IkBaAN expression vector and afterwards stimulated with LPS for 1
and 24 h. AP-1 DNA binding activity was analyzed by EMSA. IkBaAN
expression resulted in the complete loss of NF-kB DNA binding ac-
tivity in dendritic cells (compare results to reference 36; data not
shown). n.s., nonspecific.
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TABLE 2. Expression of potential AP-1 complex components in 70Z/3 and 1.3E2 cells®

Expression pattern for:

Family and GenBank 70Z/3 cells 1.3E2 cells
protein faecession no- Control LPS Change call of Control LPS Change call of
Signal  Call  Signal  Call  DPSvscontol gienai cal Signal  can LS vscontrol

Jun

JunB U20735 60 A 1,766 P 1 180 A 370 A NC

JunD J04509 20,892 P 27,285 P 1 15,413 P 27,694 P I

c-Jun X12761 74 A 297 A NC 214 A 197 A NC
Fos/Fra

c-Fos V00727 249 A 52 A NC 276 A 213 A NC

FosB AF093624 75 A 66 A NC 136 A 47 A NC

Fral AF017128 36 A 49 A NC 246 A 45 A NC

Fra2 X83971 203 A 89 A NC 671 A 251 A NC
ATF

B-ATF AF017021 739 A 1,656 P 1 769 A 627 A NC

ATF4 M94087 19,697 P 29,801 P 1 16,648 P 15,294 P NC

ATF1 M63725 1,498 P 1,511 P NC 1,774 P 2,281 P NC

ATF2 U46026 1,300 P 767 P NC 1,152 P 1,245 P NC

ATF3 U19118 196 A 284 P NC 281 A 165 A NC

ATF5/ATFx AB012276 729 P 862 P NC 425 A 817 P NC
Maf

MafF AB009694 166 A 482 P NC 80 A 252 M NC

MafG AB009693 800 A 738 P NC 867 P 669 P NC

“ The complete sets of Jun/Fos/ATF/Maf family members present on the microarray chip from experiment 1 (Table 1) are shown. Signal values (arbitrary units) and
detection call (A, absent; P, present; M, mildly expressed) are given for each sample (control and 90-min LPS). The change calls (I, induced; NC, no change) for

LPS-treated cells versus control cells are indicated for each pair.

sion, we considered the expression patterns for all Jun/Fos/
ATF/Maf family members represented on the microarray (Ta-
ble 2). Besides JunB and B-ATF, expression levels of JunD and
ATF-4 had an increase call after 90 min of LPS stimulation,
which was below the threshold to be included in Table 1. In
addition, MafF expression was enhanced, and detection call
changed from absent to present even though, due to the low
signal values, no increase call could be obtained. We confirmed
the induction of JunB, JunD, B-ATF, and MafF by Northern
blotting (Fig. 5A). In contrast, c-Jun and all Fos/Fra family
members, components of the classical mitogen-induced AP-1
heterodimer, were absent in pre-B cells before and after in-
duction (Table 2 and Fig. 5A). c-Jun, c-Fos, and FosB were
also not induced after 4 h of LPS stimulation (data not shown).
Other ATFs were expressed but displayed no change after
stimulation (e.g., ATF-1 and ATF-2). These data suggest that
the LPS-initiated IKK/NF-«kB pathway could control AP-1 ac-
tivity by up-regulation of a subset of AP-1 family members.
We compared the induction of AP-1 proteins and DNA
binding activity by LPS, PMA, and UV light in 70Z/3 cells (Fig.
5B and C). The expression of JunB and JunD proteins was
induced by LPS and, although weaker, by PMA (Fig. 5B). In
contrast, UV light did not significantly enhance JunB and
JunD expression levels but induced JunD phosphorylation
(Fig. 5C). Whereas LPS or PMA activated NF-«B rapidly, the
appearance of an AP-1 DNA binding complex was delayed and
detectable at 4 h of LPS or PMA stimulation and strongest
after 8 h of LPS incubation (complex C2) (Fig. 5B). The ki-
netics and intensity of AP-1 activation correlated with the
up-regulation of JunB and JunD proteins (Fig. 5B). In con-
trast, UV light-induced NF-kB and AP-1 DNA binding activ-
ities peaked after 3 h, and this AP-1 complex displayed a
slower migration (complex C1) (Fig. 5C). Supershift analysis

(Fig. 5D) revealed that the UV-induced C1 complex, but not
the LPS-induced C2 complex, contained c-Fos. While both
complexes were reacting with JunB antibody, the LPS complex
was strongly inhibited and supershifted by JunD antibody,
demonstrating that UV light and LPS induce distinct AP-1
complexes. Moreover, the formation of the LPS-induced AP-1
complex was completely inhibited by CHX, while the induction
of the C1 AP-1 complex by UV light was largely independent
of protein de novo synthesis (Fig. 4).

To investigate the requirements for LPS-mediated AP-1 ac-
tivation and to determine the functional consequences for
AP-1 downstream of NF-kB, we infected 70Z/3 cells with the
AP-1 inhibitor A-Fos, which specifically forms inactive het-
erodimers with Jun partners (39). We performed a kinetic
analysis of NF-kB and AP-1 activation as well as induction of
JunB and JunD protein amounts in 70Z/3 cells expressing
either A-Fos or IkBaAN and in IKKvy defective 1.3E2 cells
(Fig. 6A). LPS-induced up-regulation of JunB and JunD and
of AP-1 DNA binding activity was completely lost in IKK~y-
deficient 1.3E2 cells and in 70Z/3 cells infected with IkBaAN
retrovirus but not in cells infected with CV (Fig. 6A). The AP-1
inhibitor A-Fos blocked AP-1, but not NF-«kB, activity. How-
ever, A-Fos did not abolish induction of the JunB and JunD
proteins by LPS (Fig. 6A). Likewise, LPS induction of JunB,
JunD, or B-ATF mRNAs was reduced in the absence of IKKry
or when IkBaAN was expressed, but not upon A-Fos expres-
sion (Fig. 6B). Interestingly, mRNA levels for JunD were ini-
tially increased in an NF-kB-independent manner, but the
increase in IkBaAN-expressing cells was much more transient
than mock- or A-Fos-infected cells. Expression of c-Jun N-
terminal kinase 1 (JNKI1) and extracellular signal-regulated
kinase 1 and 2 (ERK1/2), potential upstream regulators of
AP-1, was not changed in response to LPS, even though ERK
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FIG. 5. IKK/NF-kB activation regulates LPS induction of AP-1 family members in pre-B cells. (A) 70Z/3 or 1.3E2 cells or 1.3E2IKK~y/PKC6-
expressing cells were stimulated as described in the Fig. 1 legend and analyzed for expression of Jun/Fos/ATF/MAF family members as indicated.
(B and C) 70Z/3 cells were stimulated with LPS or PMA (B) or UV light (C) for the times indicated, and whole-cell extracts were analyzed for
NF-kB and AP-1 DNA binding and JunB, JunD, and p65 expression levels by Western blotting. The migrations of two AP-1 DNA complexes that
have a differential mobility are indicated (C1 and C2). (D) AP-1 DNA binding activity after UV light (3 h) or LPS (8 h) stimulation was subjected
to supershifting analysis with anti-JunB, anti-JunD, or anti-cFos antibody. Mobilities of AP-1 C1, AP-1 C2, and supershifted complexes (ss) are

indicated. (E) 70Z/3 cells were stimulated with LPS or UV light for 4 h in the absence or presence of CHX. NF-kB and AP-1 DNA binding activity
were analyzed by EMSA. n.s., nonspecific.
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FIG. 6. AP-1 activation in response to LPS correlates with NF-
kB-mediated up-regulation of JunB, JunD, and B-ATF. (A) 70Z/3
cells infected with CV, Flag-A-Fos virus (AFosV), or Flag-IkBaANV
(IkBANV) and 1.3E2 cells were stimulated for 0, 2, 4, and 8 h with
LPS, and extracts were analyzed for NF-kB and AP-1 DNA binding
activity by EMSA and for JunB, JunD, JNKI1, ERK1/2, IkBa, Flag-
IkBaAN, and FlagA-Fos expression by Western blotting. (B) Cells
were treated as described above (A), and total RNA was extracted and
analyzed for JunB, JunD, B-ATF, and GAPDH expression by North-
ern blotting. (C) The different cell clones were stimulated with UV
light, and extracts were prepared after 0, 1.5, 3, and 6 h and analyzed
for NF-kB and AP-1 activity by EMSA.

levels were slightly reduced in A-Fos virus-infected cells. Using
phosphorylation-specific antibodies, we were not able to detect
phosphorylated JNK or ERK after prolonged exposure to LPS
(data not shown), indicating that delayed AP-1 activity does
not correlate with the activation of MAPK signaling.

MoL. CELL. BIOL.

In contrast to the LPS-induced AP-1 complexes, the induc-
tion of AP-1 activity by UV light was blocked by A-Fos, but it
was insensitive to NF-kB inhibition by IkBaAN and not af-
fected by the lack of IKKvy in 1.3E2 cells (compare Fig. 6C to
A, top panels). We conclude from these experiments that UV
light induces the formation of Fos/Jun containing Cl-type
AP-1 complexes by a classical pathway likely involving MAPK
signaling, while induction of C2-type AP-1 by LPS requires
IKK- and NF-kB-dependent induction of JunD and JunB and
possibly of other AP-1 family members.

The LPS-IKK/NF-kB cascade utilizes the secondary AP-1
response for full induction of CCR7 and expression of surface
IgM. The IKK/NF-«kB-dependent delayed AP-1 activation sug-
gests that both transcription factors might cooperate in a sec-
ond phase of gene induction in pre-B cells. For a target gene
analysis, we selected the CCR7 gene (Table 1), whose LPS
induction in 70Z/3 cells required de novo protein synthesis (19)
to assess the functional requirement for IKK/NF-kB-depen-
dent activation of AP-1. Initial LPS induction of CCR7 mRNA
levels was seen at 2 h but was strongly enhanced thereafter
(Fig. 7A). While AP-1 inhibition by A-Fos did not affect the
immediate-early induction of CCR?7, it completely inhibited
the secondary increase of CCR7 mRNA after 4 and 8 h. Sim-
ilarly, AP-1 inhibition diminished a second phase of induction
of the Igk light chain gene (Fig. 7A), which resulted in a drastic
reduction of Ig light chain protein expression (Fig. 7B). In
contrast, the induction of two other genes, CD40 and IkBe,
whose expression peaked at early times of stimulation and
decreased thereafter, was not affected by A-Fos (Fig. 7A).
Likewise, LPS-induced Oct-2 expression and DNA binding
activity remained largely unaffected upon AP-1 inhibition (Fig.
7B). However, as expected, expression of the NF-kB superre-
pressor IkBAN completely eliminated LPS responsiveness of
CCR7, Igk light chain, CD40, IkBg, and Oct-2 (Fig. 7A and B).

A biologically important consequence of LPS signaling at
the transition from pre-B cell to B cell is the induction of
transcription and V(D)J recombination of the Igk light chain
locus and the concomitant expression of surface IgM (sIgM)
(49). In line with the IKK/NF-kB dependency of Igk light chain
mRNA induction by LPS, IkBaAN strongly impaired LPS-
stimulated sIgM expression (Fig. 7C). Concurrent with the
effects on Igk light chain mRNA induction, A-Fos expression
strongly reduced the amount of LPS-induced sIgM as well.
Interestingly, sIgM induction by IFN-y was almost completely
inhibited by A-Fos but not by IkBaAN, underscoring the
differential downstream requirements of LPS and IFN-vy to
induce Igk transcription (5). The observations that IFN-y
induces AP-1 (38) together with our findings indicate an es-
sential role for AP-1 in IFN-vy signaling.

Taken together, our results demonstrate that in LPS signal-
ing, IKK/NF-«kB-induced AP-1 complexes are required to syn-
ergize with NF-kB in a secondary transcriptional response
program.

DISCUSSION

A master function of IKK/NF-kB signaling in global LPS
induced gene expression in pre-B cells. The immediate-early
induction of gene expression by LPS is known to critically
depend on Toll-like receptor 4 (TLR4)-mediated parallel
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FIG. 7. NF-«kB and AP-1 cooperate in transcriptional and biological responses to LPS. (A) 70Z/3CV-, Flag-A-FosV-, and IkBaANV-infected
cells were stimulated with LPS for 0, 2, 4, and 8 h, and total RNA was prepared and analyzed for mRNA expression of the indicated genes by
Northern blotting. (B) Cells were treated as described above (A), and DNA binding activity of Oct-1 and Oct-2 was determined by EMSA. OCT-2
and Igk light chain expression was analyzed by Western blotting (lower panels). (C) Either parental 70Z/3 cells or control (pLXSN) infected and
A-Fos- and IkBaAN-infected 70Z/3 cells were treated for 20 h with LPS (1 pg/ml) or IFN-vy, and sIgM expression was examined by flow cytometry.

activation of MAPK and IKK signaling pathways. Whereas
MAPK signaling involves phosphorylation of ERKs, JNKs, and
p38 members and the subsequent activation of transcription
factor Elk1, AP-1, SRF, or CREB, activation of IKK induces
nuclear translocation and DNA binding of NF-kB (17). Given
the range of activated signaling cascades, it could be expected
that LPS-induced gene profiles display a heterogeneity that
reflects the activation of a diverse spectrum of transcription
factors. By use of gene chip analysis, we now provide evidence
that the IKK complex is the central player for LPS-induced
gene expression in 70Z/3 pre-B cells. With a few exceptions, no
gene induction was seen upon LPS stimulation of IKK-defec-
tive 1.3E2 cells, but induction could be rescued by reintroduc-
tion of IKKry. Thus, the LPS-initiated innate immune response
in pre-B cells essentially depends on the IKK complex. How-
ever, MAPK pathways, although not sufficient to stimulate
gene expression in the absence of IKK/NF-kB signaling, may
have accessory functions. For instance, in dendritic cells, p38
activity is required for LPS-induced recruitment of NF-kB/p65
to a subset of target promoters (IL-6, IL-12p40, and MCP-1)
(41). Since LPS activates none of these p38-dependent genes in
70Z/3 cells, we speculate that the relatively weak LPS-triggered
p38 activity (data not shown) is below the threshold to promote
histone H3 phosphorylation and subsequent NF-«kB recruit-
ment to these promoters (41).

Obviously, the classical IKKy/NF-kB signaling cassette in-

duces expression of the vast majority of LPS response genes
(Fig. 8). In contrast, the induction of very few genes is partially
(MIP-1a or MAIL) or completely (MKP-7) independent of
IKK (Fig. 1), indicating that other LPS-regulated factors con-
tribute to various extents in target gene induction. LPS induc-
tion of a third group of genes, namely, PAC1, CHOP10, TIS11,
NAB2, and TIS7, was not significantly inhibited by IkBaAN
but was completely lost in 1.3E2 cells, suggesting the interest-
ing possibility that the IKK complex is involved in the regula-
tion of other transcription factors. Here, it cannot be com-
pletely excluded that a weak, residual NF-kB activity in
IkBaAN-expressing cells may be sufficient for the activation of
this set of genes. In line with the complete lack of IkBaAN
inhibition of CHOP10 and PACI, the regulatory regions of
both genes reveal no apparent NF-kB sites (16, 37; data not
shown). It remains an open question which transcription fac-
tors other than NF-«B are activated by IKKy-containing com-
plexes and whether the catalytic subunits of the IKK complex
are also required for the LPS induction of these genes. In
contrast, the lack of IkBaAN-mediated repression of the
MIPla gene, which contains NF-kB sites in its promoter re-
gion to which p65 is recruited upon LPS stimulation (40, 41),
is most likely explained by an alternative IKK/NF-kB-indepen-
dent pathway that also operates in 1.3E2 cells (Fig. 1).
Primary LPS-IKK/NF-kB target genes orchestrate a sec-
ondary response program: complete control of AP-1 activity by
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FIG. 8. Schematic representation of primary LPS response genes in
70Z/3 pre-B cells. Primary transcriptional response genes can be
grouped according to the requirement of IKK and/or NF-kB for gene
induction. Whereas the largest group of genes requires classical IKK
and NF-kB signaling (center), induction of a single gene is completely
independent of IKK and NF-«kB activation (left). Induction of a few
genes depends on IKK activation but unknown transcription factors,
indicating that the IKK complex may regulate an alternative NF-«xB
independent pathway(s). Depicted are some representative genes.

NF-kB. Activation of NF-«kB induces the expression of a set of
transcriptional repressors. TIS7 is a corepressor that engages
Sin3B, histone deacetylase, and NCoR to repress transcription
(47). Nab2 represses Egr-1 and Krox20 (44). The polycomb
protein Mpc2/CBX4 is a repressor for a number of genes (1).
IRF-8/ICSBP has repressor and activator functions (26). IRF-8
functions together with IRF-4 as a genetic switch to down-
regulate surrogate light chain expression and to induce con-
ventional light chain transcription and coordinate the tran-
sition from pre-B cell to B cell (30). Stral3 and CHOP10 are
repressors for E-box-binding basic helix-loop-helix members
and for C/EBPs, respectively (3, 42). Thus, it appears that
the LPS pathway reprograms the cellular gene expression
repertoire and switches off genes whose induction is inappro-
priate under infection and stress conditions.

Perhaps the most provocative result is that we could show
that LPS induction of AP-1 in pre-B cells and primary den-
dritic cells is entirely mediated by the IKK/NF-kB pathway.
LPS-induced AP-1 activation was delayed compared to that of
NF-kB and contained JunD and JunB as main components,
and induction required protein de novo synthesis. Whereas the
JunB gene contains NF-«kB sites (13) and was identified as a
primary IKK/NF-kB target gene, immediate-early induction of
JunD mRNA was weaker and was apparently independent of
NF-«kB activation. Nevertheless, full up-regulation of JunD
mRNA at later time points or of JunD protein amounts re-
quired IKK/NF-kB signaling (Fig. 6). The JunD promoter
lacks bona fide NF-«B sites but contains a functional octamer
motif (9), and the gene can be activated by CHOP10 (46),

MoL. CELL. BIOL.

suggesting that IKK signaling may promote JunD expression
indirectly via induction of CHOP10 and/or Oct-2 (Table 1).
Induction of JunD was not inhibited by A-Fos, excluding an
involvement of an autoregulatory process. Other mechanisms,
e.g., regulation of mRNA stability, might also play a role.
Besides JunB and JunD, other inducible factors, like B-ATF or
MafF, or constitutively expressed AP-1 family members, e.g.,
ATF-1 or ATF-2, could be components of the AP-1 complex.

We demonstrated that IKK/NF-kB-induced AP-1 activity is
needed to evoke, in cooperation with NF-kB, a secondary
strong transcriptional response, as shown for the LPS induc-
tion of CCR7 and Igk light chain. It can be envisioned that
activation of classical NF-kB p50/p65 is sufficient for transient
gene induction, as in the case of CD40 and IkBe, but that
subordinate transcription factors like AP-1, NF-kB p52/RelB,
or Oct-2 are required to maintain high expression levels of
persistently activated genes, e.g., CCR7 and Igk light chain.

TLRs activate proximal events that culminate in the activa-
tion of IKK/NF-«kB as well as MAPKs ERK, p38, and JNK (2).
Whereas the MAPKs JNK and ERK are only poorly activated
by LPS in 70Z/3 pre-B cells, p38 was induced (24; data not
shown). An intriguing aspect is the apparent disengagement of
primary TLR4-mediated JNK signaling from secondary activa-
tion of functional AP-1. Moreover, LPS activates the expres-
sion of a panel of proteins which inhibit MAPK signaling. The
MAPK phosphatase PAC-1 negatively interferes with MAPK
activation in general (48), while Pea-15/Matl specifically in-
hibits ERK (12), and MYD118/GADD45B and MKP-7 are
negative regulators of JNK (11, 32, 34). Furthermore, p21 can
suppress JNK activity (20). This negative cross talk by IKK/
NF-kB targets may be important primarily in limiting the du-
ration of MAPK induction by LPS. However, the cause for the
lack of any NF-kB-independent, initial AP-1 activation by LPS
in pre-B and dendritic cells is not yet clear. Similar to LPS-
stimulated AP-1 in pre-B cells, constitutive AP-1 activity in
Hodgkin cells occurs in the absence of MAPK signaling (33).
In Hodgkin’s disease tumor cells, AP-1 activity contains c-Jun
as a major component, which discriminates the AP-1 complex
in LPS-stimulated pre-B cells and Hodgkin cells. In each case,
the Jun proteins most likely heterodimerize with an unknown
partner(s), and the different subunit composition will likely
affect the biological outcome of the response. Future studies
must determine the exact contribution of individual AP-1 fac-
tors for mounting an appropriate innate immune response in
lymphoid cells.

The control of AP-1 activity by IKK/NF-kB could explain
some of the observations made in previous studies. Cross-
linking of surface Ig antigen receptor or CD40 ligand in pri-
mary B lymphocytes induced expression of JunB and JunD
(21), and the concomitant activation of AP-1 was dependent
on JunB de novo synthesis (45), suggesting an involvement of
NF-kB. Furthermore, PKC6 deficiency in peripheral T cells
causes a complete block of T-cell-receptor-initiated NF-«B
and AP-1 activation, even though MAPK signaling was unaf-
fected (43). Thus, we speculate that MAPK-independent AP-1
activation in T lymphocytes may involve NF-kB-mediated tran-
scriptional up-regulation of AP-1 family members.

In conclusion, this study defines a novel type of cross talk
between the transcription factors of the NF-«kB and AP-1 fam-
ilies in the innate immune reaction elicited by LPS. Through
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NF-«kB-dependent AP-1 activation, NF-«kB can indirectly con-
trol the expression of AP-1 target genes. The IKK/NF-«B
module acts as a central early switch. Apart from integrating
AP-1 and NF-kB, its primary response genes are apt to
significantly program the secondary transcriptional response
to LPS.
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