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protein antibodies, which were followed by Fluorescein (FITC)-, Rhodamine (TRITC)-, or
Texas Red-conjugated anti-rat, anti-rabbit or anti-mouse antibodies, and nuclear staining
(bisbenzimide). Samples were examined with a ¯uorescence or AXIOVERT 135 TV
microscope (Zeiss). HeLa cells were seeded on cover glasses coated by poly-L-lysin and
transfected with 2.0 mg expression plasmid DNA (pEYFP-ER, pEYFP-Mito, pEYFP;
CLONTECH) using calcium phosphate precipitation. Cell were ®xed in 4% paraformal-
dehyde, immunostained with monoclonal caspase-12 antibody and examined with a
confocal microscope (Zeiss).

Generation of caspase-12 knockout mice

Gene targeting was done essentially as described17. Brie¯y, the caspase-12 gene fragments
were cloned from a 129/sv mouse genomic library (Stratagene). DT-A fragment
(pMCIDT-A; a gift from A. Yagi) was cloned into pGEM7 vector with a neomycin-
resistant gene (PGK-neo). A 2.0-kilobase (kb) SacI±StuI fragment and a 9.0-kb NotI
(cloning site from phage vector)±XbaI fragment were subcloned into PGK-neo-DT-A
vector to generate the targeting construct. The targeting construct was transfected into J-1
ES cells by electropolation. G418 resistant transfectants were screened by genomic
Southern blot analysis with a 39 ¯anking probe. The ef®ciency of homologous recombi-
nation was 5 in 232 clones. Two of the targeting clones transmitted the mutant allele.
Homozygous mice were generated by interbreeding heterozygous mice (129 3 C57BL=6J).

Histology and TUNEL assay of kidney and liver

Caspase-12+/+, caspase-12+/- and caspase-12-/- littermates were injected with tunicamycin
(0.25±1.0 mg g-1 weight) intraperitoneally and killed 4 days after injection. Kidneys were
®xed in 4% paraformaldehyde and embedded in paraf®n. Histological analysis of kidney
was done by haematoxylin and eosin staining. Four-week-old caspase-12+/+ and caspase-
12-/- mice were injected with Fas antibody (Jo2, 100 mg per mouse) intraperitoneally and
killed 3 hours after injection. Liver and kidney were ®xed in 4% paraformaldehyde and
embedded in paraf®n. TUNEL assay was done by manufacturers' protocols (ApopTag;
Oncor).

Thymocytes culture

Thymus was dissected and passed through mesh (200±300 mm). Cells were collected by
centrifugation (160g, 5 min) and resuspended in culture medium containing RPMI and
10% fetal bovine serum. Thymocytes were treated with Fas antibody (Jo2, 1 mg ml-1) or
dexamethasone (2 mM) for 12 hours. Percentage of cell-death was analysed by MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; thiazolyl blue).

Embryonic ®broblast cells

Mouse embryonic ®broblast cells were prepared as described17. Brie¯y, homozygous
caspase-12-/- females mated with heterozygous males were killed at day 14.5 of gestation.
Embryos were decapitated and eviscerated and carcasses were digested in trypsin. Cells
were split and frozen at passage 2.

Induction of cell death

Embryonic ®broblast cells (8 3 103 cells ml 2 1) were treated with staurosporine (2 mM),
anti-fas (Jo2, 4 mg ml-1) plus CHX (10 mg ml-1), or TNF (100 ng ml-1) plus CHX (10 mg ml-1)
for 8 hours, Brefeldin A (10 mg ml-1), tunicamycin (1 mg ml-1) or thapsigargin (2 mM) for
24 hours. Cell death was assayed by the LIVE/DEAD viability/cytotoxicity kit.

Preparation of cell lysates and western blotting

PC12 cells treated by several drugs or serum deprivation for 36 hours were collected by
scraping and lysed in lysis buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 0.72 M b-
mercaptoethanol and 7% glycerol). Lysates were analysed by western blotting using 1:50
dilution of caspase-12 antibody, 1:2500 dilution of PARP antibody, 1:10,000 dilution of
tubulin antibody.

Primary cortical neuron culture and Ab treatment

Cerebral cortex of mouse embryo at day 14.5±15.5 was freed from meninge and separated
from olfactory bulb and hippocampus. Trypsinized cells were suspended in medium
(DMEM/F-12, B27 (Gibco), and penicillin, streptomycin) and seeded on poly-L-lysin-
coated dishes. After 4 days of culturing, neurons were incubated with either 20 mM Ab
(1±40) for 72 hours or 1.0 mM STS for 48 hours. Cell viability was determined by MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphenyl)-2H-
tetrazolium, inner salt) assay (CellTiter 96R aqueous non-radioactive cell proliferative
assay; Promega). Alternatively, apoptotic neurons were identi®ed by characteristic nuclear
morphology after ®xing in 4% paraformaldehyde for 15 min at 4 8C, permeabilizing in
0.4% Triton for 10 min at room temperature and staining in Hoechst 33258 (1 mg ml-1).

Antisense caspase-12 treatment

Coupling and treatment of penetratin 1 and antisense of caspase-12 were prepared as
described16. Antisense caspase-129: 59-thiol modi®cation-TGTCCTCCTGGCCGCCATG
GCTGT-39-amino linker; scramble oligonucleotide: 59-thiol modi®cation-
GTCGCTCTGTGACGCCTGTGCCTG-39-amino linker.
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NF-kB is a critical activator of genes involved in in¯ammation and
immunity1,2. Pro-in¯ammatory cytokines activate the IkB kinase
(IKK) complex that phosphorylates the NF-kB inhibitors, triggering
their conjugation with ubiquitin and subsequent degradation3,4.
Freed NF-kB dimers translocate to the nucleus and induce target
genes, including the one for cyclo-oxygenase 2 (COX2), which
catalyses the synthesis of pro-in¯ammatory prostaglandins, in
particular PGE5,6. At late stages of in¯ammatory episodes, how-
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ever, COX2 directs the synthesis of anti-in¯ammatory cyclo-
pentenone prostaglandins, suggesting a role for these molecules
in the resolution of in¯ammation7. Cyclopentenone prostaglandins
have been suggested to exert anti-in¯ammatory activity through
the activation of peroxisome proliferator-activated receptor-g
(refs 8, 9). Here we demonstrate a novel mechanism of anti-
in¯ammatory activity which is based on the direct inhibition and
modi®cation of the IKKb subunit of IKK. As IKKb is responsible
for the activation of NF-kB by pro-in¯ammatory stimuli10,11, our
®ndings explain how cyclopentenone prostaglandins function and
can be used to improve the utility of COX2 inhibitors.

Cyclopentenone prostaglandins (cyPGs) have anti-in¯ammatory7

and antiviral activity12,13, and inhibit NF-kB activation in human
cells stimulated with tumour necrosis factor-a (TNFa) or 12-O-
tetradecanoylphorbol-13-acetate (TPA) by preventing phos-
phorylation and degradation of the NF-kB inhibitor IkBa14. IkBa
is phosphorylated by the IKK complex, which contains two catalytic
subunits (IKKa and IKKb) and the IKKg or NEMO regulatory sub-
unit15,16, at sites that trigger its ubiquitin-dependent degradation3,4.

To determine whether IKK could be the target for cyPGs, we
treated human lymphoblastoid Jurkat cells with the cyPG prosta-
glandin A1 (PGA1) and stimulated them with either TNFa (Fig. 1a)
or TPA (Fig. 1b). Both TNFa and TPA rapidly stimulated IKK
activity, which reached a maximum after 10±15 min. PGA1 inhib-
ited IKK activity and prevented IkBa degradation and NF-kB

activation by both inducers (Fig. 1a, b), but did not inhibit
activation of c-Jun amino-terminal kinases (JNK) and p38
mitogen-activated protein (MAP) kinases (Fig. 1c). Hence, PGA1

targets a selected subset of kinases that activate transcription factors.
In addition, PGA1 did not inhibit the DNA binding of transcription
factors Oct-1 and Sp-1 (Fig. 1a). A 15-min exposure to PGA1 was
suf®cient to partially inhibit IKK activity, but more substantial
inhibition required longer pre-incubation (Fig. 1d). Similarly, PGA1

inhibited IKK activity and prevented NF-kB activation in HeLa cells
stimulated with interleukin1 (IL-1) or TNFa (Fig. 1e). Thus, the
inhibitory effect of PGA1 is independent of type of cell and stimulus.
However, the half-maximal inhibitory (IC50) concentration of PGA1

towards NF-kB was 12 mM in Jurkat cells, whereas the IC50 was
65 mM in HeLa cells (data not shown).

IKK can be activated by the overexpression of protein kinases
MEKK1 (MAP kinase Erk kinase kinase 1) or NIK (NF-kB-
inducing kinase)17. When added 10 min or 18 h after the trans-
fection of COS cells with X-press-tagged NIK, PGA1 inhibited
activation of endogenous IKK activity (Fig. 2a). In a second
experiment, COS cells were co-transfected with haemagglutin
A(HA)-tagged IKKa together with either `empty' or NIK vectors.
In the conditions that we used, HA±IKKa is incorporated into
functional cytokine-responsive complexes with relative molecular
mass (Mr) 900K15. NIK-induced IKK activity was inhibited by PGA1

added immediately after or 18 h after transfection (Fig. 2b). PGA1

Figure 1 PGA1 inhibits TNFa- and TPA-induced IKK and NF-kB activities. a, Jurkat cells

treated with 24 mM PGA1 or diluent for 2 h were stimulated with TNFa. At the indicated

times cell lysates were prepared and assayed for NF-kB activation by EMSA (top panel)

and IKK activity by kinase assay (KA, middle panel). Positions of NF-kB±DNA (NF-kB) and

a nonspeci®c protein±DNA (ns) complexes are indicated. IKK recovery was determined by

immunoblotting (IB) for IKKa (bottom panel). No effects of PGA1 (120 mM) on Oct-1 and

Sp-1 DNA-binding activities were observed (right). b, Jurkat cells treated with 24 mM

PGA1 or diluent for 2 h were stimulated with TPA for the indicated times after which lysates

were prepared and assayed for NF-kB activation (top panel), IkBa degradation (second

panel) and endogenous IKK activity (bottom panels). c, Samples from b were analysed for

JNK1 and p38 activities. Recoveries of JNK and p38 were determined by immunoblotting.

d, Jurkat cells pretreated with 24 mM PGA1 for the indicated times were stimulated for

15 min with TPA. Endogenous IKK and JNK activities and recoveries were determined.

e, HeLa cells pretreated with PGA1 were left untreated (C) or stimulated for 10 min with

TNFa or IL-1. Cell lysates were assayed for endogenous IKK activity and recovery.
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also inhibited MEKK1-induced IKK activity in Jurkat and in COS
cells (data not shown). Of the two catalytic subunits, IKKb has the
major role in responding to pro-in¯ammatory stimuli10,11 and is
also inhibited by high concentrations of the anti-in¯ammatory drug
aspirin18. To determine the effect of cyPG on IKKb activity, we
generated constitutively active IKK complexes, comprising mostly
IKKb homodimers4 by overexpression of HA-tagged IKKb, in COS
cells. In these cells, PGA1 did not affect IKKb expression, as
determined by immunoblotting, whereas it strongly inhibited
IKKb activity (Fig. 2c).

The bioactive cyPG 15-deoxy-D12±14-PGJ2 (15dPGJ2), which is
physiologically formed by dehydration and isomerization of the
COX metabolite PGD2, can activate peroxisome proliferator-acti-
vated receptor-g (PPAR-g), a nuclear receptor that interferes with
NF-kB transcriptional activity8,9. 15dPGJ2 inhibits the production
of pro-in¯ammatory cytokines and inducible nitric oxide synthase
(iNOS) in activated monocytes by a mechanism suggested to
involve PPAR-g8,9. An anti-in¯ammatory effect of endogenous
and exogenous 15dPGJ2 has been shown in carrageenin-induced
pleurisy in rats, which suggests that there is a physiological anti-
in¯ammatory role for cyPGs7. We found that 15dPGJ2 is a potent
inhibitor of NF-kB activation by TPA in human cells14 that express
very low levels of PPAR-g (unpublished data). We therefore exam-
ined whether 15dPGJ2 targets IKK. In HeLa cells, which do not
express PPAR-g8, 15dPGJ2 inhibited the induction of IKK and NF-
kB activities by TNFa (Fig. 3a): the IC50 for inhibition of NF-kB
DNA-binding activity was 2.25 mM, whereas that for IKK activity
was 5.08 mM. These concentrations are comparable to those
required for inhibition of cytokine synthesis8,9. Intriguingly,
15dPGJ2 stimulated JNK activity even in the absence of TNFa
(Fig. 3a). 15dPGJ2 also inhibited TNFa-induced IKK activity in
human peripheral blood monocytes, but did not inhibit the DNA-
binding activities of Oct1 or Sp1 (data not shown).

CyPGs also inhibited IKK activity in vitro. We immunoprecipi-
tated endogenous IKK from TNFa-stimulated HeLa cells and

Figure 2 PGA1 prevents NIK-induced IKK activation and inhibits IKKb activity. a, COS cells

transfected with X-press-tagged NIK (lanes 2±5) or `empty' (lane 1) expression vectors

were treated with PGA1 (15 mM in lanes 3 and 4; 30 mM in lane 5; either 10 min (lane 3)

or 18 h (lanes 4 and 5) after transfection. Cells were lysed and assayed for endogenous

IKK activity and recovery 24 h after transfection. b, COS cells co-transfected with HA-

tagged IKKa together with `empty' (-) or X-press-tagged NIK (+) expression vectors, and

treated with PGA1 (`+' lanes, 15 mM; `++' lanes, 30 mM) 10 min (lanes 3 and 4) or 18 h

(lanes 5±8) after transfection. Cells were lysed and assayed for HA-tagged IKKa-

associated kinase activity and recovery 24 h after transfection. c, COS cells were

transfected with empty (control, lane 1) or HA-tagged IKKb (lanes 2±4) vectors and

treated with PGA1 (`+' lanes, 15 mM; `++' lanes, 30 mM) 18 h after transfection. Cells

were lysed and assayed for HA-tagged IKKb kinase activity and recovery 24 h after

transfection.

Figure 3 15dPGJ2 inhibits IKK activity in vivo and in vitro. a, HeLa cells pretreated with

15dPGJ2 for 2 h were left untreated or stimulated with TNFa for 10 min. Extracts were

assayed for NF-kB binding activity and IkBa degradation, and for endogenous IKK and

JNK1 activities (KA) and recoveries (IB). NF-kB and IKK activities were quanti®ed by

phosphoimaging and expressed as percentage of the maximal activity achieved in the

absence of the inhibitor. The dose±response curves represent average results from two

separate experiments. b, c, HeLa cells were stimulated with TNFa for 15 min. IKK was

immunoprecipitated and incubated in vitro with the indicated concentrations of PGA1 (b),

15dPGJ2 (c) or diluent for 1 h followed by kinase assay (KA) and immunoblot (IB). Kinase

activity was quanti®ed by phosphoimaging and used for plotting the dose-response curves.
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determined its kinase activity in the presence of different concen-
trations of PGA1 (Fig. 3b) or 15dPGJ2 (Fig. 3c). IKK activity was
inhibited in a dose-dependent fashion by both PGA1 and 15dPGJ2

with IC50 values of 79.8 mM and 7.08 mM, respectively. No signi®-
cant inhibition of either p38 or JNK1 activity was observed upon in
vitro incubation with up to 60 mM 15dPGJ2 (data not shown).

To determine whether endogenous cyPGs are suf®cient for
inhibition of IKK, we transfected 293 cells with expression vectors
for enzymes implicated in biosynthesis of PGD2, which is sponta-
neously converted to 15dPGJ2 by non-enzymatic dehydration7,19.
Combined expression of the arachidonic-acid-releasing enzyme
cytosolic phospholipase A2 (cPLA2) with COX2 and PGD synthase
(PGDS) resulted in the complete inhibition of TNFa-induced IKK
activation and IkB phosphorylation and degradation (Fig. 4).
However, overexpression of each pair of enzymes (that is,
cPLA2 � PGDS and COX2 � PGDS) was insuf®cient for inhibition;
thus, levels of cyPG that inhibit IKK can be obtained in vivo.

Only A- and J-type cyPGs inhibited IKK activity in vivo or in
vitro; arachidonic acid and arachidonic-acid metabolites including
PGB2, PGD2, PGE1, PGE2, PGF1a, thromboxane B2 (TxB2) and
leukotriene B4 (LTB)4 were ineffective (Fig. 5a, b). Thus, a reactive
a,b-unsaturated carbonyl group in the cyclopentane ring, which
renders this portion of the molecule able to form Michael adducts
with cellular nucleophilics and covalently modify speci®c
proteins19,20, is essential for IKK inhibition (Fig. 5c).

The requirement for a chemically reactive cyclopentenone moiety
indicated that cyPGs may inhibit IKKb through its direct modi®ca-
tion. Many protein kinase inhibitors compete for ATP-binding
sites21, but pre-incubation in the presence of increasing concentra-
tions of ATP had no effect on inhibition of IKKb by 15dPGJ2

(Fig. 6a). We also pre-incubated puri®ed recombinant IKKb
immobilized on beads with 15dPGJ2 or diluent, and rinsed it
extensively with kinase buffer lacking the inhibitor. Despite exten-

Figure 4 Inhibition of IKK activation through endogenously synthesized PGs (PGD and

15dPGJ2). HEK 293 cells were transfected with expression vectors for cytosolic

phospholipase A2 (cPLA2), cyclooxygenase 2 (COX2) and prostaglandin D synthase (PGDS)

as indicated. After 12 h, cells were washed, incubated in low-serum (0.5%) medium for

30 h, and treated with TNFa for 15 min. IkBa degradation and IKK activity were

determined. The IkBa immunoblot was reprobed with anti-p65 to verify equal loading of

the samples.

Figure 5 Effect of arachidonic acid (AA) and its metabolites on IKK activity in vivo and in

vitro. a, HeLa cells were treated with 50 mM AA, PGA1, PGB2, PGD2, PGE1, PGE2, PGF1a or

TxB2, or 1 mM LTB4, or 5 mM 15dPGJ2 for 2 h in RPMI containing 10% fetal calf serum,

and stimulated with TNFa for 10 min. Cell lysates were assayed for endogenous IKK

activity and recovery. Control, unstimulated cells; -, treatment with diluent alone. b, IKK

was immunoprecipitated from TNFa-stimulated HeLa cells and incubated in vitro with

100 mM AA, PGA1, PGB2, PGE1, PGE2, PGF1a or TxB2 or 2 mM LTB4 or 10 mM 15dPGJ2

followed by kinase assay and immunoblot analysis. Control, unstimulated cells; -, 1%

ethanol. c, The structure of the different arachidonic-acid metabolites used in a and b.
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sive washing, the sample that was pre-incubated with 15dPGJ2

remained inhibited (data not shown). These results suggested that
15dPGJ2 may inhibit IKKb through direct modi®cation. Plausible
targets for Michael addition reactions on proteins are cysteine
residues. Both IKKb and IKKa, but not JNK1 or p38, contain a

cysteine at position 179 within their activation loop (Fig. 6b). To
examine whether this cysteine is critical for sensitivity to cyPG, we
replaced it with an alanine using site-directed mutagenesis. Wild-
type IKKb and IKKb(C179A) were co-expressed with NIK in HeLa
cells, and their sensitivity to 15dPGJ2 was examined. Although both
constructs were equally responsive to NIK, resulting in similar levels
of kinase activity, the IKKb(C179A) mutant was resistant to the
inhibitor (Fig. 6c). Recombinant IKKb(C179A) was also resistant to
concentrations of 15dPGJ2 that were inhibitory to wild-type IKKb
(Fig. 6d) and also to PGA1 (data not shown). We also co-transfected
an NF-kB-dependent transcriptional reporter (2XNFkB-LUC)
with an expression vector encoding either wild-type IKKb or
IKKb(C179A). A NIK expression vector was included to ensure
maximal IKK activation. Whereas activation of NF-kB transcription
activity through wild-type IKKb was highly sensitive to 15dPGJ2,
NF-kB activation through IKKb(C179A) was insensitive to the
inhibitor (Fig. 6e). Together, these results indicate that cyPGs
inhibit IKK by direct modi®cation of its IKKb subunit. The
transfection experiments indicate that IKKb is the critical target
for cyPGs in the NF-kB activation pathway. When IKKb is rendered
resistant to modi®cation, very little inhibition of NF-kB transcrip-
tional activity occurs in cyPG-treated cells.

CyPGs affect cell proliferation19,22, and inhibit in¯ammation7,8

and virus replication12,23. Inhibition of NF-kB activationÐa
factor that modulates cell proliferation, differentiation and survival,
controls in¯ammation and is required for expression and replica-
tion of certain viruses, such as HIV-1Ðmay account for many of
these effects. Although inhibition of NF-kB-mediated transcription
by cyPG has been attributed to the activation of PPAR-g, which
interferes with NF-kB transcriptional activity8,9, such a mechanism
probably requires high levels of PPAR-g, which are not found in
many cell types. In addition, potent PPAR-g agonists, which are not
cyPGs, are poor NF-kB inhibitors8,24. In particular, troglitazone, a
PPAR-g agonist, does not inhibit either IKK activity or NF-kB
activation in HeLa cells stimulated with TNFa (data not shown).
Here we have described a different, PPAR-g-independent mech-
anism that explains the ability of cyPG to inhibit NF-kB. Pros-
taglandins are physiologically present in body ¯uids at picomolar-
to-nanomolar concentrations19,25; however, arachidonic-acid
metabolism is highly increased in several pathological conditions,
including hyperthermia, infection and in¯ammation5,6,26,27, and
local prostaglandin concentrations in the micromolar range have
been detected at sites of acute in¯ammation28. Elevated cyPG
synthesis has been detected in late phases of in¯ammation8 and is
associated with resolution of in¯ammation7. Therefore, concentra-
tions of cyPG that are suf®cient for IKK inhibition may occur locally
during late phases of in¯ammatory responses. Moreover, as cyPGs
probably inhibit IKK through covalent and irreversible modi®ca-
tion, their effect could be cumulative. As COX2 synthesis is under
NF-kB control5,6, the inhibition of IKK by cyPGs may form a
negative autoregulatory loop that contributes to resolution of
in¯ammation. Our results suggest that cyPG and possibly more
potent derivatives may have therapeutic value in the treatment of
in¯ammatory and viral diseases, as well as certain cancers29 in which
inhibition of NF-kB activity may be desirable. M

Methods
Cell culture, transfection and treatments

Cells were cultured in either RPMI 1640 (Jurkat cells) or Dulbecco-modi®ed minimum
essential medium (DMEM) (HeLa or COS cells), supplemented with 10% fetal calf serum
and antibiotics. Cells were stimulated with either 25 ng ml-1 TPA, 20 ng ml-1 recombinant
human TNFa or 10 ng ml-1 IL-1b (Sigma). PGA1, 15dPGJ2, TxB2, LTB4, arachidonic acid
and other PGs (Cayman Chemical Co.) were dissolved in ethanol and used as described14.
Controls received equal amounts of ethanol. Transfections were carried out using
Lipofectamine Plus (GIBCO) for HeLa and COS cells and DEAE-dextran (Sigma) for
Jurkat cells. Xpress-tagged NIK, Xpress-tagged MEKK1, HA-tagged IKKa and HA-tagged
IKKb have been described4,10. COX2 and cPLA2 expression vectors (gifts from L. Feng)
have been described30. PGD synthase was cloned from an HT29 colon carcinoma cell line

Figure 6 15dPGJ2 is a direct inhibitor of IKKb, whose sensitivity to inhibition is mediated

by a cysteine in the activation loop. a, 15dPGJ2 is not a competitive inhibitor of ATP

binding. IKK was immunoprecipitated from TNFa-stimulated HeLa cells and incubated

with 15dPGJ2 (0±30 mM) with or without ATP in lysis buffer at 4 8C for 30 min. The pellets

were rinsed and kinase activity measured. b, Sequence alignment of the activation loops

of IKKa, IKKb, JNK1 and p38a. Phospho-acceptor sites critical for kinase activation are in

bold; cysteine residues of IKKa and IKKb are underlined. c, HeLa cells were transiently

transfected with expression vectors for wild-type IKKb (WT) or IKKbC179A (CA) with or

without a NIK expression vector. After 16 h, NIK-transfected cells were treated for 2 h with

15dPGJ2 (left panel). Kinase activity (KA) and expression (IB) were subsequently

determined. d, Sf9 cells infected with FLAG-tagged wild-type IKKb and IKKb(C179A)

baculoviruses were incubated with various concentrations of 15dPGJ2 for 2 h at 28 8C,

and kinase activity and expression determined. e, HeLa cells were transiently transfected

with a 2xNF-kB-LUC reporter, a NIK expression vector and expression vectors for wild-

type IKKb (IKKb (WT) or IKKb(C179A) (IKKb (CA)). Cells were treated with 15dPGJ2 at 3 h

after transfection, and luciferase activity was determined of 24 h on duplicate samples. In

each case the maximal activity achieved in the absence of inhibitor was given an arbitrary

value of 100% and the other values were calculated relative to that.
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complementary DNA library by PCR and subcloned in pCDNA3 vector. Cells were lysed in
buffer B (50 mM Tris-HCl pH 7.5, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton,
0.5% NP-40 and 10% glycerol supplemented with 20 mM b-glycerophosphate, 19 mM
PNPP, 500 mM Na3VO4, 1 mM PMSF, 20 mg ml-1 aprotinin, 2.5 mg ml-1 leupeptin,
8.3 mg ml-1 bestatin, 1.7 mg ml-1 pepstatin and 2 mM dithiothreitol.

Electrophoretic mobility-shift assay (EMSA)

Aliquots of total extracts (15 mg protein) in buffer B were incubated with a 32P-labelled
NF-kB DNA, followed by analysis of DNA-binding activity by EMSA on 4% polyacry-
lamide gels14. The speci®city of protein±DNA complexes was veri®ed by supershift with
polyclonal antibodies speci®c for p65 (Rel A).

Kinase assay, immunoprecipitation and immunoblotting

Cell lysates were incubated with anti-IKKa (Pharmingen), anti-HA (12CA5; Pharmin-
gen), anti-JNK1 (333.8; Pharmingen) or anti-p38 (New England Biolabs) for 2 h, and
15 ml protein-A-Sepharose (Sigma) was added for 1 h. After extensive washing, kinase
assays were done as described3. Endogenous IKK, HA-tagged IKKa, HA-tagged IKKb,
endogenous JNK1 and p38 activities were determined with GST±IkBa(1±54), GST±c-
Jun(1±79) and GST±ATF2 as substrates. Recombinant IKKbwas expressed in Sf9 cells and
puri®ed as described4. Arachidonic acid, PGs, LTB4 and TxB2 were added to washed
immunoprecipitates of recombinant IKKb in kinase buffer in a ®nal volume of 500 ml.
After 1.5 h at 4 8C, the immunoprecipitates were washed and the kinase activity was
determined. Western blot analysis was done as described14.
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The functional regulation of chromatin is closely related to its
spatial organization within the nucleus. In yeast, perinuclear
chromatin domains constitute areas of transcriptional repres-
sion1±3. These `silent' domains are de®ned by the presence of
perinuclear telomere clusters4. The only protein found to be
involved in the peripheral localization of telomeres is Yku70/
Yku80 (ref. 5). This conserved heterodimer6 can bind telomeres7

and functions in both repair of DNA double-strand breaks8±11 and
telomere maintenance7,12±15. These ®ndings, however, do not
address the underlying structural basis of perinuclear silent
domains. Here we show that nuclear-pore-complex extensions
formed by the conserved TPR16,17 homologues Mlp1 and Mlp218,19

are responsible for the structural and functional organization of
perinuclear chromatin. Loss of MLP2 results in a severe de®ciency
in the repair of double-strand breaks. Furthermore, double dele-
tion of MLP1 and MLP2 disrupts the clustering of perinuclear
telomeres and releases telomeric gene repression. These effects are
probably mediated through the interaction with Yku70. Mlp2
physically tethers Yku70 to the nuclear periphery, thus forming a
link between chromatin and the nuclear envelope. We show,
moreover, that this structural link is docked to nuclear-pore
complexes through a cleavable nucleoporin, Nup14520. We pro-
pose that, through these interactions, nuclear-pore complexes
organize a nuclear subdomain that is intimately involved in the
regulation of chromatin metabolism.

Mlp1 and Mlp2 are putative coiled-coil proteins that are located
at the interface between the nuclear envelope and the nuclear
interior19. Sequence homology and similar behaviour in biochemi-
cal fractionation suggest that the two proteins have overlapping
functions19. Although double mutants did not have an obvious


