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The multisubunit proteasome complex is the principal
mediator of nonlysosomal protein degradation. The pro-
teasome subunit varies minimally between cells with
the exception of LMP2, LMP7, and LMP10 subunits in
rodent and human cells. LMP2 and LMP7 subunits are
encoded by the human lymphocyte antigen region, and
they optimize proteolytic mediated antigen presenta-
tion. The proteasome is also important for the function
of transcription factor nuclear factor-kB (NF-kB). It is
required for NF-kB subunits p50 and p52 generation and
catalyzes degradation of phosphorylated IkBa. These
proteasome-mediated reactions have now been shown
to be defective in T2 cells, a human lymphocyte cell line
that lacks both LMP2 and LMP7. Although T2 cells con-
tain normal expression of p100 and p105, the abundance
of p50 and p52 was greatly reduced. Tumor necrosis
factor-a (TNF-a) induced normal phosphorylation of
IkBa but failed to induce degradation of phosphorylated
IkBa. Both DNA binding assays and luciferase assays
revealed that TNF-a-induced NF-kB activation is defec-
tive in T2 cells. Unlike parental cells, T2 cells were sus-
ceptible to TNF-a-induced apoptosis. These data indi-
cate human leukocyte antigen-linked proteasome
subunits are essential for NF-kB activation and protec-
tion of cells from TNF-a-induced apoptosis.

Nuclear factor-kB (NF-kB)1/Rel superfamily is a transcrip-
tion factor that contributes to the ability of the immune system
to respond rapidly to foreign antigens (1–6). NF-kB is activated
in response to various extracellular stimuli, including interleu-
kin 1 (IL-1), tumor necrosis factor-a (TNF-a), lipopolysaccha-
ride, and phorbol esters (2, 7–12). NF-kB is implicated in the
regulation of genes that contribute to cytokine generation, ex-
pression of cell surface adhesion molecules, and processing and
presentation of major histocompatibility complex (MHC) or
human leukocyte antigen (HLA) class I-restricted antigens (1–

6). NF-kB also plays an important role in preventing apoptosis
and in activating signaling pathways that contribute to cellular
transformation and development (12–20).

NF-kB exist predominantly as heterodimers composed of
subunits with molecular masses of 50, 52, or 65 kDa, known as
p50 (NF-kB1), p52 (NF-kB2), and p65 (RelA), respectively (21–
24). These proteins all contain a highly conserved region known
as the Rel homology domain that is responsible for both protein
dimerization and binding to DNA. In mammalian cells, the
NF-kB family of proteins can be divided into two classes as
follows: one class includes p50 and p52, both of which are
produced constitutively by the proteasome-mediated removal
of the COOH termini of the precursor proteins p105 and p100,
respectively (22, 25–27). The ubiquitin-proteasome pathway is
also required for p50 generation in yeast (28). The second class
of NF-kB proteins contains RelA and the related proteins c-Rel
and RelB (24, 29, 30). These proteins do not undergo proteolytic
processing and contain transcriptional activation domains. The
generation and characterization of corresponding knockout
mice (14, 18, 31–35) have recently provided insight into the
specific biological functions of p50, p52, RelA, RelB, and c-Rel.

In unstimulated cells, NF-kB heterodimers are associated
with an IkB family molecule in the cytosol (7, 36, 37). Cellular
stimulation results in the phosphorylation and subsequent pro-
teolytic degradation of phosphorylated IkBa (7, 36, 38), which
allows NF-kB to enter the nucleus where it regulates the ex-
pression of its target genes. The degradation of phosphorylated
IkBa, like the generation of p50 and p52, requires ubiquitina-
tion and the proteasome processing pathway (7). The COOH
terminus of p105 (p105C) contains ankyrin repeats and bears a
striking resemblance to IkBa (39–41). The lymphoid cell-spe-
cific IkBg protein is identical to p105C; however, this protein is
generated by either alternative splicing or promoter usage
(39–41). Mature p50 is generated by a unique co-translational
or post-translational processing event involving the ubiquitin-
proteasome degradation pathway (7, 28, 42–46).

Thus, the ubiquitin-proteasome pathway plays an important
role in two distinct aspects of NF-kB activation. It mediates the
generation of the p50 and p52 subunits, thereby allowing them
to compose heterodimers with p65, and it degrades the phos-
phorylated inhibitory subunit, IkBa. Both proteasome steps
thereby allow the active NF-kB heterodimers entry into the
nucleus (47–49). The sites of phosphorylation and of ubiquiti-
nation of IkBa have been identified, and the kinase complex
responsible for IkBa phosphorylation contains IKKa, IKKb,
and IKKg and has been isolated and characterized (36–38).

NF-kB activation plays an important role in suppression of
TNF-a-induced apoptosis. Mice lacking p65 die before birth on
day 14 to 15 of gestation, apparently because of massive and
accelerated liver cell death (14). Mouse embryonic fibroblasts
derived from these p652/2 animals undergo apoptosis when
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exposed to TNF-a (13), due to a defect in the activation of
NF-kB in response to this cytokine (13, 14). Furthermore, in-
troduction of a dominant-negative IkBa into cells or overex-
pression of IkBa prevents NF-kB activation and results in cell
death on exposure to TNF-a (14, 19, 50–52). Mouse embryos
lacking IKKb also die on day 12 to 13 of gestation due to
massive liver apoptosis (53–55). Embryonic fibroblasts derived
from IKKb2/2 mice fail to exhibit activation of the IKK complex
or NF-kB in response to TNF-a or IL-1 and undergo apoptosis
in the presence of these agents (53–55). Culturing intact cells
with various proteasome inhibitors also results in a marked
potentiation of TNF-a-induced cell death (56).

We have now investigated proteasome function, NF-kB acti-
vation, and susceptibility to TNF-a-induced apoptosis in T2
cells, a human lymphocyte cell line in which the genes for the
proteasome subunits LMP2 and LMP7 have been genetically
deleted. The activity of NF-kB in T2 cells was markedly im-
paired, a result of a virtual lack of p50 and p52 caused by
defective proteasomal processing of the corresponding precur-
sor proteins. Furthermore these cells were defective in their
ability to degrade phosphorylated IkBa and showed a marked
susceptibility to TNF-a-induced cytotoxicity. Our results indi-
cate that, in human lymphocytes, LMP2 and LMP7 are re-
quired for the generation and activation of NF-kB as well as for
prevention of TNF-a-induced apoptosis.

EXPERIMENTAL PROCEDURES

Cells, Antibodies, and Mice—Lymphocyte cell lines used in this study
included Molt-4, Jurkat, T1, and T2 cells. All were purchased through
ATCC (Manassas, VA) except T2 cells, which were a kind gift from Dr.
Peter Cresswell (New Haven, CT). T2 cells are a mutant derived from
T1 cells; they lack a large segment of chromosome 6 that encodes HLA
class II genes, the Lmp2 and Lmp7 proteasome genes, and the ATPase
peptide transporters Tap1 and Tap2. Fresh normal murine lympho-
cytes from spleens were harvested from 6-week-old Balb/c or Lmp22/2

mice. BALB/c mice were purchased from The Jackson Laboratories;
Lmp22/2 mice were a generous donation from Dr. Luc Van Kaer (Nash-
ville, TN). All antibodies were purchased through Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA) or Oncogene Research Laboratories (Cam-
bridge, MA).

Preparation of Nuclear and Cytosolic Extracts—Cells (1 3 107) were
harvested, collected by centrifugation for 15 min at 3000 rpm, washed
with 10 ml of ice-cold phosphate-buffered saline (PBS), and again col-
lected by centrifugation. The resulting pellets were resuspended in 4 ml
of solution A (10 mM Hepes-NaOH (pH 7.8), 10 mM KCl, 2 mM MgCl2, 1
mM dithiothreitol (DTT), 0.1 mM EDTA, and 0.1 mM phenylmethylsul-
fonyl fluoride) and then incubated for 15 min at 4 °C. After addition of
250 ml of 10% (v/v) Nonidet P-40, the cell suspension was vigorously
mixed, incubated for 30 min at 4 °C, and centrifuged for 15 min at 3,000
rpm. The resulting supernatant was saved as the cytosolic extract
(protein concentration, 35 mg/ml), and the pellet was resuspended in 1.5
ml of solution C (50 mM Hepes-NaOH (pH 7.8), 50 mM KCl, 300 mM

NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride,
and 10% (v/v) glycerol). The suspension was mixed for 30 min at 4 °C
and centrifuged for 15 min at 3,000 rpm. The supernatant from this
centrifugation was saved as the nuclear extract (protein concentration,
20 mg/ml).

Oligonucleotides and Electrophoretic Mobility Shift Assay (EMSA)—
Double-stranded oligodeoxynucleotides were prepared by the phospho-
ramidate method with a DNA synthesizer and purified on an OPC
cartridge (Life Technologies, Inc.). They correspond to wild-type kB
(59-GATCTAGGGACTTT CCGCTGGGGACTTTCCAG) and mutant
(mutant 1, 59-GATCTACT CACTTTCCGCTGCTCACTTTCCAG; mu-
tant 2, 59-GATCTAGTCACTTTCCGC TGGTCACTT TCCAG) kB bind-
ing motifs of the human immunodeficiency virus type 1 (HIV-1 kB)
enhancer. The oligonucleotides were end-labeled with [a-32P]dCTP us-
ing the Klenow polymerase. For EMSA analysis, nuclear extracts were
incubated for 30 min at 37 °C in a total volume of 10 ml containing 10
mM Hepes-NaOH (pH 7.9), 50 mM KCl, 5 mM Tris-HCl (pH 7.0), 1 mM

DTT, 15 mM EDTA, 10% glycerol, 1.0 mg of poly(dIzdC), and 4 ng of
32P-labeled wild-type HIV-1 kB oligonucleotide. The resulting DNA-
protein complexes were resolved by electrophoresis on nondenaturing
8% polyacrylamide gels with 0.53 Tris borate-EDTA buffer at 4 °C. For

competition experiments, the nuclear extracts were incubated for 15
min at 4 °C with a 100-fold molar excess of unlabeled HIV-1 kB oligo-
nucleotide before addition of the radioactive probe. For supershift as-
says, the nuclear extracts were incubated with specific antibodies for
1 h at 4 °C before addition of the DNA probe. Cytosolic extracts were
exposed to final concentrations of 1.2% (v/v) Nonidet P-40 and 0.8%
(w/v) deoxycholate to induce dissociation of IkB from NF-kB before
incubation with 32P-labeled probe (21, 57, 58). AP1 and SP1 binding
activities were examined by EMSA analysis as described (59, 60).

Immunoblot Analysis—Nuclear or cytosolic extracts were subjected
to SDS-polyacrylamide gel electrophoresis (PAGE) on 12.5% gels under
nonreducing conditions. The separated proteins were transferred elec-
trophoretically to a polyvinylidene difluoride (PVDF) membrane, which
was then incubated for 2 h at room temperature with TBS-T (20 mM

Tris-HCl (pH 7.6), 137 mM NaCl, 0.05% (v/v) Tween 20) containing 8%
(w/v) bovine serum albumin. The membrane was subsequently incu-
bated for 12 h at 4 °C with TBS-T containing the appropriate polyclonal
antibodies, washed four times with TBS-T for 15 min each time at room
temperature, incubated for 2 h at room temperature with TBS-T con-
taining alkaline phosphatase-conjugated secondary antibodies, washed
five times with TBS-T, and subjected to the alkaline phosphatase color
reaction by standard method.

In Vitro Processing Assay for p50 Generation—The in vitro p50 proc-
essing was assayed as described previously (44). In brief, the
pcDNA1p105 construct was subjected to transcription and translation
in vitro with wheat germ extract (Promega, WI) in the presence of
[35S]methionine. The 35S-labeled p105 protein was then immunopre-
cipitated with polyclonal antibodies to p50 and purified. The substrate
protein was incubated for 90 min at 30 °C with cytosolic extract (20 or
40 mg of protein) in a final volume of 25 ml in the absence or presence of
10 mM ATP (46). The proteasome inhibitor MG115 (Sigma) was prein-
cubated with cytosolic extracts before the substrate protein was also
added to the reaction mixture. The proteolytic products were separated
by SDS-PAGE on a 10% gel and visualized by autoradiography.

Luciferase Assays—The reporter plasmids, IL-2Ra-kB wt, IL-2Ra-kB
mut, and RSV-LTR were used in the luciferase experiments. In these
constructs, the luciferase gene is driven by the interleukin-2 receptor-
a-chain (IL-2Ra) promoter or the Rous sarcoma virus-long terminal
repeat (RSV-LTR). The reporter plasmid (10 mg), IL-2Ra-kB wt, IL-
2Ra-kB mut, or RSV-LTR were co-transfected into T1, T2, Molt-4, or
Jurkat cells by the DEAE-dextran standard method using 1 mg of a
RSV-galactosidase expression vector as an internal control. In IL-
2Ra-kB wt, the kB sequence GGGGAATCTCCC was substituted by
GCTCAATCTCCC. The cells were cultured in RPMI 1640 medium
containing 10% fetal calf serum for 48 h after transfection and then
TNF-a (final concentration, 10 ng/ml) was added to each plate. After an
additional 4 h of culture with TNF-a, the cells were harvested, and
luciferase assays were performed. The luciferase activities of equal
amounts of extracted proteins were measured by standard methods. To
adjust the transfection efficiency, quantitation of the b-galactosidase
was carried out by the standard method. Values are shown as the
mean 6 S.E. of three independent transcription experiments.

Cell Survival Assay—Cells were cultured in RPMI 1640 supple-
mented with 10% fetal bovine serum and exposed to TNF-a for various
times. The number of viable cells was determined by trypan blue
exclusion as described (13).

RESULTS

Impaired Activation of NF-kB in T2 Cells—We first investi-
gated the effect that deletions of the HLA-linked Lmp2 and
Lmp7 proteasome subunit genes might have on NF-kB function
by EMSA with the nuclear extracts prepared from T2 cells.
These cells were cultured in the absence or presence of TNF-a
(10 ng/ml) for 4 h. Nuclear extracts from parental T1 cells and
from human T cell lymphoma Molt-4 and Jurkat cells were also
assayed for comparison. Whereas T1, Molt-4, and Jurkat cells
all showed marked increases in nuclear kB binding activity
after exposure to TNF-a, T2 cells exhibited no such response
(Fig. 1A). The specificity of the observed kB binding in the
nuclear extracts of TNF-a-treated cells was confirmed by bind-
ing activity assessed with 32P-labeled probe. The DNA binding
activity was completely inhibited by preincubation of the ex-
tracts with a 100-fold molar excess of the corresponding (wild
type) unlabeled kB oligonucleotide; similar preincubation with
two different oligonucleotides in which the kB binding motif
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was mutated did not inhibit binding activity measured with the
labeled probe (Fig. 1B).

The kB binding activity of cytosolic extracts was also exam-
ined by EMSA after treatment of the extracts with detergents
(Nonidet P-40 and deoxycholate) to induce dissociation of IkB
from NF-kB (21, 57, 58). Again, the kB binding activity of
cytosolic extracts from T2 cells was greatly inactivated relative
to the kB binding activity detected in cytosolic extracts from
T1, Molt-4, or Jurkat cells (Fig. 1C). The nuclear DNA binding
activities of the transcription factors SP1 and AP1 did not differ
among the four cell types studied (Fig. 1D). Together, these
observations suggest that NF-kB activation in response to
TNF-a is defective in T2 cells.

Defective Generation of NF-kB Subunits p50 and p52 and

Defective Degradation of IkBa in T2 Cells—To identify the
NF-kB subunits responsible for the observed kB binding activ-
ity, we performed supershift assays. Preincubations of nuclear
extracts from T1, Molt-4, or Jurkat cells with polyclonal anti-
bodies to p50 resulted in a shift in the DNA-protein complex to
a position of lower mobility; however, no such shift in mobility
was detectable with the DNA-protein complex formed by nu-
clear extracts from T2 cells (Fig. 2A). In contrast, pretreatment
of the nuclear extracts from all four cell lines with polyclonal
antibodies to p65 reduced the mobility of the DNA-protein
complex in every case (Fig. 2A). As a negative control, poly-
clonal antibodies to the transcription factor C/EBP had no
effect on the mobility of the DNA-protein complex formed by
nuclear extracts of each of the four cell lines (Fig. 2A).

Aberrant p52 proteins are found in lymphocytes, as a result
of chromosome rearrangements at the NFKB2 locus (27); p52 is
normally produced from p100, an inactive precursor protein
harboring IkB-like ankyrin-containing sequences in the
COOH-terminal half, thus p52 is generated by ubiquitin-pro-
teasome processing of the p100 precursor. To demonstrate ini-
tially whether p52 binds kB oligonucleotide probe, we similarly
studied kB oligonucleotide probe (HIV-1 kB) binding to nuclear
extracts in a supershift assay with polyclonal antibody to p52.
TNF-a-treated Molt-4, Jurkat, T1, or T2 cell nuclear extracts
did not bind this kB oligonucleotide probe (data not shown).
Recent data demonstrate p52-p52 homodimers and p52-p65
heterodimers can specifically recognize and bind H2TF1 kB
(GGGGATTCCCCA) but do not bind HIV-1 kB (GGGGACTTTC
CC) (27). Further studies confirmed anti-p52 antibodies selec-
tively reduce the mobility of the DNA-protein complex formed
by the nuclear extract of TNF-a-treated control Molt-4 cells
with an oligonucleotide probe to H2TF1 kB corresponding to
the kB binding motif of the MHC class I gene enhancer (data
not shown).

The basal expression of NF-kB subunits in cytosolic and
nuclear extracts from T1, T2, Molt-4, and Jurkat cells was
examined by immunoblot analysis (Fig. 2B). In cytosolic ex-
tracts, the basal expression of p65, the precursors p105 and
p100, and IkBa, as well as that of the cyclin-dependent kinases
CDK2, CDK7, and CDK8 (assayed as controls) did not differ
among the four cell types (Fig. 2B). However, the amount of p50
and p52 in cytosolic extracts of T2 cells was markedly reduced
relative to those in cytosolic extracts of T1, Molt-4, and Jurkat
cells (Fig. 2B). In nuclear extracts, the abundance of p65 and
c-Rel was similar for all four cell types; however, the amount of
p50 and p52 was greatly reduced in T2 cells (Fig. 2B). Northern
blot analysis revealed that the abundance of both p65 and p105
mRNAs in cytosolic extracts did not differ among the four cell
types (data not shown).

We also examined the dynamics of IkBa phosphorylation
during TNF-a stimulation of T1 and T2 cells by immunoblot
analysis of cytosolic extracts with the appropriate antibodies
(Fig. 2C). Phosphorylated IkBa was detected as the upper band
of IkBa double bands that appear after incubation of either T1
or T2 cells with TNF-a for 20 min (Fig. 2C). However, whereas
IkBa had virtually disappeared in T1 cells after incubation
with TNF-a for 40 min, no such decrease in IkBa abundance
was apparent after 40 or 240 min of cytokine treatment of T2
cells (Fig. 2C). The amount of IkBa had increased to original
levels after incubation of T1 cells with TNF-a for 240 min (Fig.
2C). The abundance of CDK2, CDK7, or CDK8 was not affected
by TNF-a treatment of T1 or T2 cells. Results obtained using
Molt-4 and Jurkat cells were similar to those observed for T1
cells (data not shown). These data suggest that, whereas TNF-
a-induced phosphorylation of IkBa appears normally in T2
cells, the subsequent degradation of phosphorylated IkBa ap-

FIG. 1. EMSA of the effect of TNF-a on the DNA binding activ-
ity of NF-kB in T2 cells. A, effect of TNF-a on nuclear kB binding
activity. Nuclear extracts were prepared from T1, T2, Molt-4, and
Jurkat cells after incubation for 4 h in the absence (2) or presence (1)
of TNF-a (10 ng/ml). The extracts were then assayed for DNA binding
activity with a 32P-labeled (wild type) kB oligonucleotide by EMSA
analysis. The arrowhead indicates the position of specific DNA-protein
complexes. B, specificity of the nuclear DNA binding activity for the kB
binding motif. Nuclear extracts prepared from TNF-a-treated T1, T2,
Molt-4, and Jurkat cells were preincubated in the absence (2) or pres-
ence of a 100-fold molar excess of unlabeled competitor oligonucleotide
(wild-type (w), mutant 1 (m1), or mutant 2 (m2)) before exposure to the
32P-labeled (wild type) kB oligonucleotide. C.C, cold competitor. C, kB
binding activity in cytosolic extracts. EMSA was performed with the
32P-labeled kB oligonucleotide and with cytosolic extracts of T1, T2,
Molt-4, and Jurkat cells that had been treated (or not) with Nonidet
P-40 (NP-40) and deoxycholate (DOC). D, DNA binding activities of SP1
(left panel) and AP1 (right panel). The DNA binding activities of SP1
and AP1 in nuclear extracts of T1, T2, Molt-4, and Jurkat cells were
examined by EMSA with specific oligonucleotide probes. Arrowheads
indicate the specific DNA-protein complexes. In all panels, lanes 1
correspond to negative controls in which the extract protein was not
added to the reaction mixture.
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parent in T1 cells is defective in TNF-a-treated T2 cells.
NF-kB Inactivation in TNF-a-treated Lmp22/2 Lympho-

cytes—To verify that the apparent proteasome dysfunction and
NF-kB inactivation in T2 cells is caused by the down-regulation
of the 20 proteasome b subunits, we examined the DNA bind-
ing activity of NF-kB in lymphocytes lacking Lmp2 that were
derived from Lmp22/2 mouse spleen. The effect of TNF-a on
NF-kB activation was investigated using Molt-4 cells and com-
pared with activation in spleen cells from BALB/c and Lmp22/2

mice. Incubation of Molt-4 cells or BALB/c mouse spleen cells
with TNF-a (10 ng/ml) for 4 h resulted in a marked increase in
nuclear NF-kB DNA binding activity as determined by EMSA
(Fig. 3A, left panel). In contrast, TNF-a at concentrations of 10
ng/ml had no significant effect on the nuclear NF-kB activity in
Lmp22/2 lymphocytes (Fig. 3A, left panel). The specificity of the
DNA binding activity in nuclear extracts from TNF-a-treated
lymphocyte cells from both BALB/c and Lmp22/2 mice was
confirmed by cold competition assays with unlabeled wild-type
kB and mutant kB oligonucleotides. NF-kB binding to the kB
probe was prevented by preincubation of the nuclear extracts
with a 100-fold molar excess of unlabeled wild-type kB oligo-
nucleotide but not by preincubation of the nuclear extracts with
mutant kB oligonucleotide (data not shown). We concluded that
the DNA binding activity we measured is due to the activity of
NF-kB.

Cytosolic NF-kBzIkB complexes in Lmp22/2 lymphocytes
were similarly tested by EMSA. NF-kB DNA binding activity in
detergent-treated cytosolic extracts from Lmp22/2 mouse
spleen cells was markedly reduced compared with binding ob-
served in cytosolic extracts from BALB/c mouse spleen cells
(Fig. 3A, right panel). Again, the DNA binding activities of SP1
and AP1 did not differ between nuclear extracts of BALB/c and
Lmp22/2 mouse spleen cells (data not shown). Furthermore,
antibodies to p50 or to p65 reduced the mobility of the DNA-
protein complexes formed in the nuclear extracts of TNF-a-

treated BALB/c spleen cells incubated with the kB1 oligonu-
cleotide as described by supershift assay. In contrast,
antibodies to p65, but not those to p50, had an effect on mobil-
ity in the nuclear extracts of TNF-a-treated Lmp22/2 spleen
cells (Fig. 3B). Antibodies to C/EBP had no effect on the DNA-
protein complexes formed by the nuclear extracts of either
mouse strain (Fig. 3B). To investigate whether p52 binds to the
kB1 oligonucleotide probe, we performed supershift assays
with polyclonal antibodies to p52. These antibodies had no
effect on the mobility of the DNA-protein complexes formed in
nuclear extracts of TNF-a-treated spleen cells from either
BALB/c or Lmp22/2 mice or by those of TNF-a-treated Molt-4
cells with kB1 oligonucleotide probe (data not shown).

The basal expression of NF-kB subunits in the cytosolic and
nuclear extracts of BALB/c and Lmp22/2 mouse spleen cells
was examined by immunoblot analysis (Fig. 3C). The abun-
dance of p65, the precursor protein p105, and the precursor
protein p100, as well as the amount of the IkBa and the
cyclin-dependent kinases CDK8, CDK7, and CDK2 (assayed as
internal controls) did not differ markedly between BALB/c and
Lmp22/2 mice (Fig. 3C). However, the expression of p50 and
p52 in the cytosolic extracts prepared from Lmp22/2 spleen
cells was markedly reduced relative to their expression in
extracts from BALB/c spleen cells (Fig. 3C). Northern blot
analysis also revealed that the abundance of both p65 and p105
mRNAs in cytosolic extracts of spleen cells did not differ be-
tween BALB/c and Lmp22/2 mice (data not shown).

We also investigated the dynamics of IkBa protein degrada-
tion during TNF-a-induced lymphocyte activation in spleen
cells from BALB/c and Lmp22/2 mice. IkBa virtually disap-
peared from the cytosol of BALB/c spleen cells after exposure to
TNF-a for 40 min (Fig. 3D). This decrease in cytosolic IkBa was
not accompanied by an increase in the amount of the protein in
the nucleus (data not shown). The abundance of IkBa in the
cytosol of BALB/c spleen cells began to recover after treatment

FIG. 2. Impaired p50 and p52 generation, no degradation of phosphorylated IkBa in T2 cells. A, supershift analysis of kB binding
activity. Nuclear extracts prepared from TNF-a-treated T1, T2, Molt-4, and Jurkat cells were incubated in the absence (2) or presence (1) of
polyclonal antibodies to p50, p65, or C/EBP before EMSA analysis with the 32P-labeled kB oligonucleotide. Original DNA-protein complexes
(NF-kB) and supershifted complexes (S.S. NF-kB) are indicated by arrows. Lanes 1 represent negative controls in which nuclear extract was not
added to the reaction mixture. B, immunoblot analysis of NF-kB subunits and precursors, IkBa, and cyclin-dependent kinases. Cytosolic and
nuclear (Nuc.) extracts of T1, T2, Molt-4, and Jurkat cells were subjected to immunoblot analysis with antibodies to the indicated proteins. C,
immunoblot analysis of the effects of TNF-a on the phosphorylation and degradation of IkBa. T1 and T2 cells were incubated for the indicated times
with TNF-a (10 ng/ml), after which cytosolic extracts were prepared and subjected to immunoblot analysis with antibodies to IkBa, to CDK2, to
CDK7, or to CDK8. Arrowheads indicate phosphorylated (upper) and nonphosphorylated (lower) IkBa.
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with TNF-a for 4 h (Fig. 3D). In contrast, the amount of IkBa
in the cytosol of Lmp22/2 mouse spleen cells was not markedly
affected by TNF-a (Fig. 3D). The phosphorylated form of IkBa
was detected as the upper band of two immunoreactive bands
in TNF-a-treated spleen cells from both BALB/c and Lmp22/2

mice.
Impaired Processing of p50 in T2 Cell Extracts—The gener-

ation of p50 from p105 is mediated by the ubiquitin-proteasome
processing pathway (28, 44, 46, 61). To investigate whether the
decrease in p50 generation in T2 cells is directly attributable to
defects in the proteasome processing pathway, we examined
the processing of 35S-labeled recombinant p105 in the cytosolic
extracts of T2 cells in an in vitro assay (44, 46). Incubation of
p105 with cytosolic extracts from T1, T2, Molt-4, or Jurkat cells
in the absence of ATP did not result in the generation of p50
(Fig. 4A, upper panel). However, p50 was produced when p105
was incubated with cytosolic extracts from T1, Molt-4, or Jur-
kat cells in the presence of 10 mM ATP (Fig. 4A, lower panel);
the generation of p50 has previously been shown to be pro-
cessed by ATP-dependent pathway (44, 46). In contrast, incu-
bation of p105 with cytosolic extracts of T2 cells even in the
presence of 10 mM ATP did not result in the generation of p50
(Fig. 4A, lower panel). To confirm that the formation of p50 in
this in vitro processing assay was mediated by the proteasome,
we examined the effect of MG115 on p50 generation. MG115 is
a potent inhibitor that binds to the chymotryptic site on the
20 S proteasome particle. This compound reduces the degrada-
tion of ubiquitin-conjugated proteins in cell extracts (46). The
p50 processing in cytosolic extracts from T1, Molt-4, and Jurkat
cells was completely inhibited by 50 mM MG115 (Fig. 4B).

TNF-a induces phosphorylation of a PEST-rich domain
downstream of ankyrin repeats in p105 (42, 62–64). We there-
fore examined the phosphorylation of recombinant p105 after

incubation with cytosolic extracts from T1 and T2 cells with
[g-32P]ATP (Fig. 4C). Incubation with cytosolic extracts of T1
cells resulted in an increase in the extent of phosphorylation of
p105 that reached a maximum at 30 min and decreased there-
after, presumably because the phosphorylated protein was de-
graded by the ubiquitin-proteasome pathway (Fig. 4C). In con-
trast, the phosphorylation of p105 by cytosolic extracts of T2
cells continued to increase for up to 40 min, presumably be-
cause the phosphorylated protein did not undergo proteolysis
(Fig. 4C). Thus, the activity of the p105 kinase appeared to be
normal in cytosolic extracts of T2 cells.

Ubiquitination of the ankyrin repeats of p105 is also required
for its proteolytic processing (28, 46, 61, 62). We therefore
examined the extent of ubiquitination of recombinant p105
after incubation with the cytosolic extracts from T1 and T2 cells
(Fig. 4D). Cross-linking of ubiquitin-p105 complexes by glutar-
aldehyde treatment, followed by immunoprecipitation with an-
ti-p50 antibodies and immunoblot analysis with antibodies to
ubiquitin, revealed that the time courses for ubiquitination of
p105 are similar to those for phosphorylation of p105. Whereas
the ubiquitination of p105 by cytosolic extracts of T1 cells
reached a maximum at 30 min and decreased thereafter, ubiq-
uitination in cytosolic extracts of T2 cells continued to increase
for up to 40 min (Fig. 4D). Ubiquitination activity therefore
appeared not to be down-regulated in the cytosolic extracts of
T2 cells (Fig. 4D). Overall, these data suggest that the defect in
p50 generation in T2 cells is due to a failure of proteasome-
mediated cleavage of p105.

We next examined the basal expression of components of the
20 S proteasome in cytosolic extracts of T1, T2, Molt-4, and
Jurkat cells by immunoblot analysis (Fig. 4E). Whereas the
proteasome subunits LMP2, LMP7, LMP10, and HC9 were
detected as apparent bands in the cytosolic extracts from T1,

FIG. 3. Defective NF-kB activation and degradation of IkBa in TNF-a-treated Lmp22/2 lymphocytes. A, NF-kB DNA binding activity
was examined by EMSA with the kB1 oligonucleotide and nuclear extracts (Ext) prepared from BALB/c and Lmp22/2 mouse spleen cells after
incubation of cells for 4 h in the absence (2) or presence (1) of TNF-a (10 ng/ml) (A, left panel). The results of an identical experiment with
TNF-a-treated Molt-4 cells are also shown (lanes 6 and 7). NF-kB DNA binding activity in cytosolic extracts BALB/c and Lmp22/2 mouse spleen
cells or Molt-4 cells was analyzed by EMSA with the kB1 oligonucleotide after incubation of extracts with (1) or without (2) Nonidet P-40 and
deoxycholate detergent (A, right panel). Lanes 1 and 8 correspond to a negative control in which cytosolic extract was not added to the reaction
mixture. B, spleen cells from BALB/c (left panel) or Lmp22/2 (right panel) mice were treated with TNF-a (10 ng/ml) for 4 h. Nuclear extracts were
then prepared and incubated in the absence (2) or presence (1) of polyclonal antibodies (Ab) to p50 (a-p50), to p65 (a-p65), or to C/EBP (a-C/EBP)
before EMSA with the kB1 oligonucleotide. Lanes 1 and 6 represent negative controls in which nuclear extract was not added to the reaction
mixture. Original DNA-protein complexes and supershifted complexes (S.S.) are indicated by arrowheads. C, immunoblot analysis of NF-kB
subunits (p50, p52, p105, p65, and p100), IkBa, and cyclin-dependent kinases in Molt-4 and spleen cells derived from BALB/c and Lmp22/2 mice.
Whole cell lysates of Molt-4 cells (Mo.) and BALB/c (Ba.) or Lmp22/2 (Lm.) mice spleen cells were subjected to immunoblot analysis with antibodies
to the indicated proteins. D, effect of TNF-a on the abundance of IkBa in spleen cells of BALB/c and Lmp22/2 mice. Spleen cells isolated from
BALB/c and Lmp22/2 mice were incubated with TNF-a (10 ng/ml) for the indicated times, after which cytosolic extracts were subjected to
immunoblot analysis with antibodies to IkBa or to CDKs.
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Molt-4, and Jurkat cell, as expected the T2 cell extracts specif-
ically lacked basal expression of LMP2 and LMP7 (Fig. 4E). As
an internal control, the basal expression of CDKs (CDK2,
CDK7 and CDK8) and of TAFII250 was shown not to differ
among the four cell types (Fig. 4E).

Defective Transcriptional Activation by NF-kB in T2
Cells—To examine further the transcriptional activation by
NF-kB activation in vivo, a transient luciferase assay was
performed. T1, T2, Molt-4, and Jurkat cells were transfected
with a reporter plasmid in which luciferase gene is expressed
under the control of the IL-2Ra promoter (IL-2Ra-kB wt) or its
derivative which contains a mutant kB binding region (IL-
2Ra-kB mut) (Fig. 5A). A reporter plasmid expressing lucifer-
ase under the control of the RSV-LTR was used as an internal

control (Fig. 5A). The transfected cells were cultured for 4 h in
the absence or presence of TNF-a (final concentration 10 ng/
ml), after which cell extracts were prepared and assayed for
luciferase activity by the standard protocol (Fig. 5B). Lucifer-
ase activity under the IL-2Ra promoter increased approxi-
mately 6-fold when the transfected T1, Molt-4, and Jurkat cells
were treated with TNF-a (Fig. 5B, left panel). However, when
T1, Molt-4, or Jurkat cells were transfected with IL-2Ra-kB
mut, which no longer binds NF-kB, little or no increase in
luciferase activity occurred following treatment with TNF-a
(Fig. 5B, center panel). These results indicate that in the trans-
fected T1, Molt-4 or Jurkat cells, the luciferase gene was mark-
edly stimulated by TNF-a-induced NF-kB activation. However,
luciferase activity was never dramatically induced in T2 cells
transfected with IL-2Ra-kB regardless of whether the cells
were stimulated by TNF-a treatment (Fig. 5B, left and center
panels). These results indicate that TNF-a-induced activation
of NF-kB is defective in T2 cells. To verify the specificity of the
impaired TNF-a-induced NF-kB activation in T2 cells, we per-
formed a luciferase assay with RSV-LTR plasmid, in which the
luciferase gene is directly controlled under the RSV promoter
(Fig. 5B, right panel). Luciferase activity was strongly induced
in all cell types transfected with the RSV-LTR plasmid, includ-
ing T2 cells (Fig. 5B, right panel). These results prove that T2
cells are insensitive to transcriptional activation in response to
TNF-a, specifically due to the lack of sufficient NF-kB activity.

Increased Susceptibility of T2 Cells to TNF-a-induced Apop-
tosis—NF-kB activation has been shown to protect cells from
TNF-a-induced cell death (13, 19, 20, 50–52). Furthermore,
inhibiting the nuclear translocation of NF-kB enhances the
apoptotic effects of these agents. We therefore investigated the
effect of TNF-a treatment on the viability of T2 cells and of
Lmp22/2 lymphocytes obtained from Lmp22/2 mice. Incuba-
tion of T1, Molt-4, Jurkat cells, and normal murine lympho-
cytes derived from BALB/c mice with various concentrations of
TNF-a for 24 h had no marked effect on cell survival. However,

FIG. 4. In vitro assay of p50 processing by the ubiquitin-pro-
teasome pathway in cytosolic extracts of T2 cells. A and B, assay
of p50 generation from p105. Purified 35S-labeled recombinant p105
was incubated for 90 min at 30 °C with cytosolic extracts (20 or 40 mg of
protein in A and 40 mg of protein in B) of T1, T2, Molt-4, or Jurkat cells
in the absence (upper panel in A) or presence (lower panels in A and B)]
of 10 mM ATP. B, incubations were also performed in the absence (2) or
presence (1) of 50 mM MG115. Reaction mixtures were analyzed by
SDS-PAGE and autoradiography. Lanes 1 in A and B correspond to
reaction mixtures without extract and substrate; lanes 10 correspond to
reaction mixtures containing substrate but without extract. The posi-
tions of molecular size standards (in kilodaltons) are shown on the left,
and those of p105 and p50 are shown on the right. C, phosphorylation
of recombinant p105 by cytosolic extracts of T1 and T2 cells. Recombi-
nant p105 was incubated for the indicated times at 30 °C in a reaction
mixture (25 ml) containing [g-32P]ATP and cytosolic extracts (40 mg of
protein) of T1 or T2 cells, after which p105 was immunoprecipitated
with antibodies to p50 and subjected to SDS-PAGE and autoradiogra-
phy. The positions of phosphorylated p105 (32P-p105) and of p50 are
indicated. D, ubiquitination of recombinant p105 by cytosolic extracts of
T1 and T2 cells. Recombinant p105 was incubated for the indicated
times at 30 °C in a reaction mixture (25 ml) containing cytosolic extracts
(40 mg of protein) of T1 or T2 cells, after which p105-ubiquitin com-
plexes were cross-linked with glutaraldehyde, immunoprecipitated
with antibodies to p50, and detected by immunoblot analysis with
antibodies to ubiquitin. The position of ubiquitinated p105 (Ub(n)-p105)
is indicated. E, immunoblot analysis of the expression of subunits of the
20 S proteasome in T1, T2, Molt-4, and Jurkat cells. Cytosolic extracts
were subjected to immunoblot analysis with antibodies to the indicated
proteins.

FIG. 5. Function analysis of kB-dependent transcriptional ac-
tivation in T2 cells. A, schematic representations of IL-2Ra luciferase
reporter plasmids. The binding sites for the transcription factors NF-
kB, SRF, and SP1 located in the promoter of the IL-2Ra gene are shown.
The kB binding sequence was mutated in the mutant IL-2Ra promoter.
B, effects of TNF-a on luciferase activity in transfected cells. T1, T2,
Molt-4, and Jurkat cells were transfected with the indicated plasmids
and an RSV-b-galactosidase expression vector, incubated for 4 h in the
absence (open bars) or presence (hatched bars) of TNF-a (10 ng/ml),
lysed, and assayed for luciferase and b-galactosidase activities. Differ-
ences in the efficiency of transfection were corrected based on b-galac-
tosidase activity, and luciferase activity was expressed in arbitrary
units. Data are means 6 S.E. of values obtained from three independent
transcription experiments.
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TNF-a induced a dose-dependent decrease in the viability of T2
cells and Lmp22/2 lymphocytes (Fig. 6A). Similarly, incubation
of T1, Molt-4, Jurkat cells, and normal murine lymphocytes
with TNF-a at a concentration of 10 ng/ml for up to 48 h had no
effect on cell viability. The same concentration of TNF-a, how-
ever, induced a time-dependent decrease in the cell survival of
T2 cells and Lmp22/2 lymphocytes (Fig. 6B). This effect on cell
survival was apparent as early as 12 h. DNA fragmentation
assays followed by gel electrophoresis confirmed that TNF-a
treatment resulted in apoptosis in T2 cells and Lmp22/2 lym-
phocytes but not in T1, Molt-4, Jurkat cells, and normal murine
lymphocytes (Fig. 6C). These results indicate that the protea-
some subunits, Lmp2 and Lmp7, are required for NF-kB acti-
vation and for the protection of cells from TNF-a-induced
apoptosis.

DISCUSSION

Specific destruction of proteins in vivo plays a critical role in
regulating diverse biological activities. So far, studies have
shown that different targeting signals can lead to the degrada-
tion of proteins by the ubiquitin-proteasome pathway. The
eukaryotic transcription factor superfamily, NF-kB/Rel super-
family, is induced in response to several signals that lead to cell
growth, differentiation, inflammatory responses, apoptosis,
and neoplastic transformation. The NF-kBzRel complex is an
ideal tertiary messenger for communicating signals necessary
for these biological functions. The ubiquitin-proteasome signal
pathway plays an essential role in two distinct steps for the

activation of NF-kB as follows: it directs the production of the
NF-kB subunits p50 and p52 and the degradation of phospho-
rylated IkBa. We now show that both of these mechanisms
require the HLA-encoded proteasome b subunits LMP2 and
LMP7. In cells lacking LMP2 and LMP7, the phosphorylation
and ubiquitination of the precursor protein p105 appears nor-
mal in cytosolic extracts; however, the proteolytic processing of
p105 to p50 by the ubiquitin-proteasome pathway was im-
paired (Fig. 4, A and B). Furthermore, neither p50 nor p52 was
detected by immunoblot analysis in cytosolic or nuclear ex-
tracts of T2 cells and Lmp22/2 lymphocytes (Fig. 2B and Fig.
3C). The ubiquitin-proteasome pathway also mediates the deg-
radation of phosphorylated IkBa, which leads to NF-kB activa-
tion. Our data indicate that, whereas the phosphorylation of
IkBa in response to TNF-a appears to proceed normally in T2
cells and Lmp22/2 lymphocytes, the degradation of the phos-
phorylated IkBa by the ubiquitin-proteasome pathway is im-
paired, again indicating a requirement for the LMP2 and
LMP7 and Lmp22/2 lymphocytes proteasome subunits (Fig. 2C
and Fig. 3D). These defects in proteasome function in T2 cells
were associated with a marked decrease in the ability of TNF-a
to induce NF-kB activation, as revealed by both EMSA with cell
extracts and luciferase assays on cells transfected with re-
porter plasmids (Figs. 1, 3, and 5).

Signaling by NF-kB is linked to apoptosis, cellular transfor-
mation, and limb development (65). Thus, the defect in the
proteasome-mediated synthesis and activation of NF-kB in T2

FIG. 6. Requirement of HLA-encoded proteasome subunits in preventing TNF-a-induced cell death. A and B, effect of TNF-a on the
survival of T1, T2, Molt-4, Jurkat, lymphocytes from BALB/c, and Lmp22/2 mice. Cells were cultured for 24 h with the indicated concentrations
of TNF-a (A) or for the indicated times in the presence of TNF-a at 10 ng/ml (B). Cell viability was assessed by trypan blue exclusion. Data are
expressed as percentage survival relative to that of cells not exposed to TNF-a and are means 6 S.D. of four replicates from a representative
experiment. C, effect of TNF-a on DNA fragmentation. T1, T2, Molt-4, Jurkat, lymphocytes from BALB/c and Lmp22/2 mice were incubated for
24 h in the absence or presence of TNF-a (10 ng/ml), after which DNA fragmentation was examined by agarose gel electrophoresis and ethidium
bromide staining by standard method. Lymphocytes were obtained from BALB/c (Ba.) and Lmp22/2 (Lm.) mice spleen.
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cells and Lmp22/2 lymphocytes was associated with an in-
creased susceptibility to TNF-a-induced apoptosis (Fig. 6). We
have therefore shown that the proteasome subunits LMP2 and
LMP7 are required for generation of p50 and p52, for degrada-
tion of phosphorylated IkBa, for NF-kB activation, and for
protection from TNF-a cytotoxicity in human and murine lym-
phocytes. This study also identified the HLA-linked LMP pro-
teasome subunits with a new role in cell death protection.

The proteasome is a large multisubunit protease complex
that is centrally involved in ubiquitin-mediated protein degra-
dation in eukaryotic cells. Similarly LMP like complexes and
biological functions are also found in bacteria and yeast (66–
68). In eukaryotic cells, the 20 S-proteasome associates with a
19 S regulatory complex creating the 26 S proteasome. The
20 S proteasome is composed of two types of subunits, a and b.
The a subunits are believed to form the outer structure; the
inner b subunits contain the catalytic activity (69, 70). Mam-
malian proteasomes exhibit at least five distinct peptidase
activities that are defined in vitro by an ability to cleave sub-
strates at sites immediately downstream of basic (“trypsin-
like” activity), hydrophobic (a “chymotrypsin-like” activity), or
acidic (“peptidylglutamyl peptide hydrolyzing” activity) resi-
dues (67, 71). These activities are mediated by the 20 S protea-
some b subunits and are subject to regulation by cytokines, at
least in part through control of the expression of MHC region
genes encoding LMP2 and LMP7 and the gene encoding
LMP10 (72–74). Interferon-g enhances antigen presentation by
increasing the expression of these proteasome b subunit genes
(75–78) which then replace the non-MHC-encoded b subunits
X, Y, and Z. Furthermore, recent reports have demonstrated
NF-kB regulation of mammalian Lmp2 gene expression and
the essential requirement of LMP7 for the generation of ma-
ture LMP2 (77–80). Therefore in Lmp72/2 lymphocytes, ma-
ture LMP2 protein is not produced, and NF-kB activation is
most likely not induced by TNF-a treatment. Presumably,
TNF-a treatment significantly induces time- and dose-depend-
ent decreases in viability of Lmp72/2 lymphocytes. In in vitro
assays, an increase in the amount of the MHC-encoded sub-
units is associated with an increased cleavage of peptides at
sites downstream of hydrophobic or basic residues and reduced
cleavage at sites downstream of acidic residues (81). A recent
report has demonstrated p50 generation in yeast cells that
continuously express a subunit homologous to LMP2 (28). Prior
to this report, variations in mammalian proteasome subunit
were known to impact antigen presentation. The present data
extend the role of human HLA-encoded proteasome subunits as
obligatory in transcription factor activation in eukaryotic cells
(human and murine lymphocytes) and in protection from
apoptosis.

In addition to the fact that the proteasome is responsible for
the generation of peptides for MHC class I antigen presenta-
tion in mammals, there were reasons to suspect that the eu-
karyotic 20 S proteasome subunits might exhibit expanded
substrate specificity based on the composition of the b sub-
units. The 20 S proteasome structure is highly conserved in
evolution and is found in archaebacterium Thermoplasma aci-
dophilum as well as yeast such as Saccharomyces cerevisiae
(82). Furthermore, the x-ray structure of the Thermoplasma
proteasome verifies the assumption that the b-type subunits
contain the proteolytically active site (69). Each of the b sub-
unit peptidase activities assigned to 20 S proteasomes (basic,
hydrophobic, and acid) are secondary to an NH2-terminal thre-
onine, and mutational analyses in yeast and archaebacterium
identified the similarly placed residues involved in proteolysis
(83–86). The eukaryotic b subunits, LMP2, LMP7, and LMP10,
similarly display the critical threonine residue in the NH2

terminus region of the mature proteins. In sum, mutation of
b-chain containing the NH2-terminal threonine resulted in mu-
tants with altered initial cleavage of protein substrates in vivo
and varying phenotypes that often impacted growth. In total,
yeast and mammalian proteasomes appear to have b subunits
that contribute to specific catalytic activities linked to specific
b subunits (87, 88). Regulation of b subunit composition is
likely to have qualitative influences on diverse proteolytic prod-
ucts in eukaryotic organisms.

The T1 cell line is a cloned hybrid of a human B lymphoblas-
tic cell line and a T lymphoblastic cell line. The T2 cell line is a
variant of T1 cells in which both Lmp2 and Lmp7 have been
deleted from the HLA class II region (89). T2 cells thus do not
express the HLA class II antigens due to direct chromosomal
deletion of the region, and they are indirectly HLA class I-neg-
ative due to the deletion of the antigen presentation genes in
this region including Lmp2 and Lmp7. T1 cells express large
amounts of HLA DR7 and HLA A2 (89). Extracts of T2 cells
exhibit defective proteasome activity with test substrates that
reflect the lack of the LMP2 and LMP7 subunits (78, 90, 91).

The 20 S proteasome is essentially inactive because the
b-catalytic sites form a narrow chamber. This requires the
proteasome to bind to additional regulatory structures such as
PA700 and PA28. The regulatory components of the protea-
some are responsible for the ATPase activity and the ubiquitin
dependence of the proteasome (92, 93). Proteasomal ATPases
are thought to contribute to the unfolding of protein substrates
so the substrate has access to the tight catalytic core (70). Six
of the 20 subunits of the mammalian PA700 proteasome regu-
lator contain nucleotide-binding consensus domains and belong
to a large family of proteins known as AAA-type ATPases (70,
92–94). Proteasome AAA-type ATPases are highly homologous
to one another and have been markedly conserved during evo-
lution as have the proteasomes themselves. Members of this
regulatory protein family are components of the proteasome in
species as diverse as yeast, invertebrates, and mammals (95–
97). Point mutations that impair the ATPase activity of protea-
some-associated ATPases in budding yeast were recently
shown to inhibit processing of p105 (28). PA28 is a proteasome
activator only found in mammalian cells.

Resistance of cells to TNF-a-induced apoptosis is mediated
by specific activation of NF-kB. The role p65 plays in apoptosis
became clear with the generation of p65 knockout mice. These
p652/2 mice die by day 15 of embryonic development, and the
histologic examination reveals that this death is most likely
caused by the massive apoptosis of hepatocytes in these knock-
out mice (14). Embryonic fibroblasts lacking p65 are suscepti-
ble to TNF-a-induced apoptosis, whereas wild-type and recon-
stituted cells demonstrate resistance to TNF-a toxicity (13). In
contrast, cells depleted of p50 are resistant to TNF-a-induced
apoptosis (13). Inhibition of NF-kB by the overexpression of a
dominant-negative IkBa conferred a dramatic sensitivity to
TNF-a-induced apoptosis in otherwise resistant cell types (19,
20, 50–52). Furthermore, expression of a catalytically inactive
form of IKK-b, a component of the kinase complex that targets
IkBa for degradation, also inhibits activation of NF-kB and
renders cells sensitive to TNF-a-induced apoptosis (54). The
fact that the biological function of NF-kB in living cells to
protect against the apoptotic signals mediated by a variety of
agents suggests that it exerts its effects at a common distal
point in the cellular response to these and other stimuli. Con-
sistent with this conclusion, our data show that T2 cells and
Lmp22/2 lymphocytes are markedly sensitive to TNF-a-in-
duced apoptosis and that the LMP2 and LMP7 subunits of the
proteasome are required for proteasome function for NF-kB
activation.
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Our data along with previously published data documents
the essential role of the NF-kB cascade for B cells when an
apoptotic signal is present (51, 52). NF-kB signaling compo-
nents critical for TNF-a resistance include an intact p65 sub-
unit with proper degradation of phosphorylated IkBa mediated
by IKKb and correct ubiquitin-proteasome function. NF-kB
thus probably functions directly as a pro-apoptotic factor as
well as an indirect protector from TNF-a-induced cell death by
induction of downstream protective factors. NF-kB promotes
cell cycle progression, and NF-kB-mediated events could atten-
uate apoptotic signals. For instance, NF-kB stimulation leads
to an increase in the expression of the proto-oncogene product
c-Myc; c-Myc protects cells from TNF-a-induced cell death by
inducing gene transcription of cyclin A and D3, mediators of
the cell cycle (98). Indeed, c-Myc expression was not signifi-
cantly up-regulated in T2 cells treated by TNF-a (data not
shown), confirming ablated downstream NF-kB activity from
the defective proteasome function. IEX-IL, another down-
stream protein, is also markedly up-regulated with TNF-a
treatment and similarly diminished in cells with defective
NF-kB activation (99). Further analysis of the function and the
transcriptional activities of IEX-IL gene in T1 and T2 cells and
in Lmp22/2 lymphocytes are necessary to determine the phe-
notypic effect of the polymorphism.

Several studies have demonstrated immune system abnor-
malities in knockout mice lacking NF-kB or proteasome sub-
units as follows: (i) B cells derived from p502/2 mice do not
proliferate in response to CD40L or bacterial lipopolysaccha-
ride, exhibit differentiation defects, secrete increased amounts
of interferon-b, fail to undergo normal germ line CH gene
transcription, and have abnormal immunoglobulin class
switching (18, 34); (ii) both splenic microarchitecture and B cell
responses are altered in p522/2 mice (31); (iii) development of
both B cells and osteoclasts is defective in p502/2 and p522/2

double knockout mice (32, 33); (iv) the development of CD81 T
lymphocytes and MHC class I molecule expression is abnormal
in LMP22/2 mice (100); and (v) the extent of both surface
expression of MHC class I molecules and MHC class I-re-
stricted antigen presentation is reduced in LMP72/2 mice (101,
102). Recent reports also demonstrate down-regulation of
Lmp2 transcriptional expression in spleen cells from the nono-
bese diabetic mouse, which is an animal model of human type
1 (autoimmune) diabetes (78). Furthermore, down-regulation
of LMP2 and LMP7 is associated with oncogenic progression in
malignant melanoma (103). These observations indicate the
importance of the proteasome and NF-kB function for normal
immune response networks.

Prior to this report, a role of HLA genes in apoptosis protec-
tion was undescribed. Our findings may have possible disease
implications for human disease because most autoimmune dis-
eases show strong statistical risk mapping to the HLA region,
and diminished apoptosis protection is apparent in some dis-
ease settings (104). Furthermore, proteasome isolated from
autoimmune diabetic patients and spontaneous diabetic mice
(nonobese diabetic) in vitro demonstrated altered proteasome
activity indicative of HLA-encoded proteasome subunit mal-
function (78, 90). Thus, specific proteasome subunits and com-
ponents of the NF-kB signaling pathway are potential targets
for the development of drugs for the treatment of immunolog-
ical diseases and oncogenesis.

Acknowledgments—We thank Dr. C. Sears and Dr. T. Maniatis for
providing the pcDNA1p105 construct, Dr. J. J. Monaco for the antibod-
ies to proteasome subunits, and Dr. P. Cresswell for providing the T2
cell line. We also sincerely appreciate the generous donation of
LMP22/2 breeding mice by Dr. L. Van Kaer and Dr. S. Tonegawa.

REFERENCES

1. Tan, T. H., Huang, G. P., Sica, A., Ghosh, P., Young, H. A., Longo, D. L., and
Rice, N. R. (1992) Mol. Cell. Biol. 12, 4067–4075

2. Thanos, D., and Maniatis, T. (1995) Cell 80, 529–532
3. Bohnlein, E., Lowenthal, J. W., Siekevitz, M., Franza, B. R., and Greene, W. C.

(1988) Cell 53, 827–836
4. Cross, S. L., Halden, N. F., Lenardo, M., and Leonard, W. J. (1989) Science 244,

466–468
5. Jamieson, C., McCaffrey, P. G., Rao, A., and Sen, R. (1991) J. Immunol. 147,

416–420
6. Molitor, J. A., Ballard, D. W., and Greene, W. C. (1991) New Biol. 3, 987–996
7. Baeuerle, P. A., and Baltimore, D. (1996) Cell 87, 13–20
8. Verma, I. M., Stevenson, E. M., Schwarz, D. V., Antwerp, S., and Miyamoto, S.

(1995) Genes Dev. 9, 2723–2735
9. Baeuerle, P. A., and Henkel, T. (1994) Annu. Rev. Immunol. 12, 141–179

10. Baldwin, A. S. (1996) Annu. Rev. Immunol. 12, 141–179
11. Siebenlist, U., Franzoso, G., and Brown, K. (1994) Annu. Rev. Cell Biol. 10,

405–455
12. Abbadie, C., Kabrun, N., Bouali, F., Smardova, J., Stehelin, D., Vandenbunder,

B., and Enrietto, P. J. (1993) Cell 75, 899–912
13. Beg, A. A., and Baltimore, D. (1996) Science 274, 782–784
14. Beg, A. A., Sha, W. C., Bronson, R. T., Ghosh, S., and Baltimore, D. (1995)

Nature 376, 167–170
15. Bushdid, P. B., Brantley, D. M., Yull, F. E., Blaeuer, G. L., Hoffman, L. H.,

Niswander, L., and Kerr, L. D. (1998) Nature 392, 615–618
16. Kanegae, Y., Ransone, L. J., Wamsley, P., Schmitt, M. J., Boyer, T. G., Zhou,

Q., Berk, A. J., and Verma, I. M. (1998) Nature 392, 611–614
17. Reuther, J. Y., Reuther, G. W., Cortez, D., Pendergast, A. M., and Baldwin,

A. S., Jr. (1998) Genes Dev. 12, 968–981
18. Sha, W. C., Liou, H. C., Tuomanen, E. I., and Baltimore, D. (1995) Cell 80,

321–330
19. Van Antwerp, D. J., Martin, S. J., Kafri, T., Green, D. R., and Verma, I. M.

(1996) Science 274, 787–789
20. Wang, C. Y., Mayo, M. W., and Baldwin, A. S. (1996) Science 274, 784–787
21. Ghosh, S., and Baltimore, D. (1990) Nature 344, 678–682
22. Kieran, M., Blank, V., Logeat, F., Vandekerckhove, J., Lottspeich, F., Le Bail,

O., Urban, M. B., Kourilsky, P., Baeuerle, P. A., and Israel, A. (1990) Cell
62, 1007–1018

23. Meyer, R., Hatada, E. N., Hohmann, H. P., Haiker, M., Bartsch, C., Rothlis-
berger, U., Lahm, H. W., Schlaeger, E. J., Van Loon, A. P., and Scheidereit,
C. (1991) Proc. Natl. Acad. Sci. U. S. A. 88, 966–970

24. Ruben, S. M., Dillon, P. J., Schreck, R., Henkel, T., Chen, C. H., Maher, M.,
Baeuerle, P. A., and Rosen, C. A. (1991) Science 251, 1490–1493

25. Ghosh, S., Gifford, A. M., Riviere, L. R., Tempst, P., Nolan, G. P., and Balti-
more, D. (1990) Cell 62, 1019–1029

26. Mercurio, F., DiDonato, J. A., Caridad, R., and Karin, M. (1993) Genes Dev. 7,
705–718

27. Neri, A., Chang, C. C., Lombardi, L., Salina, M., Corradini, P., Maiolo, A. T.,
Chaganti, R. S., and Dalla-Favera, R. (1991) Cell 67, 1075–1087

28. Sears, C., Olesen, J., Rubin, D., Finley, D., and Maniatis, T. (1998) J. Biol.
Chem. 273, 1409–1419

29. Chen, I. S., Wilhelmsen, K. C., and Temin, H. M. (1983) J. Virol. 45, 104–113
30. Wilhelmsen, K. C., and Temin, H. M. (1983) J. Virol. 49, 521–529
31. Caamano, J. H., Rizzo, C. A., Durham, S. K., Barton, D. S., Raventos-Suarez,

C., Snapper, C. M., and Bravo, R. (1998) J. Exp. Med. 187, 185–196
32. Franzoso, G., Carlson, L., Xing, L., Poljak, L., Shores, E. W., Brown, K. D.,

Leonardi, A., Tran, T., Boyce, B. F., and Siebenlist, U. (1997) Genes Dev. 11,
3482–3496

33. Iotsova, V., Caamano, J., Loy, J., Yang, Y., Lewin, A., and Bravo, R. (1997) Nat.
Med. 3, 1285–1289

34. Snapper, C. M., Zelazowski, P., Rosas, F. R., Kehry, M. R., Tian, M., Baltimore,
D., and Sha, W. C. (1996) J. Immunol. 156, 183–191

35. Weih, F., Carrasco, D., Durham, S. K., Barton, D. S., Rizzo, C. A., Ryseck, R. P.,
Lira, S. A., and Bravo, R. (1995) Cell 80, 331–340

36. Maniatis, T. (1997) Science 278, 818–819
37. Zandi, E., and Karin, M. (1999) Mol. Cell. Biol. 19, 4547–4551
38. Verma, I. M., and Stevenson, J. (1997) Proc. Natl. Acad. Sci. U. S. A. 94,

11758–11760
39. Blank, V., Kourilsky, P., and Israel, A. (1992) Trends Biochem. Sci. 17,

135–140
40. Henkel, T., Zabel, U., Zee, K. V., Muller, J. M., Fanning, E., and Baeuerle, P. A.

(1992) Cell 68, 1121–1133
41. Liou, H. C., Nolan, G. P., Ghosh, S., Fujita, T., and Baltimore, D. (1992) EMBO

J. 11, 3003–3009
42. Belich, M. P., Salmeron, A., Johnston, L. H., and Ley, S. C. (1999) Nature 397,

363–368
43. Coux, O., and Goldberg, A. L. (1998) J. Biol. Chem. 273, 8820–8828
44. Fan, C. M., and Maniatis, T. (1991) Nature 354, 395–398
45. Lin, L., DeMartino, G. N., and Greene, W. C. (1998) Cell 92, 819–828
46. Palombella, V., Rando, O. J., Goldberg, A. L., and Maniatis, T. (1994) Cell 78,

773–785
47. Chen, Z., Hagler, J., Palombella, V. J., Melandri, F., Scherer, D., Ballard, D.,

and Maniatis, T. (1995) Genes Dev. 9, 1586–1597
48. Chen, Z. J., Parent, L., and Maniatis, T. (1996) Cell 84, 853–862
49. Traenckner, E. B., Wilk, S., and Baeuerle, P. A. (1994) EMBO J. 13, 5433–5441
50. Liu, Z. G., Hsu, H., Goeddel, D. V., and Karin, M. (1996) Cell 87, 565–576
51. Van Antwerp, D. J., Martin, S. J., Verma, I. M., and Green, D. R. (1998) Trend

Cell Biol. 8, 107–111
52. Wu, M., Lee, H., Bellas, R. E., Schauer, S. L., Arsura, M., Katz, D., Fitzgerald,

M. J., Rothstein, T. L., Sherr, D. H., and Sonenshein, G. E. (1996) EMBO J.
15, 4682–4690

53. Li, Q., Van Antwerp, D., Mercurio, F., Lee, K. F., and Verma, I. M. (1999)
Science 284, 321–325

Role of LMP2 and LMP7 in NF-kB Activation5246



54. Tanaka, M., Fuentes, M. E., Yamaguchi, K., Durnin, M. H., Dalrymple, S. A.,
Hardy, K. L., and Goeddel, D. V. (1999) Immunity 10, 421–429

55. May, M. J., and Ghosh, S. (1999) Science 284, 271–273
56. Cui, H., Matusi, K., Omura, S., Schaver, S. L., Matulka, R. A., Sonenshein,

G. E., and Ju, S. T. (1997) Proc. Natl. Acad. Sci. U. S. A. 94, 7515–7520
57. Hayashi, T., Ueno, Y., and Okamoto, T. (1993) J. Biol. Chem. 268,

11380–11388
58. Hayashi, T., Sekine, T., and Okamoto, T. (1993) J. Biol. Chem. 268,

26790–26795
59. Kadonaga, J. T., Carner, K. R., Masiarz, F. R., and Tjian, R. (1987) Cell 51,

1079–1090
60. Neuberg, M., Adamkiewicz, J., Hunter, J. B., and Muller, R. (1989) Nature

341, 243–245
61. Pahl, H. L., and Baeuerle, P. A. (1996) Curr. Opin. Cell Biol. 8, 340–347
62. Heissmeyer, V., Krappmann, D., Wulczyn, F. G., and Scheidereit, C. (1999)

EMBO J. 18, 4766–4778
63. MacKichan, M. L., Logeat, F., and Israel, A. (1996) J. Biol. Chem. 271,

6084–6091
64. Naumann, M., and Scheidereit, C. (1994) EMBO J. 13, 4597–607
65. Yin Foo, S., and Nolan, G. P. (1999) Trends Genet. 15, 229–235
66. DeMartino, G. N., and Slaughter, C. A. (1999) J. Biol. Chem. 274,

22123–22126
67. Coux, O., Tanaka, K., and Goldberg, A. L. (1996) Annu. Rev. Biochem. 65,

801–847
68. Peters, J. M. (1994) Trends Biochem. Sci. 19, 377–382
69. Lowe, J., Stock, D., Jap, B., Zwickl, P., Baumeister, W., and Huber, R. (1995)

Science 268, 533–539
70. Rubin, D. M., and Finley, D. (1995) Curr. Biol. 5, 854–858
71. Orlowski, M. (1990) Biochemistry 29, 10289–10297
72. Fruh, K., Gossen, M., Wang, K., Bujard, H., Peterson, P. A., and Yang, Y.

(1994) EMBO J. 13, 3236–3244
73. Nandi, D., Iyer, M. N., and Monaco, J. J. (1996) Exp. Clin. Immunogenet. 13,

20–29
74. Zhou, P., Cao, H., Smart, M., and David, C. (1993) Proc. Natl. Acad. Sci.

U. S. A. 90, 2681–2684
75. Akiyama, K. Y., Yokota, K. Y., Kagawa, S., Shimbara, N., Tamura, T., Akioka,

H., Nothwang, H. G., Noda, C., Tanaka, K., and Ichihara, A. (1994) Science
265, 1231–1234

76. Belich, M. P., Glynne, R. J., Senger, G., Sheer, D., and Trowsdale, J. (1994)
Curr. Biol. 4, 769–776

77. Kishi, F., Suminami, Y., and Monaco, J. J. (1993) Gene (Amst.) 133, 243–248
78. Yan, G., Fu, Y., and Faustman, D. L. (1997) J. Immunol. 159, 3068–3080
79. Griffin, T. A., Nandi, D., Cruz, M., Fehling, H. J., Van Kaer, L., Monaco, J. J.,

and Colbert, R. A. (1998) J. Exp. Med. 187, 97–104
80. Wright, K. L., White, L. C., Kelly, A., Beck, S., Trowsdale, J., and Ting, P. Y.

(1995) J. Exp. Med. 181, 1459–1471
81. Gaczynska, M., Rock, K. L., Spies, T., and Goldberg, A. L. (1994) Proc. Natl.

Acad. Sci. U. S. A. 91, 9213–9217
82. Hochstrasser, M. (1996) Annu. Rev. Genet. 30, 405–439
83. Groll, M., Ditzel, L., Lowe, J., Stock, D., Bochtler, M., Bartunik, H. D., and

Huber, R. (1997) Nature 386, 463–471
84. Seemuller, E., Lupas, A., Stock, D., Lowe, J., Huber, R., and Baumeister, W.

(1995) Science 268, 579–582
85. Zwickl, P., Kleinz, J., and Baumeister, W. (1994) Nat. Struct. Biol. 1, 765–770
86. Heinemeyer, W., Fischer, M., Krimmer, T., Stachon, U., and Wolf, D. H. (1997)

J. Biol. Chem. 272, 25200–25209
87. Arendt, C. S., and Hochstrasser, M. (1997) Proc. Natl. Acad. Sci. U. S. A. 94,

7156–7161
88. Baumeister, W., Walz, J., Zuhl, F., and Seemuller, E. (1998) Cell 92, 367–380
89. Salter, R. D., Howell, D. N., and Cresswell, P. (1985) Immunogenetics 21,

235–246
90. Fu, Y., Yan, G., Shi, L., and Faustman, D. (1998) Ann. N. Y Acad. Sci. 842,

138–155
91. Nandi, D., Woodward, E., Ginsburg, D. B., and Monaco, J. J. (1997) EMBO J.

16, 5363–5375
92. Schmidt, M., and Kloetzel, P. M. (1997) FASEB J. 11, 1235–1243
93. Schmidtke, G., Kraft, R., Kostka, S., Frommel, C., Lowe, L., Huber, R., Kloet-

zel, P. M., and Schmidt, M. (1996) EMBO J. 15, 6887–6898
94. DeMartino, G. N., Proske, R. J., Moomaw, C. R., Strong, A. A., Song, X.,

Hisamatsu, H., Tanaka, K., and Slaughter, C. A. (1996) J. Biol. Chem. 271,
3112–3118

95. Bauer, V. W., Swaffield, J. C., Johnston, S. A., and Andrews, M. T. (1996) Gene
(Amst.) 181, 63–69

96. Dawson, B. A., Herman, T., Haas, A. L., and Lough, J. (1991) J. Cell. Biochem.
46, 166–173

97. Seeger, M., Gordon, C., Ferrell, K., and Dubiel, W. (1996) J. Mol. Biol. 263,
423–431

98. Thompson, E. B. (1998) Annu. Rev. Physiol. 60, 575–600
99. Wu, M. X., Ao, Z., Prasad, K. V., Wu, R., and Schlossman, S. F. (1998) Science

281, 998–1001
100. Van Kaer, L., Ashton-Rickardt, P. G., Eichelberger, M., Gaczynska, M.,

Nagashima, K., Rock, K. L., Goldberg, A. L., Doherty, P. C., and Tonegawa,
S. (1994) Immunity 1, 533–541

101. Stohwasser, R., Kuckelkorn, U., Kraft, R., Kostka, S., and Kloetzel, P. M.
(1996) FEBS Lett. 383, 109–113

102. Fehling, H. J., Swat, W., Laplace, C., Kuhn, R., Rajewsky, K., Muller, U., and
Von Boehmer, H. (1994) Science 265, 1234–1237

103. Kageshita, T., Hirai, S., Ono, T., Hicklin, D. J., and Ferrone, S. (1999) Am. J.
Pathol. 154, 745–754

104. Thompson, C. B. (1995) Science 267, 1456–1462

Role of LMP2 and LMP7 in NF-kB Activation 5247


