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The silencer of death domains (SODD) has been proposed to prevent constitutive signaling of tumor necrosis
factor receptor 1 (TNFR1) in the absence of ligand. Besides TNFR1, death receptor 3 (DR3), Hsp70/Hsc70, and
Bcl-2 have been characterized as binding partners of SODD. In order to investigate the in vivo role of SODD,
we generated mice congenitally deficient in expression of the sodd gene. No spontaneous inflammatory infil-
trations were observed in any organ of these mice. Consistent with this finding, in the absence of SODD no
alteration in the activation patterns of nuclear factor �B (NF-�B), stress kinases, or ERK1 or -2 was observed
after stimulation with tumor necrosis factor (TNF). Activation of NF-�B by DR3 was also unchanged. The
extents of DR3- and TNF-induced apoptosis were comparable in gene-deficient and wild-type cells. Protection
of cells against heat shock as mediated by the Hsp70 system and against staurosporine-induced apoptosis was
independent of SODD. Furthermore, resistance to high-dose lipopolysaccharide (LPS) injections, LPS–D-GalN
injections, and infection with listeriae was similar in wild-type and gene-deficient mice. In conclusion, our data
do not support the concept of a unique, nonredundant role of SODD for the functions of TNFR1, Hsp70, and
DR3.

In a yeast-two-hybrid screen, the silencer of death domains
(SODD) was isolated as the binding partner of death receptor
3 (DR3), a member of the tumor necrosis factor receptor
(TNFR) family which has been described as playing a role in
negative selection during thymocyte development (20, 47). The
cytoplasmic death domain of DR3 was identified as the domain
interacting with SODD. The death domain of DR3 shares a
high degree of homology with its counterpart in TNFR1, and
not surprisingly, SODD was also found to bind to the death
domain of TNFR1, although it did not bind to the death
domains of other death receptor family members such as Fas,
DR4, and DR5. Likewise, SODD was unable to interact with
TNFR2 (20). SODD is a 457-amino-acid (aa) cytosolic protein
that lacks death domains. Overexpression of SODD and RNA
antisense experiments suggested a role for SODD in prevent-
ing ligand-independent TNFR1 signaling (20). According to
the proposed model, SODD associates with TNFR1 in the
absence of tumor necrosis factor (TNF) and thereby keeps the
receptor molecules in a conformation that inhibits spontane-
ous signaling. In the presence of TNF, SODD dissociates, and
the receptor-triggered signaling cascades can be initiated by
binding of TRADD and other downstream signaling proteins,
leading to activation of NF-�B and stress kinases or to apo-
ptosis. In vivo, uncontrolled signaling of TNFR1 can lead to
hyperinflammation or to cell death by apoptosis (23, 24). Re-
cently, it has been shown that (i) TNFR1 is present in aggre-
gates in ATP-depleted cells, (ii) SODD is able to disassemble
TNFR1 aggregates only in the presence of ATP, and (iii)
TNFR1 has the potential to function as an ATPase (27). From

these data the authors deduced a model in which a nucleotide-
dependent conformational change in TNFR1 has a key role in
regulating TNF signaling.

Structurally, SODD belongs to the BAG (bcl-2-associated
athanogene) protein family (42), and therefore it is also named
BAG-4. Members of the BAG protein family are defined by
the presence of a conserved C-terminal domain (about 45 to 70
aa) referred to as the BAG domain. The prototype and best-
characterized member of the BAG protein family is BAG-1.
BAG-1 inhibits the chaperone activity of the Hsp/Hsc70 system
(4, 38, 40) and, when overexpressed, confers enhanced resis-
tance to apoptosis (9, 37, 41). The latter effect may depend on
the capacity of BAG-1 to bind to the Hsp/Hsc70 system and/or
to the antiapoptotic protein Bcl-2 (41). SODD/BAG-4 also has
the potential to interact directly, by virtue of the C-terminal
BAG domain, with Hsp70 and Bcl-2, both proteins that have
functions in apoptosis regulation (1, 27). Bcl-2 inhibits the
activation of the downstream apoptosis system by preventing
the release of cytochrome c from the mitochondria into the
cytosol (22, 48). Hsp70 can hinder the recruitment of pro-
caspase-9 to the “apoptosome,” a signaling complex containing
released cytochrome c and Apaf-1 (3, 36). Hsp70 has been
shown to block apoptosis induced by many different agents
including TNF (45). It has been speculated that SODD serves
as a cellular adaptor recruiting Hsp/Hsc70 to the TNFR1 com-
plex and thereby inducing conformational changes that prevent
receptor signaling in the absence of ligand (43). In view of the
fact that overexpression of SODD prevents TNF-induced apo-
ptosis (20), it seems conceivable that apoptosis in human pan-
creatic cancer cells is impaired by SODD, since high expression
of SODD was selectively found in such tumors (31).

BAG-3, SODD/BAG-4, and BAG-5 contain closely related
BAG domains (6). BAG-3 is known to bind Bcl-2 and Hsp/
Hsc70 and to function as an apoptosis inhibitor when overex-
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pressed (1). Although it was initially surmised that the BAG
domain is not responsible for binding to TNFR1 (43), it has
recently been demonstrated that SODD can bind through its
BAG domain to TNFR1 (27). This raises the possibility that
other BAG domain-containing proteins may also associate
with TNFR1. To date it is unclear whether BAG proteins other
than SODD/BAG-4 can actually bind to TNFR1.

Despite the extensive knowledge about binding partners of
SODD such as TNFR1, DR3, Hsp/Hsc70, and Bcl-2, it is not
known whether in vivo SODD is necessary or dispensable for
the function of these proteins. To determine the in vivo role of
SODD, we generated mice that were deficient in the expres-
sion of SODD. Unexpectedly, no signs of uncontrolled TNFR1
signaling such as hyperinflammation were identified in these
mice. Moreover, in sodd-deficient cells, NF-�B and stress ki-
nases were not constitutively active, and after TNF stimulation,
they were activated and again deactivated in the same way as in
wild-type cells. DR3- and TNF-induced apoptosis and NF-�B
activation by DR3 were also unaltered in the absence of
SODD. In agreement with these findings, no difference was
observed between wild-type and gene-deficient mice when they
were challenged with listeriae, lipopolysaccharide (LPS), or
LPS–D-galactosamine hydrochloride (LPS–D-GalN). Survival
of these challenges greatly depends on the functional mode of
TNFR1 (12, 24, 34, 35), and thus one would expect to see
differences if TNFR1 signaling was significantly altered. More-
over, Hsp70-mediated protection against lethal heat shock and
Bcl-2-influenced, staurosporine-induced apoptosis were inde-
pendent of SODD. In summary, our data argue against a
major, nonredundant role of SODD in the function of TNFR1,
DR3, Hsp70, or Bcl-2.

MATERIALS AND METHODS

Generation of sodd�/� mice. Full-length murine SODD cDNA was cloned by
reverse transcription-PCR on a splenic cDNA library (Invitrogen). For this
purpose, sequences from a public expressed sequence tag (EST) database (Na-
tional Center for Biotechnology Information DNA database) were used to de-
sign primers which were positioned upstream of the start codon and downstream
of the stop codon. A mouse genomic bacterial artificial chromosome (BAC)
library (Genome Systems Inc.) was screened by using a probe whose sequence
was derived from the first coding exon of sodd. One BAC clone containing all
protein-coding exons was identified. The sodd locus was mapped by restriction
enzyme digestions and sequencing of all exons and exon-intron boundaries. A
conventional targeting construct was cloned in order to replace the first coding
exon shortly after the start codon by insertion of a neomycin resistance cassette
in the opposite orientation. The targeting vector was linearized with SalI and
electroporated into E14.1 embryonic stem (ES) cells as described previously
(34). G418- and ganciclovir-resistant ES cell colonies were picked and subse-
quently screened for homologous recombination by PCR (5�-TGTCGATGTCC
TCGATGAGGC-3� and 5�-ACGAGTTCTTCTGAGGGGATCG-3�; expected
size of PCR product, 715 bp) and Southern blotting after digestion of ES cell
DNA with EcoRI and hybridization with a flanking probe (a 0.5-kb fragment
located directly 5� of the targeting vector in the genomic locus). Single integra-
tion of the targeting vector was verified by Southern probing with the neomycin
resistance cassette. Chimeric mice were produced by microinjection of targeted
ES cells into C57BL/6 blastocysts according to standard methods (34) and were
mated with wild-type C57BL/6 mice to produce heterozygous mice. Littermates
from the mating of heterozygous mice were then analyzed. Mice were housed in
an animal facility with barrier conditions. Routine genotyping was performed by
PCR analysis of genomic tail DNA (for the knockout allele, primers 5�-TTCC
GCGCTAGGCGTACAAGG-3� and 5�-ACGAGTTCTTCTGAGGGGATC
G-3� were used; for the wild-type allele, primers were 5�-GCCCCGGCCGAG
ACCACCTG-3� and 5�-TCGCATCTCTGGTCCTCGTC-3�).

Cells, antibodies, reagents, and Western blotting. In a given experiment,
gene-deficient and wild-type murine embryonic fibroblasts (MEFs) derived from

the same litter were used. Experiments were repeated with MEFs (�/� and
�/�) from a second litter, in all cases confirming the earlier results. A total of
(1.2 to 1.5) � 105 MEFs were grown in 6-well-plates in Dulbecco’s modified
Eagle medium (GIBCO BRL) supplemented with 5% heat-inactivated fetal calf
serum (Seromed), 2 mM L-glutamine (Seromed), 50 �M 2-mercaptoethanol
(GIBCO BRL), 50 �g of streptomycin (Seromed)/ml, and 100 U of penicillin/ml
and were treated as indicated in the figure legends. After treatment, cells were
lysed in the wells in lysis buffer containing 50 mM HEPES (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 10% glycerol, 1% Triton X-100, 5 mM para-nitrophe-
nylphosphate, 20 mM �-glycerophosphate, 10 �g of leupeptin/ml, 2 mM or-
thovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 mM sodium fluoride, and
10 �g of aprotinin/ml. Lysates were cleared by centrifugation at 10,000 � g for
10 min, boiled in sodium dodecyl sulfate (SDS) sample buffer, resolved on a 10%
acrylamide–SDS gel, and blotted onto nitrocellulose membranes. Membranes
were probed with the indicated antibodies and visualized using enhanced chemi-
luminescence (ECL; Amersham) for detection. Tissue lysates were prepared by
homogenization in a buffer containing 30 mM NaHCO3, 1 mM dithiothreitol,
and 1:25-diluted proteinase inhibitor mix (Roche). The homogenates were cen-
trifuged at 1,000 � g for 5 min at 4°C. The resultant supernatants were spun at
25,000 � g for 90 min at 4°C. The supernatants from the latter step were taken
for determination of protein concentrations. After adjustment of the total pro-
tein concentration to 7.5 mg/ml, supernatants were boiled in SDS sample buffer
and processed for immunoblotting as described above. The following primary
antibodies were used: polyclonal rabbit anti-C-terminal SODD (Imgenex), poly-
clonal rabbit anti-N-terminal SODD (ProSci), monoclonal mouse anti-Hsp70
(StressGen), polyclonal rabbit anti-phospho-p38 mitogen-activated protein ki-
nase (Thr180/Tyr182) (New England Biolabs), polyclonal rabbit anti-p38 mito-
gen-activated protein kinase (New England Biolabs), polyclonal rabbit anti-
phospho-SAPK/JNK (Thr183/Tyr185) (New England Biolabs), polyclonal rabbit
anti-SAPK/JNK (New England Biolabs), polyclonal rabbit anti-phospho-ERK1/2
(Thr202/204) (New England Biolabs), polyclonal rabbit anti-ERK1/2 (Upstate
Biotechnology), and polyclonal rabbit anti-I�B� (Upstate Biotechnology). For
stimulation of cells, murine TNF (R&D Systems) and human TNF (Genzyme)
were used at the indicated concentrations. Staurosporine and cycloheximide
were purchased from Sigma.

Luciferase assays. To investigate TNF- and DR3-induced NF-�B transcrip-
tional activity, we transfected MEFs with 5 �g of the NF-�B-dependent immu-
noglobulin(�) [Ig(�)]-luciferase reporter vector and 0.1 �g of a constitutive
�-galactosidase expression vector. For measurement of DR3-induced NF-�B
activity, 10 �g of a DR3-expression vector (pTRAMP; a kind gift of J. Tschopp)
was cotransfected. The overall amount of plasmid DNA was held at 20 �g per
electroporation by addition of the appropriate empty expression vector. Electro-
poration of 1.5 � 106 cells was performed in a 400-�l final volume (RPMI–25%
fetal calf serum) at 250 V and 960 �F in a Bio-Rad gene pulser. After electro-
poration, cells were washed and split onto 12-well-plates (2.5 � 105 cells per
well). At 24 h posttransfection, cells were treated as indicated in the figure
legends and tables. Cell extracts were prepared, and luciferase assays were
performed, according to the manufacturer’s instructions (Promega).

MTT assays. MEFs (1.5 � 104/well) were grown in 6-well-plates and treated as
indicated in the figure legends. For the relative quantification of cell survival,
cells were once washed in phosphate-buffered saline (PBS) and cultivated for 5 h
at 37°C in 1 ml of Dulbecco’s modified Eagle medium (supplemented as de-
scribed above) containing 0.5 mg of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT; Sigma), allowing living cells to convert the MTT com-
pound. The reaction was stopped by addition of 1.5 ml of hydrochloric acid (0.04
N) dissolved in isopropanol. After 1 h the absorbance at 570 nm was measured.

Apoptosis induction by heat shock. MEFs (1.5 � 104/well) were grown in
6-well-plates at 37°C under 8% carbon dioxide. For heat shock treatment, plates
were sealed in plastic bags and submerged for the indicated time in a 45°C water
bath. After this, the culture plates were unpacked and again incubated at 37°C
under 8% carbon dioxide as described in the figure legends. The relative amount
of surviving cells was determined by an MTT-assay.

High-dose LPS injections, LPS–D-GalN injections, and listeria infections. The
indicated amounts of LPS (Sigma; catalog no. L-2880) dissolved in PBS or LPS
together with 20 mg of D-GalN (Roth) dissolved in PBS were intraperitoneally
(i.p.) injected into mice in a volume of 200 �l. The survival of mice was moni-
tored for 1 week. For listeria infections, overnight cultures of Listeria monocy-
togenes (ATCC 43251) were grown in brain-heart infusion (Difco), adjusted to an
optical density of 0.7, and serially 10-fold diluted in medium. A 350-�l volume of
the second (5 � 106 bacteria) to fourth (5 � 104 bacteria) dilution was injected
i.p. into mice. The dose of bacteria was checked by plating 10-�l duplicate
aliquots of the serial dilutions on Columbia blood agar plates and counting the
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CFU after overnight incubation at 37°C. The survival of mice was observed for
20 days.

RESULTS

Generation of sodd�/� mice. The strategy used to inactivate
the sodd gene in ES cells is shown in Fig. 1A. We chose to
disrupt the first coding exon by replacing most of its sequence
downstream of the start codon with a neomycin resistance
cassette inserted in the antisense direction. By leaving the start
codon intact, transcription starting from the endogenous sodd
promoter of the manipulated locus would lead to multiple
in-frame translational termination sites within the neomycin
resistance cassette. Homologous recombination into the sodd
locus was visualized by reduction of a 4.7-kb wild-type EcoRI
fragment to a 1.3-kb fragment on Southern blots hybridized
with a flanking probe taken from a region upstream of the
targeting vector’s short arm (data not shown). Single-site inte-
gration could be proven by demonstrating a single band of the
expected size (3.6 kb) on Southern blots by using a neo probe
and HindIII-digested ES cell DNA (data not shown). The
homologous recombination frequency was 2.6%. After ES cell

injection into blastocysts and mating of the resulting chimeras
with C57BL/6 mice, mice heterozygous for the targeted allele
were identified by screening for 5� recombination in genomic
Southern blots of EcoRI-digested tail DNA (Fig. 1B). Breed-
ing of heterozygous (sodd�/�) mice generated homozygous
sodd-null (sodd�/�) mice in normal Mendelian and male/fe-
male ratios (data not shown). The absence of SODD was
confirmed in protein extracts of sodd�/� livers and sodd�/�

MEFs by Western blotting using polyclonal antibodies directed
against the N- and C-terminal ends of SODD, respectively
(Fig. 1C). The polyclonal antibodies used were cross-reactive
to human and murine SODD. For specificity control, murine
SODD was overexpressed in 293T human embryonic kidney
cells, leading to detection of a strong (double) band with an
apparent molecular size of 62 kDa, representing murine
SODD (Fig. 1C). In MEFs and livers from wild-type littermate
controls, expression of SODD could be visualized easily (Fig.
1C).

Absence of inflammation and normal development of major
organs, peripheral lymphoid organs, and lymphocyte subsets
in sodd�/� mice. Gene-deficient mice showed no signs of ill-

FIG. 1. Genetic inactivation of murine sodd. (A) Targeting strategy used for inactivation of the murine sodd gene. (B) Southern blot analysis
of genomic tail DNA digested with the restriction enzyme EcoRI. As predicted, a single 4.7-kb wild-type band and a single 1.3-kb recombinant band
were seen. The position of the flanking probe used is shown in panel A. (C) Immunoblots using antibodies directed against the N-terminal (NT)
or C-terminal (CT) end of SODD. The absence of SODD protein in protein extracts from livers and MEFs derived from sodd-deficient animals
was demonstrated. For control of specificity, murine SODD was overexpressed in 293T human embryonic kidney cells.
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ness during an observation period ranging from birth to the age
of 1 year. Histological analysis of all major organs including the
brain, heart, large and small intestines, kidneys, lungs, spleen,
and joints revealed no abnormalities (data not shown). The
concept of SODD negatively regulating TNFR1 signaling pre-
dicted spontaneous inflammatory responses in organs as a sign
of constitutive TNFR1 signaling (20). However, no such signs
of inflammation were observed in any organ. Peripheral lym-
phoid organs such as the thymus, spleen, lymph nodes, and
Peyer’s patches were all normally developed. A regular splenic
microarchitecture including primary and secondary B-cell fol-
licles and follicular dendritic cell networks was demonstrated
by immunohistochemical labeling of the respective cell popu-
lations (data not shown) (for antibodies used, see Endres et al.
[11]). In contrast to our findings for sodd�/� mice, Peyer’s
patches, B-cell follicles, and follicular dendritic cells are absent
in tnfr1�/� mice (30, 32, 33). The percentages of splenic
CD19� B-cell and CD3� T-cell populations were not signifi-
cantly different in wild-type versus sodd�/� mice (data not
shown). There were also no significant differences in the
weights and sizes of spleens and thymuses (data not shown).

Comparable TNF- and DR3-induced NF-�B activation in
sodd�/� and wild-type mice. Overexpression of SODD in 293
HEK cells had been shown to prevent NF-�B activation, and in
accordance, the expression of antisense SODD RNA had re-
sulted in enhanced NF-�B activation after TNF stimulation
(20). We expected to detect a similar overactivation in sodd�/�

cells. However, inhibitor of �B alpha (I�B�) was not constitu-
tively degraded in unstimulated sodd�/� MEFs (Fig. 2A), and
after TNF stimulation, the time kinetics of the degradation and
reaccumulation of I�B� protein were comparable for sodd�/�

and wild-type MEFs (Fig. 2A). In agreement with these find-
ings, the transcriptional activity of NF-�B complexes was not
altered by the absence of SODD as measured in luciferase
assays. For these experiments an NF-�B-dependent promoter
was used to drive luciferase expression in sodd�/� or wild-type
cells before and after stimulation with human TNF (Fig. 2B).
Because SODD is also known to bind to the death domain of
DR3, SODD may have an impact on DR3-induced NF-�B
activation. Overexpression of DR3 in wild-type MEFs led to a
fourfold induction of luciferase activity compared to activity in
mock-transfected cells (Table 1). Yet a similar induction of
luciferase activity was seen in sodd�/� MEFs (Table 1). Thus,
our data strongly argue against a dominant role for SODD in
regulating the TNFR1 and DR3 signaling pathways that lead
to NF-�B activation.

Unaltered activation and deactivation of stress kinases and
ERK1 and -2. After TNF stimulation, recruitment of TRAF2
to the TNFR1 signaling complex precedes the activation of
stress kinases (49). In the absence of TNF, SODD was re-
ported to block the interaction between TRADD, TRAF2, and
TNFR1 and thereby to prevent further downstream signaling
events leading to the activation of stress kinases such as Jun
N-terminal kinase (JNK) and p38 (20). In order to analyze the
activation of stress kinases in sodd�/� cells, we triggered the
TNFR1 signaling pathways by addition of either human TNF
or murine TNF (40 ng/ml) to MEFs. In the mouse, human
TNF selectively binds to TNFR1 whereas murine TNF shows
specificity for both TNFR1 and TNFR2 (25). In sodd�/� and
sodd�/� cells, the kinetics of phosphorylation and dephosphor-

ylation of JNK and p38 were identical after addition of human
TNF (Fig. 3 A and B) or murine TNF (data not shown).
Moreover, phosphorylated forms of ERK1 and -2 appeared
and disappeared at similar times and quantities after stimula-
tion of MEFs with either human (Fig. 3C) or murine (data not
shown) TNF. Collectively, these data indicate that the absence
of SODD has no apparent effect on the activation and subse-
quent deactivation of stress kinases and ERK1 and -2 by
TNFR1.

SODD has no critical role in apoptosis triggered by TNF or
DR3. Signals mediated by TNFR1 or DR3 can initiate pro-
grammed cell death (5, 8, 15). Overexpression of SODD pro-

FIG. 2. Lack of difference in TNF-induced NF-�B activation be-
tween wild-type and gene-deficient cells. (A) Immunoblots showing
the kinetics of I�B� degradation after stimulation of MEFs with hu-
man TNF (120 ng/ml). For the loading control of the immunoblot, see
Fig. 3C, where similar amounts of unphosphorylated ERK1 and -2 per
lane are detectable. (B) Luciferase assay using an NF-�B-dependent
promoter sequence derived from the Ig(�) gene. MEFs were trans-
fected with the reporter construct and a vector leading to the consti-
tutive expression of �-galactosidase. After 24 h, cells were either stim-
ulated with human TNF (50 ng/ml) for 8 h or left untreated. Luciferase
activity was measured and normalized for �-galactosidase expression.
RLU, relative light units. Data are means 	 standard deviations for
two replicate samples.

TABLE 1. Lack of effect of SODD on DR3-induced
NF-�B-activationa

MEF genotype

NF-�B activationb

Fold activationWithout
DR3 With DR3

sodd�/� 1.0 	 0.07 4.36 	 0.39 4.4
sodd�/� 1.14 	 0.01 4.93 	 0.29 4.3

a MEFs were transfected by electroporation with 15 �g of the empty vector
pEF (without DR3) or with 5 �g of the DR3 expression vector pTRAMP and 10
�g of pEF. All cells were also transfected with 5 �g of an NF-�B-dependent
Ig(�)-luciferase reporter gene and 0.1 �g of the �-galactosidase expression vec-
tor pEF-�Gal. After 24 h, luciferase activity was measured and normalized for
�-galactosidase expression.

b Expressed as relative luciferase activity. Data are means 	 standard devia-
tions of two replicate samples.
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tected cells against TNF-induced apoptosis, and the presence
of SODD antisense RNA increased the rate of apoptosis after
TNF stimulation (20). However, an increased rate of apoptosis
could not be observed when sodd�/� MEFs were treated with
titrated amounts of TNF in the presence of a constant concen-
tration of cycloheximide (Fig. 4A). For analysis of DR3-initi-
ated apoptosis in sodd�/� cells, DR3 was overexpressed in
sodd�/� and sodd�/� MEFs. Transfected apoptotic cells and
transfected viable cells were identified by cell morphology as
described previously (28). The proportions of apoptotic cells in
wild-type versus sodd�/� cells did not differ significantly (Fig.
4B). Thus, our data do not support the notion that SODD has
a crucial antiapoptotic function in the TNFR1 and DR3 signal
pathways.

Protection of cells against heat shock- or staurosporine-
induced apoptosis is not affected by the absence of SODD.
Hsp70 protects cells against heat-induced death (21) by hin-
dering recruitment of procaspase-9 to the apoptosome (3, 36).
In addition, in certain cell types Hsp70 has been reported to
impair programmed cell death caused by a variety of different
stimuli including TNF (17, 29, 45). Another inhibitor of apo-
ptosis that has been described to great detail is the cellular
protein Bcl-2. Bcl-2 acts upstream or at the level of mitochon-
dria and prevents the release of cytochrome c, which occurs as
a major signaling step in many cases of apoptosis (22, 48).
SODD binds to Bcl-2 (1) and to the ATPase domain of Hsp70
(27) and thus might influence the functions of Bcl-2 and
Hsp70, respectively. To test this hypothesis, we induced strong
expression of Hsp70 by incubating MEFs at 45°C for 20 min,
followed by a 6-h incubation at 37°C (Fig. 5A). SODD was not
significantly induced by such treatment (data not shown). High

expression of Hsp70 did not alter the susceptibility of MEFs to
staurosporine treatment (Fig. 5B), whereas Bcl-2 is known to
be a potent inhibitor of staurosporine-induced apoptosis (19,
41). However, the rates of staurosporine-mediated apoptosis in
sodd�/� and sodd�/� cells did not differ significantly (Fig. 5B).
MEFs containing high levels of Hsp70 showed enhanced resis-
tance to a subsequent prolonged heat shock (Fig. 5C). Again,
however, no difference was observed between wild-type and
sodd�/� cells (Fig. 5C). A short heat pretreatment did also not
lead to apparent differences in TNF-mediated apoptosis be-
tween sodd�/� and sodd�/� cells (Fig. 5D). Taken together,
these data make it appear unlikely that SODD plays an indis-
pensable role in the antiapoptotic functions of Hsp70 or Bcl-2.

Comparable susceptibilities of sodd-deficient and wild-type
mice to titrated doses of LPS, LPS–D-GalN, and listeriae.
Overcoming acute listeriosis and sensitivity to LPS–D-GalN
injection depends on functional TNFR1 signaling (12, 34).
Uncurbed TNFR1 signaling, on the other hand, results in hy-
persensitivity to LPS (24). To test a potential impact of SODD
on TNFR1 signaling in vivo, sodd�/� and wild-type control
mice were injected with titrated amounts of LPS (Table 2),
LPS–D-GalN (Table 3), and listeriae (Table 4), and survival
was monitored. No genotype-dependent differences were ob-
served in survival rates, arguing against a significant in vivo role
of SODD in TNFR1 signaling.

DISCUSSION

In TNFR1-expressing cells, binding of TNF is principally
capable of triggering activation and nuclear translocation of
NF-�B, activation of stress kinases, and activation of caspases.

FIG. 3. Stress kinases and ERK1 and -2 are phosphorylated and dephosphorylated with similar kinetics in wild-type and sodd-deficient cells
after TNF stimulation. Immunoblots were performed on protein extracts from MEFs by using antibodies specific for the phosphorylated forms
(upper panels) of JNK (A), p38 (B), and ERK1 and -2 (C) as well as antibodies reactive with the total proteins (lower panels) of JNK (A), p38
(B), and ERK1 and -2 (C).
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A tight negative regulation of TNFR1 signaling is therefore
pivotal for the survival of single cells as well as for the normal
physiology of the whole mammalian organism. Artificial over-
expression of TNFR1 causes cell death in a ligand-indepen-
dent manner due to spontaneous self-aggregation and confor-
mational change of death domains. This phenomenon occurs
at a higher frequency when these proteins are expressed above
physiological levels. In vivo, uncurbed TNFR1 signaling can
lead to hyperinflammation and premature death, as seen in
mice deficient in the A20 gene (24) and in mice expressing
greater than physiological amounts of TNF (23). Several mech-
anisms for negative regulation of TNFR1 signaling have been
identified; internalization of ligand-bound receptors and down-
regulation of surface receptors are believed to limit the inten-
sity of TNFR1-mediated signals (14, 16, 44, 46). Expression of
the cytoplasmic zinc finger protein A20 is rapidly increased by

TNF treatment of cells and leads to a reduced kinase activity of
the I�B kinase (IKK) complex and thereby to reduced phos-
phorylation and degradation of I�B� (24). Phosphorylation of
C-terminal serine residues of IKK2 negatively regulates the
kinase activity of the IKK complex (10). Furthermore, de novo
synthesis of I�B� protein is induced by TNFR1 signaling (2,
39). Increased levels of I�B� can sequester NF-�B complexes
and thereby shut off the transcriptional activity of this proin-
flammatory transcription factor. These mechanisms appear to
be necessary in order to turn off TNFR1 signaling once it has
been initiated.

SODD has been proposed to prevent constitutive TNFR1
signaling in the absence of TNF by inhibiting intrinsic self-
aggregation properties of the death domains and maintaining
TNFR1 in an inactive, monomeric state (20). The conception
of TNFR1 molecules switching from a monomeric to a trimeric
or oligomeric state after binding of ligand has been questioned
by a study of Chan et al. showing that in the absence of ligand,
TNFR1 molecules preassociate as oligomers on the cell sur-
face (7). According to their model, preassociation depends on
the presence of an extracellular domain called the pre-ligand
binding assembly domain (PLAD), which is distinct from the
ligand binding domain. Although these data appear to be at
odds with the earlier model (i.e., that TNF brings monomer
receptor chains into apposition in threefold complexes that
recruit cytoplasmic signal transduction proteins), a negative
regulatory role for SODD in TNFR1 signaling would still ap-
pear conceivable. In the preassociated TNFR1 complexes
SODD could be considered necessary for maintaining the in-
tracellular death domains in a nonsignaling conformation in
the absence of ligand. However, our data make this assumption
unlikely.

Signal transduction pathways emanating from TNFR1 have
been found to use the same set of interaction partners in all
cell types examined. Therefore, we focused our study on the
analysis of TNFR1 signaling in one cell type (i.e., MEFs) de-
rived from sodd�/� and wild-type control mice. In the presence
and absence of TNF, the functional modes of all major signal-
ing pathways of TNFR1 were not altered to any detectable
degree in the absence of SODD. The results were not con-
founded by TNFR2 signaling, because not only murine TNF
but also human TNF was used for stimulation of cells in dif-
ferent sets of experiments. Human TNF specifically binds mu-
rine TNFR1 but not murine TNFR2 (25). In agreement with
the in vitro findings, in vivo the degrees of resistance against
LPS, LPS–D-GalN, and listeriae were not different for sodd�/�

and wild-type mice, although survival after injection of these
toxic agents and microorganisms is known to depend on the
functional mode of TNFR1 signaling (12, 24, 34, 35). More-
over, no signs of (hyper)inflammation were observed in
sodd�/� mice. It is hard to reconcile these findings with the
conception of a dominant role for SODD in TNFR1 signaling.
Likewise, no indication of a major influence of SODD on
DR3-induced apoptosis and NF-�B activation was found.
Thus, either there are proteins other than SODD that regulate
TNFR1 and/or DR3 signaling in a similar way (which would
mean that SODD is “functionally redundant”) or SODD is not
involved in TNFR1 and/or DR3 signaling at all.

The solution structure of the BAG domain from SODD/
BAG-4 was determined by multidimensional nuclear magnetic

FIG. 4. The rates of TNF- and DR3-induced apoptosis are compa-
rable in wild-type and sodd-deficient MEFs. (A) TNF was titrated on
MEFs (150 � 103 cells/well) in the presence of cycloheximide (4
�g/ml). After a 24-h incubation time, the relative number of surviving
cells was determined by an MTT assay (see Materials and Methods).
The means for two replicate samples are shown. (B) A total of 3 � 106

cells were cotransfected by electroporation either with 15 �g of the
empty vector pEF and 5 �g of a �-galactosidase expression vector or
with 15 �g of the DR3 expression vector pTRAMP and 5 �g of a
�-galactosidase expression vector. Twenty-four hours later, a substrate
for visualization of �-galactosidase activity was added. After two more
days, transfected viable cells and transfected dead cells were identified
by blue staining and cell morphology as described previously (28). The
percentage of transfected dead cells in relation to all transfected cells
is shown.
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resonance methods and compared to those of the correspond-
ing domains in other BAG proteins. This structural compari-
son revealed two subfamilies of BAG proteins, one consisting
of BAG-3, SODD/BAG-4, and BAG-5 and the other repre-
sented by BAG-1 (6). BAG-1, BAG-3, and SODD/BAG-4
efficiently bind to the ATPase domain of Hsp70 by virtue of
their BAG domains (1, 27). In addition, like BAG-1, BAG-3
and SODD/BAG-4 are able to bind to the Bcl-2 oncoprotein
(1). The antiapoptotic members of the Bcl-2 protein family
such as Bcl-2 and Bcl-XL operate at the level of the mitochon-
dria by preventing the release of cytochrome c during apopto-
sis (22, 48). Proteins of the Hsp70/Hsc70 system counteract
apoptosis at a point downstream of cytochrome c release (3,
18, 26, 36). BAG-1 showed anti-cell death activity after expo-
sure to a variety of apoptotic stimuli (9, 41). BAG-3 overex-
pression modestly inhibited apoptosis resulting from cytokine
deprivation of interleukin-3-dependent 32D cells (1). Expres-
sion of full-length SODD, but not SODD with the BAG do-
main deleted, protected Madin-Darby canine kidney cells from

apoptosis after cell matrix detachment (13). The interaction of
BAG-3 and SODD with proteins from two families of apopto-
sis regulators is intriguing, leading to questions about the in
vivo significance of these proteins in apoptosis induction. How-
ever, our data make a dominant impact of SODD/BAG-4 on
Hsp70-mediated protection against heat-induced apoptosis un-
likely. Staurosporine-induced apoptosis, a process known to be
strongly influenced by the antiapoptotic protein Bcl-2 (19, 41),
was also unaltered in sodd�/� cells. These findings raise the
possibility of redundancy within the BAG protein family. For
example, BAG-3 may functionally replace SODD/BAG-4 in
sodd�/� cells. To decide whether such redundancy actually
exists, further gene-deficient mouse strains (e.g., bag-3 or bag-5
deficient) have to be generated and crossed to sodd�/� mice.
The phenotype of such double- or triple-gene-deficient mice
might provide novel insights into the complex functions of this
class of proteins in apoptosis and host defense.

FIG. 5. In the presence of Hsp70 expressed at high levels, sodd-deficient cells do not differ from wild-type cells in their responses to (i)
staurosporine, (ii) prolonged heat shock, and (iii) TNF-cycloheximide treatment. (A) Wild-type and sodd-deficient MEFs were incubated for 20
min at 45°C or left at 37°C. After an additional 6 h of incubation at 37°C, an immunoblot using a primary antibody directed against Hsp70 revealed
comparable induction of Hsp70 in short-term heat-shocked wild-type and sodd-deficient cells. (B, C, and D) MEFs either were not preincubated
or were preincubated for 20 min at 45°C. After a subsequent 6-h incubation at 37°C, cells were treated (or not) with the indicated amounts of
staurosporine for 12 h (B), with a prolonged (65-min) heat shock at 45°C followed by a 12-h incubation at 37°C (C), or with the indicated amounts
of TNF-cycloheximide for 12 h (D). The relative amount of viable cells was determined by an MTT assay (see Materials and Methods). Data are
means 	 standard deviations from two or three replicate samples.

TABLE 2. Survival after high-dose LPS injection

Mouse genotype

No. of mice surviving/no. of mice challenged
with the following dose of LPS (per g of

body weight):

17.5 �g 35 �g 52.5 �g

sodd�/� 4/6 2/6 0/7
sodd�/� 6/7 3/7 1/7

TABLE 3. Survival after LPS–D-GalN injection

Mouse genotype

No. of mice surviving/no. of mice challenged
with the following dose of LPS (per 20 g of

body weight) plus 20 mg of D-GalN:

0.01 �g 0.1 �g 1 �g

sodd�/� 6/16 1/6 0/5
sodd�/� 7/17 0/8 0/8
sodd�/� 5/15 2/8 1/8
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