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ABSTRACT Mice lacking the RelA (p65) subunit of
NF-kB die between days 14 and 15 of embryogenesis because
of massive liver destruction. Fibroblasts and macrophages
isolated from relA2y2 embryos were found to be highly
sensitive to tumor necrosis factor (TNF) cytotoxicity, raising
the possibility that endogenous TNF is the cause of liver cell
apoptosis. To test this idea, we generated mice lacking both
TNF and RelA. Embryogenesis proceeds normally in such
mice, and TNFyRelA double-deficient mice are viable and have
normal livers. Thus, the RelA-mediated antiapoptotic signal
that protects normal cells from TNF injury in vitro can be
shown to be operative in vivo.

One of the defining characteristics of tumor necrosis factor
(TNF) is its cytostaticycytotoxic activity in vitro for certain
mouse and human transformed cells (1, 2). Early studies
showed that cytotoxicity could be enhanced by inhibitors of
protein or RNA synthesis (3) and that cell killing had the
features of an apoptotic process (4, 5). Although suspicions
were raised that TNF cytotoxicity might be an epiphenomenon
not relevant to the biological functions of TNF, the discovery
of a growing family of ligands and receptors related to TNF
(6)—most notably FasyFas ligand with potent apoptosis in-
ducing activity—provided support for the idea that TNF-
mediated cytotoxicity has physiological significance. Further
support comes from recent findings implicating NF-kB in TNF
cytotoxicity. Although activation of NF-kB was known to
mediate several activities of TNF (7), recent studies indicate
that NF-kB activation by TNF protects cells from TNF cyto-
toxicity (8–11). Thus, fibroblasts from mice with a deletion of
the RelA component of NF-kB are highly sensitive to TNF
killing, in contrast to the resistance of normal fibroblasts (8).
In addition, inhibition of NF-kB activity by overexpression of
IkB greatly increases the sensitivity of cells to TNF cytotoxicity
(9–11). Mice lacking the RelA component of NF-kB die in
utero at days 14–15, and the major morphological abnormality
in these mice at the time of death is massive liver degeneration
associated with apoptosis of hepatocytes (12, 13). Because of
the sensitivity of fibroblasts and macrophages from RelA-
deficient mice to TNF-mediated cytotoxicity, Beg and Balti-
more (8) suggested that endogenous production of TNF was
responsible for the killing of hepatocytes in these mice. We
tested this hypothesis by mating TNF-deficient and RelA-
deficient mice to determine what effect absence of TNF has on
the RelA-deficient phenotype.

MATERIALS AND METHODS

Derivation and Maintenance of Knockout Mice. TNF-
deficient mice and RelA-deficient mice have been described in

detail elsewhere (13, 14). relA1y2 mice backcrossed to C57
BLy6 mice for 10 successive generations and TNF2y2 mice
backcrossed to C57BLy6 mice for 5 generations were used in
this study. Mice were maintained in a specific pathogen-free
mouse facility at Aichi Cancer Center Research Institute.

DNA and RNA Blot Analyses. DNA and total RNA were
isolated by using proteinase KySDS and guanidium thiocya-
nateyCsCl procedures, respectively (15, 16). For genotyping,
DNA from developing embryos and limbs and tails of post-
natal mice was digested with restriction enzymes and separated
by agarose gel electrophoresis and then transferred to nitro-
cellulose filters (Schleicher & Schuell). To confirm disruption
of the TNF gene, DNA digested with BamHI was examined
with a 1,218-bp SmaI fragment from the lymphotoxin-b gene
(nucleotides 3,181–4,399, GenBank accession no. U06950), a
kind gift of Sergei Nedospasov. For analyzing relA disruption,
DNA digested with PstI was analyzed with an 850-bp PstI–
SmaI fragment of the 59-untranslated region of the relA gene
(13). Total RNA was separated by 2.2 M formaldehyde agarose
gel electrophoresis and transferred to nitrocellulose filters.
RNA blots were analyzed by using cDNA probes for relA
(codons 185–277, ref. 17), c-rel (codons 144–277, ref. 18), and
relB (codons 458–580, ref. 19).

Immunohistochemistry and Histology. Five-micrometer
frozen sections of whole embryos were air-dried, fixed with
cold acetone, and reacted with hamster anti-murine TNF mAb
(ref. 20; kindly provided by Dr. Robert Schreiber) or a
polyclonal rabbit anti-mouse TNF antibody (Genzyme). Bind-
ing was visualized by an avidin–biotin enzyme complex
method (Vectastain Elite ABC kit; Vector Laboratories), with
subsequent counterstaining with hematoxylin. For histological
examination, tissues were fixed in 4% paraformaldehyde and
embedded in paraffin. The sections (5 mm) were stained with
hematoxylinyeosin.

Reverse Transcription–PCR (RT-PCR) Analysis of the Ex-
pression of TNF, TNF Receptor (TNFR)1, and TNFR2. The
expression of TNF, TNFR1, and TNFR2 was determined by
using RT-PCR analysis. Total RNA (10 mg) isolated from
tissues or cultured cells of 14.5-day postcoitum (dpc) embryos
or from cultured cells of 3-day postnatal mice was used for
cDNA synthesis using oligo(dT) primers and 200 units of
SuperScript II (Life Technologies, Gaithersburg, MD). PCR
was performed in a final volume of 50 ml containing all four
dNTPs, 2 mM MgCl2, 2.5 units of Taq polymerase (Takara
Shuzo, Otsu, Japan), and each primer at 0.2 mM by using a
Program Control System PC-700 (Astec, Fukuoka, Japan).
Each amplification cycle consisted of 93°C for 1 min, 60°C for
1 min, and 72°C for 1 min. After 30 cycles, PCR products were
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separated by electrophoresis on a 1.5% agarose gel and
visualized by ethidium bromide staining. The primers used in
these experiments were designed to distinguish authentic
RT-PCR products from PCR products generated from con-
taminating genomic DNA as described (21).

TNF Cytotoxicity. Cells from liver and brain and fibroblasts
of 14.5-dpc embryos and cells from spleen, kidney and heart of
3-day old mice were prepared according to methods described
previously (22). Briefly, liver, kidney, and heart cells were
plated on collagen type I-coated plastic dishes (Becton Dick-
inson Labware) and cultured in DMEM (Life Technologies,
Gaithersburg, MD) with 10% fetal calf serum. Fibroblasts and
cells from brain were plated on plastic dishes in DMEM with
10% fetal calf serum. Spleen cells were cultured in RPMI
medium 1640 (Life Technologies, Gaithersburg, MD) with
10% fetal calf serum. Cultured cells from embryonic liver
expressed a-fetoprotein, and cells from heart continued to
show pulsation in vitro. After 24 hours in culture, recombinant
murine TNF (Sigma) was added at a final concentration of 1,
10, or 100 ngyml. Viability was examined by using trypan blue
exclusion.

Injection of TNF. Newborn mice from the mating of
TNF2y2relA1y2 mice were injected intravenously with 1 mg
or 0.2 mg of recombinant murine TNF (Sigma). Mice were
monitored for 24 hours after injection and then genotyped by
Southern blot analysis.

RESULTS

TNFyRelA Double-Deficient Mice. Mice lacking relA die in
utero around 14.5 days postcoitum (dpc), as shown in Table 1,
confirming previous results (12, 13). To determine the role of
TNF in the embryonic death of RelA-deficient mice, mice

heterozygous for the relA gene deletion were crossed to
TNF-deficient mice for two successive generations. From the
second generation, TNF2y2relA1y2 mice were selected and
intercrossed. As shown in Table 1, matings of TNF2y2relA1y2
gave rise to viable TNF2y2relA2y2 progeny in the predicted
Mendelian ratio. This is in contrast to the embryonic lethality of
mice with the TNF1y1relA2y2 genotype (Table 1). In a broad
survey of tissues from double-deficient mice, no morphological
abnormalities were found, either in liver or other tissues, in
contrast to the liver degeneration in mice with
TNF1y1 relA2y2 genotype (Fig. 1). Thus, elimination of TNF
rescues RelA-deficient mice from embryonic lethality by abol-
ishing TNF-mediated liver degeneration. Furthermore, in the
absence of TNF, RelA is dispensable for embryonic and postnatal
development.

TNF2y2relA2y2 mice are healthy and active during the
first 4–5 weeks of life. After approximately 40 days of age,
however, the mice become sick and die. At 40 days of age,
infiltration of lymphocytes was found in both portal areas and
lobules of the liver (Fig. 2 A–C). In the lung, thickening of
alveolar walls with inflammatory cell infiltration was observed
(Fig. 2E). Inflammatory infiltrates also were seen around the
bronchi and the pulmonary blood vessels. In the kidney,
glomerular abnormalities with expansion of mesangial areas
and thickening of capillary walls were seen (Fig. 2G). No such
abnormalities were observed in TNF2y2relA1y1 mice (Fig.
2 D, F, and H). The inflammatory changes are most likely
related to the compromised immune system of TNFyRelA
double-deficient mice. As mice deficient in TNF (14, 23) or
mice reconstituted with relA2y2 lymphocytes (13, 24) have
impaired immune systems, mice lacking both TNF and RelA
would be expected to be highly susceptible to microbial and
viral infections.

FIG. 1. Normal development of the liver in TNF2y2relA2y2 mice. (A) TNF1y1relA2y2 14.5-dpc embryo. No viable hepatocytes can be
seen. (B) TNF2y2relA2y2 14.5-dpc embryo. (C) TNF2y2relA2y2 newborn mouse. (D) TNF2y2relA1y1 newborn mouse. Sections are
hematoxylinyeosin-stained. (3400.)

Table 1. Influence of TNF genotype on survival of RelA-deficient mice. Results of matings of TNF1y1 or TNF2y2 mice with
relA1y2 mice

Mouse age

TNF1y1relA1y2 (/) 3 TNF1y1relA1y2 (?) TNF2y2relA1y2 (/) 3 TNF2y2relA1y2 (?)

TNF1y1relA2y2 TNF1y1relA1y2 TNF1y1relA1y1 TNF2y2relA2y2 TNF2y2relA1y2 TNF2y2relA1y1

14.5 dpc 11 31 12 7 13 6
15.5 dpc 3 24 6 — — —
16.5 dpc 0 25 11 10 22 12
Newborn 0 18 9 25 62 29
21 Days old 0 146 77 9 22 10

Data are given as number of mice generated.
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Origin of TNF in Embryos. To test whether TNF present in
embryos is produced by the embryos themselves or produced
by mothers and transmitted to the embryos through the
placenta, two sets of crosses (female TNF2y2relA1y2 mated
with male TNF1y1relA1y2 and female TNF1y1relA1y2
with male TNF2y2relA1y2) were set up (Table 2). Maternal
TNF was not the cause of death of TNF1y2relA2y2 progeny,

as the timing of embryonic lethality did not differ in the
TNF1y2relA2y2 progeny from both crosses. Thus, TNF is
produced by the embryos themselves. During this study, it was
noted that TNF1y2relA2y2 mice survived longer than
TNF1y1relA 2y2 mice, as some of the former were alive
even up to birth whereas the latter died between 14.5 and 15.5
dpc (Tables 1 and 2). This gene dosage effect of TNF on the
survival of relA2y2 embryos is consistent with previous
observations showing less TNF production in TNF1y2 mice
as compared with TNF1y1 mice (14).

To examine TNF production during development, embryos
of 11.5- to 13.5-dpc mice were examined by immunohistochem-
istry using a hamster anti-TNF mAb (20) and a polyclonal
rabbit anti-mouse TNF antibody. The specificity of these
reagents for TNF was confirmed by their complete lack of
reactivity with normal tissues from TNF2y2 mice. Staining
with these antibodies showed that immunoreactive TNF is
present in most tissues of TNF1y1 embryos, including liver.
Although staining tended to be diffuse and difficult to ascribe
to discrete cell populations, there were a small number of cells
in the liver that were strongly stained (Fig. 3). By using
RT-PCR, TNF transcripts were detected in all embryonic
tissues tested and especially strongly in liver, spleen, and
thymus (Fig. 4).

Expression of TNF Receptors and NF-kB Subunits in
Tissues of Embryonic Mice. Although TNF appears to be
present ubiquitously in the embryo, tissue destruction was
restricted to the liver at the time of death of TNF1y1 relA2y2
mice. To explore the reason for this tissue specific destruction
by TNF, the expression of TNF receptors and NF-kB family
members was examined. By using RT-PCR, transcripts of
TNFR1 and TNFR2 were detected in all embryonic tissues
tested (Fig. 4). Among NF-kB family members, relA mRNA
was ubiquitously expressed at high levels. relB mRNA was also
widely expressed, but showed particularly high expression in
placenta, thymus, and liver. Transcripts of the c-rel gene were
below the level of detection in these embryonic tissues except
for trace amounts in spleen. This was also the case in RelA-
deficient mice, where no compensatory increase in expression
of other NF-kB members was found (13).

TNF Sensitivity of Cultured Cells from RelA-Deficient
Mice. To analyze cell type differences in TNF sensitivity,
cultured cells derived from various tissues of
TNF2y2relA2y2 or TNF2y2relA1y1 mice were examined
for their sensitivity to TNF. As shown Fig. 5, cells from
relA2y2 liver and kidney, as well as embryonic fibroblasts,
were sensitive to TNF, whereas cells from relA2y2 spleen,
heart, and brain were not. All cell types from relA1y1 mice
were resistant to TNF treatment. Transcripts of TNFR1 and 2
were detectable in all these cultured cells (Fig. 6). The
expression of NF-kB family members in cultured cells from
relA wild-type mice was examined by using Northern blot
analysis. Transcripts of relA and relB were present in all cells
tested. Transcripts of c-rel were detected in cells derived from
spleen, heart, and brain, but not in cells from kidney or
embryonic fibroblasts. Low levels of c-rel expression were
detected in cultured cells from the liver, but this may be
accounted for by residual hematopoietic cells derived from the
embryonic liver. The presence of c-rel expression generally
correlates well with resistance of cells to TNF. Thus, c-rel,
when it is expressed, may also mediate antiapoptotic signals
that protect cells from TNF cytotoxicity.

Sensitivity of RelA-Deficient Mice to Exogenous TNF. TNF
was injected intravenously into newborn mice from inter-
crosses between TNF2y2relA1y2 mice. With 1 mg of TNF,
all TNF2y2relA2y2 mice died within 6 hours, whereas
TNF2y2relA1y2 and TNF2y2relA1y1 mice survived
longer than 12 hours (Fig. 7). Influence of relA gene dosage on
TNF sensitivity was observed, with longer survival in relA1y1
than relA1y2 mice. Similar results were obtained with 0.2 mg

FIG. 2. Morphological abnormalities in TNF2y2relA2y2 40-day-
old mice. (A–C) Liver from TNF2y2 relA2y2 40-day-old mouse. (A)
Portal areas and parenchyma showing marked cellular infiltrates.
(3150). (B) Predominantly lymphocytic infiltrate in portal areas with
bile ducts showing regenerative changes. (3450). (C) Intrasinusoidal
aggregates of inflammatory cells. Megakaryocytes were present, but
other hematopoietic cells were not observed. (3450). (D) Liver from
TNF2y2relA1y1 40-day-old mouse. No abnormalities observed.
(3150.) (E) Lung from TNF2y2relA2y2 40-day-old mouse. Thick-
ened alveolar walls associated with lymphocytic infiltration, activated
pneumocytes, and increased mucous cells in bronchi. (3150) (F) Lung
from TNF2y2relA1y1 40-day-old mouse. No abnormalities ob-
served. (3150.) (G) Kidney from TNF2y2relA2y2 40-day-old
mouse. Expanded mesangial areas in glomeruli with increased mes-
angial matrix and numbers of cells. Marked thickening of capillary
walls with narrowing of the capillary lumen. (3300.) (H) Kidney from
TNF2y2relA1y1 40-day-old mouse. No abnormalities observed.
(3300.)
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of TNF. In moribund double-deficient mice, no parenchymal
damage was observed in liver or other organs. However,
capillary damage was seen in liver, kidney, and lung, suggesting
that endothelial cells are the main target of TNF injury in these
mice. More extensive capillary damage was observed in TNF-
treated TNF2y2relA2y2 mice than in TNF2y2relA1y2
and TNF2y2relA1y1 mice.

DISCUSSION

Liver degeneration with absence of hepatocytes is the major
pathology found in RelA-deficient 14.5-day embryos. TNF
mediates this abnormality and the associated lethality, as
viable RelA-deficient progeny without liver damage result
from matings of TNF-deficient RelA-heterozygous mice with
RelA-deficient mice. The hepatocytes derived from double-
deficient mice are sensitive to the cytotoxic action of TNF in
vitro, suggesting that loss of hepatocytes in RelA-deficient mice
is caused by a direct action of TNF on hepatocytes. Another
possibility is that the death of hepatocytes is secondary to
endothelial cell apoptosis, and the capillary damage observed
in the liver and other organs of TNF2y2relA2y2 mice
injected with TNF would support an indirect mechanism
leading to hepatocyte loss. Whether caused by a direct or an
indirect action of TNF on hepatocytes, the organ specificity
(liver) and timing of TNF action in RelA deficient mice need
explanation, especially because (i) TNF is widely expressed in
embryonic tissues and is detectable before 14.5 days, (ii)
organs other than liver (e.g., kidney) contain cells that are
sensitive to TNF cytotoxicity, and (iii) capillary damage in-
duced by TNF in double-deficient mice is not restricted to liver.
Possibly, a surge of TNF production occurs around 14–15 days
of embryonic life, and liver is the target of damage because a
particularly high concentration of TNF is produced by Kuppfer
cells in the developing liver.

In view of the cytotoxic action of TNF, we and others have
long speculated that TNF is involved in the cell death that
accompanies normal morphogenesis and organogenesis. How-
ever, no developmental abnormalities have been detected in
TNF2y2 mice, indicating that TNF does not have an irre-
placeable role in this process (14, 23). Where TNF may be

essential is in the elimination of cells damaged by chemical or
physical agents or by infectious agents and their products. If
this were the case, there would be a critical need for a
mechanism, e.g., the NF-kB antiapoptotic signal, to protect
normal cells. The increased TNF sensitivity of cells treated in
vitro with protein or RNA synthesis inhibitors (3) may well
have its counterpart in mice treated with these agents in vivo,
and there is a speculation that TNF-mediated apoptosis is
involved in the antitumor effects of irradiation and chemo-
therapeutic agents used in clinical practice. As a model for this
surveillance role of TNF in eliminating damaged cells, mice
injected with galactosamine (an agent that specifically inhibits
transcriptional activity in hepatocytes) become exquisitely
sensitive to bacterial lipopolysaccharide (25), with the liver of
galactosamineylipopolysaccharide-treated mice showing mas-
sive necrosis. This action of lipopolysaccharide and galac-
tosamine is mediated by TNF (14, 23, 26, 27). In addition, cells
infected with bacteria (28) or with a number of different
viruses, including herpesviruses (29) and HIV (30), become
sensitive to TNF-mediated cytotoxicity. Exotoxins, a product
of Gram-positive organisms, also greatly enhance TNF cyto-
toxicity (31). In fact, the lethality of bacterial sepsis may well
be due to the sensitization of cells in key organs by bacterial
products to the apoptotic damage of TNF rather than to the
currently held view that TNF-induced inflammatory damage
and circulatory collapse are the primary pathogenic factors in
septic shock, and recent evidence for TNF-mediated apoptosis
of endothelial cells in lipopolysaccharide-treated mice (32) is
consistent with this idea. It will be important to determine
whether regulation of the NF-kB antiapoptotic signal is the
unifying element in these examples of selective cytotoxic
effects of TNF on damaged or infected cells. With the rapid
expansion of the TNF ligandyTNFR superfamily, a number of
new cytotoxic factors and new mechanisms for resistance to
cytotoxicity have been identified, including expression of the
decoy receptors, DcR1 and DcR2, in the TRAIL (Apo2)yDR5

FIG. 3. Immunostaining of TNF in the liver of 14.5 dpc embryo
with hamster anti-mouse TNF antibody. Shown are TNF1y1 (A) and
TNF2y2 (B) embryos. (3400)

FIG. 4. Expression of TNF, TNFR1, TNFR2, relA, c-rel, and relB.
RNA was isolated from various tissues and cultured fibroblasts of
TNF1y1RelA1y1 14.5 dpc embryos. Lanes: (1) fibroblasts, (2) liver,
(3) kidney, (4) spleen, (5) heart, (6) brain, (7) thymus, (8) lung, (9)
intestine, and (10) placenta. The expression of TNF, TNFR1, and
TNFR2 was analyzed by using RT-PCR. The expression of relA, c-rel,
and relB was examined by using Northern blot analysis.

Table 2. Influence of parental TNF genotype and TNF gene dosage on embryonic lethality of relA2y2 mice

Mouse age

TNF2y2relA1y2 (/) 3 TNF1y1relA1y2 (?) TNF1y1relA1y2 (/) 3 TNF1y2relA1y1 (?)

TNF1y2relA2y2 TNF1y2relA1y2 TNF1y2relA1y1 TNF1y2relA2y2 TNF1y2relA1y2 21y2relA1y1

16.5 dpc 5 10 7 7 19 8
18.5 dpc 3 17 8 4 22 12
Newborn 2 24 16 1 39 19
21 Days old 0 18 8 0 25 13

Data are given as number of mice generated.
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and DR4 pathways (33–35), and tissue-restricted receptor
expression in the Apo3LyDR3 (Apo3yWsl1) system (36).
However, recent evidence that NF-kB may have an important
antiapoptotic role in the Apo3LyDR3 pathways (36, 37)
suggests that activation of NF-kB may be a more general
protective mechanism, and further studies of NF-kB-mediated
antiapoptotic signals in other TNF ligandyTNFR superfamily
are needed. TNF also is known to induce reactive oxygen
species, and reactive oxygen species can mediate cytotoxicity
and NF-kB activation (38). Defining the precise role of NF-kB
in TNF-induced reactive oxygen species production, action,
and protection of cells against reactive oxygen species cyto-
toxicity will be facilitated by availability of NF-kB-deficient
mice. Similarly, the role of NF-kB in ceramide generation and
apoptosis induction through the sphingomyelin pathway initi-
ated by TNF can also be clarified in this way (39).

Cultured cells derived from several tissues of TNFyRelA
double-deficient mice showed differential sensitivity to TNF;
hepatocytes, kidney cells, and fibroblasts are sensitive to TNF
cytotoxicity in vitro whereas those from heart, brain, and
spleen are resistant. Given the capacity of high level c-rel

expression to overcome the TNF sensitivity of cell lines
expressing the IkB mutant (9), the expression of c-rel is a
possible reason for the resistance of these cells to TNF.
However, the contribution of c-rel to protection against TNF-
mediated apoptosis or other cytotoxic agents has been difficult
to determine because of the ubiquitous expression of RelA.
TNFyRelAyc-rel triple-deficient and TNFyc-rel double-
deficient offspring produced by a cross between TNFyRelA
double-deficient mice and c-rel-deficient mice (40) should
facilitate definition of the role of c-rel in NF-kB-dependent
resistance to TNF.

The search for TNF-mediatedyNF-kB-dependent ‘‘surviv-
al’’ genes has become a major objective in recent years. Several
candidate ‘‘survival’’ genes have been identified, including
IEX-1L (41), TRAF1 (TNFR-associated factor 1), TRAF2,
c-IAP (cellular inhibitor of apoptosis)-1 and c-IAP-2 (42), and
A20 (43). Transcription of IEX-1L is induced by TNF, and
there is decreased IEX-1L transcription in NF-kB-compro-
mised cells. Furthermore, IEX-1L expression in transfected
relA2y2 cells or in mutant IkBa cells renders these cells
resistant to TNF treatment (41). The simultaneous expression
of TRAF1, TRAF2, c-IAP-1, and c-IAP-2, but not the indi-
vidual expression of these genes, was reported to protect
relA2y2 cells and mutant IkBa-transfected cells from TNF-
mediated cytotoxicity (42). Although previous reports have
established that TRAF2, c-IAP-1, and c-IAP-2 mediate
NF-kB activation by TNF, recent evidence indicates that, like
IEX-1L, all four of these genes appear to be rapidly up-
regulated by NF-kB activation, (9, 44). Collectively, it seems
likely that upon TNF receptor activation, the NF-kByTRAF1,
TRAF2, c-IAP-1, and c-IAP-2 pathways operate as a positive
feedback system to amplify the survival signal to protect cells
from TNF injury. With regard to the A20 zinc finger protein
in TNF-mediated cytotoxicity, some studies show a protective
role in TNF cytotoxicity (43), whereas others indicate that A20
inhibits NF-kB activation (45). Such contradictions might be
resolved by the discovery of NF-kB-‘‘independent’’ pathways,
suggested already by studies on TRAF2-deficient mice and on
transgenic mice with a dominant negative form of TRAF2 (46,
47). TRAF2-compromised cells showed increased sensitivity
to TNF cytotoxicity despite normal activation of NF-kB by
TNF. In TRAF2-compromised cells, Jun N-terminal kinase
activation induced by TNF treatment was severely reduced,
and genes downstream of Jun N-terminal kinase may also be
involved in antiapoptosis. TNFyTRAF2 double- and TNFy
TRAF2yRelA triple-deficient mice should facilitate testing of
this hypothesis. How these candidate survival genes exert their
antiapoptotic action is not resolved at present. A recent report
indicated that the expression of TRAF1, TRAF2, c-IAP-1, and
c-IAP-2 suppresses apoptosis by blocking activation of the
initiator caspase, caspase-8 (42). Other studies, however, sug-
gested that IAPs inhibit apoptosis by blocking activities of

FIG. 5. TNF cytotoxicity in vitro. Cultured cells were prepared as
described in Materials and Methods and were treated with TNF for 8,
24, or 48 hours. TNF2y2relA2y2 cells with no TNF (h);
TNF2y2relA2y2 cells with 10 ngyml TNF (‚); TNF2y2relA2y2
cells with 100 ngyml TNF (E) and TNF2y2relA1y1 cells with 100
ngyml TNF (F). Viability was examined by using trypan blue exclusion.

FIG. 6. The expression of TNFR1, TNFR 2, relA, c-rel, and relB in
cultured cells. RNA was isolated from cultured cells of TNF
2y2relA1y1 embryos or postnatal mice (see Fig. 5). Lanes: (1)
hepatocytes (14.5 dpc) (2) fibroblasts (14.5 dpc), (3) kidney cells
(3-day-postnatal), (4) heart cells (3-day-postnatal), (5) spleen cells
(3-day-postnatal), and (6) brain cells (14.5 dpc). The expression of
TNFR1 and TNFR2 was analyzed by using RT-PCR. The expression of
relA, c-rel, and relB was examined by using Northern blot analysis.

FIG. 7. Survival of newborn mice after injection of TNF. TNF2y2
relA2y2 (solid line; n 5 8), TNF2y2relA1y2 (dashed line; n 5 15),
TNF 2y2relA1y1 (broken line; n 5 5). Mice were injected with 1 mg
of TNF intravenously.
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effector caspases (48). Furthermore, the NF-kB-dependent
survival pathway has been thought to operate independently of
Bcl-2, the other major antiapoptotic pathway. However, a
recent study showed that Bcl-2 regulates NF-kB activation
through induction of IkB degradation (49).

Clearly, a comprehensive picture of TNF-mediatedyNF-kB-
dependent antiapoptotic signaling has not yet emerged. De-
fining the nature of the NF-kB dependent antiapoptotic signal
and identifying its site of action in the apoptotic cascade
initiated by TNF are critical to understanding why normal cells
are usually resistant to the cytotoxic actions of TNF, and why
this resistance is sometimes compromised in injured cells.
Furthermore, it will be important to know whether abnormal-
ities in NF-kB signaling are central to the high sensitivity of
certain transformed cells of mouse and human origin to TNF
cytotoxicity that occurs in the absence of any added protein or
RNA synthesis inhibitors.
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