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We have reported that three adenovirus (Ad) proteins, named E3-10.4K/14.5K, E3-14.7K, and E1B-19K,
independently inhibit tumor necrosis factor (TNF)-induced apoptosis in Ad-infected cells. E3-10.4K/14.5K and
E3-14.7K also inhibit TNF-induced release of arachidonic acid (AA). TNF-induced apoptosis and AA release
are thought to require TNF-activation of the 85-kDa cytosolic phospholipase A, (cPLA,). cPLA, normally exists
in a latent form in the cytosol; it is activated by phosphorylation by mitogen-activated protein kinase, and in
the presence of agents that mobilize intracellular Ca>*, cPLA, translocates to membranes where it cleaves AA
from membrane phospholipids. We now report that TNF induces translocation of cPLA, from the cytosol to
membranes in Ad-infected human A549 cells and that E3-10.4K/14.5K but not E3-14.7K or E1B-19K is
required to inhibit TNF-induced translocation of cPLA,. Ad infection also inhibited TNF-induced release of
AA. Under the same conditions, Ad infection did not inhibit TNF-induced phosphorylation of cPLA, or TNF
activation of NFkB. Ad infection also inhibited cPLA, translocation in response to the Ca>* ionophore A23187
and to cycloheximide, but this inhibition did not require E3-10.4K/14.5K. Ad infection did not inhibit cPLA,
translocation in response to interleukin-1f3 or platelet-derived growth factor. We propose that E3-10.4K/14.5K
inhibits TNF-induced AA release and apoptosis by directly or indirectly inhibiting TNF-induced translocation
of cPLA, from the cytosol to membranes. AA formed by cPLA, can be metabolized to prostaglandins,
leukotrienes, and lipoxyns, molecules that amplify inflammation. E3-10.4K/14.5K probably functions in Ad

infections to inhibit both TNF-induced apoptosis and inflammation.

Tumor necrosis factor (TNF) is a major inflammatory cyto-
kine, secreted primarily by activated macrophages and T lym-
phocytes, that is thought to limit infections by a variety of
microorganisms (reviewed in reference 68). In cultured cells
infected with different RNA and DNA viruses, TNF inhibits
virus replication or induces apoptosis (reviewed in references
21 and 79). Some viruses, in turn, have evolved strategies to
block the antiviral effects of TNF (reviewed in references 11,
20, 47, 58, 68, 73, and 76-79). For example, poxviruses secrete
TNF receptor homologs that bind TNF and presumably pre-
clude TNF function (reviewed in reference 60).

Human adenoviruses (Ad) encode five proteins that modu-
late the effects of TNF (reviewed in references 20, 47, and
76-79). In contrast to poxviruses, the Ad proteins remain
within the cell and therefore are useful tools to probe the
cellular biology of TNF function. TNF induces apoptosis in a
minority of tumor cell lines, but most cell types are resistant to
TNF. Ad-infected cells are resistant to TNF, but they are lysed
by TNF when infected with Ad mutants lacking certain genes
(22). The Ad E1A proteins sensitize cells to TNF (7, 17, 59),
and three sets of Ad proteins inhibit TNF-induced apoptosis
(22-24, 33, 55). Two of these sets are encoded by the Ad E3
transcription unit: a 14,700-kDa protein named E3-14.7K (67)
and a complex of two proteins of 10,400 and 14,500 kDa named
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E3-10.4K/14.5K (64, 65). The third TNF-negating protein,
coded by the E1B transcription unit, is E1B-19K (21, 74).

The mechanisms of TNF-induced apoptosis and its inhibi-
tion by the Ad proteins are poorly understood. In most cell
types, TNF induces apoptosis via the p55 TNF receptor
(TNFR1) (reviewed in references 3, 12, 28, 69, 73). TNF-
induced apoptosis requires the activation of one or more of the
interleukin-1B (IL-1B) converting enzymes that function in
apoptosis (reviewed in reference 29). There is also consider-
able evidence that TNF activation of the 85-kDa cytosolic
phospholipase A, (cPLA,) is necessary but not sufficient for
TNF-induced apoptosis (27, 72; reviewed in references 28 and
41). cPLA, can be activated by phosphorylation by mitogen-
activated protein kinase (MAPK) (1, 14, 50, 52, 54, 56). Studies
in vitro have shown that in the presence of submicromolar
Ca®", cPLA, translocates to membranes where it cleaves ara-
chidonic acid (AA) specifically from the sn-2 position of mem-
brane phospholipids (6, 10, 51). In vivo, cPLA, activity is in-
duced by many agonists, including IL-1B, platelet-derived
growth factor (PDGF) (48-50), and TNF (27, 31, 72). TNF-
induced release of AA and TNF-induced apoptosis, which
require cPLA,, are coordinately inhibited by E3-10.4K/14.5K
and E3-14.7K, each able to act independently, in Ad-infected
mouse cells (41). E3-14.7K also inhibits TNF-induced AA re-
lease and apoptosis in stably transfected mouse (41, 81) and
human (30) cells. E1B-19K inhibits TNF-induced apoptosis in
transfected human cells (74).

E1B-19K localizes primarily to the nuclear membrane and is
considered to be a functional homolog of Bcl-2 (8, 63; reviewed
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in reference 73). Bcl-2 is a modest inhibitor of TNF-induced
apoptosis (8, 36). E3-14.7K is a hydrophilic nonmembrane
protein (30) that may function at or upstream of the proteolytic
events that occur early in apoptosis (71). E3-10.4K/14.5K is an
integral membrane protein complex (42, 43) that is localized in
many cellular membranes, including the plasma membrane
(32, 62, 66). E3-14.5K is phosphorylated on serine (45), and it
is O glycosylated (44).

As judged by in vitro studies, agonists that activate cPLA, to
release AA should not only phosphorylate cPLA, but they
should also induce translocation of cPLA, from the cytosol to
membranes in vivo. However, to our knowledge, translocation
of cPLA, to membranes has only actually been shown in re-
sponse to the Ca*" ionophore A23187 (several cell types),
basic fibroblast growth factor (endothelial cells), formylme-
thionyl (fMet)-Leu-Phe (neutrophils), immunoglobulin E-an-
tigen (mast cells), and transforming growth factor « (keratino-
cytes) (18, 19, 39, 53, 56, 57). Here we report that TNF, IL-1p,
PDGF, and cycloheximide (CHX), as well as A23187, induce
translocation of cPLA, from the cytosol to membranes in A549
human alveolar epithelial carcinoma cells. Interestingly, E3-
10.4K/14.5K, but not E3-14.7K or E1B-19K, is required to
prevent TNF-induced translocation of cPLA, to membranes in
Ad-infected A549 cells. This may explain how E3-10.4K/14.5K
inhibits TNF-induced AA release and apoptosis. Ad infection
also inhibited cPLA, translocation to membranes in response
to CHX and A23187, but this inhibition did not require E3-
10.4K/14.5K.

MATERIALS AND METHODS

Cells and viruses. A549 cells (American Type Culture Collection) were main-
tained in Dulbecco’s minimal essential medium with 10% fetal calf serum. Vi-
ruses were grown in suspension cultures of KB cells, and the titers of CsCl-
banded stocks on A549 cells were determined (25). The virus E3 mutants used
and the proteins expressed by these mutants are indicated in Table 1 (2, 9, 37,
42-45, 55, 62, 64, 65). The isolation of the A549/14.5K cell line that stably
expresses E3-14.5K will be described elsewhere.

Labeling of cells. A549 cells were grown in 35-mm-diameter dishes to 70%
confluency, placed in phosphate-free medium for 18 h, and then labeled with 100
wCi of Na;**PO, (NEN DuPont Research Products, Boston, Mass.) for 6 h. Cells
were infected with 60 to 100 PFU per cell in this same medium. At 8 h postin-
fection (p.i.), human recombinant TNF (250 U/ml, final concentration, was used
in all experiments) was added, and the cells were harvested after 30 to 60 min.
Some samples were treated with TNF or CHX (25 pg/ml). In the experiment
whose results are shown in Fig. 6, cells were treated with 2 uM A23187, IL-1B (1
wg/ml), PDGF (5 ng/ml), or CHX (25 pg/ml) for 1 h.

Analysis of cPLA, in the membrane fraction. All steps were done at 1 to 4°C.
Cells at 8.5 to 9 h p.i. were washed twice with Ca®>"-free phosphate-buffered
saline, suspended with a cell scraper into 10 volumes of sucrose buffer (0.25 M
sucrose, 25 mM B-glycerophosphate, 2 mM EDTA, 2 mM sodium pyrophos-
phate, 1 mM Na;PO,, 5 pg of aprotinin per ml, 5 pg of leupeptin per ml, 1 mM
sodium deoxycholate), and disrupted with 10 strokes of a tight-fitting Dounce
homogenizer. This procedure disrupted most cells and nuclei. Remaining whole
cells and intact nuclei were removed by centrifugation at 1,000 X g for 10 min.
The supernatant was centrifuged for 1 h at 100,000 X g in a Beckman Optima
TLX ultracentrifuge. The pellet, consisting of most cellular membranes, includ-
ing the nuclear membrane and the endoplasmic reticulum, was used for immu-
noprecipitation or immunoblot analysis.

All steps for immunoprecipitation of cPLA, were done at 1 to 4°C. Membrane
pellets were solubilized in Luria-Bertani (LB) buffer (20 mM Tris-HCI [7.4], 137
mM NaCl, 25 mM B-glycerophosphate, 2 mM sodium pyrophosphate, 2 mM
EDTA, 1 mM Na;PO,, 1 mM phenylmethylsulfonyl fluoride, 2 mM benzami-
dine, 5 ng of aprotinin per ml, 5 ug of leupeptin per ml, 0.5 mM dithiothreitol,
1% Triton X-100) by vigorously pipetting several times, mixing briefly in a Vortex
mixer, and rotating for at least 1 h. Remaining insoluble material was removed
by centrifugation for 5 min in a microcentrifuge. Protein A-Sepharose beads in
LB buffer were preincubated with a rabbit polyclonal antiserum to human cPLA,
(a generous gift from the Genetics Institute, Boston, Mass.) for 1 h and then
washed four times with LB buffer. Each membrane fraction was immunoprecipi-
tated with 50 wl of 10% (wt/vol) antibody-containing beads for 1 h, washed four
times with LB buffer, and then washed with water. Immunoprecipitates were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) with 7.5% polyacrylamide gels (acrylamide: N,N'-methylenebisacrylam-
ide, 29.2:0.8, wt/wt), as previously described (67).
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TABLE 1. E3 Ad mutant phenotypes: E3 proteins expressed” and
inhibition of TNF-induced translocation of cPLA, to membranes

Inhibition of
TNF-induced

Phenotype

Mutant

E3-104K  E3-145K E3-147K Other E3 - cPLA, trans-
proteins location
rec700° ++ ++ ++ ++ Yes
dl748°¢ - +++++ - - No
dl753 - + ++ ++ No
dl759 + - ++ ++ No
dl764 ++ - ++ ++ No
dl763 ++ - — ++ No
dl762 ++ ++ - ++ Yes
dl798°¢ +++ - + + No
pm760° +++  +++ + + Yes
Ad5? ++ ++ ++ ++ Yes
Ad5di309 - - - ++ No
Ad5dil11¢ — - - ++ No
dl7001” - - - - No
dl7000 - - +++ — No

“The following E3 proteins are expressed by rec700, AdS, and Ad2: 12.5K,
6.7K, gp19K, ADP, 10.4K, 14.5K, and 14.7K. Phenotype symbols are explained in
footnote c.

? rec700 is an Ad5-Ad2-Ad5 recombinant which is the parental virus for di748,
dl753, dI759, dI764, dI763, dl762, dI798, pm760, dI7001, and dI7000.

¢ E3-10.4K and E3-14.5K are both encoded by E3 mRNA f, and E3-14.7K is
encoded by E3 mRNA £ (8, 78). Some of the mutations in the mutants in this
table affect alternative splicing of E3 mRNAs such that mRNAs f and &, as well
as other E3 mRNAs, and the proteins they encode, are overproduced or under-
produced. Also, some of the deletions mutate the gene so that the protein cannot
be produced. For example, d/748 greatly overproduces mRNA f and underpro-
duces all other E3 mRNAs, and it has a deletion in the gene for E3-10.4K; thus,
E3-10.4K is not made, E3-14.5K is greatly overproduced, and the other E3
proteins are barely detectable (64, 65). The relative levels of the E3 proteins
synthesized by these mutants are indicated by the number of plus signs. d/798
overexpresses E3-10.4K, but it does not express E3-14.5K. pm760 overexpresses
both E3-10.4K and E3-14.5K.

4 Ad5 is the parental virus for d/309 and d/111.

¢dl111 has the same E3 deletion as d/309, and it does not express E1B-19K.

£dI7001 deletes all E3 genes, and dI7000 deletes all E3 genes except that for
E3-14.7K.

For immunoblots, membrane pellets were solubilized in 2X Laemmli buffer,
subjected to SDS-PAGE as described above, and then transferred to Immobilon
D (Millipore) membranes for 30 min with a Trans-Blot (Bio-Rad) semidry
apparatus. Mouse monoclonal antibody against cPLA, (a gift from the Genetics
Institute) was used at a dilution of 1:1,000. The second antibody, rabbit anti-
mouse immunoglobulin G conjugated to horseradish peroxidase (Amersham
Life Sciences), was used at a dilution of 1:3,000. cPLA, was visualized with an
ECL kit (Amersham Life Sciences).

Analysis of TNF-induced SDS-PAGE mobility shift of cPLA,. Cells at 8 h p.i.
were treated with TNF for 15 min, washed twice with phosphate-buffered saline,
and then lysed in boiling hot 2X Laemmli buffer (200 wl of buffer per 30-mm-
diameter dish). The cells were subjected to four cycles of boiling and vigorous
mixing to reduce viscosity, and then 20 pl was loaded onto a 20-cm-long 7.0%
polyacrylamide gel (acrylamide: N,N'-methylenebisacrylamide, 60:1, wt/wt). The
samples were subjected to SDS-PAGE; electrophoresis was terminated 4 h after
the tracking dye had run off the bottom of the gel. cPLA, was detected by
immunoblotting as described above.

[*H]AA release. Cells were labeled for 18 h in Dulbecco’s minimal essential
medium containing 10% fetal calf serum and 0.5 p.Ci of [5,6,8,12,14,15-*H]AA
(180 to 240 Ci/mmol; NEN Dupont) per ml. The cells were washed, infected with
Ad, and treated with TNF at 8 h p.i., and then [*’H]AA released into the culture
supernatant was counted.

EMSA for NFkB. Mock- or virus-infected cells were untreated or treated with
TNF at 8 h p.i. After 1 h, cytosol and membrane fractions were prepared. The
cytosol was assayed for NFkB binding activity by electrophoretic mobility shift
assay (EMSA) as described previously (16). Typically, 2 pl of cell lysate was
incubated in 20 pl of HDKE buffer (20 mM HEPES [pH 7.9], 50 mM KCI, 1.0
mM EDTA, 5% glycerol) containing 1 pg of poly(dI-dC) per wl for 10 min at
room temperature prior to the addition of 10> cpm of 3?P-labeled oligonucleo-
tide no. 1. After 10 min, bound DNA was separated from free DNA by electro-
phoresis through a 4% native polyacrylamide gel and visualized by autoradiog-
raphy. For the competition experiments, a 100-fold molar excess of unlabeled
oligonucleotides was added to the samples for 10 min prior to the addition of the
32P-labeled oligonucleotide.
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FIG. 1. rec700 (wild type) but not d/763 (14.5K™ and 14.7K™) inhibits TNF-
induced translocation of cPLA, to membranes. (A) A549 cells were mock in-
fected or infected with rec700 or dI763 and untreated or treated with TNF for 30
min at 8 h p.i.,, and then membranes were isolated and probed for cPLA, by
immunoblotting. (B) Same as for panel A, except some cells were treated with
CHX (25 pg/ml), and cPLA, in both the cytosol (lanes a to d) and membrane
(lanes e to h) fractions was detected by immunoblotting.

The sequences of the oligonucleotides, with the NFkB motif underlined, are as
follows (the oligonucleotides are duplex; only the 5'—3’ strand is shown): oli-
gonucleotide no. 1, 5'-TCGAGGGGAATTCCCGTCGA-3'; oligonucleotide no.
2, 5'-CCGAACATTGCACAATCTGGGAATTCCCCCGA-3'; oligonucleotide
no. 3, 5'-CCGAACATTGCACAATCTATCTATCTCCCCGA-3'; oligonucleo-
tide no. 4, 5'-CCGAACACTACAAACTCTGGGAATTCCCCCGA-3'.

RESULTS

Ad E3-10.4K/14.5K protein complex is required to inhibit
TNF-induced translocation of cPLA, to membranes. cPLA -
induced cleavage of AA occurs when cPLA, is phosphorylated
by MAPK and is translocated from the cytosol to membranes
in the presence of small amounts of Ca*>*. As shown in Fig. 1A,
cPLA, was not detectable by immunoblotting in the membrane
fraction from A549 cells that were mock infected (lane a) or
infected with rec700 (wild-type Ad) (lane b). Treatment with
TNF for 30 min caused cPLA, to translocate to membranes
(Fig. 1A, lane c). TNF-induced translocation of cPLA, was
blocked in cells infected with rec700 (Fig. 1A, lane d) but not
with dI763, a mutant that lacks E3-14.5K and E3-14.7K (Fig.
1A, lane €). When both the cytosol and membrane fractions
were examined, neither TNF, CHX (which sensitizes cells to
TNF), nor rec700 markedly affected cPLA, levels in the cytosol
(Fig. 1B, lanes a to d). However, rec700 inhibited translocation
to membranes when cells were treated with TNF alone (Fig.
1B, lane g) or TNF plus CHX (Fig. 1B, lane h). These results
indicate that TNF induces translocation of cPLA, from the
cytosol to membranes; that neither TNF, rec700, nor CHX
markedly affects the total amount of cPLA, in the cell; that
wild-type rec700 blocks TNF-induced translocation of cPLA,
to membranes; that E3 proteins deleted from dl763 (14.5K and
14.7K) are required to inhibit TNF-induced translocation of
cPLA,; and that E1B-19K, which is expressed by dl763 (data
not shown), does not block TNF-induced translocation of
cPLA.,.

The kinetics of TNF-induced translocation of cPLA, to
membranes were examined, in this case by metabolically label-
ing cPLA, with Na;**PO, and then immunoprecipitating **P-
labeled cPLA, from the membrane fraction. Latent inactive
cPLA, is phosphorylated at multiple sites by unknown kinases
(15, 54), so this experiment measures total translocated cPLA,,
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FIG. 2. TNF-induced translocation of cPLA, to membranes occurs within 20
min, is sustained until at least 2 h, and is inhibited by rec700. Cells were labeled
with Na;3?PO,, infected with rec700, and treated with TNF from 8 to 9 h p.i., and
32P-labeled cPLA, was immunoprecipitated from the membrane fraction.

not simply cPLA, that has been phosphorylated in response to
TNF. (Neither Ad infection nor TNF treatment markedly af-
fected the bulk of total cellular cPLA, that was metabolically
labeled with Na;*?PO, under these conditions; see Fig. 7.)
TNF-induced translocation of [*’P]cPLA, was barely detect-
able after 10 min of TNF treatment, was obvious after 20 min,
continued to increase until 120 min (Fig. 2, lanes a, c, e, g, and
i), and was still apparent after 6 h (data not shown). Translo-
cation of [**P]cPLA, was not observed in rec700-infected cells
at 10 to 120 min following TNF treatment (Fig. 2, lanes b, d, f,
h, and j). Thus, in subsequent experiments cells were treated
with TNF for 30 to 60 min prior to immunoprecipitating [>*P]
cPLA, from the membrane fraction.

Selected Ad mutants were used to further examine the E3
genes responsible for blocking TNF-induced translocation of
cPLA, to membranes (the E3 proteins expressed by these
mutants are indicated in Table 1). As expected, TNF-induced
translocation of [>*P]JcPLA, was not inhibited by dI7001, a
mutant that lacks all E3 genes (Fig. 3A, lane d). E3-14.7K is
one of the proteins that inhibits TNF-induced release of AA
and apoptosis (22, 23, 24, 33, 41, 55, 81). However, E3-14.7K is
not required to inhibit cPLA, translocation, because translo-
cation was inhibited with dl762 which lacks only 14.7K, and it
was not inhibited with d/7000 in which 14.7K is the only E3
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FIG. 3. Inhibition of cPLA, translocation does not require E3-14.7K, and it
occurs with AdS as well as rec700. (A) Mock- or E3 mutant-infected cells labeled
with Na;*?PO, were untreated or treated with TNF at 8 to 9 h p.i., and then [*?P]
cPLA, was immunoprecipitated from the membrane fraction. d/7001 lacks all E3
genes, dI7000 expresses only E3-14.7K, and dI762 lacks only E3-14.7K. (B) Same
conditions as for panel A. dI309 lacks E3-10.4K, E3-14.5K, and E3-14.7K. dl111
lacks the same E3 genes as dI309, but it also lacks E1B-19K.
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FIG. 4. Both E3-10.4K and E3-14.5K are required to inhibit TNF-induced
translocation of cPLA, to membranes. (A) Mock- or E3 mutant-infected cells
labeled with Na;*?PO, were treated with TNF at 8 to 9 h p.i., and then [*?P]
cPLA, was immunoprecipitated from the membrane fraction. In lane f, cells
were coinfected with d/798 and dI748 (100 PFU/cell for each mutant). A549/
14.5K (lane i) is a clonal line of A549 cells stably expressing E3-14.5K. (B)
Immunoprecipitation of >?P-labeled Ad E1A proteins from the membrane su-
pernatant of the extracts used in panel A. (C) Immunoprecipitation of [**P]
cPLA, from the membrane fraction of mock- or d/798-infected A549/14.5K cells.

protein expressed (Fig. 3A, lanes e and f). As a positive control
for infection with these mutants, **P-labeled Ad E1A proteins
were immunoprecipitated from the same extracts as [*?P]
cPLA,; all mutants expressed the E1A proteins (data not
shown).

Ad type 5 (Ad5) inhibited [**P]cPLA, translocation (Fig.
3B, lane b), establishing that this property is not unique to
rec700, an Ad5-Ad2-AdS recombinant. As expected, inhibition
was not observed with the Ad5 mutant d/309, which lacks the
E3 10.4K, 14.5K, and 14.7K proteins (4) (Fig. 3B, lane c), nor
was inhibition observed with d/111, which lacks the same E3
genes as dI309 and also lacks E1B-19K (2) (Fig. 3B, lane d).

Additional mutants were used to establish more precisely
which E3 proteins are required to inhibit TNF-induced trans-
location of cPLA,. As shown in Fig. 4A, TNF-induced [**P]
cPLA, translocation (lane h) was prevented by rec700 (lane g)
and pm760 (lane d), a mutant that markedly overproduces
E3-10.4K and E3-14.5K and underproduces all other E3 pro-
teins (64). Translocation of cPLA, was not inhibited by dI759
or dI798, mutants that express E3-10.4K but not E3-14.5K, or
by dI748 or dl753, mutants that express E3-14.5K but not E3-
10.4K. dl759 and dI753 express all other E3 proteins at wild-
type levels, so E3 proteins other than E3-10.4K and E3-14.5K
do not prevent translocation of cPLA,. When cells were coin-
fected with dI798 (which provides E3-10.4K) and d/748 (which
provides E3-14.5K), translocation of cPLA, was blocked (Fig.
4A, lane f); this indicates that dI798 and d/748 complement and
that both E3-10.4K and E3-14.5K are required to inhibit trans-
location of cPLA,.

As a further test of this conclusion, we examined an A549
cell line (A549/14.5K) stably transfected with the gene for
E3-14.5K. These cells were confirmed by immunoprecipitation
to express E3-14.5K (data not shown). TNF-induced translo-
cation of [**P]cPLA, was not prevented in the A549/14.5K cell
line (Fig. 4A, lane i). However, when these cells were infected
with dI798 (10.4K™* and 14.5K7), in which the cells provide
E3-14.5K and dI798 provides E3-10.4K, cPLA, translocation
was nearly completely blocked (Fig. 5C). This result indicates
again that E3-10.4K and E3-14.5K function in concert to in-
hibit TNF-induced translocation of cPLA,.

If rec700 inhibits TNF-induced translocation of cPLA, to
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FIG. 5. rec700 inhibits TNF-induced release of [*’H]AA. Cells were prela-
beled with [PH]AA, mock infected or infected with rec700, and treated with TNF
from 8 to 9 h p.i., and [PH]AA release into the culture supernatant was deter-
mined.

membranes where cPLA, generates AA, then rec700 should
inhibit TNF-induced release of AA. To test this, cells were
prelabeled with [PH]AA, mock infected or infected with
rec700, and treated with TNF, and the release of [*’H]JAA into
the medium was determined. As expected, rec700 inhibited
TNF-induced release of [PH]JAA (Fig. 5). We have shown pre-
viously that mutants which lack the E3-10.4K, E3-14.5K, and
E3-14.7K proteins do not inhibit TNF-induced release of AA
(41).

The ability of Ad to inhibit translocation of cPLA, to mem-
branes induced by several other agonists was examined. As
shown in Fig. 6A, TNF, IL-1B, A23187, CHX, and PDGF
induced translocation of [**P]cPLA, to membranes. rec700

A' TNF
rec’b0 - +

CPLA?" P — -— — -
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FIG. 6. rec700 inhibits cPLA, translocation in response to TNF, the calcium
ionophore A23187, and CHX but not in response to IL-18 or PDGF; only
inhibition of TNF-induced cPLA, translocation requires E3-14.5K. (A) Mock- or
rec700-infected cells labeled with Na;*?PO, were treated with TNF, IL-18,
A23187, CHX, or PDGF at 8 to 9 h p.i., and then [*>P]cPLA, was immunopre-
cipitated from the membrane fraction. (B) Same conditions as for panel A. dI764
lacks only E3-14.5K.
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FIG. 7. rec700 does not affect the phosphorylation of cPLA,. Cells were
labeled with Na;32PO,, infected with rec700 or d1763 (145K and 14.7K™), and
then treated with TNF at 8 to 9 h p.i. Membrane (A) and cytosol (B) fractions
were isolated, and 3*P-labeled cPLA, was immunoprecipitated.

inhibited cPLA, translocation in response to TNF, A23187,
and CHX but not in response to IL-18 or PDGF. Thus, Ad
inhibits cPLA, translocation induced by some but not all ago-
nists. Mutant d/764 (14.5K™) inhibited [**P]cPLA, transloca-
tion induced by A23187 (Fig. 6B, lanes f to h) or CHX (lanes
1 to n) but not that induced by TNF (lanes i to k). Thus,
E3-10.4K/14.5K is required to block cPLA, translocation in
response to TNF but not in response to A23187 or CHX.

Ad infection does not inhibit TNF-induced phosphorylation
of cPLA, or activation of NFkB. cPLA, is phosphorylated at
multiple sites (15, 54). To assess how TNF treatment and Ad
infection affect the phosphorylation of cPLA,, cells were in-
fected with rec700 or dI763 (14.5K™ and 14.7K"), labeled for
6 h with Na;*?PO,, and treated or not treated with TNF, and
cPLA, was immunoprecipitated from the membrane and cy-
tosol fractions. The total amounts of [**P]cPLA, in the mem-
brane-plus-cytosol extract from each infection appeared to be
roughly similar, e.g., the amount of cPLA, in lane a of Fig. 7B
is similar to the sum of the cPLA, in lanes b of Fig. 7A and B.
Thus, neither TNF treatment nor Ad infection markedly af-
fects the bulk of cPLA, that can be metabolically labeled with
Na,**PO,.

Phosphorylation of cPLA, on serine 505 by MAPK is re-
ported to decrease the mobility of cPLA, in SDS-PAGE (1, 50,
52). Indeed, two bands of cPLA, could be resolved on a 20-
cm-long gel with a 60:1 ratio of acrylamide to bisacrylamide
(Fig. 8, lane b). Most of the cPLA, in untreated cells migrated
as the slower band. TNF treatment shifted all of the cPLA, to
the slower band (Fig. 8, lane c); this shift was not affected by
rec700 infection (lane d). These results provide indirect evi-
dence that TNF induces phosphorylation of cPLA,, perhaps on
serine 505, and that this phosphorylation is not affected by Ad
infection. The observation that TNF induces a relatively small
fraction of cPLA, to the slower-migrating form (Fig. 8) is
consistent with the observation that TNF does not markedly
increase the metabolic labeling of cPLA, with Na,;**PO, (Fig.
7).

The results in Fig. 8 indicate that Ad infection does not
inhibit all aspects of TNF signal transduction. As an alternative
means to address this question, TNF activation of NFkB was
examined by EMSA at 8 h p.i. As shown in Fig. 9, neither
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FIG. 8. rec700 does not inhibit TNF-induced mobility shift of cPLA, in SDS-
PAGE. Mock- or rec700-infected cells were treated with TNF for 15 min at 8 h
p.i., and then total cellular cPLA, was examined by immunoblotting with a 20-cm
gel with an acrylamide/bisacrylamide ratio of 60:1. The upper band has been
reported to be diagnostic of phosphorylation of cPLA, on serine 505, an event
that increases the activity of cPLA,.

rec700 nor dl763 (145K~ and 14.7K™) inhibited the TNF-
induced gel shift of a **P-labeled oligonucleotide containing
NFkB binding sites. In this same experiment, TNF-induced
translocation of cPLA, to membranes was completely blocked
(data not shown). Thus, inhibition of cPLA, translocation does
not reflect a general inhibition of TNF signal transduction.

_ TINF| — | — [+ ]+ |+ |+ |+]|+]+
.___Iec700 (wild-type) | — | + |- |+]|~ |- |-|-|-
adI763 (14.5K, 14.7K) [ — | = [= [= [+ [=[=|-|-
Oligo1: NFkB', C/EBP’ | - |- |- |- |- [+[|-[-|-
| Oligo2: NFxB*, C/EBP” | — | — |- [ [ [~[*+]-|-
Oligo3: NFkB, C/EBP™ | = | = = [— [— [~ [—[+]~
Oligod: NFxB', C/EBP" [ - [— [ [-[-[-[-[-[+

NF«B
corhplex -

abcdef ghi

FIG. 9. rec700 and dI763 do not inhibit TNF activation of NFkB. Mock- or
virus-infected cells were treated with TNF from 8 to 9 h p.i. and then fractionated
into cytosol and membranes. The cytosol was assayed for NFkB activity by
EMSA. In lanes f to i, unlabeled oligonucleotides that do or do not contain
binding motifs for the NFkB and C/EBP transcription factors were used (see
Materials and Methods). Competition was observed with oligonucleotides no. 1,
2, and 4, which contain the NFkB motif. In the membrane fraction, rec700 but
not d/763 (14.5K™ and 14.7K™) inhibited translocation of cPLA, to membranes
(data not shown).
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DISCUSSION

Three sets of Ad proteins, E3-10.4K/14.5K, E3-14.7K, and
E1B-19K, have been implicated in inhibition of TNF-induced
apoptosis in cells infected with Ad mutants. E3-10.4K/14.5K
and E3-14.7K have also been shown to inhibit TNF-induced
release of AA mediated by cPLA,. TNF activation of cPLA,
activity to generate AA from membrane phospholipids is nec-
essary but not sufficient for TNF-induced apoptosis. For most
agonists, it is believed that synthesis of AA by cPLA, requires
that cPLA, be activated by phosphorylation, perhaps on serine
505 by MAPK, and that cPLA, translocate to membranes in a
Ca®"-dependent manner (6, 10, 19, 50-52, 57). In this report,
we have shown that TNF induces translocation of cPLA, from
the cytosol to membranes. We have also established that E3-
10.4K/14.5K, but not E3-14.7K or E1B-19K, is required to
inhibit TNF-induced translocation of cPLA, to membranes in
human A549 cells infected with Ad mutants lacking these pro-
teins. Thus, E3-10.4K/14.5K may block TNF-induced AA re-
lease and apoptosis by preventing translocation of activated
cPLA, to membranes.

In addition to TNF, we have shown that IL-18, PDGF, and
A23187 induce cPLA, translocation to membranes in vivo.
This is expected because these agents induce AA release. We
have also shown that CHX induces cPLA, translocation; CHX
does not induce significant AA release (41, 81), so a second
event, perhaps phosphorylation, must be required to activate
cPLA,. Ca*" is required for cPLA, to associate with mem-
branes in vitro, and A23187 induces cPLA, translocation in
vivo. Phosphorylation by MAPK is not required for cPLA,
translocation in vivo (57) or in vitro (10, 51). Thus, TNF,
IL-1B8, PDGF, and CHX probably induce cPLA, translocation
by mobilizing the submicromolar amounts of Ca®* that are
required for cPLA, translocation to occur. Ad infection inhib-
ited cPLA, translocation in response to A23187 and CHX; we
are attempting to identify the Ad genes responsible for this
inhibition.

It is unlikely that E3-10.4K/14.5K inhibits the actual cPLA,
translocation step, because Ad infection did not inhibit cPLA,
translocation in response to IL-18 or PDGF. Considering that
Ca®" but not phosphorylation is required for translocation of
cPLA,, our results could be interpreted to indicate that E3-
10.4K/14.5K inhibits TNF-induced increase in intracellular
Ca®". If so, then E3-10.4K/14.5K could function anywhere in
the signal transduction pathway from the TNF receptor to this
putative TNF-specific Ca*>* channel.

There are two receptors for TNF, TNFR1 and TNFR2.
Most aspects of signal transduction in nonhematopoietic cells,
including apoptosis and activation of NF«B, occur via TNFR1
(reviewed in reference 28). E3-10.4K/14.5K is known to stim-
ulate the endosome-mediated internalization and degradation
of the receptors for epidermal growth factor (5, 66), insulin,
and insulin-like growth factor 1 (46). We do not know whether
E3-10.4K/14.5K also down-regulates TNFR1 or TNFR2. If so,
this probably does not explain the ability of E3-10.4K/14.5K to
inhibit cPLA, translocation, because such inhibition was ob-
served in cells where TNF was able to induce phosphorylation
of cPLA, and to activate NFkB. Ad infection also did not
inhibit TNF-induced activation of NFkB in mouse 1.929 cells
(30).

Interaction of TNF with TNFR1 induces oligomerization of
the receptor and binding of several proteins to the receptor
(reviewed in reference 3). TRADD binds the receptor, and
FADD, TRAF2, and RIP bind TRADD. TNFR1-TRADD-
FADD complexes signal apoptosis, and TNFR1-TRADD-
TRAF2 complexes activate NFkB (35). TNFR1-TRADD-
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RIP complexes induce both apoptosis and NFkB activation
(34). The mechanisms by which these protein complexes signal
are unknown. One possibility is that sphingomyelinases are
activated by TNF to generate ceramide, which acts as a second
messenger (reviewed in references 26 and 40). Neutral and
acidic sphingomyelinases reportedly are involved in apoptosis
and NFkB activation (75). Ceramide activates a ceramide-
activated protein phosphatase which may indirectly induce ap-
optosis (26). Ceramide also activates ceramide-activated pro-
tein kinase (40). All of these proteins are associated with
membranes, and therefore, inhibition of any of their activities
could be the mechanism by which the E3-10.4K/14.5K integral
membrane protein complex blocks cPLA, translocation.

TNF modestly activates MAPK, but it strongly activates the
stress-induced pathways where c-Jun kinase and a p38 kinase
play a role analogous to that of MAPK (reviewed in references
13 and 38). These stress pathways have been implicated in
apoptosis (70, 80). However, it is not known whether these
pathways are affected by E3-10.4K/14.5K.

Mice infected in the lung with Ad suffer a modest inflam-
matory response which is dramatically enhanced with Ad mu-
tants that lack both E3-10.4K/14.5K and E3-14.7K (61). Ex-
pression of either E3-10.4K/14.5K or E3-14.7K is sufficient to
give a wild-type phenotype. AA generated by cPLA, can be
metabolized to the proinflammatory prostaglandins and leuko-
trienes. Thus, E3-10.4K/14.5K may inhibit not only apoptosis
but also inflammation in Ad infections by inhibiting TNF-
induced translocation of cPLA, to membranes.

ACKNOWLEDGMENTS

This work was supported by grants CA58538 and CA24710 (to
W.S.M.W.) from the National Institutes of Health and by Hungarian
grants OTKA T016375 and ETT T01326/93 (to P.K.).

We thank the Genetics Institute for the cPLA, antiserum and Jayma
Mikes for preparation of the manuscript and figures.

REFERENCES

1. Abdullah, K., W. A. Cromlish, P. Payette, F. Laliberté, Z. Huang, I. Street,
and B. P. Kennedy. 1995. Human cytosolic phospholipase A, expressed in
insect cells is extensively phosphorylated on Ser-505. Biochim. Biophys. Acta
1244:157-164.

2. Babiss, L. E., P. B. Fisher, and H. S. Ginsberg. 1984. Effect on transforma-
tion of mutations in the early region 1b-encoded 21- and 55-kilodalton
proteins of adenovirus 5. J. Virol. 52:389-395.

3. Baker, S. J., and E. P. Reddy. 1996. Transducers for life and death: TNF
receptor superfamily and associated proteins. Oncogene 12:1-9.

4. Bett, A. J., V. Krougliak, and F. L. Graham. 1995. DNA sequence of the
deletion/insertion in early region 3 of Ad5 d/309. Virus Res. 39:75-82.

5. Carlin, C. R., A. E. Tollefson, H. A. Brady, B. L. Hoffman, and W. S. M.
Wold. 1989. Epidermal growth factor receptor is down-regulated by a 10,400
MW protein encoded by the E3 region of adenovirus. Cell 57:135-144.

6. Channon, J. Y., and C. C. Leslie. 1990. A calcium-dependent mechanism for
associating a soluble arachidonoly-hydrolyzing phospholipase A, with mem-
brane in the macrophage cell line RAW 264.7. J. Biol. Chem. 265:5409-5413.

7. Chen, M. J., B. Holskin, J. Strickler, J. Gorniak, M. A. Clark, P. J. Johnson,
M. Mitcho, and D. Shalloway. 1987. Induction by E1A oncogene expression
of cellular susceptibility to lysis by TNF. Nature 330:581-583.

8. Chiou, S. K., C. C. Tseng, L. Rao, and E. White. 1994. Functional comple-
mentation of the adenovirus E1B 19-kilodalton protein with Bcl-2 in the
inhibition of apoptosis in infected cells. J. Virol. 68:6553-6566.

9. Cladaras, C., and W. S. M. Wold. 1985. DNA sequence of the early E3
transcription unit of adenovirus 5. Virology 140:28-43.

10. Clark, J. D., L. L. Lin, R. W. Kriz, C. S. Ramesha, L. A. Sultzman, A. Y. Lin,
N. Milona, and J. L. Knopf. 1991. A novel arachidonic acid-selective cyto-
solic PLA,, contains a Ca™ *-dependent translocation domain with homology
to PKC and GAP. Cell 65:1043-1051.

11. Clem, R. J., J. M. Hardwick, and L. K. Miller. 1996. Anti-apoptotic genes of
baculoviruses. Cell Death Differ. 3:9-16.

12. Cleveland, J. L., and J. N. Ihle. 1995. Contenders in FasL/TNF death sig-
naling. Cell 81:479-482.

13. Davis, R. J. 1994. MAPKs: new JNK expands the group. Trends Biochem.
Sci. 19:470-473.

14. de Carvalho, M. G. S., J. Garritano, and C. C. Leslie. 1995. Regulation of



2836

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.
29.
30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

DIMITROV ET AL.

lysophospholipase activity of the 85-kDa phospholipase A, and activation in
mouse peritoneal macrophages. J. Biol. Chem. 270:20439-20446.

de Carvalho, M. G. S., A. L. McCormack, E. Olson, F. Ghomashchi, M. H.
Gelb, J. R. Yates III, and C. C. Leslie. 1996. Identification of phosphoryla-
tion sites of human 85-kDa cytosolic phospholipase A, expressed in insect
cells and present in human monocytes. J. Biol. Chem. 271:6987-6997.
Diehl, J. A., and M. Hannink. 1994. Identification of a Rel: C/EPB complex
in avian lymphoid cells. Mol. Cell. Biol. 14:6635-6646.

Duerksen-Hughes, P., W. S. M. Wold, and L. R. Gooding. 1989. Adenovirus
EI1A renders infected cells sensitive to cytolysis by tumor necrosis factor.
J. Immunol. 143:4193-4200.

Durstin, M., S. Durstin, T. F. Molski, E. L. Becker, and R. I. Sha’afi. 1994.
Cytoplasmic phospholipase A, translocates to membrane fraction in human
neutrophils activated by stimuli that phosphorylate mitogen-activated pro-
tein kinase. Proc. Natl. Acad. Sci. USA 91:3142-3146.

Glover, S., T. Bayburt, M. Jonas, E. Chi, and M. H. Gelb. 1995. Transloca-
tion of the 85-kDa phospholipase A, from cytosol to the nuclear envelope in
rat basophilic leukemia cells stimulated with calcium ionophore or IgE/
antigen. J. Biol. Chem. 270:15359-15367.

Gooding, L. R. 1994. Regulation of TNF-mediated cell death and inflamma-
tion by human adenoviruses. Infect. Agents Dis. 3:106-115.

Gooding, L. R., L. Aquino, P. J. Duerksen-Hughes, D. Day, T. M. Horton,
S. P. Yei, and W. S. M. Wold. 1991. The E1B 19,000-molecular-weight
protein of group C adenoviruses prevents tumor necrosis factor cytolysis of
human cells but not of mouse cells. J. Virol. 65:3083-3094.

Gooding, L. R., L. W. Elmore, A. E. Tollefson, H. A. Brady, and W. S. M.
Wold. 1988. A 14,700 MW protein from the E3 region of adenovirus inhibits
cytolysis by tumor necrosis factor. Cell 53:341-346.

Gooding, L. R., T. S. Ranheim, A. E. Tollefson, L. Aquino, P. Duerksen-
Hughes, T. M. Horton, and W. S. M. Wold. 1991. The 10,400- and 14,500-
dalton proteins encoded by region E3 of adenovirus function together to
protect many but not all mouse cell lines against lysis by tumor necrosis
factor. J. Virol. 65:4114-4123.

Gooding, L. R., I. O. Sofola, A. E. Tollefson, P. Duerksen-Hughes, and
W. S. M. Wold. 1990. The adenovirus E3-14.7K protein is a general inhibitor
of tumor necrosis factor-mediated cytolysis. J. Immunol. 145:3080-3086.
Green, M., and W. S. M. Wold. 1979. Human adenoviruses: growth, purifi-
cation, and transfection assay. Methods Enzymol. 58:425-435.

Hannun, Y. A,, and L. M. Obeid. 1995. Ceramide: an intracellular signal for
apoptosis. Trends Biochem. Sci. 20:73-77.

Hayakawa, M., N. Ishida, K. Takeuchi, S. Shibamoto, T. Hori, N. Oku, F. Ito,
and M. Tsujimoto. 1993. Arachidonic acid-selective cytosolic phospholipase
A, is crucial in the cytotoxic action of tumor necrosis factor. J. Biol. Chem.
268:11290-11295.

Heller, R. A., and M. Kronke. 1994. Tumor necrosis factor receptor-medi-
ated signaling pathways. J. Cell. Biol. 126:5-9.

Henkart, P. A. 1996. ICE family proteases: mediators of all apoptotic cell
death? Immunity 4:195-201.

Hermiston, T. W., A. E. Tollefson, T. Dimitrov, and W. S. M. Wold. Unpub-
lished results.

Hoeck, W. G., C. S. Ramesha, D. J. Chang, N. Fan, and R. A. Heller. 1993.
Cytoplasmic phospholipase A, activity and gene expression are stimulated by
tumor necrosis factor: dexamethasone blocks the induced synthesis. Proc.
Natl. Acad. Sci. USA 90:4475-4479.

Hoffman, P., M. B. Yaffe, B. L. Hoffman, S. Yei, W. S. M. Wold, and C.
Carlin. 1992. Characterization of the adenovirus E3 protein that down-
regulates the epidermal growth factor receptor. Evidence for intermolecular
disulfide bonding and plasma membrane localization. J. Biol. Chem. 267:
13480-13487.

Horton, T. M., T. S. Ranheim, L. Aquino, D. I. Kusher, S. K. Saha, C. F.
Ware, W. S. M. Wold, and L. R. Gooding. 1991. Adenovirus E3 14.7K protein
functions in the absence of other adenovirus proteins to protect transfected
cells from tumor necrosis factor cytolysis. J. Virol. 65:2629-2639.

Hsu, H., J. Huang, H.-B. Shu, V. Baichwal, and D. V. Goeddel. 1996. TNF-
dependent recruitment of the protein kinase RIP to the TNF receptor-1
signaling complex. Immunity 4:387-396.

Hsu, H., H.-B. Shu, M.-G. Pan, and D. V. Goeddel. 1996. TRADD-TRAF2
and TRADD-FADD interactions define two distinct TNF receptor 1 signal
transduction pathways. Cell 84:299-308.

Jaattela, M., M. Benedict, M. Tewari, J. A. Shayman, and V. M. Dixit. 1995.
Bcl-x and Bcl-2 inhibit TNF and Fas-induced apoptosis and activation of
phospholipase A, in breast carcinoma cells. Oncogene 10:2297-2305.
Jones, N., and T. Shenk. 1978. Isolation of deletion and substitution mutants
of adenovirus type 5. Cell 13:181-188.

Karin, M., and T. Hunter. 1995. Transcriptional control by protein phos-
phorylation: signal transmission from the cell surface to the nucleus. Curr.
Biol. 5:747-757.

Kast, R., G. Fiirstenberger, and F. Marks. 1993. Activation of cytosolic
phospholipase A, by transforming growth factor-a in HEL-30 keratinocytes.
J. Biol. Chem. 268:16795-16802.

Kolesnick, R., and D. W. Golde. 1994. The sphingomyelin pathway in tumor
necrosis factor and interleukin-1 signaling. Cell 77:325-328.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

61.

62.

63.

J. VIROL.

Krajcsi, P., T. Dimitrov, T. W. Hermiston, A. E. Tollefson, T. S. Ranheim,
S. B. Vande Pol, A. H. Stephenson, and W. S. M. Wold. 1996. The adenovirus
E3-14K protein and the E3-10.4K/14.5K complex of proteins, which inde-
pendently inhibit tumor necrosis factor (TNF)-induced apoptosis, also inde-
pendently inhibit TNF-induced release of arachidonic acid. J. Virol. 70:
4904-4913.

Krajcsi, P., A. E. Tollefson, C. W. Anderson, A. R. Stewart, C. R. Carlin, and
W. S. M. Wold. 1992. The E3-10.4K protein of adenovirus is an integral
membrane protein that is partially cleaved between Ala,, and Ala,; and has
a C,, orientation. Virology 187:131-144.

Krajcsi, P., A. E. Tollefson, C. W. Anderson, and W. S. M. Wold. 1992. The
adenovirus E3 14.5-kilodalton protein, which is required for down-regulation
of the epidermal growth factor receptor and prevention of tumor necrosis
factor cytolysis, is an integral membrane protein oriented with its C terminus
in the cytoplasm. J. Virol. 66:1665-1673.

Krajcsi, P., A. E. Tollefson, and W. S. M. Wold. 1992. The E3-14.5K integral
membrane protein of adenovirus that is required for down-regulation of the
EGF receptor and for prevention of TNF cytolysis is O-glycosylated but not
N-glycosylated. Virology 188:570-579.

Krajcsi, P., and W. S. M. Wold. 1992. The adenovirus E3-14.5K protein
which is required for prevention of TNF cytolysis and for down-regulation of
the EGF receptor contains phosphoserine. Virology 187:492-498.
Kuivinen, E., B. L. Hoffman, P. A. Hoffman, and C. R. Carlin. 1993. Struc-
turally related class I and class II receptor protein tyrosine kinases are
down-regulated by the same E3 protein coded for by human group C ad-
enoviruses. J. Cell Biol. 120:1271-1279.

Laster, S. M., W. S. M. Wold, and L. R. Gooding. 1994. Adenovirus proteins
that regulate susceptibility to TNF also regulate the activity of PLA,. Semin.
Virol. 5:431-442.

Lin, L. L., A. Y. Lin, and D. L. DeWitt. 1992. Interleukin-la induces the
accumulation of cytosolic phospholipase A, and the release of prostaglandin
E, in human fibroblasts. J. Biol. Chem. 267:23451-23454.

Lin, L. L., A. Y. Lin, and J. L. Knopf. 1992. Cytosolic phospholipase A, is
coupled to hormonally regulated release of arachidonic acid. Proc. Natl.
Acad. Sci. USA 89:6147-6151.

Lin, L. L., M. Wartmann, A. Y. Lin, J. L. Knopf, A. Seth, and R. J. Davis.
1993. cPLA, is phosphorylated and activated by MAP kinase. Cell 72:269-
278.

Nalefski, E. A., L. A. Sultzman, D. M. Martin, R. W. Kriz, P. S. Towler, J. L.
Knopf, and J. D. Clark. 1994. Delineation of two functionally distinct do-
mains of cytosolic phospholipase A,, a regulatory Ca™ "-dependent lipid-
binding domain and a Ca* *-independent catalytic domain. J. Biol. Chem.
269:18239-18249.

Nemenoff, R. A., S. Winitz, N. X. Qian, V. Van Putten, G. L. Johnson, and
L. E. Heasley. 1993. Phosphorylation and activation of a high molecular
weight form of phospholipase A, by p42 microtubule-associated protein 2
kinase and protein kinase C. J. Biol. Chem. 268:1960-1964.

Peters-Golden, M., and R. W. McNish. 1993. Redistribution of 5-lipoxygen-
ase and cytosolic phospholipase A, to the nuclear fraction upon macrophage
activation. Biochem. Biophys. Res. Commun. 196:147-153.

Qiu, Z.-H., M. S. de Carvalho, and C. C. Leslie. 1993. Regulation of phos-
pholipase A, activation by phosphorylation in mouse peritoneal macro-
phages. J. Biol. Chem. 268:24506-24513.

Ranheim, T. S., J. Shisler, T. M. Horton, L. J. Wold, L. R. Gooding, and
W. S. M. Wold. 1993. Characterization of mutants within the gene for the
adenovirus E3 14.7-kilodalton protein which prevents cytolysis by tumor
necrosis factor. J. Virol. 67:2159-2167.

Sa, G., G. Murugesan, M. Jaye, Y. Ivashchenko, and P. L. Fox. 1995. Acti-
vation of cytosolic phospholipase A, by basic fibroblast growth factor via a
p42 mitogen-activated protein kinase-dependent phosphorylation pathway in
endothelial cells. J. Biol. Chem. 270:2360-2366.

Schievella, A. R., M. K. Regier, W. L. Smith, and L.-L. Lin. 1995. Calcium-
mediated translocation of cytosolic phospholipase A, to the nuclear enve-
lope and endoplasmic reticulum. J. Biol. Chem. 270:30749-30754.

Shen, Y., and T. E. Shenk. 1995. Viruses and apoptosis. Curr. Opin. Genet.
Dev. 5:105-111.

Shisler, J., P. Duerksen-Hughes, T. W. Hermiston, W. S. M. Wold, and L. R.
Gooding. 1996. Induction of susceptibility to tumor necrosis factor by ade-
novirus E1A is dependent upon binding to either p300 or pl105-Rb and
induction of DNA synthesis. J. Virol. 70:68-77.

. Smith, G. L. 1994. Virus strategies for evasion of the host response to

infection. Trends Microbiol. 2:81-88.

Sparer, T., R. A. Tripp, D. L. Dillehay, T. W. Hermiston, W. S. M. Wold, and
L. R. Gooding. 1996. The role of adenovirus early region 3 proteins (gp19K,
10.4K, 14.5K, and 14.7K) in a murine pneumonia model. J. Virol. 70:2431-
2439.

Stewart, A. R, A. E. Tollefson, P. Krajcsi, S. P. Yei, and W. S. M. Wold. 1995.
The adenovirus E3 10.4K and 14.5K proteins, which function to prevent
cytolysis by tumor necrosis factor and to down-regulate the epidermal growth
factor receptor, are localized in the plasma membrane. J. Virol. 69:172-181.
Subramanian, T., J. M. Boyd, and G. Chinnadurai. 1995. Functional sub-
stitution identifies a cell survival promoting domain common to adenovirus



VoL. 71, 1997

64.

65.

66.

67.

68.
69.

70.

71.

72.

E1B 19 kDa and Bcl-2 proteins. Oncogene 11:2403-2409.

Tollefson, A. E., P. Krajcsi, M. H. Pursley, L. R. Gooding, and W. S. M.
Wold. 1990. A 14,500 MW protein is coded by region E3 of group C human
adenoviruses. Virology 175:19-29.

Tollefson, A. E., P. Krajcsi, S. P. Yei, C. R. Carlin, and W. S. M. Wold. 1990.
A 10,400-molecular-weight membrane protein is coded by region E3 of
adenovirus. J. Virol. 64:794-801.

Tollefson, A. E., A. R. Stewart, S. P. Yei, S. K. Saha, and W. S. M. Wold.
1991. The 10,400- and 14,500-dalton proteins encoded by region E3 of
adenovirus form a complex and function together to down-regulate the
epidermal growth factor receptor. J. Virol. 65:3095-3105.

Tollefson, A. E., and W. S. M. Wold. 1988. Identification and gene mapping
of a 14,700-molecular-weight protein encoded by region E3 of group C
adenoviruses. J. Virol. 62:33-39.

Tracey, K. J., and A. Cerami. 1993. Tumor necrosis factor, other cytokines
and disease. Annu. Rev. Cell Biol. 9:317-343.

Vaux, D. L., and A. Strasser. 1996. The molecular biology of apoptosis. Proc.
Natl. Acad. Sci. USA 93:2239-2244.

Verheij, M., R. Bose, X. H. Lin, B. Yao, W. D. Jarvis, S. Grant, M. J. Birrer,
E. Szabo, L. I. Zon, J. M. Kyriakis, A. Haimovitz-Friedman, Z. Fuks, and
R. N. Kolesnick. 1996. Requirement for ceramide-initiated SAPK/INK sig-
nalling in stress-induced apoptosis. Nature 380:75-79.

Voelkel-Johnson, C., A. J. Entingh, W. S. M. Wold, L. R. Gooding, and S. M.
Laster. 1995. Activation of intracellular proteases is an early event in TNF-
induced apoptosis. J. Immunol. 154:1707-1716.

Voelkel-Johnson, C., T. E. Thorne, and S. M. Laster. 1996. Susceptibility to
TNF in the presence of inhibitors of transcription or translation is dependent
on the activity of cPLA, in human melanoma tumor cells. J. Immunol.
156:201-207.

Ad AND TNF-INDUCED TRANSLOCATION OF cPLA, TO MEMBRANES

73.

74.

75.

76.
71.

78.

79.

80.

81.

2837

White, E. 1996. Life, death, and the pursuit of apoptosis. Genes Dev. 10:1-
15.

White, E., P. Sabbatini, M. Debbas, W. S. M. Wold, D. I. Kusher, and L. R.
Gooding. 1992. The 19-kilodalton adenovirus E1B transforming protein in-
hibits programmed cell death and prevents cytolysis by tumor necrosis factor
a. Mol. Cell. Biol. 12:2570-2580.

Wiegmann, K., S. Schutze, T. Machleidt, D. Witte, and M. Kronke. 1994.
Functional dichotomy of neutral and acidic sphingomyelinases in tumor
necrosis factor signaling. Cell 78:1005-1015.

Wold, W. S. M. 1993. Adenovirus genes that modulate the sensitivity of
virus-infected cells to lysis by TNF. J. Cell. Biochem. 53:329-335.

Wold, W. S. M., T. W. Hermiston, and A. E. Tollefson. 1994. Adenovirus
proteins that subvert host defenses. Trends Microbiol. 2:437-443.

Wold, W. S. M., A. E. Tollefson, and T. W. Hermiston. 1995. E3 transcription
unit of adenovirus, p. 237-274. In W. Doerfler and P. Bohm (ed.), The
molecular repertoire of adenoviruses. Springer-Verlag, Heidelberg, Ger-
many.

Wold, W. S. M, A. E. Tollefson, and T. W. Hermiston. 1995. Strategies of
immune modulation by adenoviruses, p. 145-183. In G. McFadden (ed.),
Viroreceptors, virokines, and related mechanisms of immune modulation by
DNA viruses. R. G. Landes Co., Austin, Tex.

Xia, Z., M. Dickens, J. Raingeaud, R. J. Davis, and M. E. Greenberg. 1995.
Opposing effects of ERK and JNK-p38 MAP kinases on apoptosis. Science
270:1326-1331.

Zilli, D., C. Voelkel-Johnson, T. Skinner, and S. M. Laster. 1992. The
adenovirus E3 region 14.7 kDa protein, heat and sodium arsenite inhibit the
TNF-induced release of arachidonic acid. Biochem. Biophys. Res. Commun.
188:177-183.



