




















els of Bel-2. Deoxycholate treatment of cytoplasmic extracts
from AT-3 Neo and AT-3 Bcl-2 cells revealed similar
amounts of NF-kappa B activity (not shown), suggesting
the absence of nuclear NF-kappa B DNA binding activity
in AT-3 Bcl-2 cells cannot be attributed to loss of NF-
kappa B expression. Additionally, differences in nuclear
NF-kappa B activity between SV-infected AT-3 Neo and
AT-3 Bcl-2 cell lines could not be attributed to global dif-
ferences in nuclear proteins, as levels of the transcription
factor AP-1 were similar in these two groups (Fig. 4 D). In
data not shown, we confirmed previous studies that have
shown that the AT-3 Bcl-2 cell line expresses high levels of
Bcl-2 protein and that these cells are resistant to SV-induced
apoptosis (Levine et al., 1993).

NF-kappa B Activation Is Necessary for SV
(AR339)-induced Apoptosis in Rat AT-3 Prostate
Carcinoma Cells, But Not in Mouse N18
Neuroblastoma Cells

The ability of thiol agents and Bcl-2 to block NF-kappa B
activation led us to determine whether NF-kappa B induc-
tion is necessary for SV-induced apoptosis. To inhibit
SV-induced NF-kappa B activation we employed double
stranded phosphorothioate oligonucleotides containing
three NF-kappa B binding sites. Several previous studies
have shown that these oligonucleotides, also known as tran-
scription factor decoys (TFDs) are efficiently taken up by
cells, bind activated NF-kappa B, and thus prevent NF-
kappa B from binding to authentic target sites within the
nucleus (Bielinska et al., 1990; Eck et al., 1993; Goldring et
al., 1995). TFDs with an NF-kappa B binding sequence or
mutant TFDs (incapable of binding NF-kappa B with high
affinity) were added to AT-3 cells 18-24 h before infec-
tion. Two distinct TFDs and their mutant pairs were uti-
lized: (a) Kappa B-1 TFD, a 42-nucleotide oligomer with
three NF-kappa B binding sequences from the cytokine 1
(CK-1) region of the GM-CSF promoter capable of bind-
ing p65 homodimers or c-rel/p65 heterodimers (Dunn et
al., 1994), and (b) kappa B-2 TFD, a 42-nucleotide oligo-
mer with three consensus sequences capable of binding
NF-kappa B heterodimers (e.g., p5S0/p65 or p50/rel B).
After the 18-24-h pretreatment period, the medium was
changed, virus and TFDs were added, and then viability
was measured 48 h later.

Concentrations of Kappa B-1 TFD as low as 500 nM
showed nearly complete protection of AT-3 cells from SV
(AR339)-induced apoptosis as measured by LDH release
(Fig. 5, A and B), cthidium homodimer staining (a dead
cell stain) (Fig. 6, A—C) and DNA fragmentation (Fig. 6
D). The protection was concentration dependent (Fig. 5
A) and was not observed with 500 nM of the mutant
Kappa B-1 TFD (Fig. 5 B). The ability of wild-type kappa
B-1 TFD but not the mutant kappa B-1 TFD to inhibit
NF-kappa B translocation was verified by measurements
of nuclear NF-kappa B binding as assayed by EMSA (Fig.
6 E). To confirm that inhibition of NF-kappa B binding to
32P.labeled oligonucleotide was not due to the presence of
residual cold TFDs copurified with nuclear extracts, we
performed a mixing experiment. If the inhibition of NF-
kappa B binding seen in nuclear extracts from virus-infected,
TFD-treated cells were due to residual cold TFDs, then
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Figure 5. Inhibition of NF-kappa B activation using NF-kappa
B-specific TFDs blocks SV-induced apoptosis in AT-3 cells. (4)
Concentration response of protection by kB-1 WT TFDs 48 h af-
ter SV infection in AT-3 cells. 125-500 nM WT kB-1 was added
to AT-3 cells 18-24 h before infection. The cells were infected
and maintained after infection in the presence of the TFD until
the percent viability was measured by determining the percent
LDH released into the medium as described in the Materials and
Methods. The kB-1 TFD binds p65 homodimers or p65/c-rel het-
erodimers. Error bars represent SEM (n = 3). (B) Effects of
wild-type TFDs and mutant TFDs on SV-induced apoptosis. The
binding specificity of kappa B-1 is described in A. Kappa B-2
binds p50/p65 and other NF-kappa B heterodimers. Mutant
TFDs (kappa B-1 or kappa B-2) did not alter viability in unin-
fected cultures (not shown). Error bars represent SEM (n = 3).

they should be able to inhibit the NF-kappa B binding ac-
tivity detected in nuclear extracts from control, virus-
infected cells. We found that the intensity of NF-kappa B
binding in extracts prepared from virus-infected, TFD un-
treated cells was not diminished by incubation with virus-
infected, TFD treated extract suggesting that cold TFD was
not copurified with the nuclear extract. We also verified
that incubation of AT-3 cells with wild-type NF-kappa B
TFDs does not alter the nuclear activity of another re-
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Figure 6. NF-kappa B TFDs block SV-induced increases in dead
cell staining and DNA fragmentation characteristic of apoptosis.
(A) Uninfected AT-3 cells visualized by Hoffman microscopy.
(Aa) AT-3 cells depicted in A treated with Ethid-1. (B) AT-3 cells,
48 h after SV infection, visualized by Hoffman microscopy. (Bb)
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dox-sensitive transcription factor, AP-1, in control or virus
infected cells (data not shown). We also verified that wild-
type and mutant NF-kappa B TFDs do not affect viral pro-
duction at 4, 24, or 48 h after infection (data not shown).

Kappa B-2 TFD (5 uM), but not the mutant kappa B-2
TFD (5 pM) was equally as effective as kappa B-1 in pre-
venting SV-induced apoptosis (Fig. 5 B). The ability of
two TFDs with distinct NF-kappa B binding site sequences
to inhibit SV (AR339)-induced apoptosis suggests that
NF-kappa B activation is necessary for SV (AR339)-induced
apoptosis in AT-3 cells.

Accumulating evidence suggests the existence of multi-
ple stimulus-specific and cell type-specific signaling paths to
apoptosis. For example, while thymocyte apoptosis induced
by radiation or etoposide is dependent on p53, thymocyte
apoptosis induced by glucocorticoids or calcium is p53-
independent (Clarke et al., 1993). Additionally, recent ob-
servations indicate that Bcl-2 overexpression prevents SV-
induced apoptosis in AT-3 prostate carcinoma cells, while
overexpression of Bcl-2 in BHK cells has no effect on SV-
induced apoptosis (J. M. Hardwick, unpublished observa-
tions). To determine whether kB TFDs prevent SV-induced
apoptosis in a cell type-specific manner, we examined the
effects of these agents on N18 neuroblastoma cells. Treat-
ment of mouse N18 neuroblastoma cells with 500 nM-30
wM kappa B-1 TFD or 500 nM-30 uM kappa B-2 TFD
had no effect on SV-induced apoptosis and did not affect
cell survival in uninfected cultures (Fig. 7 A). Despite its
failure to inhibit SV-induced apoptosis, the kappa B-2
TFD was capable of nearly completely inhibiting SV-
induced nuclear NF-kappa B activity as shown by EMSA
(Fig. 7 B). These results suggest that while NF-kappa B ac-
tivation is necessary for SV-induced apoptosis in AT-3
cells, it is not required for SV-induced apoptosis in N18 cells.

Discussion
An Alphavirus-Induced Apoptotic Pathway That
Requires NF-kappa B Activation

Using double stranded phosphorothioated oligodeoxynu-
cleotides as decoys to inhibit competitively binding of NF-

AT-3 cells depicted in B treated with Ethid-1. (C) AT-3 cells, 48 h
after SV infection in the presence of 500 nM kappa B-1 WT oli-
gonucleotide visualized by Hoffman microsopy. (Cc) AT-3 cells
depicted in C treated with Ethid-1. (D) Kappa B-1 WT TFD 500
nM blocks SV-induced DNA fragmentation. DNA was harvested
from 10° uninfected or infected cells 18 h after SV infection and
subjected to agarose gel electrophoresis and ethidium bromide
staining. In parallel, 4 X 10° cells treated with 500 nM kappa B-1
WT TFD (wt oligo) were infected and the DNA was harvested.
The bands from the standard 1-kb DNA ladder (GIBCO BRL)
contain from 1 to 12 repeats of a 1,018-bp DNA fragment. In ad-
dition to these 12 bands, the ladder contains vector DNA frag-
ments that range from 75 to 1636 bp. (E) Kappa B-1 wt TFD (wt
oligo) but not kappa B-1 mutant TFD (mutant oligo) block SV-
induced nuclear NF-kappa B activity. Wt or mutant TFDs (500
nM) were added to AT-3 cells 18-24 h before infection and main-
tained in the medium after infection as in Fig. 5 A. 4 h after infec-
tion, nuclear extracts were obtained from celis treated with no
TFD, wt TFD (500 nM) and mutant TFD (500 nM) and then
EMSAs were performed. Bar, 25 pm.
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Figure 7. NF-kappa B TFDs do not
wt oligo + block SV-induced apoptosis in N18
cells. (A) N18 neuroblastoma cells
virus + |+ were treated with 30 uM WT or
mutant TFD (kappa B-1 and kappa
B-2) as described for AT-3 cells in
Fig. 5. Percent viability was as-
— - sessed 48 h after infection by the

percent of LDH released into the

— bathing medium. Error bars repre-

sent SEM (n = 4). (B) Kappa B-2

WT TFD (wt oligo) blocks SV-

induced NF-kappa B activation in

N18 cells. 5 puM kB-2 WT TFD was

added to N18 cells 18-24 h before

» SV-infection. Cells were infected

and nuclear extracts were harvested

one hour after the end of the infec-

tion period. Large arrow points to the p50/relB complex and the

small arrow points to the minor, p50/p50 complex. The arrow-
head points to nonspecific binding activity.

kappa B to native DNA binding sites, we have shown that
NF-kappa B activation is necessary for SV-induced apop-
tosis in AT-3 prostate carcinoma cells. Single-stranded an-
tisense oligodeoxynucleotides designed to inhibit transla-
tion of mRNAs have been shown to possess antiviral activity
through nonspecific mechanisms including inhibition of vi-
ral polymerase, inhibition of viral absorption to the cell
surface, and finally, disruption of proper intracellular vesi-
cle trafficking essential for viral release into the cytoplasm
(Milligan et al., 1993; Fennewald et al., 1995). Several obser-
vations suggest that the double stranded phosphorothio-
ated oligodeoxynucleotides (TFDs) used in the present
study are acting specifically to inhibit NF-kappa B activa-
tion.

First, two wild-type NF-kappa B TFDs (kappa B-1 and
kappa B-2) with distinct consensus NF-kappa B binding
sequences, but not their corresponding mutant TFDs, block
SV-induced nuclear NF-kappa B activity (Fig. 6 E) and
SV-induced apoptosis (Figs. 5 and 6, A-D). The kappa B-1
TFD binds p65/c-rel complexes and probably inhibits p50/
p65 nuclear translocation (Fig. 6 E) indirectly by binding
p65 (Dunn et al., 1994) or by inhibiting the expression of
p65 (R. Narayanan, unpublished observations). The kappa
B-2 TFD directly binds p50/p65 and other NF-kappa B
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heterodimers and thereby competitively inhibits the nu-
clear translocation of these complexes (Bielinska et al.,
1990; Eck et al., 1993).

Second, the wild-type TFDs inhibit SV-induced nuclear
NF-kappa B activity but not nuclear AP-1 activity. Recent
studies have identified c-jun, a member of the jun family
and a subunit of the transcription factor AP-1, as a neces-
sary component of growth factor deprivation-induced apop-
tosis in sympathetic neurons (Estus et al., 1994; Ham et al.,
1995). Our observations exclude the possibility that NF-
kappa B TFDs are altering levels of AP-1 nuclear activity
and thereby inhibiting apoptosis. Finally, the failure of
NF-kappa B TFDs at concentrations up to 30 pM to in-
hibit SV-induced apoptosis in N18 neuroblastoma cells
(Fig. 7 A) suggests that nonspecific effects of oligodeoxy-
nucleotides on viral adsorption, viral replication or viral
entry are unlikely. Indeed, we found no effect of wild-type
or mutant NF-kappa B TFDs on virus production at 4, 24,
or 48 h after infection (data not shown).

Our results suggest that identification of gene targets for
NF-kappa B in AT-3 cells may shed light on regulators or
effectors of SV-induced apoptosis. Several genes impli-
cated in apoptosis such as p53 (Wu and Lozano, 1994), c-myc
(Evan et al., 1992), TGF-8 (Kyprianou and Isaacs, 1989;
Perez et al., 1994) murine interleukin 1-8 converting en-
zyme (ICE) (Casano et al., 1994), have consensus NF-
kappa B sites in their promoters. Expression of one or
more of these known proteins and/or as yet undefined pro-
teins may thus be inhibited by NF-kappa B TFDs. How-
ever, our results do not allow us to establish whether gene(s)
transactivated by NF-kappa B and required for SV-induced
apoptosis are constitutively expressed or whether they are
upregulated in response to viral infection. NF-kappa B
TFDs were added to cells 18-24 h before infection allowing
sufficient time not only for accumulation of TFDs intracel-
lularly, but potentially, also for inhibition of constitutively
expressed NF-kappa B—dependent genes before viral infec-
tion. Available evidence suggests that effectors of apopto-
sis are constitutively expressed in a variety of cell types,
while as yet undefined regulators may require de novo
protein synthesis after the onset of an apoptotic stimulus
(Jacobson et al., 1994). Future studies will clarify whether
NF-kappa B regulates constitutively expressed and/or vi-
rus-induced proteins necessary for apoptosis.

Several independent observations suggest a role for NF-
kappa B in regulating apoptosis by other stimuli in addi-
tion to SV. First, almost all activators of NF-kappa B, in-
cluding TNF-a (Polunovsky et al., 1994), IL-1 B (Ankar-
crona et al.,, 1994), peroxide (Hockenbery et al., 1993),
endotoxin (Abello et al., 1994), and HIV-1 (Malorni et al.,
1993), have been shown to induce apoptosis in cultured
cell lines. Second, all members of the NF-kappa B family
share homology in a 300 NH,-terminal amino acid stretch
called the rel domain. Recent studies have implicated one
member of this family c-rel, in mediating programmed cell
death during avian development (Abbadie et al., 1993).
The mRNA for this transcription factor is selectively in-
creased in those cells undergoing programmed cell death
in the developing chick embryo. Additional in vitro studies
revealed that overexpression of c-rel in bone marrow cells
triggers apoptosis, consistent with a role for c-rel in this
process. Third, increased expression of v-rel, a truncated
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form of c-rel that lacks the transactivating domain, is asso-
ciated with resistance to apoptosis induced by radiation,
calcium ionophores or growth factor withdrawal (Neiman
et al., 1991). It has been postulated that in this paradigm,
v-rel acts as a dominant negative and blocks gene transac-
tivation by c-rel. Finally, NF-kappa B nuclear activity is in-
creased in lymphocytes undergoing dexamethasone or
heat shock-induced apoptosis (Sikora et al., 1993). While
these converging lines of inquiry make the idea of NF-
kappa B as a general mediator of apoptosis compelling,
the observation that NF-kappa B TFDs block SV-induced
apoptosis in AT-3 cells but not N18 cells suggests the exist-
ence of apoptotic signaling pathways that are NF-kappa B
independent. These results also suggest that the same stim-
ulus may initiate different apoptosis pathways in a cell type-
specific manner. The stimulus and cell type specificity of
NF-kappa B’s role in apoptosis is further underscored by a
recent study that demonstrated that p65 knockout mice
undergo extensive programmed cell death in the liver dur-
ing embryogenesis (Beg et al., 1995).

Cell Type-specific Apoptotic Pathways

In this study, several differences in the SV-induced NF-
kappa B response between AT-3 and N18 cells may explain
the apparent lack of dependence of SV-induced apoptosis
in N18 cells on NF-kappa B. First, in N18 cells, NF-kappa
B is activated by 1 h after infection and decreases to near
basal levels by 3 h after infection (Fig. 2 A). In contrast, in
AT-3 cells, NF-kappa B activation persists and increases
up to 6 h after infection (Fig. 2 B). Thus, persistent NF-
kappa B activation by a stimulus may result in activation
of an apoptotic program, whereas those cells where NF-
kappa B is transiently activated may use other transcrip-
tional or posttranscriptional paths to apoptosis. Ghosh and
coworkers have recently shown that NF-kappa B activa-
tion can be transient or persistent depending on whether
the stimulus induces the activation of Ikappa B-a com-
plexes (transient response) or the activation of Ikappa B-a
and Ikappa B-B complexes (persistent response) (Thomp-
son et al., 1995). These observations predict that in N18
cells, SV induces the activation of Ikappa B-a complexes,
whereas in AT-3 cells, SV-induces Ikappa B-a and Ikappa
B-B complexes. They also raise the intriguing possibility
that Ikappa B-p regulates NF-kappa B complexes that can
activate the apoptotic program.

Second, the SV-induced heterodimer in N18 cells is rel
B/p50 (not shown), whereas the induced heterodimer in
AT-3 cells is pS0/p65 (Fig. 3). The recent characterization
of phenotypic differences in mutant mice deficient in rel B
or p50 provides support for the view that individual NF-
kappa B/rel family members play distinctive roles that can-
not be mimicked by other family members (Sha et al., 1995;
Weih et al., 1995). Thus, the p50/p65 heterodimer induced
by SV in AT-3 cells may transactivate genes that are not
activated by rel B/p50 in N18 cells. Finally, it is possible
that N18 cells possess compensatory and/or redundant path-
ways that allow activation of the apoptotic program de-
spite inhibition of nuclear NF-kappa B activity.

Mechanism of Action of Thiol Agents and Bcl-2
In addition to implicating NF-kappa B in SV infection and
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apoptosis, our results identify SV-induced death as another
apoptotic paradigm where drugs with antioxidant capabil-
ity such as NAC and PDTC are protective. NAC and
PDTC have also been shown to inhibit peroxide induced
NF-kappa B activation (Schreck et al., 1992). These obser-
vations have led to a model in which oxygen radicals, pos-
sibly peroxides, are a common second messenger utilized
by multiple stimuli to activate NF-kappa B (Schreck and
Baeuerle, 1991) and under some circumstances, to activate
apoptosis (Buttke and Sandstrom, 1994). Several observa-
tions herein suggest that NAC and PDTC may not be act-
ing to buffer increases in free radical production or augment
antioxidant defenses during SV infection: () millimolar
concentrations of NAC are required to prevent SV-induced
NF-kappa B activation (Fig. 4, A and B) and apoptosis
(Fig. 1 A) in N18 and AT-3 cells compared to uM concen-
trations of NAC required to inhibit apoptosis in known
paradigms of oxidative stress (Ratan et al., 1994b; Roth-
stein et al., 1994), (b) the failure of well established inhibi-
tors of oxidative stress such as metal chelators, inhibitors
of lipid peroxidation, and peroxide scavengers to abrogate
SV-induced apoptosis (Table I) or SV-induced NF-kappa
B activation (Fig. 4 B), and (c) the absence of a decrease in
total glutathione, a marker of oxidative stress (Rehncrona
et al., 1980; Kuo et al., 1993; Ratan et al., 1994b), in SV-
infected cells before morphologic evidence of cell death
(Fig. 1 C). Indeed, the recent observation that apoptosis
induced by growth factor deprivation can occur under con-
ditions of hypoxia argues against oxygen radicals as com-
mon mediators of apoptosis (Jacobson and Raff, 1995).

If NAC, PDTC and other thiol agents are not inhibiting
SV-induced oxidative stress, by what other mechanisms
could these agents exert their protective actions? Accumu-
lating evidence suggests that antioxidants can alter protein
function by modulating the redox state of critical cysteine
residues or metals bound to proteins (Stamler, 1994).
Among the proteins identified as targets for oxidants and
antioxidants are protein kinases and protein phosphatases
(Bauskin et al., 1991; Fischer et al., 1991). Indeed, PDTC
has been demonstrated to inhibit phosphorylation of Ikappa
B, an event considered critical for NF-kappa B activation
(Traenckner et al., 1994). Additionally, recent studies have
shown that induction of NF-kappa B by a wide variety of
stimuli including peroxide can be inhibited by tyrosine ki-
nase inhibitors (Anderson et al., 1994). Furthermore,
tyrosine kinase inhibitors have been shown to abrogate ap-
optosis due to ionizing radiation (Ucklun et al., 1992). Iden

tification of SV-induced signaling pathways necessary for
NF-kappa B activation may thus identify putative molecu-
lar targets for NAC and other thiol agents that are critical
to the anti-apoptotic actions of these agents.

In this study, we also demonstrate that Bcl-2 overexpres-
sion almost completely suppresses SV-induced NF-kappa B
activation up to 6 h after infection in AT-3 cells (Fig. 4, C
and D). Bcl-2 is thus able to inhibit NF-kappa B activation
as well as apoptosis induced by SV. These results are con-
sistent with previous observations that suggest that bcl-2
abrogates NF-kappa B activation induced by some, but
not all cytotoxic stimuli (Albrecht et al., 1994). They are
also consistent with a causal role of NF-kappa B in SV-
induced apoptosis in AT-3 cells. Future studies will define
the basis for bcl-2 inhibition of NF-kappa B signaling and
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may provide insights into a molecular mechanism by which
this pluripotent inhibitor of apoptosis exerts its protective
actions.

Sindbis virus is one of a growing list of viruses capable of
activating NF-kappa B and inducing apoptosis (Pahl and
Baeuerle, 1995). We have used thiol agents such as NAC
and PDTC, the protooncogene Bcl-2 and NF-kappa B
transcription factor decoys to demonstrate that SV-induced
NF-kappa B signaling is necessary for SV-induced apopto-
sis in AT-3 prostate carcinoma cells. These results add ap-
optosis to the extensive list of cell functions that can be
regulated by NF-kappa B (Thanos and Maniatis, 1995). It
will be important to determine whether this transcription
factor signaling pathway is necessary for apoptosis in-
duced by other viruses and other, nonviral apoptotic stim-
uli. However, even if NF-kappa B is not a general mediator
of apoptotic cell death, the ability of pluripotent inhibitors
of apoptosis such as thiol agents and bcl-2 to abrogate SV-
induced NF-kappa B signaling and SV-induced apoptosis
suggest that SV is a good model system in which to investi-
gate the mechanism of action of these agents. Such investi-
gations may elucidate novel approaches to diseases such as
AIDS where NF-kappa B and apoptosis are believed to
play a pathogenic role (Gougeon and Montagnier, 1993;
Staal et al., 1993) as well as to neurological diseases such
as Spinal Muscular Atrophy (SMA) where apoptosis has
been implicated (Roy et al., 1995).
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