
ing that the transfected cells are sensitive to 
the lethal effects of TNF-a (Fig. 3). How- 
ever, a dose-dependent increase in cell sur- 
vival was seen when RelA was provided, 
with virtually complete protection at the 
highest dose (Fig. 3). Thus, expression of 
RelA prevents cell death hy TNF-a in cells 
that developed in a R e l A p i  animal. 

Our previous studies have demonstrated 
an essential role for RelA in hepatocyte sur- 
vival (7). Interestingly, detectable amounts 
of TNF-a are present by rnouse embryonic 
day 9 (19). The results presented here sug- 
gest that TNF-a produced by cells of hema- 
topoietic origin in the fetal liver may affect 
hepatocyte survival. Conversely, RelA may 
be required for protection from a cell-au- 
tonolnous ltilling rnechanisrn operating in 
hepatocytes. 

Recent studies have identified genes 
that are involved in transducing TNF-a 
death signals (16, 20-22). However, the 
cytotoxic effects of TNF-a on most cells are 
only evident if RNA or protein synthesis is 
inhibited, suggesting that de nova RNA or 
protein synthesis protects cells from TNF-a 
cy:otoxicity, probably by induction of pro- 
tective genes (23, 24). It would appear that 
TNF-a transmits one signal eliciting cell 
death and another, dependent 011 RelA, 
that protects against death by induction of 
gene expression. Csnsistent with this hy- 
pothesis, we have fo~ul~d that one such anti- 
apoptotic gene, A20 (25), is induced in 
RelAfi+ 3T3 cells after TNF-ci treatment 
but is not induced in RelA-I- 3T3 cells 
(9). However, transfection of A20 into 
RelA-I- 3T3 cells is unahle to prevent cell 
death (9), suggesting that other genes (or 
multiple genes) may be rey~~ired to protect 
cells from TNF-a cytotoxicity. 

The results presented here, and in ac- 
companying papers (26, 27), indicate an 
intriguing role for NF-KB in cell survival 
that may provide additional therapeutic ap- 
proaches against hoth inflalnlnatory and 
proliferative diseases. TNF-a produced by 
infiltrating leukocytes is a key modulator of 
inflalnlnation (28, 29). Interestingly, two 
widely used anti-inflammatory drugs, salicy- 
lates and glucocorticoids, are hoth inhibi- 
tors of NF-KB (30-32), although it is pres- 
ently unclear whether NF-KB inhibition hy 
these drugs results in killing of potentially 
illfla~nmator~ cells. Additionally, if tumor 
cell sensitivity to TNF-a is colltrolled by 
NF-KB, a cornhination of NF-KB inhihitors 
and TNF-a may result in a dramatic en- 
hancement of ltilling over TNF-a alone. 
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TNF- and Cancer Therapy-induced Apoptosis:: 
Potentiation by inhibition of NF-KB 

Cun-Yu Wang, Marty W. Mayo, Albert S. Baldwin Jr." 

Many cells are resistant to stimuli that can induce apoptosis, but the mechanisms 
involved are not fully understood. The activation of the transcription factor nuclear 
factor-kappa B (NF-KB) by tumor necrosis factor (TNF), ionizing radiation, or dauno- 
rubicin (a cancer chemotherapeutic compound), was found to protect from cell killing. 
Inhibition of NF-KB nuclear translocation enhanced apoptotic killing by these reagents 
but not by apoptotic stimuli that do not activate NF-KB. These results provide a 
mechanism of cellular resistance to killing by some apoptotic reagents, offer insight 
into a new role for NF-KB, and have potential for improvement of the efficacy of cancer 
therapies. 

Observations that NF-KB (1 ) is activated by extensive apoptosis within the liver (2).  Many 
certain apoptotic stimuli has led to the spec- cells that respond to TNF, a strong activator 
ulation that this transcription factor may me- of NF-I~B, are also resistant to cell ltilling, 
diate aspects of programmed cell death. An which is enhanced in the presence of protein 
anti-apoptotic f~~~lnction of NF-KB is also sug- synthesis inhibitors (3). We investigated, 
gested, however, because mice that lack the therefore, whether the transcription factor 
NF-KB p65/RelA gene die elnbryonically from NF-KB is protective against apoptotic ltilling 
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induced by TNF in a model cell system. We 
initiated our studies using the human fibrosar- 
coma cell line HT1080, which is relatively 
resistant to killing by TNF (4). To potentially 
block the activation of NF-KB in response to 
TNF stimulation, we established an HT1080 
cell line (HT10801) expressing a super-repres- 
sor form of the NF-KB inhibitor I K ~ .  The 
super-repressor l ~ B a  contains serine-to-ala- 
nine mutations at residues 32 and 36, which 
inhibit signal-induced phosphorylation (5) 
and subsequent proteasome-mediated degra- 
dation of I K B ~  (6). This mutant I K B ~  protein 
acts as a super-repressor because it binds to 
NF-KB and inhibits DNA binding as well as 
nuclear translocation but is unable to respond 
to cellular signals such as those induced by 
TNF (5, 6). A control line (HT1080V) was 
established that contained the empty vector 
and the hygromycin selectable marker. TNF- 
a-induced NF-KB activation, as measured by 
DNA binding of nuclear extracts, was effec- 
tively blocked by the super-repressor I K B ~  in 
HT1080I cells as compared with activation in 
the control cell line [(4) and below]. 

TNF-a is more effective at inducing apop- 
tosis in the l ~ B a  super-repressor-expressing 
cells (HT1080I) than in the control cell line 
(HT1080V) (Fig. 1A). Similar results were 
obtained with pooled clones of HT1080V or 
HT1080I cells (4), which indicates that the 
results we obtained were because of the over- 
expression of the super-repressor I K ~  and 
were not due to clonal variation. That cells 

pression of the super-repressor form of I K B ~  
leads to a function that is different from the 
inhibition of NF-KB, we confirmed the re- 
quirement for NF-KB in inhibition of TNF- 
induced apoptosis. The pretreatment of 
HT1080V cells with interleukin-1 (IL-1, an 
activator of NF-KB that does not initiate 
apoptosis) blocked the subsequent killing of 
these cells induced by combined cyclohex- 
imide (CHX) and TNF treatment (Fig. 
2A). As a control and to determine that it 
was NF-KB that was responsible for the 
protection, we found that IL-1 had no pro- 
tective effect on the HT1080I cell line, in 
which NF-KB activation is blocked (4) by 
the expression of the super-repressor I K B ~  
(Fig. 2A). 1L-1 is known to block TNF- 
mediated killing (3). We determined 
whether a proteasome inhibitor would en- 
hance cell killing of HT1080 cells in re- 
sponse to TNF treatment, because the deg- 
radation of I K B ~  is controlled by the pro- 
teasome after inducible phosphorylation 
and subsequent ubiquitination (6). Protea- 
some inhibitors of the peptide aldehyde cat- 
egory are potent inhibitors of NF-KB acti- 
vation (6). In a dose-dependent fashion, 
the proteasome inhibitor MG132 (Z-Leu- 
Leu-Leu-H) strongly enhanced the killing 
of HT1080V cells in response to TNF (4). 

If NF-KB inhibition was critical for making 
cells vulnerable to TNF killing, then overex- 

pression of NF-KB subunits should restore pro- 
tection against cell killing in the HT1080I 
model. We transfected vectors encoding the 
p50 and RelA/p65 subunits of NF-KB or the 
empty cytomegalovirus (CMV) vector control 
into the HT1080I cells and stimulated them 
with TNF. As expected, the vector alone did 
not provide protection against cell killing in- 
duced by TNF (Fig. 2B). However, expression 
of the NF-KB p50 and RelAIp65 subunits 
provided protection against TNF-induced ap- 
optosis, indicating that it is NF-KB that is 
blocked by the super-repressor 1 ~ B a  and that 
NF-KB expression blocks programmed cell 
death. Additional evidence that NF-KB is re- 
quired for protection against cell killing in- 
duced by TNF is shown by the fact that 
embryonic fibroblasts from RelAIp65 null 
mice (2) are killed by TNF with a much 
higher frequency than are those from wild- 
type animals (4, 7). 

Many cancer therapies function to kill 
transformed cells through apoptotic mecha- 
nisms; resistance to apoptosis provides protec- 
tion against cell killing initiated by these ther- 
apies (8). To determine if other apop- 
totic stimuli activate NF-KB and whether NF- 
KB is protective against these stimuli, we an- 
alyzed ionizing radiation-, daunorubicin-, and 
staurosporine-treated cells. Ionizing radiation 
is known to activate NF-KB in several cell 
types (9). We therefore investigated whether 

were killed by apoptosis was confirmed by 
the use of the deoxynucleotidyl transferase- 
mediated dUTP nick end labeling (TUNEL) 
assay, which measures DNA strand breaks 
and is diagnostic for cells undergoing apop- 
tosis. Apoptosis was observed only in the 
HT1080I cells treated with TNF (Fig. 1B). 
Other cells were more sensitive to TNF-a 
killing when the I K B ~  super-repressor was 
expressed, which shows that the results were 
not unique to the HT1080 cells (4). Thus, 
expression of a super-repressor form of 1 ~ B a  
potently enhanced the ability of TNF to 
initiate apoptosis in a variety of cells that are 
normally resistant to this cytokine, which 
suggests that the activation of NF-KB by 
TNF is protective. 

To exclude the possibility that the ex- 
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ionizing radiation, the chemotherapeutic 
compound daunorubicin, and staurosporine 
activated NF-KB in the HT1080V cells and in 
the HT1080I cells. Both daunorubicin and 
ionizing radiation activated NF-KB (Fig. 3A). 
HT1080I cells were blocked by these two 
stimuli in their ability to activate NF-KB (Fig. 
3A), which is consistent with the expression 
of the super-repressor I K ~ .  In contrast, stau- 
rosporine was not effective at NF-KB activa- 
tion (Fig. 3A). We then tested whether ion- 
izing radiation-, daunorubicin-, and stauro- 
sporine-induced cell killing can be enhanced 
by the inhibition of NF-KB activity. For these 
experiments, we used the HT1080V control 
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Fig. 2. NF-KB is a suppressor of TNF-induced 
apoptosis. (A) IL-1 pretreatment inhibits TNF + 
CHX-induced apoptosis in HT1080V cells. 
HT1080V or KT10801 cells were preincubated 
with IL-1 p (1 0 ng/ml) (R&D Systems) for 5 hours as 
indicated (+pre-IL-1) or were left untreated. After 
the incubation, cells were treated with TNF-a at 
different concentrations (as indicated) and with 
GHX (10 pg/ml). Sulviving cells were quantified by 
the crystal violet assay described above. (B) Ex- 
pression of the p50 and RelNp65 NF-KB subunits 
restores cell resistance to TNF killing. HT10801 
cells (expressing the super-repressor IKB~) were 
either cotransfected with pcDNA3-lacZ (Invitro- 
gen) and pCMV-p65 (2 pg) and pCMV-p50 (2 m) 
(hatched bars) or with lacZ and empty vectors 
(solid bars) by the lipofectamine protocol. After 40 
hours, cells were treated with different concentra- 
tions of TNF-a for an additional 24 hours. The 
results are from the mean + SD of two experi- 
ments. X-Gal, 5-bromo-4-chloro-3-indoyl-p-D- 
galactoside. 

fibrosarcoma cells and the HT1080I deriva- 
tive that expresses the super-repressor form of 
I K ~ .  Apoptotic stimuli that induce NF-KB, 
namely daunorubicin (Fig. 3B) and ionizing 
radiation (Fig. 3C), are enhanced in their 
ability to kill the HT1080I cells. However, 
apoptosis induced by staurosporine is not en- 
hanced by the expression of I K ~  (4), which 
is consistent with the observation that stau- 
rosporine does not effectively activate NF-KB 
(Fig. 3A). Thus, the activation of NF-KB is 
part of the cellular response to a variety of 
genotoxic agents, and under stress-induced 
conditions, this transcription factor provides 
significant protection against apoptosis. 

Our data indicate that the activation of 
NF-KB by TNF, ionizing radiation, and 
daunorubicin provides protection against 
apoptotic cell killing induced by these stimuli. 
Distinct signaling pathways initiated by TNF 
engagement of its receptor lead to activation 
of both apoptosis and NF-KB, and NF-KB does 
not play a positive role in the induction of 
apoptosis (10). In the case of ionizing radia- 
tion and daunorubicin, the activation of 
apoptosis appears to be initiated by ceramide 
production (1 1) and the cytotoxic effects of 
TNF have been reported to require ceramide 
activation (12). Ceramide alone has been 
shown to lead to apoptosis (13), but the de- 
tails of this apoptotic pathway are not fully 
understood. In each of these three cases, the 
a ~ o ~ t o t i c  stimulus also leads to an inhibition 
oiipoptosis through the activation of NF-KB. 
It should be noted that several mou~s have 

L . .  

suggested that NF-KB may function pro-apop- 
totically under some conditions and in certain 

cell lines (14). The mechanism whereby NF- 
KB protects cells against apoptosis is presently 
unclear. Because cell killing by TNF and oth- 
er apoptotic agents is enhanced by the protein 
synthesis inhibitor CHX, the activation of 
NF-KB probably functions to transcriptionally 
up-regulate a gene or group of genes encoding 
proteins involved in protection against cell 
killing. 

Growing evidence indicates that a variety 
of anticancer agents kill through programmed 
cell death. Resistance to anticancer thera~ies 
appears to be mediated by resistance to apop- 
tosis (8). Our data show that several antican- 
cer agents may be less effective at inducing 
programmed cell death because of their con- 
comitant activation of NF-KB. Another can- 
cer therapy, etoposide, activates NF-KB (15) 
and our ~reliminarv data indicate that cell 
killing by vincristine is augmented by the 
inhibition of NF-KB (4). Therefore, ap- 
proaches that inhibit nuclear translocation of 
NF-KB, including gene therapy delivery of the 
super-repressor I K ~  or the use of a variety of 
agents that block NF-KB function (such as 
proteasome inhibitors), may prove to be high- 
ly beneficial in the treatment of tumors when 
combined with standard anticancer therapies. 
In fact, glucocorticoids, which are widely used 
as immune and inflammatory suppressants 
and inhibit NF-KB (16), are used as part of a 
therapy for certain hematological malignan- 
cies (17). It may be, therefore, that the func- 
tion of glucocorticoids in these therapies is to 
inhibit NF-KB, potentiating killing by the 
other chemotherapeutic compounds. Thus, 
combined therapy that inhibits NF-KB func- 

Fig. 3. Activation of NF-KB by ionizing radiation or 
daunorubicin protects against apoptosis induced by 
these cancer therapies. (A) Daunorubicin and ionizing 
radiation induce nuclear translocation of NF-KB. Either 
HTl080V (V) or HT10801 (I) cells were treated with 1 pM 
daunorubicin (Sigma) or 50 nM staurosporine (Sigma) or 
were irradiated [at 5 grays (Gy)] for the indicated times. 
EMSA was performed as previously described (21). 
Lanes 1 through 5, daunorubicin; lanes 6 through 9, 
staurosporine; and lanes 10 through 13, ionizing radia- 100 

tion. (B and C) The overexpression of super-repressor 
l ~ B a  enhanced cell killing by daunorubicin and ionizing , 80 
radiation. (B) HT1080V cells (solid bars) or HT10801 cells 5 
(hatched bars) were treated with the indicated concen- 5 60 
tration of daunorubicin for 24 hours. Cell sutvival was 5 
assayed as described in Fig. 1. Data are from the mean of 40 
four separate experiments. (C) Five hundred HT1080V or 
HT10801 cells were plated in six-well plates, and 24 hours 20 
later the cells were exposed to ionizing radiation at the 
indicated doses. Cell clones were counted after 14 days. 0 
Each experimental group was performed in triplicate. The 
results shown here represent three independent experi- 
ments and are expressed as the mean + SD. 

- . . - . - - . - . 
Daunorublcin (pM) 

Ionizing radiation (Gy) 
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~ n h ~ l ~ t l o n  L)i NF-KA tilnct~on 111 ,~ssc~la t~r .n  
\\.it11 T N F  treatlllent 111~11- broaden the 11m1red 
al3ility o t  t l~ i r  cv r~k lne  to i'~lnct1011 111 ,In i l ~ ~ t ~ -  
tlllllc'r 111cilllle1-. 
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Suppression of TNF-a-Induced 
Apoptosis by NF-KB 

Daniel J. Van Antwerp, Seamus J. Martin,* Tal Kafri, 
Douglas R. Green, lnder M. Verma? 

Tumor necrosis factor N (TNF-c\) signaling gives rise to a number of events, including 
activation of transcription factor NF-KB and programmed cell death (apoptosis). Previous 
studies of TNF-a signaling have suggested that these two events occur independently. 
The sensitivity and kinetics of TNF-a-induced apoptosis are shown to be enhanced in 
a number of cell types expressing a dominant-negative I K B ~  (IKBNM). These f~ndings 
suggest that a negative feedback mechanism results from TNF-N signaling in which 
NF-KB activation suppresses the signals for cell death. 

T h e  relar~on lietween TNF-a  >~gnals hr 
NF-KA a c t ~ \ . a r ~ ~ n  and apoytosl.; \uCgests that 
the t\vi. pathway-, are ~ndepenilent, , l i~e r%~ny  
early 111 t l ~ e  TNF-N i ~ : _ ' n a l ~ l ~ ~  cascaLir. ( 1  \ .  
Because TSF-oc-~~~~iuced apopto.;~.; I\  en- 
llanceil 111 the absenci' of ile 110~0 RN.4 o r  
pruteln i\-nrhes~r (2 \ ,  anL] NF-KA raplL1ly CIC- 
ti\-ates target sene tra~~scriptic>l~ L I ~ L ) I I  TNF-N 
stlm~llarion, \ye ~n.\-e.tl~ared \\.l~erher the ,113- 
ience of NF-~R-in~iuced genes alone 1111qhr 
enl1,inie T N F - c - ~ ~ l ~ l u ~ e ~ l  apol7tob1r. TL. test 
tlhs l ~ y ~ i ) t l ~ e s ~ <  on \,arlc>us cell type.;, n e  gen- 
er ,~teJ  a t r , ins i i i>rn~nant -~~e~at~ . \ -e  mutant oi 
IKRR ( 3 ) .  1la11y s ~ g ~ ~ a l  t r a n v l ~ ~ c t ~ i ) n  path\\.av> 
r e r ~ ~ l t ~ n g  111 NF-KR actlr.ation c ~ ~ l m ~ n a t e  111 a 
jerlne pl1~>~~11~>r~-larlo1?11 o i  I K R N  011 r z ~ d u e s  3 1  
ancl 36 (4) .  P l ~ o q ~ l ~ ~ r v l a t ~ o n  of the C O O H -  
termin,ll PEST iequence 11,lz been ~lupl~c,lted 
111 c c ) l ~ s t ~ t ~ ~ t ~ ~ e  turnc~ver 31 IKAN (4). Kie 
cix1113i11ed the K H I -  anL{ C O O H - t e r m l ~ ~ a l  
p1x~iphorylat1o11 mur,~llts 111to a s11yle 
c D N A  ( I K R N X I )  anil e s a m i ~ ~ e ~ l  its a lx l~tv  to 
111111111t SF-KA s ~ q ~ a l ~ ~ ~ c r .  1Y.c the11 genzrateLi 
stal3le t r a n < f ( ~ r m a ~ ~ r s  express111y I~Roch1 (6) 
in pr1111drv ~liouse cilld ~ I L I ~ I I ~ I I  t l l ~ ~ - o b l a \ t ~ ,  A 

I I L I I - ~ I ~ I I  lympl~oma cell lme (!~lrbat), ~ 1 1 ~ 1  ,i 
11-ell-cl~aracter~zed TKF-oc-resl.tant cell line 
(T14, 11~1rnan I~l~idLicr ccircl~1i)~ilci) ( 7 ) .  

InfectiL~n \i-~tl l  I ~ R a h l  retri>\.lrLis reil11teJ 
111 a 105s ot N F - K ~  ~l~dnc~l:~li t \-  ( F y .  1 and 1). 

D J Van Ant\,verp, Laborarot-y of Genetcs Salk Inst~t~l-e. 
La J o a ,  CA C.237 and Cepa~ttnen- of C i e n  sir; and 
E~ochetn~sr~-. . Un3,ers t? of C a  fo*,i a. San Cego CA 
C.233 USA 
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T3,P--. - sC i  - adclress PJlolec~lar C+l E~olcg? Labot-arcl-, De- 
pat? nent cf 613  og: ?,la: i o o r i  C o  ege. Mamoo-1-1 
Co-lnt: K~ldate I-e and 
-:-To , t i -en corresponcleice s1-I~JICI be acid essed 

Each cell l~ l le  representeL1 pml i  of ~ntecred 
cells to , 1 ~ 0 1 ~ 1  ,~rt~i;lcr, a r~hl l~g from c l o ~ ~ a l  
analy,ls. Human ernbryij fll>rohla~ts (HEF) el- 
t l~e r  alone or espri'sslnp I~Aochl \yere s t~mu-  
1,xte~l ior various r ~ m e  yerlods td esamlne NF- 
KA ~ ~ I ~ I U C I P I ~ I ~ \ -  ( F y .  1 ) .  Protei11 ilil~ll~~llc>l~lot- 
tiny (81 (Fig. 1'4) sl~o\vs the cspress1i>n ~t 
murine I K R R X I ,  \vhicll m~yrared fa,ter 311 

SL3S-liolyacryla~1~~11e ?el elcctroyIli>re~i\ 
(PAGE) than the encli>qenous human I K R ~  
(4) The exprc.;~on i>f I ~ A a h / l  \\.,is i1111y niod- 
e d v  l~iqher t11,ln that ~t enilogcni>u~ l ~ A a ,  
~ l e m o n s t r a t i l ~ ~  t l ~ e  ai31llryot 1 ~ B a X l  to l n h l l ~ t  
NF-KA. After TNF-a itlmnlatiol~ 111 I ~ t h  
ci>ntri>l al?il IKARXI cell,<, el?ilogel?('uc I K R ~  
\\.as ~~llii,.;pllor\~lateL1 alxl Lle!raLleii nit11 s~mllar 
b l~~er ics ,  dernollstratln~ that 111 IKRNXI-ex- 
y~.esiny cell l~ne,,  the ,,1~1?a1 tral~s~luctlon 
llatl~\\ay upstream of NF-KA act11.atio11 was 
not I~l,)ckeci (Fly. l r i ) .  I ~ 6 ~ h f  n,ls nor de- 
eraL1eL1, yreumahlv l~ecanse ~t n a \  not phc>.;- 
lillorylcite~l. Because the ~ K R N  jienc 17 111iluceil 

Table 1. An l i ex , i  V -FTC f low c y t o i r e t i c  a n a y -  
sis o f  Jurkat  cells stably t r ansduced  w t l i  IKBcIM. 
No rma l  or  l ~ B u r \ , l  Jc~rxat  c e l s  we re  t reated wi t l i  
TNF-LU 11 00 i i y / m )  for t he  i n d c a t e d  t i r e s  a n d  
s t a n e d  w ~ t h  F I T C - a b e e d  annexin V. T h e  cells 
,!;ere t l ie i i  anali/zecl bi/ f low cyton-eti!! a s  d e -  
s c r b e d  (74) F v e  t l i o i ~ s a n d  c e l s  we re  analyzed 
under  each  c o n d t o n .  

Per-cent an l i exn  V 
b ~ n d ~ n y  

Time ilio, '.s'i 

Control  IKBCIM 


