
REVIEW 

R~~/NF-KB /IKB familv: intimate tales 
of association and dissociation 

Inder M. Verma, Jennifer K. Stevenson, Edward M. Schwarz, Daniel Van Antwerp, 
and Shigeki ~iyarnoto' 

Laboratory of Genetics, The Salk Institute, San Diego, California 92186-5800 USA 

The growth, differentiation, and development of an or- 
ganism is orchestrated by the choreographed expression 
of a wide array of genes. The switching "on" and "off" of 
gene expression is the province of transcription factors, 
which operate singly or in association with other pro- 
teins. Usually transcription factors form families, where- 
as individual members perform specific, distinct, or sim- 
ilar tasks. One such family includes the R ~ ~ / N F - K B  pro- 
teins (NF-KB), which have the unique property of being 
sequestered in the cytoplasm in association with inhib- 
itory proteins called IKB. 

Activation and regulation of NF-KB are tightly con- 
trolled by IKB proteins. Through noncovalent associa- 
tion, the IKB proteins mask the nuclear localization sig- 
nal (NLS) of NF-KB, thereby preventing NF-KB nuclear 
translocation. Upon stimulation with signaling mole- 
cules such as tumor necrosis factor a (TNFa) or lipopoly- 
saccharide (LPS), NF-KB is released from IKB and trans- 
located to the nucleus where it regulates gene transcrip- 
tion. Stimulation and activation of the NF-KB 
transcription factors do not require protein synthesis, 
thereby allowing rapid and efficient activation of target 
genes. This system is particularly utilized in immune, 
inflammatory, and acute phase responses where rapid 
activation of defense genes following exposure to patho- 
gens such as bacteria and viruses is critical for survival of 
an organism. Many pathogenic viruses have evolved en- 
hanced viral replication by including NF-KB target sites 
in their promoterlenhancer elements and producing pro- 
teins that activate NF-KB. Besides the immune responses 
and viral replication, NF-KB is also implicated in cellular 
proliferation and programmed cell death. Coinciden- 
tally, deregulation of NF-KB activity is directly associ- 
ated with cellular transformation. The NF-KB homologs, 
Dorsal and Dif in the fruit fly Drosophila, are involved in 
the formation of embryonic polarity and insect immu- 
nity, respectively. Thus, the understanding of the regu- 
lation of RelINF-KB activity is of great interest to a wide 
variety of basic biological and medical fields. Current 
data lend credence to the notion that the major regula- 
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tory step for NF-KB activation is post-translational mod- 
ifications of the NF-KB inhibitor IKB. In this review we 
summarize recent studies on NF-KB regulation, with par- 
ticular emphasis on IKB modification. For earlier studies 
readers are encouraged to turn to many previous reviews 
(Baeuerle 199 1; Nolan and Baltimore 1992; Baeuerle and 
Henkel 1994; Beg and Baldwin 1993; Siebenlist et al. 
1994; Israel 1995; Kopp and Ghosh 1995; Miyamoto and 
Verma 1995; Thanos and Maniatis 1995). 

RelINF-KB family of transcription factors 

NF-KB was originally discovered as a lymphoid specific 
protein that bound to the decameric oligonucleotide 
GGGACTTCC, present in the intronic enhancer ele- 
ment of the immunoglobulin K light chain ( I ~ K )  gene (Sen 
and Baltimore 1986). Purification and subsequent clon- 
ing of genes encoding dimeric NF-KB subunits p50 
(N F K B~)  and p65 (RelA) revealed a surprising homology 
to the oncogene v-re1 and the Drosophila morphogen 
dorsal (Stephens et al. 1983; Steward 1987; Bours et al. 
1990; Ghosh et al. 1990; Kieran et al. 1990; Meyer et al. 
1991; Nolan et al. 1991; Ruben et al. 1991). Other mem- 
bers of this protein family include N F K B ~  (p52) and RelB 
(Bours et al. 1992; Mercurio et al. 1992; Ryseck et al. 
1992). The R ~ ~ I N F - K B  family of proteins share an amino- 
terminal -300-amino-acid domain (Re1 homology do- 
main, RHD), including DNA-binding and dimerization 
domains and the nuclear translocation signal (NLS), 
which is most likely the binding site for IKB (Fig. 1; 

Miyamoto and Verma 1995). Most members can form 
homo- and heterodimers in vitro except for RelB, which 
only forms dimers with p50 or p52 (Dobrzanski et al. 
1993, 1994; Ryseck et al. 1992; Bours et al. 1992). An- 
other proposed NF-KB family member, NF-AT (~uc lear  
factor of activated _T cells), has limited sequence homol- 
ogy (Nolan 1994); however, NF-AT is not found in 
dimers with other RelINF-KB members nor does it  bind 
to RelINF-KB DNA-binding sites. 

The DNA-binding and dimerization domains in the 
RHD are distinct from other well characterized motifs. 
Their structures remained elusive despite many at- 
tempts to define them by mutagenesis of the RHD. 
Structural assignment for these functional domains was, 
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Figure 1. The Rel/NF-~BIDorsal family. 
All the members of this family contain the 
well-conserved Re1 homology region (red 
box) which is -300 amino acids long and 
is involved in DNA binding and dimeriza- 
tion. The NLS (pink box), a stretch of basic 
amino acids, is also well conserved. (TA] 
Trans-activation domain present in c-Rel, 
p65, Dorsal, and Dif. Both p50 and p52 are 
generated by a proteolytic processing 
event of the precursor p105 and plOO pos- 
sibly involving the glycine "hinge" [blue 
box) region. The carboxy-terminal half of 
plOO and p105 contains the anykyin repeat 
motif (orange boxes]. 
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however, recently accomplished by X-ray crystallo- 
graphic analyses of bacterially expressed p50 homodimer 
bound to its cognate DNA-binding sites (Fig. 2) (Ghosh et 
al. 1995; Muller et al. 1995). The DNA base recognition 
is unusual and is mediated by peptide loops entering ma- 
jor grooves of the target DNA. In addition to DNA bases, 
many backbone phosphate groups are also involved in 

IKB 
N LS NLS 

'L 
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Figure 2. Model of p50 dimer bound to DNA. This model 
shows the surface of the NF-KB p50 dimer with the dimerization 
domain (red] and the engulfed DNA (blue). The cleft between 
the dimerization surface could be the site of IKB docking (shown 

by an asterisk), thereby blocking the NLS. Reproduced, with 
permission, from Miiller et al. (1995). 
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stabilization of the  rotei in-DNA com~lex of an unusu- 
ally high affinity with a dissociation constant of -10" M 

(see review by Baeuerle 1991). The base and phosphate 
groups of the DNA consensus sequence 5'-GGGRN- 
NYYCC-3' (KB site) are recognized by conserved residues 
throughout the RHD of p50. In contrast, p50 dimeriza- 
tion is exclusively mediated by a -100-amino-acid do- 
main in the carboxyl terminus of the RHD and is stabi- 
lized by a series of p-sheets involving core hydrophobic 
and peripheral hydrophilic residues. 

The majority of amino acid residues involved in DNA 
and dimer contacts are conserved in R ~ ~ / N F - K B  family of 
proteins; therefore, the specific DNA-binding and dimer 
partner preferences must be determined by subtle amino 
acid differences in the DNA-binding and dimerization 
domains. Some of the critical residues for specific DNA 
binding lie in the amino-terminal "DNA recognition 
loop' (Muller et al. 1995), because as little as a 4-amino- 
acid difference in this region between p50 and p65 deter- 
mines the DNA recognition specificity of each protein 
(Coleman et al. 1993). Similarly, subtle differences in the 
dimerization domain also play a critical role in deter- 
mining dimer partner specificity (Ruben et al. 1992; 
Ganchi et al. 1993). In this light, it is of interest to de- 
termine what unique residues of RelB allow het- 
erodimerization with p50 and p52 while discriminating 
homodimerization or heterodimerization with c-Re1 and 
p65. Additional crystallographic analyses of different 
R ~ ~ / N F - K B  dimers on KB sits will surely help in defining 
the different DNA recognition specificity generated by 
each dimer and dimer partner preferences. 

p50 and p52 do not generally activate transcription as 
homodimers because they lack a potent transcriptional 
activation domain (Fig. 1). In addition, they are synthe- 
sized as cytoplasmic precursors p105 and p100, which 
perform IKB functions in preventing them from binding 
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to KB sites (Bours et al. 1990, 1992; Ghosh and Baltimore 
1990; Kieran et al. 1990; Meyer et al. 1991; Neri et al. 
1991; Rice et al. 1992; Schmid et al. 1991 Mercurio et al. 
1992, 1993; Henkel et al. 1993). Proteolytic generation of 
p50 and p52 from their precursors is signal dependent 
and thus a regulatory step that generates transcription 
factors (Rice et al. 1992; Mercurio et al. 1993). The pro- 
cessing of p105 to p50 requires ATP and is mediated by 
a ubiquitin-dependent proteasome degradation pathway 
(Palombella et al. 1994). Production of a transcription 
factor from a non-nuclear precursor protein by proteoly- 
sis is also observed for SREBP-1 (sterol response element 
binding protein) where the precursor bound to the endo- 
ilasmic reticulum is cleaved in response to a reduction 
of the level of sterol in the cellular environment (Wang 
et al. 1994). In addition to p105 and p50, N F K B ~  also 
generates an IKB member, I KB~ ,  from an internal intronic 
promoter (Inoue et al. 1992; J. Inoue, pers. comm.). Fur- 
thermore, alternative splicing of RNA transcripts en- 
coded by the murine p105 NF-KB~ gene generates I K B ~  
isoforms with distinct inhibitory activities (Grumont 
and Gerondakis 1994a). One spliced transcript encodes a 
nuclear isoform of the p50 precursor of NF-KB~ that can 
function as a trans-activator of NF-KB regulated tran- 
scription (Grumont et al. 1994). No 1~By-like inhibitor 
encoded by the N F K B ~  gene (p100lp52) has yet been 
identified. 

In contrast to p50 and p52, other members of the Re11 
NF-KB family (p65, c-Rel, RelB, Dorsal, Dif) are not gen- 
erated from precursor proteins and possess a carboxy- 
terminal trans-activation domain (for review, see 
Miyamoto and Verma 1995). Thus, R ~ ~ I N F - K B  dimers 
could act as a transcriptional activators or repressors at 
KB sites, depending on whether members in a dimer con- 
tain or lack a trans-activation domain. The KB sites are 
present in the regulatory regions of genes involved in 
immune response ( I ~ K ,  IL-2, and IL-2Ra), inflammatory, 
and acute phase responses (IL-1, IL-6, TNFa, TNFP, and 
serum amyloid A protein), viruses (HIV-LTR, SV40, 
CMV, and adenovirus), R ~ ~ / N F - K B  members (c-Rel, 
NFKB~, NFKB~, and RelB), IKB members ( I K B~ ,  IK B~ ,  
p105, p100, and Bcl-3), growth control proteins (p53, 
c-Myc, Ras), and cell adhesion molecules (I-CAM, 
V-CAM, and E-selectin), as well as many other genes (for 
review, see Baeuerle 1991; Grilli et al. 1993; Collins et 
al. 1995; Kopp and Ghosh 1995; Miyamoto and Verma 
1995). The nucleotide sequence of KB sites can dictate 
the affinity of R ~ ~ / N F - K B  dimer interaction. Addition- 
ally, some KB sites are known to cause conformational 
changes that are correlated with transcriptional activa- 
tion by p50 homodimers in vitro (Fujita et al. 1993). Con- 
versely, NF-KB induces DNA bending in KB sites and 
does not bind to methylated KB sites (Schreck et al. 
1990). Furthermore, NF- KB trans-activation activity may 
be augmented or diminished by the factors that bind to 
other cis-acting elements present in the proximity of KB 
sites (for review, see Miyamoto and Verma 1995). There- 
fore, the activity of RelINF-KB dimers can be modulated 
directly by the KB sites and nearby DNA sequences and 
other DNA-binding proteins. 

The finding that oncoprotein v-Re1 belongs to the Re11 
NF-KB family suggested that other family members may 
also play roles in cellular transformation. The increased 
activity of NF-KB has been implicated in the prolifera- 
tion of murine fibroblasts transformed by the Tax pro- 
tein encoded by the human T-cell leukemia virus-1 (Ki- 
tajima et al. 1992). Additionally, antisense oligonucle- 
otides for relA (p65) mRNA reduced cell adhesion of 
many transformed cell lines and their growth in animals 
(Higgins et al. 1993; Narayanan et al. 1993). Finally, the 
putative oncogene lyt-10, which was generated by a 
chromosomal translocation in human B cell lymphomas, 
was identified as a NFKB 1 -related gene N F K B ~  (Neri et al. 
1991; Schmid et al. 1991; Bours et al. 1992). These ob- 
servations provide evidence for the importance of NF-KB 
in cellular transformation and tumor growth. 

The role of NF-KB in embryonic development is less 
understood. The N F K B~ (p105lp50) knockout mouse 
shows no defect in mouse development (Sha et al. 1995). 
However, it harbors defects in immunoglobulin class 
switching and defense against specific pathogens. In con- 
trast, the relA (p65) knockout mouse is defective in em- 
bryonic development, specifically degeneration of liver 
cells, because of increased apoptosis (Beg et al. 1995a). 
RelB, another member of this family, shows no defect in 
embryo development when homozygously inactivated 
(Burkly et al. 1995; Weih et al. 1995); however, these 
mice show a loss of thymic dendritic cells, demonstrat- 
ing a role for RelB in thymus development. In addition, 
these mice display other defects such as a lack of eryth- 
ropoiesis in bone marrow, myeloid hyperplasia in bone 
marrow, and lung and liver inflammation (Weih et al. 

1995). 
Recently, mice without the c-re1 gene have been gen- 

erated, and these mice lack any defects in embryonic 
development (Kontgen et al. 1995). The mice display de- 
fects in proliferation of B and T cells in response to an- 
tigens, immunity, and IL-2 synthesis. Thus, to date the 
functions of the RelINF-KB family of proteins include 
functional differentiation of immune cells and organs, 
embryonic development specifically of the liver, cellular 
transformation and apoptosis. Additionally, i t  is clear 
that the members of the RelINF-KB family do not func- 
tionally compensate for one another, as mice lacking 
each gene are showing distinct defects. The definitive 
identification of the normal functions of each RelINF-KB 
member and specific R ~ ~ I N F - K B  dimers will be greatly 
facilitated by individual and combination gene knock- 

outs. 

IKB family 

Original identification and partial purification of IKB ac- 
tivity demonstrated that there are at least two distinct 
IKB proteins ( I K B ~  and IKBP) present in various cell ex- 
tracts (Baeuerle et al. 1988; Baeuerle and Baltimore 1989; 
Ghosh and Baltimore 1990). Both of these proteins in- 
hibited the DNA-binding activity of NF- KB ( ~ 5 0 1 ~ 6 5 )  but 
not that of the p50 homodimer. Because many different 
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dimers of R ~ ~ I N F - K B  proteins may coexist in a given cell 
type, their activity must be regulated independently or 
coordinately. This can be partially accomplished by the 
presence of different forms of IKB that differentially in- 
hibit RelINF-KB dimers. There are at least seven mam- 
malian IKB molecules identified with distinct and over- 
lapping inhibitory specificity (Miyamoto and Verma 
1995). These include I K B ~ ,  IKBP, I K B ~ ,  Bcl-3, p105, p100, 
and IKBR (Fig. 3) (Bours et al. 1990; Ghosh et al. 1990; 
Kieran et al. 1990; Ohno et al. 1990; Davis et al. 1991; 
Haskill et al. 1991; Meyer et al. 1991; Schmid et al. 1991; 
Inoue et al. 1992; Mercurio et al. 1992; Rice et al. 1992; 
Hatada et al. 1993; Henkel et al. 1993; Mercurio et al. 
1993; Ray et al. 1995; Thompson et al. 1995). For exam- 
ple, I K B ~  inhibits complexes containing p65 and c-Rel, 
but I K B ~  and Bcl-3 inhibit homodimers of p50 and p52 
(for review, see Miyamoto and Verma 1995). In vivo, 
p105 and plOO are complexed with p50, p65, or c-Re1 and 
retain them in the cytoplasm (Rice et al. 1992; Mercurio 
et al. 1993; Rice and Ernst 1993; Miyamoto et al. 1994a). 
Clearly, identification of the distribution of IKB mem- 
bers in association with different RelINF-KB proteins is 
critical in understanding their role in controlling the ac- 
tivity of various Rel/NF-KB dimers. 

The IKB family of proteins, including Drosophila IKB 
Cactus, share conserved motifs referred to as ankyrin 
repeats, which are required for association with RelINF- 
KB proteins (Inoue et al. 1992; Hatada et al. 1993; for 
review, see Miyamoto and Verma 1995). An ankyrin re- 
peat contains 3&33 amino-acids; the number of repeats 
varies from three to seven in the IKB family (Fig. 3). Not 
all ankyrin repeats are necessary for IKB function because 
ankyrin three of I K B ~  (pp40) can be mutated without any 
biochemical effect (Inoue et al. 1992). One important fea- 
ture is that the ankyrin repeats of the IKB family are 

distinct from those of other ankyrin repeat-containing 
proteins, such as Ankyrin, CDC10, SWIG, and GABP-P 
(Nolan and Baltimore 1992). Therefore, not all ankyrin 
repeat-containing proteins can function as IKBS and some 
as yet undefined features of IKB ankyrin domain are es- 
sential for an efficient interaction with the NLS of Re11 
NF-KB proteins. Conversely, not all NLSs are binding 
sites of IKB ankyrin motifs. The specific features of the 
NLS of R~~INF-KB proteins that make it  a substrate for 
IKB association are yet to be defined. Additionally, what 
makes different IKBS specific for various R ~ ~ I N F - K B  
dimers! For example, how does I K B ~  inhibit only dimers 
containing p65 or c-Rel, whereas Bcl-3 only inhibits ho- 
modimers of p50 or p52? The number of ankyrin repeats 
is not solely responsible for this specificity, because an 
increase in the number of repeats of I K B ~  does not alter 
specificity (Leveillard and Verma 1993). The specificity 
comes from the differences in affinity of interaction be- 
tween IKBS and different R ~ ~ I N F - K B  dimers. Conse- 
quently, when present in large excess, I K B ~  can inhibit 
p50 homodimers and an excess of I K B ~  or Bcl-3 can in- 
hibit NF-KB (Franzoso et al. 1992; Inoue et al. 1992; Za- 
be1 et al. 1993). It is also possible that in vivo post-trans- 
lational modification of IKBS may change their affinity 
and, consequently, their specificity. It may be possible to 
define a "specificity domain" by swapping individual 
ankyrin repeats among the IKB family members and cre- 
ating chimeric IKB proteins. 

In addition to characteristic ankyrin repeats, the IKB 
family of proteins contains a carboxy-terminal acidic re- 
gion (Naumam et al. 1993). When this region is removed 
from I K B ~ ,  the resulting mutant protein binds NF-KB in 
vitro but it cannot inhibit its DNA-binding activity (In- 
oue et al. 1992; Leveillard and Verma 1993; Naumann et 
al. 1993). Similarly, removal of the acidic region in the 

Figure 3. The IKB Family. The distingutshmg fea- 
ture of the IKB proteins is the presence of ankynn 
repeats (orange boxes) whose numbers vary among 1 I I 969 

the vanous members (rangmg from 3 to 7). The ~ 1 0 5  (pSa pwrsor)  
ankynn repeat motifs are required for protein-pro- I I 

tem association. I K B ~  is generated by an altema- , 
tive mRNA from the gene encodmg p105. Cactus 
is the functional homolog of IKB protein m Droso- Cactus 
phila. 
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Bcl-3 protein disrupts its ability to inhibit the DNA- 
binding activity of the p50 homodimer (Leveillard and 
Verma 1993). Clearly, the ankyrin repeat region is nec- 
essary for association with NF-KB but is not sufficient for 
inhibition of the DNA-binding activity of NF-KB. How- 
ever, i t  is not clear how the acidic domain of IKB is in- 
volved in inhibition of NF-KB DNA-binding activity. Ad- 
ditionally, recent studies show that the acidic region is 
important for proper interaction with NF-KB in vivo 
(Ernst et al. 1995; D. Van Antwerp, unpubl.). The acidic 
domain of I K B ~  may form an intermolecular interaction 
with the DNA-binding region of NF-KB (Ernst et al. 
1995). X-ray crystallographic analyses of NF-KB/IKB~ 
cocrystals will help define precise interactions between 
these two families of proteins. 

Another feature of IKB is the presence in the carboxy- 
terminal domain of a Pro, Glu/Asp, Ser, and Thr-rich 
PEST sequence (Davis et al. 1991). Similar PEST se- 
quences have been implicated in regulating protein half- 
life (Rechsteiner 1990). Deletion of the PEST sequence 
partially protects I K B ~  from degradation that is induced 
during NF-KB activation (Brown et al. 1995; Rodriguez et 
al. 1995). Because IKBP is also degraded during NF-KB 
activation, i t  is likely that its PEST sequence plays a 
similar role in regulating its half-life (Thompson et al. 
1995). However, the PEST sequence of Cactus is not re- 
quired for its induced degradation in the Drosophila em- 
bryo (Belvin et al. 1995). Thus, the precise role of IKB 
PEST sequences in controlling the stability of IKB pro- 
teins merits further investigation. 

Multiple signals activate NF-KB 

One of the most intriguing aspects of the NF-KB/IKB sys- 
tem is the vast number and type of agents that can in- 
duce NF-KB activity in a variety of cell types (for review, 
see Grille et al. 1993; Baeuerle and Henkel 1994; Sieben- 
list et al. 1994; Miyamoto and Verma 1995). They in- 
clude cytokines (TNFa, IL-1, and IL-2), bacterial LPS, 
virus infection (HIV-I, HTLV-I, and hepatitis B virus), 
viral proteins (tax, XI and ElA), stimulation of the anti- 
gen receptors of T and B cells, calcium ionophores, pro- 
tein synthesis inhibitors, UV and x-ray irradiation, phor- 
bol esters, and nitric oxide, among others. There is no 
obvious common secondary messenger that can be iden- 
tified by inspecting the list of inducers. This may imply 
that NF-KB/IKB directly responds to many independent 
signaling molecules. However, most, i f  not all, of the 
NF-KB activating signals can be inhibited by antioxi- 
dants (Baeuerle and Henkel 1994). Hydrogen peroxide, a 
major reactive oxygen intermediate produced by the cell, 
activates NF-KB (Schreck et al. 1991). Therefore, the in- 
duction of reactive oxygen intermediates may have a 
central role in activation of NF-KB. It is of great interest 
and importance to identify how H202 induces NF-KB 

activation, especially the molecular targets of H202 in- 
volved in NF-KB activation. 

Another unique feature of the regulation of NF-KB ac- 
tivity is the direct transcriptional activation of the in- 

hibitor gene I K B ~  by NF-KB itself (Nolan et al. 1993; Sun 
et al. 1993; Chiao et al. 1994). The newly synthesized 
I K B ~  following the activation of NF-KB will immediately 
bind up free cytoplasmic NF-KB and inactivate its poten- 
tial nuclear translocation. Furthermore, excess I K B ~  mi- 
grates into the nucleus by an unknown mechanism to 
remove active NF-KB from DNA and terminate its activ- 
ity (Arenzana-Seisdedos et al. 1995). This nuclear NF-KB/ 
I K B ~  complex may be transported back to the cytoplasm 
or degraded in the nucleus. Thus, NF-KB promotes con- 
tinuous negative control of its own activity. Circumven- 
tion of this continuous negative regulation is possible 
only when continuous stimulation is provided resulting 
in sustained NF-KB activation. How other NF-KB-induc- 

ible IKB members, such as IKBP, I K B ~ ,  p105, p100, and 
Bcl-3, are involved in the negative NF-KB regulation is 
unclear. Together with I K B ~  they may play an important 
role in rapid inactivation of the transcription of the tar- 
get genes when the activating signals are withdrawn. 
Furthermore, such a system will allow immediate reac- 
tivation of the NF-KB because NF-KB/IKB complexes are 
continuously regenerated in the cytoplasm. Recently, 
two research groups have shown that immunosuppres- 
sion by glucocorticoids may be the direct outcome of the 
increased transcriptional activation of the IKBB gene (Au- 
phan et al. 1995; Scheinmann et al. 1995). It appears that 
the newly synthesized I K B ~  protein rapidly reassociates 
with the newly released NF-KB, thereby markedly reduc- 
ing the amount of NF-KB translocated to the nucleus for 
the activation of cytokine genes. Additionally, immuno- 
suppression and down-regulation of cytokine gene ex- 
pression may require the newly synthesized I K B ~  to 
translocate to the nucleus and bind to the p65 subunit of 
the NF-KB complex associated with DNA, thereby effec- 
tively preventing gene activation. An immediate predic- 
tion from these results will be that cells lacking the I K B ~  
gene ( I K B ~  - / - , see below) will not inhibit NF-KB activ- 
ity in response to glucocorticoids. Since retinoids also 
inhibit NF-KB activation, i t  will be interesting to know if 
the mechanism of inhibition also involves transcrip- 
tional activation of I K B ~ .  

Mice, where the I K B ~  gene has been deleted by homol- 
ogous recombination, have been generated (Beg et al. 
1995b). Although normal at birth, I K B ~  - / - mice ex- 
hibit severe runting, skin defects, and extensive postna- 
tal granulopoiesis and typically die by 8 days. Analysis of 
the hematopoietic tissues from these mice show ele- 
vated levels of both nuclear NF-KB and mRNAs of sev- 
eral genes regulated by NF-KB. These phenotypic abnor- 
malities likely arise from loss of I K B ~  protein, because 
mice lacking both I K B ~  and the p50 subunit of NF-KB 
show dramatically delayed onset of abnormalities. In 
contrast to hematopoietic cells, I K B ~  - / - embryonic fi- 
broblasts show minimal constitutive NF-KB, but normal 
signal-dependent NF-KB activities that are concomitant 
with IKBP degradation. Furthermore, Beg et al. (1995b) 

demonstrate that I K B ~  is, however, required for postin- 
duction repression of NF-KB in fibroblasts. These results 
also clearly demarcate the distinct roles of I K B ~  and IKBP 
proteins. 

GENES & DEVELOPMENT 2727 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Verma et al. 

IKB is the target of incoming signals 

There are many intermediate signaling molecules be- 
sides H,O, implicated in the activation of NF-KB in dif- 
ferent systems. These include tyrosine phosphorylation 
events, the Ras-Raf pathway, PK-C, and double-stranded 
RNA (dsRNA)-dependent kinase (for review, see 
Miyamoto and Verma 1995). Although phosphorylation 
of p65 by an associated serine kinase has been implicated 
in the activation of NF-KB (Hayashi et al. 1993), in most 
cases the ultimate target of these signaling molecules is 
IKB (for review, see Beg and Baldwin 1993; Baeuerle and 
Henkel 1994; Israel 1995; Collins et al. 1995; Miyamoto 
and Verma 1995). This conclusion is based on early ob- 
servations suggesting that modification must occur on 
IKB rather than NF-KB (Baeuerle et al. 1988). First, cyto- 
plasmic NF-KB bound to IKB has intrinsic DNA-binding 
activity, because the release of IKB by detergents allows 
NF-KB DNA-binding. Second, the DNA-binding activity 
of NF-KB obtained by detergent treatment of the cyto- 
plasmic NF-KBIIKB complex is comparable to that ap- 
pearing in the nucleus following stimulation. Third, the 
DNA-binding activity of nuclear NF-KB can be inhibited 
by exogenously added IKB. Finally, IKB activity is not 
recovered from the cytoplasm following stimulation. 
Additionally, in vitro studies using partially purified IKB 
showed that direct phosphorylation of IKB by various ki- 
nases, including PK-C, PK-A, and heme-regulated eIF-2, 
resulted in inactivation of IKB activity (Shirakawa and 
Mizel 1989; Ghosh and Baltimore 1990). When the sub- 
strate for these kinases was the NF-KBIIKB complex, 
phosphorylation of IKB resulted in the release of NF-KB 
and the appearance of the NF-KB DNA-binding activity. 
From these observations, a model was proposed in which 
phosphorylation of IKB results in its dissociation from 
NF-KB, thereby freeing NF-KB to translocate to the nu- 
cleus and bind KB sites (Baeuerle 1991). Although recent 
experiments demonstrate that this model needs further 
embellishments to explain in vivo activation of NF-KB, it 
is certain that IKB phosphorylation is an integral and 
obligatory step in NF-KB activation in vivo. 

Induced phosphorylation of IKB 

Because many kinases can phosphorylate and inactivate 
IKB in vitro as described above, many different kinases 
possibly inactivate IKB by phosphorylating various sites 
in vivo. Alternatively, a specific IKB kinase may be re- 
sponsible for IKB phosphorylation and inactivation in 
vivo. Finally, it is possible that phosphorylation of IKB is 
not a regulatory step in vivo following stimulation. 
However, through the use of antibodies and phosphatase 
inhibitors, phosphorylation of I K B ~  is observed in many 
cell types following stimulation (Beg et al. 1993; Cordle 
et al. 1993; Mellits et al. 1993). Importantly, this phos- 
phorylation event precedes NF-KB activation. Induced 
phosphorylation of I K B ~  reduces its mobility in poly- 
acrylamide gel electrophoresis and, consequently, slower 
migrating I K B ~  species can be detected by Western blot 
analysis of cytoplasmic extracts. The retardation of the 

migration of I K B ~  is attributable to phosphorylation be- 
cause phosphatase treatment results in its faster migra- 
tion. More than one phosphorylated species can often be 
detected, indicating that more than a single I K B ~  phos- 
phorylation event is induced. How many phosphoryla- 
tion events are induced? Whether the phosphorylation 
events are different for various activators, and whether 
IKB phosphorylation is essential for NF-KB activation re- 
main unanswered questions (see below). 

The induced I K B ~  phosphorylation sites have not been 
mapped by conventional two-dimensional peptide map- 
ping, because of the very rapid degradation of the phos- 
phorylated I K B ~  proteins (Beg et al. 1993; Brown et al. 
1993; Cordle et al. 1993; Henkel et al. 1993; Mellits et al. 
1993; see below). Fortunately, an independent approach, 
namely mutagenesis of I K B ~ ,  resulted in the identifica- 
tion of an amino-terminal deletion mutant that did not 
undergo phosphorylation when stably expressed in a re- 
porter cell (Brockman et al. 1995; Brown et al. 1995). 
This observation led to the discovery of the potential key 
phosphoacceptor residues in the amino-terminal do- 
main. When Ser-32 and Ser-36 in this amino terminus 
were mutated to alanine individually (Brown et al. 1995) 
or in combination (S32/36A), I K B ~  failed to undergo 
phosphorylation following stimulation (Brown et al. 
1995; Traenckner et al. 1995; Whiteside et al. 1995; S. 
Miyamoto, D. Van Antwerp, and J. Stevenson, unpubl.). 
This does not constitute proof, but it does provide strong 
evidence that these serines are phosphorylated during 
NF-KB activation. Accordingly, limited protease diges- 
tion of the NF-KB/IKB~ complex demonstrates that the 
amino terminus of I K B ~  is accessible to proteases (Aren- 
zana-Seisdedos et al. 1995) and therefore to other pro- 
teins, including, perhaps, I K B ~  kinases. Because the S321 
36A I K B ~  mutant is resistant to phosphorylation induced 
by various stimuli, including okadaic acid, TNF, and 
phorbol ester (TPA), different signaling pathways seem 
to result in the phosphorylation of these same sites 
(Traenckner et al. 1994; Brockman et al. 1995). Further- 
more, the results imply that the kinase or kinases that 
phosphorylate I K B ~  upon stimulation with a variety of 
inducers recognize the same Ser residues. Therefore, the 
I K B ~  kinase may be a unique or novel class of related 
kinases rather than many different types of kinases with 
distinct recognition sites, as was implied by the in vitro 
phosphorylation experiments mentioned above. A fur- 
ther indication that in vitro phosphorylation sites are 
unrelated to events in vivo is that the in vitro kinase 
reaction results in dissociation of IKB from NF-KB 
whereas in vivo phosphorylation does not (see below). 
Thus, Ser-32 and Ser-36 are most likely the induced 
phosphoacceptor sites in vivo, and further experimenta- 
tion is required to define whether phosphorylation oc- 
curs on both sites coordinately or independently. Inci- 
dentally, in IKBP, there are equivalent serine residues, 
Ser-19 and Ser-23, which could serve as the sites of in- 
duced phosphorylation. 

Is there a phosphatase specific for removing the in- 
duced phosphate groups from I K B ~ ?  It is well known that 
phosphorylated I K B ~  can be detected more easily if cell 
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extracts are treated with various phosphatase inhibitors. 
If unstimulated cells are treated with okadaic acid, an 
inhibitor of the phosphatase PP2A, some phosphorylated 
I K B ~  is observed (Sun et al. 1994; Traenckner et al. 1994). 
This result indicates either that I K B ~  in its unstimulated 

state is undergoing continuous phosphorylation and de- 
phosphorylation events or that the inhibition of dephos- 
phorylation by okadaic acid of some other upstream sig- 
naling molecule results in activation of I K B ~  kinases. 
The former possibility indicates the presence of a spe- 
cific phosphatase that is actively removing phosphate 
groups from I K B ~ .  Such a phosphatase would negatively 
regulate NF-KB activity, and in some cases, inhibition of 
this phosphatase might be induced during NF-KB activa- 
tion. Although the presence of I K B ~  phosphatase is hy- 
pothetical at present, its identification may provide an 
important target for drug development to control NF-KB / 
I K B ~  system. 

Basal phosphorylation of I K B ~  

Although not stressed in the literature, I K B ~  is a phos- 
phoprotein in unstimulated cells (Davis et al. 1991; Kerr 
et al. 1991; Barroga et al. 1995; Didonato et al. 1995). The 
nature of the phosphorylation sites, the kinases that 
phosphorylate it, and the functional significance of this 
phosphorylation event have been elusive for many years. 
Our recent studies demonstrate that the basal phospho- 
rylation of I K B ~  occurs at the carboxy-terminal casein 
kinase I1 (CKII) sites in the PEST region and is mediated 
by CKII (Barroga et al. 1995). Although there are five 
potential SerIThr CKII phosphorylation sites, the pre- 
ferred site appears to be Ser-293. An I K B ~  mutant (1~Ba- 
MutF), where all five sites are mutated to alanine, cannot 
be phosphorylated in vitro either by cellular extracts or 
by purified CKII. More importantly, 1~Ba-MutF is not 
phosphorylated in vivo when transiently expressed in 
293 cells, a human embryonic kidney cell line. 1~Ba- 
MutF forms a complex with p65, indicating that the 
basal phosphorylation of I K B ~  is not required for NF-KB 
association. It is also clear that basal phosphorylation is 
not required for induced I K B ~  phosphorylation and deg- 
radation, because 1~Ba-MutF expressed stably in HeLa 
cells undergoes phosphorylation and degradation upon 
TNFa stimulation. Interestingly, free 1~Ba-MutF has a 
half-life twice as long as the wild type when transiently 
overexpressed in 293 cells. Consequently, 1~Ba-MutF 
can act as a transdominant negative mutant in that it 
inhibits signal-induced activation of endogenous NF-KB 
because of overabundance of free inhibitor proteins. In 
addition, excess wild-type I K B ~  can also hinder the ac- 
tivity of newly activated NF-KB proteins. The presence of 
free I K B ~  in unstimulated cells would prevent rapid in- 
ducibility and reduce the sensitivity of the NF-KB sys- 
tem. Consequently, there must be a mechanism for re- 
moving any unbound wild-type I K B ~  efficiently from the 
cell. Such a mechanism could require basal phosphory- 
lation because it has been demonstrated that free wild- 
type I K B ~  is basally phosphorylated and short lived (Scott 
et al. 1993; Sun et al. 1993), whereas free 1~Ba-MutF is 

unphosphorylated and has a longer half-life (J.K. Steven- 
son, unpubl.). In the Drosophila embryo, free Cactus also 
has a short half-life, and its degradation requires the car- 
boxy-terminal PEST sequence where the basal phospho- 
rylation sites reside (Belvin et al. 1995). Deletion of the 
PEST sequence from IKBU also results in a longer half-life 
of the free mutant protein. Taken together, a plausible 
function of the basal phosphorylation in the PEST region 
of I K B ~  is to target excess free I K B ~  efficiently to a deg- 
radation machinery and ensure the rapid inducibility and 
preserve the sensitivity of the NF-KB system. 

Induced degradation of I K B ~  

As mentioned above, I K B ~  undergoes complete degrada- 
tion following stimulation but prior to NF-KB activation 
(Beg et al. 1993; Brown et al. 1993; Cordle et al. 1993; 
Henkel et al. 1993; Mellits et al. 1993; Chiao et al. 1994). 
This induced degradation is rapid and in some cell types 
it is complete within -10 min. It is also extensive and 
produces no obvious intermediates. Thus, the induced 
I K B ~  degradation is a remarkably efficient process that 
can be inhibited if cells are treated with cell-permeable 
serine protease inhibitors, such as TPCK (Henkel et al. 
1993; Chiao et al. 1994). More importantly, NF-KB acti- 
vation is also inhibited (Henkel et al. 1993). This obser- 
vation suggested that the degradation of I K B ~  is an oblig- 
atory step in the activation of NF-KB. However, in this 
study, it was not certain whether these protease inhibi- 
tors only inhibited I K B ~  degradation or also I K B ~  phos- 
phorylation. Additional experiments demonstrated that 
pretreatment of cells with TPCK or TLCK does inhibit 
I K B ~  phosphorylation in vivo (Mellits et al. 1993 ; Finco 
et al. 1994; Miyamoto et al. 1994b; Sun et al. 1994; Al- 
kalay et al. 1995; Didonato et al. 1995). Use of other 
protease inhibitors, namely, cell-permeable peptide alde- 
hydes such as calpain inhibitor I, clearly demonstrated 
that I K B ~  phosphorylation can be induced in the absence 
of its degradation (see below). 

Thus, these observations raise a number of mechanis- 
tic questions about NF-KB activation: (1) What is the 
nature of the kinase ( I K B ~  kinase) that phosphorylates 
I K B ~  upon induction? (2) Does I K B ~  phosphorylation re- 
sult in its dissociation from NF-KB? (3) What is the signal 
for I K B ~  degradation? (4) What is the substrate for I K B ~  
protease? (5) What is the I K B ~  protease? (6) And what is 
the sequence of events leading to NF-KB activation? If 
phosphorylation of I K B ~  causes dissociation of NF-KB, as 
the original model suggested (Baeuerle 1991), protease 
inhibitors would have no effect on NF-KB activation. 
However, peptide aldehyde inhibitors block NF-KB acti- 
vation and coimmunoprecipitation studies demonstrate 
that when degradation is blocked the phosphorylated 
form of I K B ~  (1~Ba-P) is still complexed with NF-KB in 
the cytoplasm (Miyamoto et al. 1994b; Palombella et al. 
1994; Traenckner et al. 1994; Brockman et al. 1995; 
Brown et al. 1995; Didonato et al. 1995; Lin et al. 1995). 
Thus, the induced degradation, not the phosphorylation 
event, results in liberation of free NF-KB. The lack of 
induced phosphorylation and degradation of the S32/ 
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36A mutant of I K B ~  mentioned above provides evidence 
that induced I K B ~  phosphorylation is required and pro- 
vides a signal for degradation. The phosphorylation 
event is required for an additional modification of I K B ~ ,  
namely, multiubiquitination (Chcn ct al. 1995; M. Roff, 
J. Thompson, M.S. Rodriguez, J.-M. Jacque, F. Baleux, F. 
Arenzana-Seisdedos, and R.T. Hay, in prep.). The ubiq- 
uitinated I K B ~  remains associated with NF-KB and is spe- 
cifically degraded by 26s proteasome. Ubiquitin is con- 
jugated at Lys-21 and Lys-22 in the amino-terminal re- 
gion of I K B ~  (Rodriguez et al. 1995; Sherer et al. 1995). 
Thus, the sequence of events leading to NF-KB activation 
may require phosphorylation of I K B ~  at Ser-32 and Ser-36 
residues, followed by phosphorylation-dependent mul- 
tiubiquitination of I K B ~  at Lys-21 and Lys-22 and degra- 
dation of I K B ~  by ubiquitin-dependent proteasome and 
finally the release of free NF-KB transcription factor 
[Fig. 4). 

Basal degradation of I K B ~  

It is important to note that I K B ~  in its unstimulated state 
is continuously turning over (Henkel et al. 1993; Rice 
and Ernst 1993; Miyamoto et al. 1994a). The half-life of 
I K B ~  is -2.5 hr in the 70213 murine pre-B cell line, mak- 
ing it a very unstable protein (Miyamoto et al. 1994a). On 
the other hand, the half-life of RelINF-KB is much longer 
in the same cells (Miyamoto et al. 1994a). This is in 
agreement with an earlier observation that NF-KB is reg- 
ulated by a labile inhibitor (Sen and Baltimore 1986). 
Additionally, it explains why inhibition of protein syn- 
thesis results in NF-KB activation (Sen and Baltimore 
1986). If I K B ~  is turning over faster than NF-KB, the lack 
of I K B ~  synthesis will eventually lead to the presence of 
free NF-KB. 

These observations raise some important questions: Is 
the basal I K B ~  protease the same as or different from the 

Signal ( TNFa, I L1, TPA, LPS) 

Figure 4. Model for NF-KB regulation. In response to external signals a protein kinase is induced that can phosphorylate both p105 

present in association with p65 and I K B ~  present in association with ~ 5 0 1 ~ 6 5 .  The phosphorylated ~ 1 0 5 1 ~ 6 5  and p50/p65/I~Ba are 

then substrates for ubiquitination followed by processing of p105 to p50 and degradation of I K B ~  by proteasomes. The pSOIp65 

complex then translocates to the nucleus activating genes containing the KB site, including I K B ~ .  The I K B ~  protein is modified by 

phosphorylation with CKII and can form a complex with processed p50/p65 complex and be retained in the cytoplasm until a new 

signal is provided. The newly synthesized I K B ~  protein can also enter the nucleus. There is no formal proof to rule out if the newly 

processed p501p65 complex does not go directly to the nucleus without association with IKB, but the kinetics of processing are slower 
than NF-KB activation. 
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induced protease? That is, does the basal I K B ~  protease 
require phosphorylation at Ser-32 and Ser-36 as does the 
induced protease? And if induced phosphorylation is not 
necessary, is i t  possible to activate NF-KB by modulating 
the activity of the basal protease without affecting the 
I K B ~  kinase? These questions may be best tested by us- 
ing WEHI-231 murine B cells, where NF-KB is constitu- 
tively active (Sen and Baltimore 1986). 

The mechanism of constitutive NF-KB activation in 
this cell type has remained unknown for many years. We 
and others have shown that the constitutively active 
RelINF-KB complex in WEHI-231 cells is a p5OIc-Re1 
dimer (Rice and Ernst 1993; Grumont and Gerondakis 
1994b; Liou et al. 1994; Miyamoto et al. 1994~).  The 
constitutive activity of the p5OIc-Re1 dimer is not attrib- 
utable to H,O, production because treatment of WEHI- 
231 cells with an antioxidant PDTC has no effect, 
whereas the antioxidant does inhibit LPS-induced NF-KB 
activation in 70213 cells (S. Miyamoto, unpubl.). The 
DNA-binding activity of the p501c-Re1 dimer is inhib- 
ited by exogenously added IKBs, showing that p501c-Re1 
retains sensitivity to IKB proteins (Miyamoto et al. 
1994a). Newly synthesized c-Re1 in WEHI-231 cells is 
complexed with IKB proteins, such as I K B ~  and p105 
(Rice and Ernst 1993; Miyamoto et al. 1994a). Further- 
more, IKB proteins associated with c-Re1 are cytoplas- 
mic, demonstrating that IKBS inhibit c-Re1 nuclear trans- 
location (Miyamoto et al. 1994a). Surprisingly, we found 
that only -10%-20% of c-Re1 is free of IKB proteins and 
detectable in the nucleus (Miyamoto et al. 1994a). In 
addition, cytoplasmic I K B ~  is constitutively turning over 
with a half-life of -30 min in WEHI-231 cells 
(Miyamoto et al. 1994a). Slowing this half-life by pro- 
tease inhibitors, including calpain inhibitors, leads to 
the loss of p5OIc-Re1 dimers from the nucleus 
(Miyamoto et al. 1994a; S. Miyamoto, unpubl.). The in- 
duced degradation machinery is intact in these cells, be- 
cause stimulation of these cells with LPS or TPA results 
in enhanced I K B ~  degradation. 

From these observations we propose that enhanced 
basal I K B ~  degradation contributes to constitutive p501 
c-Re1 activation in WEHI-23 1 cells. Taken together, en- 
hancement of basal I K B ~  degradation in the absence of 
external stimuli can result in constitutive NF-KB activa- 
tion. It is of interest to determine whether the amino- 
terminal deletion S32136A and CKII site mutants of I K B ~  
can inhibit constitutive p501c-Re1 activity in WEHI-23 1 
cells. Alternatively, these mutant proteins may be de- 
graded as fast as endogenous I K B ~  in WEHI-231 cells. 
Such studies could help to determine whether induced 
and basal phosphorylation of I K B ~  are essential for con- 
stitutive NF-KB activation in WEHI-231 cells. 

Nuclear translocation of NF-KB 

An aspect of the NF-KB system that has not been studied 
extensively is the kinetics of nuclear translocation of 
NF-KB proteins following activation. Although complete 

I K B ~  degradation and maximum DNA-binding activity 
appears in < 10 min following stimulation in some cells, 

the amount of NF-KB proteins that translocate into the 
nucleus within the same period is <lo%-20% of total 
NF-KB proteins (Miyamoto et al. 1994a). What happens 
to the majority of NF-KB that has been freed from I K B ~ ?  
Some NF-KB proteins may be associated with other IKB 
proteins, such as IKBP, Bcl-3, p105, and p100. Also, the 
nuclear translocation machinery may reach a saturation 
point. Additionally, there may be other unexplored reg- 

ulatory steps important for their nuclear translocation. 
Nuclear translocation of the Drosophila NF-KB member 
Dorsal requires phosphorylation at the conserved PK-A 
site (Norris and Manley 1992). Furthermore, the onco- 
protein v-Re1 is constitutively nuclear if the PK-A site is 
mutated from a serine to an alanine (Mosialos et al. 
1991). Thus, a phosphorylation or dephosphorylation 
event at the conserved PK-A site may provide a regula- 
tory event for NF-KB nuclear translocation following dis- 
sociation from I K B ~ .  The NF-KB subunit p65 (RelA) and 
c-Re1 have been shown to be phosphorylated following 
activation (Li et al. 1994; Naumann and Scheidereit 
1994), but the phosphorylation sites are not defined in 
these studies. Thus, the mechanism of NF-KB nuclear 
translocation following I K B ~  degradation may involve a 
phosphorylation or dephosphorylation event and provide 
a critical step in NF-KB regulation. 

Once in the nucleus, the NF-KB proteins not only bind 
to the decameric DNA sequence but also interact with 
many other proteins. For example, c-Re1 has been shown 
to bind directly to TATA binding protein (TBP) and 
TFIIB (Kerr et al. 1993; Xu et al. 1993). Direct association 
between c-Re1 and TBP is essential for transcriptional 
activation. Using a yeast two-hybrid system, we have 
recently found that c-Re1 also interacts with one of the 
RNA polymerase I1 subunits (K. Tashiro and I.M. Verma, 
unpubl.). NF-KB ( ~ 5 0 1 ~ 6 5 )  alone is not sufficient to acti- 
vate the transcription of human interferon-f3 (IFN-P) 
gene, even though it binds to the specific KB site. It re- 
quires a high-mobility-group protein [HMG-I(Y)] as a co- 
activator for transcriptional activation (Thanos and Ma- 
niatis 1992). The Rel/NF-~BIDorsal proteins can also 
function as repressors, either alone like the p50 ho- 
modimer (Schmitz and Baeuerle 1991; Franzoso et al. 
1992; Kang et al. 1992) or in association with another 
protein like the Drosophila switch protein (DSP-1) (Le- 
hming et al. 1994). Additionally, there are other activator 
proteins like the helix-loop-helix (HLH) family mem- 
ber, CIEBP, or steroid receptors, which can interact with 
the NF-KB proteins to activate, repress, enhance, or de- 
crease transcription of various genes (Miyamoto and 
Verma 1995). Thus, NF-KB proteins, once entered in the 
nucleus, are subjected to additional levels of control. 

Conclusions and perspectives 

The distribution of the R~~/NF-KB/IKB system is wide- 
spread and is receptive to many independent extracellu- 
lar and intracellular signals. Consequently, the types of 
genes that are regulated by this family of transcription 
factors are diverse, demonstrating their significance in a 
wide variety of cellular functions. A role of NF-KB in cell 
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proliferation is suggested by activation of p53, c-myc, 
and c-H-ras genes which are important for cell cycle pro- 
gression. NF-KB may also play a role in apoptosis because 
p65 and c-Re1 have been implicated in apoptosis of em- 
bryonic liver cells and chicken bone marrow cells, re- 
spectively (Beg et al. 1995a). However, the role of NF-KB 
in apoptosis is not universal. A recent study shows that 
NF-KB is not involved in TNFa-induced apoptosis of hu- 
man 293 cells (Hsu et al. 1995). What is evident are the 
fundamental roles of R ~ ~ I N F - K B  family proteins in im- 
mune responses, thymus development, inflammatory 
and acute phase responses, and embryonic development. 
Definitive answers to the biological roles of this family 
of transcription factors will likely come from homozy- 
gous knockout studies of R ~ ~ / N F - K B  genes individually 
and in combination. 

Much of the effort in the field has been devoted to the 
dissection of the molecular events associated with the 
release of NF-KB from the cytoplasmic NF-KB/IKB~ com- 
plex. Consequently, a large body of information de- 
scribes clear and sequential post-translational modifica- 
tion events: phosphorylation of I K B ~  probably at Ser-32 
and Ser-36, followed by multiubiquitination at residues 
Lys-21 and Lys-22, degradation of I K B ~  by 26s protea- 
some, and liberation of free NF-KB to translocate into the 
nucleus. To determine how phosphorylated I K B ~  is se- 
lectively targeted for proteolysis without concomitant 
destruction of the associated NF-KB requires further in- 
vestigation. I K B ~  is also continually degraded in the un- 
stimulated cells and the identification of the protease 
responsible for basal I K B ~  degradation needs exploration. 
Future studies will fill in additional events that are miss- 
ing in this simplistic model, such as involvement of 
phosphatases, mechanism of ubiquitination of I K B ~ ,  and 
regulation of nuclear translocation of free NF-KB. 

One of the most pursued proteins for study in the NF- 
KB system, the I K B ~  kinase, remains elusive. This kinase 
must respond to a wide variety of signals and should be 
situated downstream of and possibly directly regulated 
by H,O,. Besides I K B ~ ,  there are many other members of 
the IKB family of proteins. How their activities are reg- 
ulated during NF-KB activation is not clearly understood. 
Some signals that degrade I K B ~  and IKBP also induce pro- 
cessing of p 105 and/or p 100 to p50 and p52, respectively. 
Additionally, not all signals that cause I K B ~  phosphory- 
lation and degradation induce IKBP degradation. Finally, 
the regulation of Bcl-3 activity in vivo is almost entirely 
unknown. Significant amounts of Bcl-3 and p50 ho- 
modimer can be found in the nucleus of cells, such as 
murine B cells (Liou et al. 1994; Miyamoto et al. 1994~) .  
It is not known whether a p50 homodimer and Bcl-3 are 
present in a complex in the nucleus of these cells. How- 
ever, Bcl-3 regulation of the cytoplasm/nuclear localiza- 
tion of p50 and p52 seems very distinct from that of 
other IKB proteins (Siebenlist et al. 1994). This difference 
of regulation may be related to the unique coactivator 
activity of Bcl-3 in addition to the IKB activity. 

The R ~ ~ / N F - K B  family of transcription factors are im- 
portant regulators of viral transcription, including that of 
the human immunodeficiency virus. NF-KB also plays an 

important role in transformation induced by another hu- 
man pathogenic virus, the human T cell leukemia virus- 
I. In addition, some members of the NF-KB protein fam- 
ily, such as c-Rel, Lyt-10, and Bcl-3, are implicated in 
human B cell lymphomas. The involvement of Rel/NF- 
KB family in other types of human cancers is likely, es- 
pecially because p65 is important for tumor cell adhe- 
sion and growth. In addition, it is well documented that 
these transcription factors play pivotal roles in immune, 
inflammatory, and acute phase responses. Failure or 
overreaction of these responses can result in serious con- 
ditions including toxic shock and death. Thus, drug de- 
velopment for specific attenuation of R ~ ~ / N F - K B  activity 
will help to alleviate human disease states associated 
with this family of transcription factors, including AIDS 
and cancer. The targets of such drugs may include reac- 
tive oxygen intermediates, I K B ~  kinases, ubiquitination 
machinery, 26s proteasomes, basal I K B ~  proteases, spe- 
cific nuclear translocation machinery, or Re1 /NF-KB/IKB 
complexes themselves. With the rapid rate of progress in 
the field, development of such important drugs should be 
forthcoming in the near future. 
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