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1. Introduction 

Molecular regulatory pathways were originally identified as  series of cova- 
lent enzym;rtic modifications of substrate molecules during intermediary 
metabolism. Recent gene regulation research has revealed subtle and com- 
plex molecular regulation by information pathways involving noncovalent 
interactions between macromolecules. High affinity interactions between 
proteins with DNA sequences play a key role in governing gene transcrip- 
tion. Regulatory interactions also occur between transcription factors and 
RNA polynierases. In an increasing number of examples, protein-protein 
association\ between various types of transcriptional regulatory factors 
determine the specificity of gene activation. These noncovalent informa- 
tion pathways are also intimately interlaced with enzymatic control points 
such as  phosphorylation or other forms of post-translational modification. 
Together these pathways form a network that shuttles information 
throughout the cell allowing physiological needs to be met by selective 
gene expression. 

Modulation of gene expression by the NF-KB/Rel family of protein 
complexes illustrates many of the newly emerging themes of intracellular 
regulation. Associations of the binding and regulatory subunits of NF-KB 
operate at the center of a variety of different signal pathways. NF-KB can 
process and integrate instructions that come from the extracellular milieu 
as well as detect intracellular events originating in either the cytoplasm 
or the nucleus. NF-KB then transmits this information with astonishing 
rapidity to the transcriptional machinery by directly binding to a range 
of different DNA sequences in gene control regions. NF-KB comprises 
members of a family of dimer-forming proteins with homology to the re1 
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oncogene. Its binding, location in the cell, and transcriptional properties 
are regulated by a second Family of proteins that contain repeats of a 
domain characteristically found in the erythrocyte protein ankyrin. The 
DNA sequences which bind NF-KB are also recognized by a third family 
of structurally distinct proteins bearing the “zinc-finger’’ DNA interaction 
domain. This highly evolved system controls a wide diversity of genes and 
thus provides an interesting paradigm for several areas of molecular and 
cellular research. 

II. NF-KB Function in B Cells 

In 1986, Sen and Baltimore first identified NF-KB as an apparently tissue- 
restricted factor that activated the Ig K light chain intron enhancer during 
B-lymphocyte development. They used an electrophoretic mobility shift 
assay to detect a protein complex with a DNA sequence which was then 
called the B site (Sen and Baltimore, 1986a) (see Fig. I ) .  The B site was 
a 10-nucleotide DNA sequence in a region of the large intron of the K light 
chain gene that had been defined by various functional assays as a B-cell- 
specific enhancer element (Queen and Baltimore, 1983; Bergman et a/ . ,  
1984). A hint to the importance of this sequence was that it was also 
present in the enhancer of the simian virus-40 (SV-40) DNA tumor virus 
(Emorine et ul., 1983; Sen and Baltimore, 1986a). 

NF-KB had the striking appearance of being constitutively present only 
in B cells of the “appropriate” stage for Ig K light chain gene expression 
(mature B cells and plasma cells, but not pre-B cells)(Sen and Baltimore, 
1986a). Even more remarkable was that NF-KB was inducible in pre-B 
cells. For example, in the pre-B tumor line 702/3, NF-KB could be induced 
by agents such as lipopolysaccharide (LPS), active phorbol esters, cyclo- 
heximide, IL-1, tumor necrosis factor-a (TNF-a), and virus infection (Sen 
and Baltimore, 1986b; Atchison and Perry, 1987; Shirakawa et ul., 1989; 
Lenardo ef ul., 1989). Because these same agents stimulated transcription 
of the K locus, inducible NF-KB in pre-B cells strengthened the correlation 
with K light chain gene expression (Nelson eta/ . ,  1985). Chromatin changes 
and occupancy of the NF-KB site were directly demonstrated in intact 
nuclei from LPS-treated 70Z/3 cells (Gimble and Max, 1987; Hromas 
et a / . ,  1988). More recent studies have also found poor activation of 
NF-KB in genetic variants of the 70Z/3 cell line that display defective K 

gene expression in response to LPS (Briskin rt ul., 1990; Rooney et ul., 
1990a, b) . 

The observation that cycloheximide induced NF-KB was especially pre- 
scient (Sen and Baltimore, 1986b). NF-KB induction apparently did not 
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FIG 1 Mobiliiy shift electrophoresis analysis of extracts from Namalwa human mature B 
lymphocytes using the KB binding site from the Ig K gene. Lanes 1 and 7 are nuclear extracts 
from unstimulated cells and lane 8 is the same with 1 mM GTP added to the binding reaction; 
lane 2 is nuclear extract from Sendai virus-induced cells. Lanes 3 to 6 are cytosolic extracts 
in which sodium deoxycholate treatment (+, lanes 4 and 6) has been used to free NF-KB 
from I-KB. These results and the methods for these experiments have been previously 
described in Lenardo rf a/ .  (1989). 

require new protein synthesis; in fact, cycloheximide and other stimulants 
caused a superinduction of NF-KB (Sen and Baltimore, 1986b). This corre- 
lated with the lack of a requirement for new protein synthesis for K gene 
expression (Wall et al . ,  1986) and led to the proposal that a preexisting 
form of NF-KB, which was controlled by a labile inhibitory protein, might 
reside in the cell prior to induction (Baltimore, 1987). 

The functional role of NF-KB was demonstrated by mutational analysis 
of the K intronic enhancer (Lenardo et al., 1987) (see Fig. 2). Alterations 



B SITE MUTANT NO ENHANCER WILD TYPE 
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FIG. 2 Analysis of transcriptional activity conferred by the KB binding site in the Ig K gene enhancer in mouse PD-31 pre-B 
lymphocytes. The left panel shows the bacterial chloramphenicol acetyltransferase activity for the truncated c-fos reporter plasmid 
with no enhancer. The middle panel shows the bacterial chloramphenicol acetyltransferase activity conferred by the 470-bp version 
of the Ig K enhancer in unstimulated cells (none). or in cells stimulated with LPS or phorbol ester (PMA). The right panel shows 
the Ig K enhancer with multiple point mutations in the KB binding site that eliminate binding of NF-KB in unstimulated cells (none), 
or in cells stimulated with LPS or PMA. These results and the methods for these experiments have been previously described in 
Lenardo et a / .  (1987). 
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of the B sxte that interfered with NF-KB binding destroyed both basal 
enhancer function in mature B cells and inducibility in pre-B cells. The 
mutated enhancer was completely inactive. Further experiments revealed 
that the NF-KB binding site on its own could act independently as a strong 
tissue-specific and inducible enhancer element (Pierce et a/ .  ,' 1988; Wirth 
and Baltimore, 1988). In fact, two copies of an oligonucleotide containing 
only the NF-KB site stimulated transcription as well as the entire K en- 
hancer in transient transfection assays. 

The initial conceptualization, based on the correlation to K light chain 
gene expression, was that NF-KB was the key regulatory molecule for 
light chain gene activation. It was even imaginable that NF-KB orches- 
trated the entire transition from pre-B to mature B phenotype by turning 
on a set of differentiation genes. Four pieces of evidence have since 
suggested 1 hat the true picture is more complicated and more interesting. 
First, y-interferon can activate K gene expression and not alter the level 
of NF-KB binding activity in pre-B cells (Briskin et al., 1988; Bornsztyk 
et al. ,  1990). Second, the endogenous K light chain gene has been found 
to be expressed at high levels in myeloma cell lines that contain little NF- 
KB and show no K intronic enhancer activity (see below) (Atchison and 
Perry, 1987). Third, NF-KB does not seem to regulate the recently deline- 
ated enhancer elements in the Ig A light chain loci (Hagrnan et a/ . ,  1990). 
Fourth, as described below, elements other than the intron enhancer 
contribute to  gene expression and do not involve NF-KB. Taken together, 
these findings would best portray NF-KB as  one part of a transcriptional 
differentiat ion program that has multiple, perhaps sequential, but function- 
ally similar elements. Further work will be needed to describe the interplay 
between the elements of this program and how they coordinate the matura- 
tion of pre-B to B cells. 

One interesting paradox in Ig gene regulation that illustrates the com- 
plexity of eukaryotic gene analysis has been recently resolved. Early 
studies of the Ig heavy and light chain genes suggested that the intronic 
enhancer elements were dispensable for high level gene expression 
(Schaffner, 1988). As mentioned above, a myeloma line with little NF-KB 
was found to have robust Ig K gene expression (Atchison and Perry, 1987). 
This led to the hypothesis that once the Ig genes were triggered, the 
enhancers and their associated binding proteins might not be needed for 
the maintenence of transcription (Klein et a / . ,  1985; Atchison and Perry, 
1987). Preservation of transcription might be attained by the methylation 
status of the gene or particular chromatin configurations (Kelley et a/.,  
1988; Atchison and Perry, 1988). Evidence against this idea was that NF- 
KB was only rarely absent in mature cells of the B lineage (Sen and 
Baltimore, 1986a). Moreover, a continuous requirement for the enhancer 
element was found for the Ig heavy chain gene (Grosschedl and Marx, 
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1988). A coherent picture of Ig gene control subsequently emerged with 
the discovery of additional enhancer elements for both the Ig heavy chain 
and K genes at significant distances downstream of the constant region 
(Meyer and Neuberger, 1989; Pettersson et al., 1990). In the case of the 
K gene, the downstream enhancer was stronger than the intronic enhancer 
and essential to achieve high enough expression of K genes in transgenic 
mice to cause allelic exclusion (Meyer and Neuberger, 1989; Meyer et 
ul., 1990). Significantly, the downstream K enhancer is not activated by NF- 
KB, indicating that multiple pathways lead to high level K gene expression 
(Meyer et al., 1990; M. Atchison, personal communication). 

Although constitutively present in the nucleus, NF-KB can be further 
modulated in B cells. For instance, higher levels of nuclear NF-KB can be 
induced in human Namalwa cells by virus infection (Lenardo et al., 1989). 
At least part of the NF-KB that is induced in certain B cells seems to come 
from the “masked” cytoplasmic form (see below). It also becomes evident 
in whole cell extracts from Daudi cells with a mild denaturant (Visvanathan 
and Goodbourn, 1989), or in mouse S194 myeloma cells by HTLV-I tax 
gene product (Mauxion er uf., 1991). However, preexisting but nonbinding 
NF-KB does not appear to be present in all mature B cells (Baeuerle et 
al., 1988). Recently, Marcuzzi et ul. (1989) and Liu et al. (1991) reported 
that in murine splenic B cells, NF-KB, which is already present to some 
degree constitutively, can be induced further after Ig crosslinking. 

NF-KB has been implicated in the transcriptional activation of a variety 
of genes other than the K gene in B cells. These include the MHC class I 
and p2 microglobulin genes (Yano et ul., 1987; Baldwin and Sharp, 1988). 
as well as the genes for MHC class 11 and its associated invariant chain Ii 
(Blanar et al., 1989; Pessara and Koch, 1990; Zhu and Jones, 1990), and 
other early activation genes (Anderson et al., 1992). A motif similar to the 
consensus binding sequence of NF-KB has been found in the promoter of 
the gene for the murine B-cell tyrosine kinase hck (Lock et al., 1990). 

As in other cell lineages, NF-KB has to be viewed in B cells as an eclectic 
mediator of gene transcription that facilitates rapid genetic interpretation 
of extracellular signals. Two important regulatory issues are highlighted 
by the study of NF-KB in the B lineage. First, how does NF-KB turn on 
specific genes in the B lineage despite the fact that it induces transcription 
of many genes in many lineages? Second, how is NF-KB binding activity 
maintained constitutively in mature cells of the B lineage? One explanation 
for the B-cell-restricted response of certain genes to NF-KB has come from 
a study of the Ig K intronic enhancer. Pierce et al. have shown that NF- 
KB’S effect on the K enhancer is under the influence of a negative element 
(1991). They identified a 232-base pair (bp) fragment located 5 ‘  of the NF- 
KB binding site that makes the enhancer nonresponsive to NF-KB in non-B 
cells. Strikingly, this silencer element works in a distance- and orientation- 
independent fashion. 
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The issue of how B cells maintain a certain fraction of NF-KB in a 
nuclear binding form has not yet been adequately explained. There is some 
evidence that NF-KB is constitutively present in some T-cell lines and 
thymocytes (Baeuerle et al., 1988; Bohnlein et al., 1988; Leungand Nabel, 
1988; Cross etal. ,  1989; Lin et al., 1990; Korner etal. ,  1991)and possibly in 
mature macrophages (Griffin et al., 1989). The mechanism for constitutive 
activity in any cell lineage has not been determined. Evidence from studies 
with the cloned genes indicates that the mRNAs for the NF-KB binding 
subunits p50 and p65 are not elevated as cells mature in the B lineage 
(Ghosh et al., 1990; Nolan et al., 1991). The simplest model would entail 
modulation of the level of the cytoplasmic inhibitor, I-KB, but the distribu- 
tion and functional status of this molecule and its relatives have not yet 
been evaluated in different lineages. 

111. NF-KB as an Inducible Transcriptional Activator 

The property that gives NF-KB a widespread significance in cellular regula- 
tion is its role as a mediator of inducible gene transcription. The key 
features of NF-KB transcriptional control are that it is fast and versatile 
and is used in many different gene systems. It also has the important ability 
to carry signals from the cytoplasm into the nucleus and trans-activate 
specific genes by binding directly to their promoters. 

The versatility of the NF-KB system is evident in the large number of 
agents able to up-regulate the levels of NF-KB binding in the nucleus. 
Unlike transcription factors which respond to a limited number of inducers 
such as the heat shock factor or specific steroid receptors, signals from a 
number of directions converge on NF-KB to be conveyed icio the nucleus. 
Importantly, signals that pass through NF-KB appear to be launched from 
different parts of the cell (Lenardo and Baltimore, 1989; Baeuerle, 1991). 
They may emanate from cell surface molecules such as the receptors for 
cytokines (IL-I,  TNF-a,  and TNF-P), lectins, or LPS. They may come 
from elements of second messenger pathways that are associated with 
events at the cell membrane such as phorbol esters or calcium ionophores. 
They may arise in the cytoplasm through kinase induction by dsRNA or 
by inhibition of protein synthesis. They may also involve triggering by 
intranuclear proteins such as the Tax trans-activator of the HTLV-I virus 
that induces NF-KB. Finally, and perhaps most surprisingly, induction 
may even be signaled at the DNA level such as by UV light and other 
agents thali cause DNA damage. A list of the known inducing agents for 
NF-KB is given in Table I. 

The kinetics of the NF-KB response to inducing agents indicate that it 
can be extremely rapid and quite sensitive. For example, early studies 
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TABLE I 
Inducers of NF-KB 

Inducer Cell type Species Reference 

Lipopol y sacc haride 

Protein synthesis 
inhibitors 

Phorbol ester 

Anti-IgM 

HTLV-I t t / x  

dsRNA 

TNF-a 

L ymphotoxin 

Interleukin- I 

Interleukin-1 

Interleukin-2 

Pre-B (70213; 3-1) 
Splenic B 
Fibrosarcoma 

(WEHI 164) 
Monocytelmacrophage 

(mono-mac-6) 

Pre-B (70213) 
Splenic B 

Pre-B (70213) 
T (Jurkat) 
HeLa 
Splenic B 
Monoc ytelmacrophage 

Splenic B 

Plasmacytoma 
T (Jurkat) 

Osteosarcoma (MG63) 
HeLa 
Fibrosarcoma 

(WEHI 164) 
Fibroblast L929 

Pro-monocytic (U937) 
Rat-2 fibroblast 
M yelomonoc ytic 

(WEHI 38) 
T (Jurkat) 
Fibrosarcoma 

(WEHI 164) 
Hepatoma (HepG2) 

Erythroleukemia (KS62) 
Macrophages 

Myelomonocytic 

T (YT) 
T (Jurkat) 

Foreskin fibroblast 

Hepatoma (HepG2) 

T (SPB2I) 

T (EL-4-El) 

m 
m 
m 
h 

m 
m 

m 
h 
h 
rn 
h/m 

m 
m 

m 
h 

h 

h 

m 
m 

h 
r 
m 

h 
m 

h 

h 
m 
h 

h 
h 
m 
h 

h 

h 

Sen and Baltimore, 1986b 
Atchison and Perry, 1987 
Liu et nl., 1991 
Gromkowski et a/., 1990 
Haas et a/. ,  1990 

Sen and Baltimore, 1986b 
Liu et d. ,  1991 

Sen and Baltimore, 198611 
Sen and Baltimore, 1986b 
Sen and Baltimore, 1986b 
Liu e/ el., 1991 
Griffin et d . ,  1989 

Marcuzzi P I  d., 1989 
Liu et d., 1991 

Mauxion et a / . .  1991 
Leung and Nabel, 1988; 

and others (see text) 

Visvanathan and 
Goodbourn, 1989 

Visvanathan and 
Goodbourn, 1989 

Gromkowski et d. ,  1990 
Lenardo e t a / . ,  1989 

Griffin er u / . ,  1989 
Pessara and Koch, 1990 
Pessara and Koch, 1990 
Osborn e ta / . ,  1989 
Gromkowski et a/ . ,  1990 
Banerjee et d . ,  1989 

Meichle rt a/. .  1990 
Collart et d. ,  1990 

Hohmann et d. ,  1990a, 

Freimuth rt a/. ,  1989 
Osborn er a/. ,  1989 
Novak ct a/. ,  1990 
Zhang et a/.,  1990 

Nonaka and Huang, 1990 

Hazan r /  a/. ,  1990 

1991b 

(continues) 
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Inducer Cell type Species Reference 

Ph ytohemagglutinin T (Jurkat) 
Pro-monocytic (U937) 

Concanavalin A T (Jurkat) 

Calcium ionophore T (EL-4-El) 

Anti-CD2 
Anti-CD3 

Anti CD28 

Anti-ap TCH: 

Antigen 

C-AMP 

UV light 
4-Nitroquinoline oxide 

H!Oz 

Theilera parva (parasite) 

Serum 

Okadaic acid 

Monocytes 

T (SPBZI) 

T (Jurkat) 

T (SPB2I) 

T (SPBZI) 

Pre-B (702/3) 

HeLa 
HeLa 

T (Jurkat) 

T cells 

BALBIc 3T3 

T (Jurkat) 

T (AR-5) 

T (A-E7) 

Viruses 
CMV T (Jurkat) or HF  

Adenovirus Fibroblast (3T3) 

(foreskin) 

Cervical carcinoma 
(HeLa) 

Hepatitis B Hepatocyte (HepG2) 

Sendai Fibroblast (L929) 

Herpes simplex, type I T (Jurkat) 

Human herpes virus, T (Molt3) 
type VI 

h 
h 

h 

m 

h 
m 
h 

h 

h 

h 
m 
m 

h 
h 

h 

b 

m 

h 

h 

m 
h 

h 

m 

h 

h 

Sen and Baltimore, 1986b 
Libermann and Baltimore, 
I990 

Rattner et a/.,  1991 

Novak et d., 1990 

Bressler ct al., 1991 
Jamieson et a/., 1991 
Hazan et a/ . ,  1990 

Verweij e t a / . ,  1991 

Hazan et a/. ,  1990 

Hazan et a/.,  1990 
Kang et a/.,  1992a 
Shirakawa et a/ . ,  1989 

Stein e t a / . ,  1989a; b 
Stein e t a / . ,  1989a 

Schreck e t a / . ,  1991 

lvanov et a/ . ,  1989 

Baldwin e t a / . ,  1991 

Thevenin e t a / . .  1990 

Sambucetti et u/. ,  1989 

Shurman et a/ . ,  1989 
Nielsch e t a / . ,  1991 

Twu e t a / . ,  1989a; 
Faktor and Shawl, 1990 

Lenardo et a/. ,  1989 

Gimble e t a / . ,  1988 

Ensoli er a/.,  1989 

indicated that phorbol esters gave maximal induction in 30 min and later 
studies showed significant induction occurred at much earlier times (Sen 
and Baltimore, 1986b; vide infra). Also, the kinetics were not identical for 
different inducers: phorbol stimulation of 702/3 cells remained maximal 
from 0.5 to 6 hr and was gone at 8 hr, whereas LPS induction became 
maximal at 2 hr and was still apparent at 8 hr (Sen and Baltimore, 1986b). 
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Careful studies of induction by TNF-a showed that NF-KB was detectable 
within 2 min and maximal after 10-15 min (Hohmann e f  d . ,  1991b). NF- 
KB can also be detected in nuclear extracts from 70Z/3 cells within 15 min 
after either LPS or IL-1 treatment (Shirakawa et al., 1989). The sensitivity 
of NF-KB induction was also demonstrated by the finding that occupancy 
of only 5-2096 of the TNF-cu surface receptors was required in HL-60 and 
HepG2 cells (Hohmann et al.,  1991 b). The rapidity of the response seems 
due to the fact that the immediate induction by many stimuli is independent 
of new protein synthesis (Sen and Baltimore, 1986b; Osborn et nl., 1989; 
Banerjee et al.,  1989; Zhang et d. ,  1990; Liu et al., 1991) and appears to 
be directly connected to kinase pathways in the cell (see below). 

There is also some evidence that NF-KB may respond differently to a 
given inducing agent depending on the cell type. Phorbol esters alone will 
strongly induce NF-KB in 70Z/3 pre-B lymphoma cells, but do not induce 
NF-KB at all in nontransformed CD4+ T-lymphocyte clones (Kang et al., 
1992a). Another example is that IL-I or active phorbol esters will induce 
NF-KB in 70213 cells or LBRM T cells but neither will induce NF-KB in 
TH-2 T-lymphoma cells (Osborn et nl . ,  1989). Although many of the 
pathways that induce NF-KB have been only incompletely mapped, it is 
clear that NF-KB lies at the intersection of a large number of control routes 
traversing the cell. NF-KB may therefore serve as an integration node. 
Consistent with this idea, there are instances where inducers synergize to 
activate NF-KB. Mimicking T-cell receptor stimulation by phytohemagglu- 
tinin (PHA) or phorbol ester (PMA) alone can modestly induce NF-KB in 
Jurkat T-lymphoma cells, but more significant increases are seen if both 
are used together (Hoyos e t  nl., 1989). Similarly, PMA + TNF-a induce 
NF-KB more strongly than either alone, though it is not clear whether 
the effect is additive or synergistic (Osborn et a/.,  1989). Though these 
examples are artificially contrived costimulatory situations, they indicate 
that multiple signals can be integrated and then transduced by increased 
levels of NF-KB in the nucleus. The role of protein kinase C and other 
serinelthreonine kinases during the induction of NF-KB will be discussed 
below. 

One area of research for the future will be to more fully explore effects 
on NF-KB induction pathways by signal transduction pathways such as 
those mediated by tyrosine kinases, phosphotidyl inositol breakdown 
products, or prostaglandin and related molecules. One interesting recent 
development is evidence that protein modifications such as methylation 
and isoprenylation may be important events in the induction of NF-KB by 
LPS but not PMA (Law et a[., 1991). Proteins with these adducts are 
typically associated with the membrane during LPS induction and may be 
among the earliest events in the signaling pathway. It will be interesting 
to see how these modified proteins connect either to kinases or possibly 
to the latent form of NF-KB in the cytoplasm. 
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Once the NF-KB signal has activated a gene, how is it stopped? Some 
attenuation may be due to the natural turnover of the proteins but the 
complex of NF-KB and its cognate DNA motif appears to be quite stable 
(Zabel and Baeuerle, 1990). Another possibility is that IKB or other 
proteins actively quench NF-KB binding. In uitro binding studies indicate 
that the half-life of an NF-KB complex with DNA can be dramatically 
reduced by the presence of I-KB, the specific inhibitor of NF-KB binding 
(see below) (Zabel and Baeuerle, 1990). For this mechanism to be effective, 
IKB would be required to attack NF-KB complexes in the chromatin and 
possibly sequester them in the nucleus, ferry them back to the cytoplasm, 
or facilitate their degradation (for a discussion see Baeuerle, 1991). An- 
other posbibility is that there are nuclear inhibitors that can maintain 
complexes in the nucleus in a nonbinding form. These possibilities have 
not yet been addressed experimentally. 

It is important to note that a second tier of regulation seems to occur at 
the level of expression of the mRNAs encoding the subunits of NF-KB 
(Irving et d., 1989; Bours et a / . ,  1990, 1992; Meyer rt  a/., 1991) as will be 
discussed further below. Perhaps all members of the gene family that 
includes NF-KB can be induced to some degree at the RNA level by many 
of the same agents that seem to activate NF-KB. This effect could play a 
role in sustaining a gene activation signal at times long after the initial 
release of NF-KB from cytoplasmic stores by agiven stimulus. It is interest- 
ing to note that genes encoding proteins that inhibit NF-KB binding are 
also induced soon after certain cell stimuli (Haskill et d., 1991). Complex 
gene regulatory interactions could therefore result from the long-lived 
production of certain NF-KB subunits and inhibitors and the exclusion of 
others. 

IV. A Wide Variety of Genes Are Regulated by NF-KB 

The target genes of NF-KB are numerous and most share the common 
feature of being quickly induced in response to an extracellular stimulus. 
NF-KB is able to  signal the occurrence of many extracellular events and 
its effects are remarkably pleiotropic. Hence, a rise in nuclear NF-KB is 
not very informative for understanding a program of gene expression in 
response to a particular inducing agent. Perhaps the major role of NF-KB 
is simply to send a signal into the nucleus that an acute process that 
requires a genetic response is under way. A significant body of work has 
been carried out on genes induced by NF-KB and related binding proteins 
during T-lymphocyte activation or other aspects of the immune response. 
Several other genes have no obvious relationship to the immune response. 
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NF-KB induction of specific genes will be discussed in association with 
the physiologic role that they play. 

A. T-Lymphocyte Activation 

An important subset within the wide variety of genes controlled by NF- 
KB is the collection of genes that are induced during T-cell activation. 
Over 100 genes appear to be transcribed in T cells after stimulation by 
antigen in the context of an appropriate major histocornpatability complex 
(MHC) molecule or agents that mimic this interaction (Zipfel er al., 1989; 
Irving et al., 1989; Crabtree, 1989). Therefore understanding gene control 
during T-cell activation should provide significant insights into the general 
molecular regulation of this process (Ullman et al., 1990). NF-KB in coop- 
eration with other transcriptional regulators (activators and repressors) 
appears to be involved in the expression of many genes especially during 
the early phases of the response to T-cell receptor stimulation (Jamieson 
et al., 1991; Lenardo and Baltimore, 1989). Cytokine gene expression 
provides a good model for understanding NF-KB’S role early in T-cell 
activation. mRNAs for cytokines, or more specifically interleukins, are 
usually undetectable in T cells unless the appropriate stimuli have been 
administered (DeMaeyer and DeMaeyer-Guignard, 1988). Though there 
has been some controversy regarding whether transcriptional or post- 
transcriptional mechanisms are the prevailing determinant in elevating 
mRNA levels, careful analysis of cytokine regulation in T cells indicates 
a major role for transcriptional control (Brorson et al., 1991). The process 
initiates rapidly since increases in cytokine mRNAs are detected within 2 
hr and in some cases peak at 4 hr. NF-KB is well suited for cytokine control 
because of the speed of its activation and its independence from new 
protein synthesis. 

The best studied examples of T-cell cytokine gene regulation, IL-2 and 
the IL-2 receptor a chain genes, illustrate how NF-KB plays only one part 
in an ensemble of regulatory factors. A region of approximately 300 bp 
located immediately upstream of the transcription start site of the IL-2 
gene, variously called the enhancer or the promoter, has been shown 
to strongly respond to T-cell activation signals (Brunvand et ul., 1988; 
Fujita et al., 1986; Durand e? al. ,  1987; Novak et a1.,1990). This DNA 
segment contains binding sites for NF-KB and other nuclear trans-activat- 
ing proteins including the nuclear factor of activated T cells (NF-AT), 
octamer factors, AP-1, purine-rich binding factors, and, at least in human 
cells, a CD28-responsive complex (Lenardo et a l . ,  1988; Durand et al., 
1988; Hoyos el al., 1989; Muegge et al., 1989; Randak et al., 1990; Fraser 
et al., 1991; Granelli-Piperno and Nolan, 1991; Hentsch et al., 1992). 
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Deletion studies suggest that multiple protein binding sites must be occu- 
pied in order to allow full IL-2 enhancer activity (Durand et al., 1988, 
Serfling et ul., 1989; Hoyos PI al., 1989). Certain of these are factors are 
tissue-specific, such as NF-AT; however, others such as AP-1 and NF-KB 
do not have any obvious tissue restriction but are important in regulatory 
states such as clonal anergy (Kang et al., 1992b). The molecular switch 
that activates the IL-2 gene appears to be the constellation of trans- 
activators rather than any one taking a leading role. 

Studies in which point mutations were introduced into the promoter 
clearly indicated a potentially important role for KB binding motif (IL-2- 
KB), presumably due to trans-activation by NF-KB or other Re1 family 
members (Ballard et al., 1988; Shibuya et al . ,  1989; Shibuyaand Taniguchi, 
1989). Studies have also provided evidence that in certain cell lines the 
IL-Z-KB site may function in a tissue-specific manner (Radler-Pohl el 
al., 1990; Briegel et al., 1991). Recently, evidence from the study of 
nontransformed murine T-cell clones indicates that more than one distinct 
re/ family member acts at the IL-~-KB sequence (Kang et al., 1992a). A 
complex, termed NF-KC, that comprises the p50 subunit of NF-KB and is 
distinct from the NF-KB p50/p65 heterodimer is present in unstimulated 
T cells but disappears after activation. Activation signals that lead to loss 
of NF-KC induce IL-2 mRNA. By contrast, conditions that elevate nuclear 
NF-KB or NF-AT levels but do not lead to loss of NF-KC fail to induce 
IL-2 mRNA. NF-KC removal appears to be due to its sequestration in the 
nucleus by a novel inhibitory protein, which we informally refer to as I- 
K C ,  whose synthesis is tightly linked to antigen stimulation and sensitive 
to cyclosporin A. One molecule that may serve an J-KC-like function is the 
Bcl-3 protein that is located in the nucleus and inhibits the p50 homodimer 
complex (Wulczyn et al . ,  1992; G. P. Nolan and D. Baltimore, unpublished 
results). This pathway illustrates a mechanism by which NF-KB-related 
complexes can be regulated exclusively within the nucleus during activa- 
tion of T cells. It also maintains tight regulation of the IL-2 gene, since 
NF-KB can be activated in response to a variety of signals but the loss of 
the NF-KC protein is directly linked to antigen stimulation (Kang et al., 
1992a). Recent results in human cells suggest that the mechanism de- 
scribed by Kang er al. may govern the transcription of HIV-1 and that 
Bcl-3 serves as an inhibitor of the NF-KC or p50 homodimer complex 
(Franzoso et al., 1992). In contrast to antigen, stimulation of nontrans- 
formed T cells with anti-CD3e does not stimulate transcription through 
the IL-Z-KB site (Jain et al., 1992). Interestingly, the induction of NF-KB 
seems to be only weakly blocked by cyclosporin A at physiological doses, 
but there may be other mitogen-induced complexes binding to KB sites 
that are sensitive to this immunosuppressant (Randak et al., 1990; Schmidt 
et al., 1990; Banerjee et al., 1991; Emmel et al., 1989; Granelli-Piperno et 
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al., 1990; Brini et d. ,  1990). In tumor cells, induction of NF-KB and the 
transcription activity of KB-binding elements stimulated by PMA appear 
to be more resistant to effects of cyclosporin A than inducing agents that 
cause increases in intracellular Ca2+ such as ionomycin and lectins (U. 
Siebenlist, personal communication). 

The IL-2 receptor a chain (IL-2R) gene also displays an interesting 
regulatory pattern centered on an NF-KB binding motif in its promoter. 
Elevated cell surface expression of the IL-2 receptor a chain is a critical 
step in generating high affinity receptors for IL-2 during the response of 
T lymphocytes to antigen (Waldmann, 1986). Several groups have shown 
that the p65/p50 heterodimer of NF-KB or a related complex transduces 
T-cell activation signals into increased activity of the IL-2R promoter 
(Leung and Nabel, 1988; Bohnlein et al., 1988, 1989b; Lowenthal et al., 
1989a,b; Cross et al., 1989; Lin et ul., 1990). Significantly, IL-2R promoter 
activation by the Tax trans-activator gene of HTLV-1 or TNF-a also 
works through NF-KB (Fig. 3 )  (Cross et ul., 1987, 1989; Siekevitz et al., 
1987a; Ruben et ul., 1988; Lowenthal et al., 1989a). By contrast, phorbol 
ester inducibility of the IL-2R promoter is mediated by a distinct sequence 
and did not involve the NF-KB binding site (see below) (Ballard ef al., 
1989; Lin et al., 1990). The KB motif in the IL-2R gene only weakly binds 
NF-KB and manifests a poorer response to trans-activation than other KB 
motifs (Shibuya et al., 1989). Recently it has been found that the activity 
of the KB motif in T cells is due to cooperation between NF-KB and the 
serum responsive factor (SRF) and other promoter factors such as Spl 
(Pomerantz rt ul., 1989; Ballard et al., 1989; Toledano et ul., 1990; Roman 
et ul., 1990). Serum responsive factor appears to be present at very high 
levels in both resting and activated T cells and binds adjacent to NF-KB 
in the promoter region (Kuang et ul., 1993). Constitutively higher levels 
of NF-KB are associated with deregulation of IL-2 and its receptor in 
certain T-lymphoma lines that depend on IL-2 for autocrine growth 
(Hemar et al.,  1991a). It  is notable that a putative transcription regulatory 
molecule unrelated to NF-KB, but that binds to an IL-2R promoter se- 
quence encompassing the NF-KB site, has been recently cloned (Adams 
et ul., 1991). 

A variety of other cytokines that are produced by activated T cells also 
appear to involve NF-KB in their transcriptional control. These include 
IL-6, which stimulates B cells to proliferate, differentiate and produce Ig 
(Shimizu et al., 1990; Libermann and Baltimore, 1990); GM-CSF, which 
sustains proliferation of bone marrow precursors for macrophages and 
granulocytes (Sugimoto et ul., 1990; Shreck et al., 1990); TNF-a and -p, 
which are inflammatory mediators (Messer et d., 1990; Paul et ul., 1990; 
Collart et a / . ,  1990; Goldfeld and Maniatis, 1989; Shakhov ot u l . ,  1990; 
Hass et ul., 1990; Drouet et al., 1991; Kuprash and Nedospasov, 1992; 
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FIG. 3 Mobility shift electrophoresis analysis of nuclear extracts from the HTLV-1 infected 
human T-lymphoid tumor line MT-2 or the human T-lymphoma cell Jurkat. Lanes 1-4 show 
the complex detected with the K B  binding site from the Ig K gene, competed with increasing 
amounts of the same sequence to indicate specificity of the nucleoprotein complex. Lanes 
5-8 show that a comigrating specific complex is formed with the KB binding site from the 
IL-2 receptor (IL-2R) a chain promoter. Lanes 9-12 are the complexes detected using the 
KB binding site from the Ig K gene in nuclear extracts from Jurkat cells with unstimulated, 
stimulated with phorbol ester and phytohemagglutinin (PMA/PHA), or  stably transfected 
with expression plasmids containing the HTLV-I Tax coding sequence in the sense (tax) or 
antisense orientation (astax). These results have been previously described in Cross et ul. 
(19891, and Leonard0 et ul. (1988). 
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Zuckerman and Evans, 1992); and proenkephalin, a precursor for neuro- 
peptides whose mRNA is expressed, for unknown reasons, at high levels 
in activated T-helper lymphocytes (Rattner et id., 1991). Interestingly, in 
the case of TNF-a and $3, these same cytokines are potent NF-KB inducers 
indicating that an autostimulatory loop could be set into motion in the 
response to antigen (Griffin e ta / . ,  1989; Hohmann et d., 1991a). Therefore 
NF-KB appears to form part of a coordinated program that underlies the 
immune response. 

Precisely how NF-KB connects to signals initiated by the antigen recep- 
tor is still obscure. Different answers are obtained in various cellular 
models that have been studied. In tumor cells, often a relatively simple 
signal will suffice. For example, in EL-4 murine thymoma cells, PMA or 
lectin alone will induce NF-KB (Lacoste er af., 1990; Shibuya and Tani- 
guchi, 1989). PMA alone also induces NF-KB in non-T cells (Nelson et a/ . ,  
1988). In Jurkat both PMA and phytohemagglutinin together give an even 
greater induction than either agent alone (Hoyos et al . ,  1989). The fact 
that induction of NF-KB by PMA and phytohemagglutinin is not blocked 
by physiologic concentrations of cyclosporin A in this system has been 
taken to indicate that NF-KB itself is not involved in the immunosuppres- 
sion caused by this drug (Emmel et al., 1989; Mattila et af., 1990). In 
evaluating other lines, especially nontransformed T lymphocytes, PMA 
does not induce NF-KB (Kang et ul., 1991). Stimulation of the T-cell 
antigen receptor by physiologic ligands appears to activate NF-KB 
(Jamieson et al., 1991; Kang et al., 1992a). Signaling pathways through 
other T-cell surface markers such as CD28 also activates NF-KB 
(Gruters et af., 1991; Verweij et al., 1991; Granelli-Piperno and Nolan, 
1991). 

In many types of cells, including T cells, a single cytokine such as IL- 
1 or TNF-a will induce NF-KB (Krasnow et al., 1991 ; Lacoste et d., 1990; 
Hohmann et af., 1990b). It is unclear, however, how many and what 
types of different signal transduction pathways are activated following 
engagement of the receptors for these cytokines. Some evidence suggests 
that TNF induction does not go through protein kinase C, at least in Jurkat 
T cells (Meichle et al., 1990). Furthermore, the pathways activated by an 
individual cytokine may differ between cell types: TNF induction of NF- 
KB is increased by cycloheximide in Jurkat cells, but blocked by cyclohex- 
mide in HepG2 cells (Banerjee et af., 1989). As in the case of NF-KB 
induction in B cells, other signal transduction pathways in T cells, espe- 
cially tyrosine phosphorylation, have not been evaluated. 

One interesting observation is that a decrease in the level of intracellular 
thiols can be one of the steps in NF-KB induction (Staal et af., 1990). For 
example, the induction of NF-KB by TNF-a or phorbol ester can be 
blocked by N-acetylcysteine, an agent that will maintain high levels of 
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glutathione and other thiol compounds. It has been recently reported 
that this may be a useful intervention to prevent the activation of HIV 
transcription (Roederer et al., 1990; Kalebic et al., 1991). Reducing agents 
have the capacity to release NF-KB from I-KB in cytosolic extracts (Toled- 
ano and Leonard, 1991). It has also been found that H202  can induce NF- 
KB and the replication of a latent HIV provirus in a human T lymphoma. 
This presumably occurs by generating reactive oxygen intermediates, and 
can be blocked with N-acetylcysteine, dithiocarbamates, and metal chela- 
tors (Schreck et al., 1991, 1992). 

6. Other Genes Involved in Immune or Inflammatory Function 

Certain cytokines that are primarily derived from leukocytes that are not 
lymphocytes are also controlled by NF-KB. These include G-CSF, a 
growth cytokine for granulocytes (Nishizawa et al., 1990; Nishizawa and 
Nagata, 1990); TNF-a and IL-6, made primarily by monocytes but also 
by T cells (Collart et al., 1990; Shakhov et al., 1990; Libermann and 
Baltimore, 1990; Zhang et al., 1990; Shimizu et al., 1990); and IL-8, a 
chemotactic factor that recruits neutrophils into inflammatory sites 
(Mukaida et al., 1990). Recent evidence has shown that NF-KB physically 
interacts with the NF-IL-6 transcription factor which is an important 
regulator of the IL-6 and IL-8 genes (K. LeClair, personal communica- 
tion). The involvement of NF-KB in p-interferon (@-IFN) gene induction 
was first reported by Visvanathan and Goodbourne (1989). They found 
that double-stranded RNA induced a binding complex with characteristics 
of NF-KB and pointed out the possibility that multiple kinases, including 
DI kinase, may release NF-KB from I-KB. Similar work by others showed 
that virus infection can also induce NF-KB (Lenardo et af., 1989; Fujita et 
al., 1989b; Hiscott et al., 1989). NF-KB binds to and positively activates 
a site called PRD-I1 in the @-interferon promoter. As such it is part of a 
group of virus-regulated events including activation by two positive ef- 
fectors and the release of a repressor. Because the @-interferon gene can 
be induced in almost every cell type, NF-KB is likely involved in gene 
regulation in perhaps all nucleated cells. Curiously, another factor that 
binds to the PRD-I motif of the @-interferon promoter, IRF-1, is itself 
regulated by NF-KB, but its role in @-interferon activation is controversial 
(Fujita et al., 1989a; Baeuerle, 1991; Pine et al., 1990; Reis et al., 1992). 
Other investigators have provided evidence that the distinct expression of 
cr- and @-interferons is due to different virally induced transcription factors 
since the uI-interferon promoter is not regulated by NF-KB (MacDonald 
et al., 1990). 
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Key tasks of immune recognition may be carried out by NF-KB. For 
example, the ability of specialized cells such as B cells, macrophages, and 
dendritic cells to participate in antigen activation of T cells seems to 
involve gene control by NF-KB. This regulation embraces the genes for 
molecules, mostly receptors, that play key roles in the events of antigen 
processing, presentation, or recognition: MHC class 1 and 11; &micro- 
globulin molecules; MHC class 11 molecules: the invariant chain, Ii; and 
the T-cell antigen receptor 0 chain (Baldwin and Sharp, 1988; Israel et al., 
1987; Jamieson rt  ul., 1989; Blanar et al., 1989; Mauxion et a/ . ,  1990; 
Schwemmle et al., 1991; Pessara and Koch, 1990; Blanchet et ul., 1992). 

Another inflammatory response that involves NF-KB and gene activa- 
tion is the acute phase response of hepatocytes (Edbrooke ct d., 1989, 
1991). During this process, various cytokines (IL-I, IL-6, and TNF-a) 
acting at the liver cell membrane and steroid hormones acting at the 
nucleus produce an increase in the expression of particular genes and NF- 
KB is the mediator for elevated expression of the gene for serum amyloids 
A2P and A1 (Edbrooke et al., 1989; Li and Liao, 1991). SAA2P is the 
precursor of amyloid A protein subunits of amyloid fibrils in secondary 
amyloidosis (Edbrooke et al. ,  1989). Other acute phase genes-angiotensi- 
nogen, a precursor for the potent pressor hormone angiotensin 11, and a,- 
acid glycoprotein, a nonspecific immunosuppressant-are also controlled 
by NF-KB or a trans-activator of related specificity (Ron et a / . ,  1990a,b,c; 
Brasier et a/. ,  1990; Won and Baumann, 1990). 

Other hepatocyte genes loosely included under the rubric of immune/ 
inflammatory genes which are apparently regulated by NF-KB include the 
complement factor 4 and factor B genes ( Y u  et a/.,  1989; Nonaka and 
Huang, 1990). The factor B protease is a member of the complement 
cascade that plays a critical role in the activation of the alternative pathway 
and its induction by TNF-a seems due to NF-KB (Nonaka and Huang, 
1990). 

Data supporting a role for NF-KB in the direct regulation of cell growth 
are emerging. Renan (1989) and Duyao et a / .  (1990) have both suggested 
that NF-KB takes part in a novel type of growth gene regulation. By binding 
to a site in the first exon of the c-myc mRNA, NF-KB could act to relieve 
transcriptional blockade which governs the level of full-length mRNA 
produced. NF-KB would interrupt a stable stem-loop structure in this 
region of the c-myc message that appears to halt transcriptional elongation 
by RNA polymerase (Duyao et a/.,  1990). Another set of growth-related 
genes, the gro family, which are transiently induced by serum stimulation 
and may participate in the growth of melanomas, involve NF-KB when 
actuated by IL-1 and TNF-a (Anisowicz et at., 1991). Lastly, Baldwin and 
colleagues have found that serum stimulation of BALB/c 3T3 cells leads to 
the presence of a binding complex resembling NF-KB ( I  991). Collectively, 
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these findings support the notion that NF-KB may be a central regulator 
of genes involved in cell growth in both lymphocytes and nonlymphoid 
cells. 

Other genes whose expression is influenced by NF-KB or its congeners 
cannot be characterized as strictly immunological or inflammatory. These 
diverse targets for NF-KB complete the picture of a very versatile tran- 
scription factor. NF-KB or a member of the family of zinc-finger proteins 
that bind to &-related motifs may regulate a site in the gene for the al- 
crystallin protein that is a constituent of the lens of the eye (Nakamura et 
al., 1990). ’The promoter of the urokinase-type plasminogen activator has 
at least one or possibly multiple &-like sites that bind complexes of the 
c-re1 protein and p65 (Novak et al., 1991; Hansen et af., 1992). Also, NF- 
KB binding sites have been postulated by sequence homologies within 
a novel transcription unit in the rat insulin-like growth factor gene I1 
(Matsuguchi et al., 1989), the mouse perforin gene (Youn et al., 1991), 
and the mouse MHC class 11 EP gene (Shenkar et al., 1991). Finally many 
viral promoters and enhancers contain functional NF-KB sites which will 
be discussed further below. 

V. Structure of NF-KB Sites: Clues for Specificity? 

One of the features of NF-KB binding motifs is that they can differ quite 
significantly in their primary nucleotide sequence compared to the Ig-KB 
sequence (originally defined as the 10-nt 5’-GGGACTTTCC-3’). These 
variant sites can differ in their affinity for NF-KB and may be functionally 
distinct depending on the structure of the nucleoprotein complex formed 
(Lenardo and Baltimore, 1989; Baeuerle, 1991; Zabel et al., 1991; Kunsch 
et al., 1992). These sites have been summarized in Table 11. At a glance, 
it can be noticed that most NF-KB motifs are asymmetric. The first three 
nucleotides are invariably guanine and the last two are virtually always 
cytosine. As one moves from 5’ to 3‘ through the nucleotide sequence, 
the complexion of the motif shifts from primarily purines to pyrimidines. 
The nucleotides in the very middle are quite variable (but they tend not to 
be G in the alignments depicted) and may contribute very little to binding. 
For example, in comparing the NF-KB motifs from the Ig K genes in 
different species, they appear as versions of the mouse site in which either 
one (rabbit) or both (human) of the central nucleotides have been lost (see 
Table 11) (Emorine et al., 1983). Nonetheless, the central nucleotides may 
play a role in the ultimate structure of the nucleoprotein complex (Schreck 
et al., 1990). 
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NF-KB Target Genes 
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~ ~~ 

Gene Sequence" Retcrcnce 

Well detined 
a. Surface molecule'; 

involved in immune 
function 

b. Soliihlc rnolccules 
involved in immune 
function 

c. Acute pharc response 
genes 

d. Oncogene\ 

e. Viruses 

I g  K light chain (mouse) 
Ig K light chain (human) 
Ig  K light chain (rahhit) 

IL-2Ru chain 

TCR p chain 

MHC class I (H-ZKh) 

MHC class I I  (En")  
( F.K 

Invariant chain li 
gZ microglobulin 
ELAM-I 

IL-2 
IL-h 

1 I A  (human) 

C-CSF 

TNF-n (cachectin) 

TNF-g (lymphotoxin) 

a-interferon 

Proenkcphalin (rat)  

Serum amyloid A (SAA) 
Angiotensinogen (rat)  

GGGACTTTCC 
GGGCATTTCC 
GGGGTII ccc 
GGGAATCTCC 

GGGAGATTCC 

GGGGATTCCC 
GGGGAAGCCC 

GGGACTTCCC 

GGGAATTTCC 
GGGACITTCC 
GGGGATTTCC 

GGGATTTCAC 
GGGATTTKC 

GGAATTTCCT 

GGGAACTACC 

CGGGAATCTC 
GG(i(AAlAT(CAC) 

GGGGClTTCC 
GtiG A ATTCAC 
GGGGAATCCT 
GGGGCTCCCC' 
GGG AATTTCC 

GGGGC rrccc 

GGGAAATTCC 

GGGACG rccc 
GGGACTT I CC 
CGGA ITTCCC 

Cumplemenl Cactoi B (moiicel GGGAATCCCC 

Complement C4 protein 
GGGAAGTCCC 

c-niw GCGAAAACCC 

HIV  
sv-40 

GGGACTTTCC 
GGGACTTrCC 
tiGGAAGTACC 

Cytoinegaliivirus GGGACTII'CC 
(;GGGATTTCC 

Adenovirus GGGACTTTCC 

Sen and Baltimore. 1986a 
Emorine L'I ul.. I Y X S  

Ballard C I  o l . .  IYKX 
Leung and Nabel. I Y X X  

Jamieson rl ol , 1989 

Baldwin and Sharp. 1988 
Israel rr N I . ,  1989 

Ulanai- el ( I / , ,  IYX9 

Pe\sara and Koch. 1990 

Whelan PI ul., 1991 

Lcnardo 1'1 ( I /  . 19x8 
ShimiLu C I  ul . ,  lYY(J 
Lieherman and Baltimore, IYYI)  

Mukaida C I  <I/., IYY0 
Mahe PI d., 1991 

Sugimoto P I  ( I /  , I990 
Schreck 1'1 ol. .  IWO 

Nishiznwa P I  o / . ,  1990 

Israel Y l  a / . ,  1989 

Shakhov P I  o l . ,  1990 
Collart C I  (11 , 1990 
Kuprarh and Ncdospdwv, 1992 

Paul r1 I!/., 1990 
Messer P I  ol , 1990 

Vicvanathan and Cioodhourn. 

Fu,iila C I  ( I /  , IYX9h 
I.enardo P I  d., I Y S Y  
Hiscott ri ill., 1989 

Rattner P I  o l . .  1991 

Edbrooke P I  u l . ,  1989 
Kon P I  d.. IYYOa 
Nonaka and Huang. 1990 
Visvanathan and Goodbourn. 

Yu ,,I n l . .  1989 

1989 

1989 

~ u y a o  ri ( I / . ,  1990 

Nahcl and Baltimore. 1987 
Kanno P I  ol..  1989 
Macchi C I  o l . .  1989 

Samhucctti C I  u / . ,  IYKY 

Williams P I  u /  , IYY(1 

( c o n  t in ires ) 
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Gene Sequence" Reference 

f. Others Invariant chain GGGAATTTCC Pessara and Koch. 1990 
Vimentin GGGGCTTTCC I.ilienhaum cr nl., 1990 
Gro Anisowicz er o l . ,  1991 
Interferon regulatory factor GGGGAATCCC Baeuerle. 1991 

Consensus: GGGRNNYYCC 

Nucleotide distribution 

Position: I 2 3 4 5 6 7 8 9 10 
40404013  I 3 2 0 0 OG 

0 0 1 2 7 2 1  8 I 2 3 OA 

0 0 0 0 1 3  I 2 1 8 3 6 3 8 C  
0 0 o o 5283520  I Z T  

Undefined (genes containing potential NF-KB sites) 

Perforin 
Insulin-like growth factor I1 

1731 LTR (retrotranipuson) 

TGF 02 
Apolipoprotein Clll 
Urokinase 

ICAM-I 

CD7 

GGGCCTTTCA 
TGGGGAGCCCCC 
AGGCiGCTCCCCAG 
AGGCAATTTCCA 

GGGCATTGAC 
GGGAAATCCC 

GGAGGATTCC 
CGGGAAGTCC 
GGGAGTCCCT 
GGGACGCCCT 

Youn er ul . ,  1991 
Matsuguchi P r  a / . ,  1989 

Ziarczyk cf id., 1989 

Malipiero er ul . ,  1990 
Reue er ul.. 1988 
Novak "1  o l . ,  1991: Hansen er 

o l . .  1992 
Vordherger er ul., 1991 
Stade cr a / . .  IWO 
Schanberg cr a / . ,  1991 

' Note that additional variant 10-bp binding sequences can be obtained by shifting the site 
one or two nucleotides upstream or downstream or by the sequence encoded by the opposite 
strand in many genes. 

As will be recounted in more detail below, NF-KB comprises two sub- 
units, p50 and p65, which can bind individually as homodimers or as  a 
p50/p65 heterodimer. A careful comparison of the binding of either p50 or 
p65 homodimers to the ~ 5 0 1 ~ 6 5  heterodimer indicates that p50 apparently 
binds to the 5' (more conserved) half site and p65 binds to the 3' (less 
conserved) half site (Urban et al., 1991). Does this mean that different 
versions of the KB motif prefer p50 in combination with different partners 
from the Re1 family? Direct evidence is just emerging that this will likely 
be an important theme in the future (Perkins et al., 1992). As might be 
expected, the binding of homodirners of Re1 proteins is strongest to sites 
that are palindromic or otherwise highly symmetric (Urban et al., 1991). 
In any case, it is clear that variations in the nucleotide sequence of the KB 
motif have an important influence on function. 

How could specificity be encoded in the various versions of the KB 
motif? Ont obvious way is simple affinity-if a site was of high affinity, 
it would re*;pond to lower levels of NF-KB, whereas a weaker site would 
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be relatively insensitive to NF-KB. This type of functional distinction has 
been pointed out (Cross et ul., 1989; Kuang et al., 1992). In fact, weaker 
binding may lead to a greater dependence of the KB motif on other factors 
within a given control element (Kuang et al. ,  1992). A second means to 
achieve specificity would be the ability of a given site to discriminate 
between different members of the KB binding protein family (Mauxion and 
Sen, 1989; Perkins et al., 1992). A third mechanism could be an alteration 
of the structure of the DNA binding site caused by factor binding. Evidence 
has been obtained that bending of the KB DNA sequence is induced by 
interactions with various Re1 proteins (Schreck et ul., 1990; Kuprash and 
Nedospasov, 1992). Moreover, the angle of the bent site differs depending 
on whether NF-KB or other rrl complexes are bound (Schreck et al., 1990; 
Kuprash and Nedospasov, 1992). Fourth, the sequences surrounding an 
NF-KB site could have effects on both binding and function of NF-KB. 

Finally, a more subtle and perhaps more powerful mechanism would 
involve the DNA site acting as a ligand that causes an allosteric change 
in the Re1 protein complex. Depending on the primary sequence of the 
KB binding motif, it could be envisioned that the bound factor could 
adopt different structures that have different functional consequences 
for transcription. Evidence supporting such a mechanism has been re- 
cently obtained in studies using purified NF-KB subunits in tran- 
scription and binding assays in uitro (Fujita et al., 1992). They find that 
p50 homodimers activate transcription through the KB site from the MHC 
class I gene but not that from the P-interferon gene even though binding 
affinity for both is equivalent. The NF-KB p50/p65 heterodimer did not 
show differential activation of the two sites. This type of “induced fit” 
may also be determined to some extent by structural variations for re1 
proteins in solution: p50 appears to adopt a globular shape in solution 
though p65 or ~ 5 0 1 ~ 6 5  heterodimers seem to be more elongated (Schreck 
et ul., 1990). 

VI. The Biochemistry of NF-KB 

The cardinal feature of NF-KB regulation is that at least two different 
cellular forms of NF-KB exist: (a)  a form that is competent to bind DNA 
that is constitutively present in mature B lymphocytes and some T lympho- 
cytes and monocytes (Sen and Baltimore, 1986a; Cross et al., 1989; Griffin 
et a!., 1989) and (6) a non-DNA-binding form that is present in the cyto- 
plasm of many, or perhaps all, cell types. The cytoplasmic form can be 
induced to translocate to the nucleus and bind DNA following a great 
variety of cellular stimuli (Sen and Baltimore, 1986b; Baeuerle and Balti- 
more, 1988a). A key question, therefore, was how these forms of NF-KB 
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differ biochemically. Considerable light was shed on this problem by the 
description of a highly specific and reversible protein inhibitor of NF-KB 
(Baeuerle and Baltimore, 1988a, b; Baeuerle et al., 1988). This was first 
revealed by using dissociating treatments such as formamide or sodium 
deoxycholate to separate NF-KB from its inhibitor, I-KB, in cytosolic 
extracts (Baeuerle and Baltimore, 1988a; Harel-Bellan et al.,  1989). I-KB 
appeared to be noncovalently associated with NF-KB. The presence of a 
metastable protein inhibitor of NF-KB fits well with the fact that protein 
synthesis inhibitors cause superinduction of NF-KB (presumably by pre- 
venting new synthesis of the inhibitor) (Sen and Baltimore, 1986b). Also, 
the finding that phorbol ester induction reduced the amount of cytosolic 
NF-KB and increased the nuclear form gave rise to the idea that preexisting 
NF-KB in the cytoplasm was freed from an inhibitor and shuttled into the 
nucleus (Baeuerle and Baltimore, 1988b). Because NF-KB and I-KB do not 
freely exist in the cytosolic extracts, it is likely that each is present in 
stoichiometrical amounts (Baeuerle and Baltimore, 1988b). Though the 
true range of regulatory interactions is much more complex than this 
simple formulation, it represents a central theme in the inducible control 
of NF-KB. 

Original purifications of NF-KB indicated that the binding activity was 
contained in proteins in the 40,000-60,000 molecular weight (MW) range 
(Kawakami et al.,  1988; Lenardo et al., 1988). These analyses also showed 
that NF-KB was a positive regulator of transcription in vitro (Kawakami 
eta/.  , 1988) and revealed the interesting property that NF-KB binding could 
be dramatically stimulated by the addition of nucleoside triphosphates 
(Lenardo c't af., 1988). Other studies showed that several agents will 
increase binding including spermine, spermidine, and other multivalent 
cations (Schreck et al., 1990). Subsequent biochemical analysis revealed 
that the NF-KB mobility shift complex comprised two distinct subunits. 
These components of 50,000 and 65,000 MW have been referred to as p50 
and p65, respectively (Baeuerle and Baltimore, 1989). Initially, it was 
proposed that p50 but not p65 was a DNA binding subunit and that together 
they formed a heterotetrameric complex in which two p50 subunits con- 
tacted each half of the NF-KB binding site (Baeuerle and Baltimore, 1989). 
However, subsequent studies have determined that p65 does interact with 
DNA and, in fact, may dictate the binding strength of the p50/p65 hetero- 
dimer to NF-KB motifs of certain sequence (see below; Nolan et al.,  1991; 
Urban et ul., 1991). Importantly, p65 and p50 each interact with different 
forms of I-KB introducing an important mode of regulation that has the 
capacity to distinguish KB site binding complexes of divergent subunit 
compositions (Kerr et al., 1991; Inoue et a/.,  1992a). 

The p5Oip65 complex obtained from the nuclei of stimulated cells was 
biochemically indistinguishable from that obtained from the cytosol of 
unstimulated cells (Baeuerle and Baltimore, 1988~; Baeuerle et al., 1988). 
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Complexes from either source could be inhibited by partially purified I- 
KB. Thus, the induction process appeared to result from a change in I-KB 
rather than NF-KB. Evidence for biochemical modulation of I-KB came 
from studies in which treatment of cytosolic extracts with a variety of 
kinases including protein kinase A or C (PKA or PKC), or heme-regulated 
eIF-2 kinase (HRI) released NF-KB from its inhibition by I-KB (Shirakawa 
and Mizel, 1989; Ghosh and Baltimore, 1990). Moreover, whereas purified 
and unmodified I-KB had potent NF-KB inhibitory activity, I-KB that had 
been phosphorylated by either PKC or HRI kinases lost all of its NF-KB 
inhibitory activity (Ghosh and Baltimore, 1990). However, PKA did not 
phosphorylate or abrogate the inhibitory activity of purified I-KB. This 
suggested that PKA might release NF-KB from a complex with I-KB 
through an indirect mechanism (Ghosh and Baltimore, 1990). Interestingly, 
a 65-kDa protein that binds to KB sites has been shown to be physically 
associated with a serinelthreonine kinase (Ostrowski et al., 1991). In 
summary, there appears to be no single kinase or underlying mechanism 
that governs all NF-KB induction events (see below). For example, though 
PMA induces NF-KB in many cell types, NF-KB induction by IL-1 or 
LPS seems not to be mediated by PKC (Bomsztyk et id., 1991). Also, 
dephosphorylation of I-KB may also accentuate its release from NF-KB 
(Hohmann ef al., 1992; Link et al., 1992). Nonetheless, the release of 
NF-KB via 1-KB phosphorylation provides an elegant explanation for the 
missing link between NF-KB regulation of nuclear genes and signal trans- 
duction pathways from the cell surface. 

Biochemical analysis of I-KB purified from cytosolic extracts of human 
placenta revealed that it exists in two isoforms that can be separated 
chromatographically: I-KBCY, a 35- to 37-kDa polypeptide (Ghosh and Balti- 
more, 1990; Zabel and Baeuerle, 1990), and a minor form (-20-30% of 
the placental inhibitory activity), I-KBP, a 43-kDa polypeptide (Zabel and 
Baeuerle, 1990). Interestingly, an early report of an I-KB activity from the 
cytosol of unstimulated 70Z/3 cells that had a molecular size of -60 kDa 
by gel filtration was likely a distinct form of I-KB ( I - K B ~ )  that was recently 
found to be specific for lymphoid cells (Baeuerle and Baltimore, 1988b; 
lnoue et al., 1992a). I - K B ~  and I-KBP appear to interact with p65 but not 
the p50 subunit. Other studies showed that I-KBP also bound to and 
inhibited c-re1 DNA binding (Kerr et a/ . ,  1991). Importantly, p50 hetero- 
dimers with either p65 as well as c-re1 and p65 or c-re1 homodimers, but 
not p50 homodimers, are targets for inhibition (Urban and Baeuerle, 1990; 
Kerr et al., 1991; G. Nolan and D. Baltimore, personal communication). 
Therefore p65 or Re1 appear to be “receptors” for I-KBCY and I-KBP. By 
contrast, I-KBY interacts with p50 homodimers, p50/p65 heterodimers, or 
Re1 (Inoue et ul., 1992a). The presence or absence of various I-KBS may 
determine the expression of complexes that comprise only p50 or p50 
paired with other re1 proteins. 
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Though both the a and the p isoforms of I-KB are modulated by phos- 
phorylation, interesting differences have been found. Apparently the inhib- 
itory activity of I-KBP can be abrogated by phosphorylation with PKA 
and PKC, whereas I-KBCI is only affected by PKC (Kerr et al., 1991). 
Furthermore, phosphatase treatment is able to extinguish the NF-KB inhib- 
itory activity of I-KBP but does not affect I - K B ~  (Baeuerle, 1991). In uitro 
experiments have shown that either isoform of I-KB can dissociate a 
preformed complex between NF-KB and its DNA binding site (Zabel and 
Baeuerle, 1990). It is possible that I-KB could actively reverse NF-KB- 
mediated gene regulation, but it is not clear whether I-KB molecules have 
nuclear localization signals that would allow them to reach NF-KB bound 
in the chromatin (Zabel and Baeuerle, 1990; Haskill et al., 1991). Further 
experiments will be required to elucidate the various cellular roles of I-KB 
isoforms. Possible mechanisms for controlling the nuclear transport of 
NF-KB and other gene regulatory proteins have been recently discussed 
(Silver, 1991; Schmitz et al . ,  1991). 

VII. Molecular Cloning of NF-KB and I-KB 

The recent molecular cloning of cDNAs encoding p50, p65, and I-&-like 
molecules has substantially enhanced our overall understanding of this 
transcription regulatory system (Ghosh et al., 1990; Kieran et al., 1990; 
Bours et al . ,  1990, 1992; Nolan et al., 1991; Meyer et al., 1991; Ruben et 
al., 1991; Haskill etal., 1991; Davis et al . ,  1991; Inoue et al., 1992b). Most 
significantly, the binding subunits of NF-KB are members of a family of 
proteins that are related to the re1 oncogene (for an overview see Gilmore, 
1990) (Figs. 4 and 5) .  These genes are related to the Drosophila dorsal 
gene product as well as a recently identified Xenopus gene, demonstrating 
that the Re1 DNA binding protein structure arose early in evolution 
(Steward, 1987; Kao and Hopwood, 1991). Molecular cloning studies have 
now identified a number of Re1 family members including p49 or p50B, 
p50, p65, relB, and c-ref (Schmid et al., 1991; Ghosh et al.,  1990; Nolan 
et al., 1991; Kieran et al., 1990; Meyer et al., 1991; Bours et al., 1990, 
1992; Ryseck et al., 1992; Wilhelmsen et al., 1984). Significantly, proteins 
that have an I-KB-like inhibitory activity for NF-KB share a structural 
domain known as  the “cell cycle” or “ankyrin” repeat. The binding 
subunits of the Re1 family can form both homodimeric and heterodimeric 
complexes that differ in both their binding and their transcriptional proper- 
ties. Heterodimeric regulatory systems allow for a greater combinatorial 
array of distinct gene regulatory molecules (Murre et al., 1989; Bohmann 
et al., 1988). Also, the Re1 protein sequence does not match previously 
identified DNA binding or dimerization structures. Thus, the protein struc- 
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FIG. 4 Shown schematically are the primary structures of the molecularly defined members 
of the Re1 gene family. Only two (pS0 and p49/pSOB) have bipartite structures that include 
Re1 and ankyrin repeat domains. 

ture that governs the interactions among Re1 subunits, the ankyrin repeat 
proteins, and DNA will be of great interest. Finally, it is notable that a 
chromosomal translocation juxtaposing the gene encoding p49/pSOB, 
called lyt-10, with the immunoglobulin Ca-1 locus has been described in 
apatient with B-cell lymphoma (Neri et a / . ,  1991). The fusion gene created 
by the translocation encodes a re1 DNA binding domain lacking the ankyrin 
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FIG. 5 Phylogenetic relationships between members of the Re1 gene family in different spe- 
cies. This figure was adapted from Schmid et a/.  (1991). 

repeat domain (see below), suggesting that the protein may be inappropri- 
ately regulated and play a role in oncogenesis. Chromosomal localization 
of the p49-p50B/p97 gene to 10q24 and p50/105 gene to 4q21.1-q24 by 
other workers places each of these genes at genomic positions associated 
with acute lymphatic leukemia (Liptay et al., 1992; Ten et al., 1992). Also, 
the c-re/ gene has been mapped to the chromosomal region 21312.2-13, 
which is rearranged in some large cell lymphoma (Brownell et al., 1988; 
Lu et al., 1991). 

A. Rel: The Cellular Counterpart of a Viral Oncogene 

Determination of the primary sequence of the p50 cDNA first established 
the connection between NF-KB, the proteins encoded by the v-ref onco- 
gene, its cellular counterpart c-ref, and the Drosophila maternal effect 
gene dorsal (Ghosh et al. ,  1990; Kieran et al., 1990; Bours er al., 1990; 
Meyer et al.,  1991). v-ref is the oncogene carried by Rev-T, a highly 
transforming defective avian retrovirus that causes a rapid and fatal lym- 
phomatosis in young birds (Sylla and Temin, 1986; Rice and Gilden, 1988). 
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The viral genome encodes a single protein product, a 59-kDa phosphopro- 
tein called ~59'- '~ '  (Gilmore and Temin, 1986; Herzog and Bose, 1986; Rice 
et al., 1986; Walro et al., 1987; Garson and Kang, 1990; Garson et al., 
1990). This protein is located mostly in the cytoplasm but also is present 
in small amounts (10-15%) in the nucleus. 

Early studies suggested that re1 proteins were involved in transcriptional 
control (Gelinas and Temin, 1988; Hannink and Temin, 1989; Bull et al., 
1990; Kamens et al., 1990). Recent work shows that p59"-'"' encodes a 
protein that binds to KB sites but appears to be incapable of stimulating 
transcription from reporter genes that depend on transactivation through 
KB sites (Inoue et al., 1991; Ballard et al., 1990; Kabrun et al., 1991; 
Richardson and Gilmore, 1991). By contrast, the protein encoded by the 
c-re1 oncogene, p85c-'e'* also binds with high affinity to KB sites but works 
as a transcriptional activator (Inoue et al., 1991). In fact, v-rrl, but not 
nontransforming mutants of v-rel, blocked transcriptional trans-activation 
by NF-KB (Ballard et ul., 1990). This effect could be due to either competi- 
tion of the two factors at the level of DNA-binding or a "trans-dominant" 
effect in which p59'-"' inhibited NF-KB by a protein-protein interaction 
that sequesters one of its subunits (Ballard et ul., 1990; Inoue et al., 1991). 
The mechanism of malignant transformation by Re1 has been recently 
discussed more completely elsewhere (Gilrnore, 1991). 

v-re/ and its cellular counterpart of c-rel have been cloned in birds (Chen 
et al., 1983; Wilhelmsen et ul., 1984; Hannick and Temin, 1989) and in 
mammals (Grurnont and Gerondakis, 1989, 1990a,b; Brownell et al., 1985) 
(Fig. 5 ) .  For c-rel, the murine cDNA (Bull et al., 1990), the human cDNA 
(Brownell et al., 1989), and the chicken cDNA (Capobianco et al., 1990) 
have all been cloned (Fig. 5) .  The avian tissues that have the highest c- 
re1 expression contain the population of target cells for Rev-T. Indeed, 
although constitutive expression of c-re1 is seen in many cell types, high 
levels are observed only in lymphoid cells (Herzog and Bose, 1986; 
Brownell et ul., 1987, 1988; Moore and Bose, 1989; Grumont and Geron- 
dakis, 1990a,b; Zhang et al., 1991). Expression of the c-re1 gene is induced 
by serum or phorbol ester in fibroblasts or by phorbol ester and concanava- 
lin A in T cells-conditions very similar to those that induce the mRNA 
for the p50 and p65 NF-KB subunits (see below; Grumont and Gerondakis, 
1990a,b; Bull et al., 1989). Recent characterization of the c-re1 promoter 
has shown that it contains a consensus NF-KB site and that it can be 
directly repressed by v-re1 but not other viral oncoproteins (Hannink and 
Temin, 1990; Capobianco and Gilrnore, 1991). Interestingly, repression of 
the c-re1 promoter can still take place even if the KB site is mutated 
(Capobianco and Gilmore, 1991). 

Cloning of c-re1 has revealed that v-re1 encodes a truncated version of 
the c-re1 protein product, p85'-'"' (Stephens et al., 1983; Wilhelmsen ef ul., 
1984; Hannink and Temin, 1989; Capobianco et ul., 1990, 1991; Grumont 
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and Gerondakis, 1989; Brownell et al., 1989). p59"-"' replaces two N- 
terminal amino acids of c-re1 with a stretch of amino acids derived from 
the viral enu gene. It also lacks 118 carboxyl-terminal amino acids that 
may include the transcription activating domain for p85'-"' (Bull et al., 
1990; Inoue et al., 1991). The re1 homology region appears to be critical 
for transformation (Kamens ez al., 1990; Garson and Kang, 1990). It is 
further notable that a protein kinase A site in the v-re1 coding sequence 
also appears to be critical for both the transforming and the transcriptional 
repression functions of the 

Intriguingly, ~59'- '~ '  isolated from cellular extracts is associated with at 
least five different proteins in a complex that has an apparent molecular 
mass of over 400 kDa (Lim-Tung et af., 1988, 1990; Simek and Rice, 1989; 
Morrison et al., 1989; Davis et al., 1990; Kochel et al., 1991). This is true 
whether p59v-re' is isolated from transformed B-cell lines, or overexpressed 
in other avian cell types (Kochel et ul., 1991). In view of the regulatory 
features known for complexes between NF-KB and I-KB, the so-called rel- 
associated proteins take on potential importance for understanding the 
biochemical mechanism of re1 transformation. In the cytosol of trans- 
formed cells, ~59"'~' is mainly associated with a 40-kDa phosphoprotein 
termed pp40; in smaller amounts with the constitutive avian heat shock 
protein hsp70; and with three other proteins, p75, p115, and p124; the 
nuclear p59 associates with pp40 (Davis et al., 1990). pp40 appears to 
be the p form of I-KB and will be discussed below (Kerr et al., 1991; 
R. Taub, personal communication). Strikingly, p75 is the product of 
the protooncogene c-re/ (Simek and Rice, 1988). Moreover, has 
been found complexed with the very same proteins as v-rel especially the 
-40-kDa and the 115-kDa proteins (Morrison et a/., 1989; Davis et af., 
1990; Kochel et al., 1991). The identities of pl15 and p124 are unknown. 
One hypothesis to emerge from these analyses is that the transforming 
effect of v-re1 may be due to its ability to bind to NF-KB or related DNA 
binding complexes and prevent their transcriptional function. This might 
explain why v-rel oncoproteins can apparently transform cells whether 
they are located in the nucleus or the cytoplasm (Gilmore and Temin, 
1988; Hannink and Temin, 1989). For instance, it is striking that v-re1 
seems to preferentially transform the same cell lineage that exhibits consti- 
tutive NF-KB binding activity. This connection leads one to imagine that 
NF-KB could regulate something analogous to a tumor-suppressor gene 
that would inhibit the growth of mature B cells. 

protein (Mosialos et al., 1991). 

B. Cloning of the p50 and p49/p5OB cDNAs 

Though not initially recognized, the NF-KB p50 and p49/p50B subunits 
were first cloned in a collection of cDNAs isolated from a library made 



30 MARIAGRAZIA GRILLI E r  AL. 

from mitogen-induced human peripheral blood mononuclear cells (Irving 
et ul., 1989; Zipfel et al., 1989). The identity of these coding sequences 
was then conclusively established through independent cloning efforts 
based on protein microsequence from purified protein and binding analyses 
(Kieran et al., 1990; Ghosh et al., 1990; Bours et ul., 1990, 1992; Meyer 
et al., 1991; Schmid et al., 1991). Evidence indicates that p50 could be the 
same as KBF-1, the constitutively active nuclear factor already known to 
bind NF-KB sites in the H2 gene (Kimura et al., 1986; Israel et al., 1987, 
1989; Baldwin and Sharp, 1987; Kieran er al., 1990). The p50 cDNA 
encodes for a 105-kDa protein, pl05, that contains an N-terminal domain 
of 360 amino acids homologous to rel. The full-length protein product is 
unable to bind DNA. It needs to be proteolytically processed, near a 
stretch of glycine amino acids in the middle of the protein, to a mature 
form of approximately 50 kDa that includes the Re1 domain. This has been 
found to occur by an ATP-dependent process that leads to the production 
of mature p50 and the rapid degradation of the C-terminal portion of the 
precursor protein (Fan and Maniatis, 1991). The C-terminal domain of 
55 kDa that typically is cleaved off contains eight “ankyrin repeat” protein 
domains that can serve to keep the p50 moiety in a nonbinding form and 
prevent its nuclear localization (Ghosh et al., 1990; Kieran et al., 1990; 
Bours et al., 1990; Meyer et al . ,  1991; Henkel er al . ,  1992) (see Figs. 4 
and 6). This may be a crucial regulatory interaction because in a B-cell 
lymphoma-associated translocation, a fusion gene has been created in 
which the Re1 DNA binding domain of the p491p50B gene, lyt-10, is 
preserved but the ankyrin repeat domain has been lost (Neri rt  al., 1991). 
When independently expressed in bacteria, this portion of pl05 is a potent 
inhibitor of DNA binding of p50 homodimers but not NF-KB or p65 homo- 
dimers (Liou et ul., 1992). In addition to specifying a previously unde- 
scribed DNA binding motif, the re1 homology domain promotes dimeriza- 
tion. Thus, p50 forms homodimers or participates in heterodimer formation 
with p65 or other re1 homology proteins (Kieran et al., 1990). 

The 4.0-kb mRNA for pl05 is present in many tissues but can be up- 
regulated by many of the same agents that promote the dissociation of 
NF-KB from I-KB (Bours et al., 1990; Meyer et ul., 1991). An additional 
1.9-kb mRNA encoding I - K B ~  is also present in certain cells (Inoue et 
al., 1992a). Phorbol ester stimulation of HL60 or HeLa cells or TNF-a! 
stimulation of HL60 cells strongly induced the p105 mRNA. In human 
peripheral blood T cells, mitogenic stimuli such as PMA/PHA and calcium 
ionophore also elevate the p105 mRNA (Bours et al., 1990). The mRNA 
is superinduced by inhibitors of protein synthesis. Interestingly, the immu- 
nosuppressive agent cyclosporin A strongly inhibited p105 mRNA induc- 
tion by calcium ionophore but had only a modest effect on induction by 
PMA or PMA/PHA (Bours et al., 1990). These findings give rise to the 
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idea that sustained gene expression after various stimuli may be primarily 
due to increased synthesis of pl05 mRNA and p50 protein (Hohmann et 
al., 1991a). It has been recently shown that the p105 gene promoter is 
itself activated through an NF-KB binding site (Ten et al., 1992). 

Analysis of subcellular localization by both immunofluorescence and 
immunoprecipitation reveals that the p105 precursor is restricted to the 
cytoplasm, whereas processed p50 is both nuclear and cytoplasmic (Blank 
et al., 1991). The sixth ankyrin repeat and adjacent acidic region of pl05 
were found to be important for cytoplasmic localization (see Fig. 6). 
Moreover, excision of the seventh ankyrin repeat or the acidic region 
between ankyrin repeats 6 and 7 allows DNA binding of p105. Thus, each 
ankyrin repeat in plO5 may not function equivalently in causing subcellular 
localization or inhibition of DNA binding. Recent evidence indicates that 
pl05, which is situated extranuclearly, can bind and thereby moor p65 in 
the cytoplasm (Rice et al., 1992). 

The function of the p50 subunit has been analyzed by cotransfection 
assays both on its own and as a partner to other subunits. It appears that 
p50 has little or no ability to cause transcriptional trans-activation through 
certain DNA sites that it binds (Kieran et al . ,  1990), though when tested 
by in uitro transcription assays, p50 can function as an activator (T. Fujita 
and D. Baltimore, personal communication). In fact, p50 seems to suppress 
the activation of certain binding sites by p50/65 heterodimers (Schmitz and 
Baeuerle, 1991; Kang et a / . ,  1992a). KBF-1 has features of a transcriptional 
antagonist at KB sites (Israel etal., 1989; Hemaretal., 1991b). By contrast, 
p65 likely contains a trans-activating domain and may make ~ 5 0 1 ~ 6 5  
heterodimers much stronger transcriptional activators (see below) (Nolan 
etal . ,  1991; Ballard et al.,  1992). Interestingly, coexpression of the p65 and 
p50 subunits in Jurkat cells led to synergistic activation of KB-dependent 
transcription, but coexpression of p65 and the v-re1 oncogene inhibited 
transcription (Ballard et al., 1992). 

Recently a cDNA has been cloned for an alternative DNA binding 
subunit of NF-KB that is very similar to p50 and which has been called 
variously p49 or p50B (Schmid et al.,  1991; Bours et al., 1992). The full- 
length protein encoded is 97-100 kDa and, like pl05, contains an N- 
terminal Re1 domain and a C-terminal ankyrin repeat domain. The mRNA 
for p97/p100 is approximately 3.3  kb. The amino acid similarity between 
p97/p100 and p105 in the Re1 region is -60% identity but then drops off 
in the C-terminus to give an overall amino acid identity of -40%. Schmid 
and co-workers have suggested that a cluster of histidine and cysteine 
residues in p49/pSOB may chelate zinc in a functionally important way 
(1991). Just as for p105, the p97/p100 protein must be cleaved to an 
approximately 50-kDa form in order to specifically bind DNA. The mature 
form, p49/p5OB, can heterodimerize with p65 and other Re1 proteins and 
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binds KB sites with high affinity. When cotransfected with p65, p49/p50B 
can drive HIV-I long terminal repeat (LTR) transcription but seems to 
have different functional effects depending on the exact sequence of the 
KB site with which it interacts (Schmid et al.,  1991; Perkins e ta / . ,  1992). 

C. The p65 Subunit 

The cDNA isolated for the p65 NF-KB subunit reveals homology to the 
re/ protein family (Nolan et af., 1991; Ruben et a/., 1991) (Fig. 4). The 
cDNA clone corresponds to an mRNA of 2.6 kb that was detectable in all 
tissues tested and encoded a protein of 549 amino acids. The p65 mRNA 
does not seem to be increased very significantly by mitogenic agents that 
potently induce p50 (It0 et al., 1992; U. Siebenlist, personal communica- 
tion). As expected, the full-length protein from the cDNA clone could 
heterodimerize with p50 and together these subunits form a tight nucleo- 
protein complex with KB sequences. Thus, in contrast to p50, the p65 
protein appears not to require cleavage from a larger precursor. 

Studies aimed at the characterization of the different subunits have been 
focusedmainly on thep50subunit becauseofits strongDNAbindingactivity 
(Kawakami et al., 1988; Baeuerle and Baltimore, 1989). However, p65, 
which originally appeared to be unable to bind DNA in mobility shift assays 
(Baeuerle and Baltimore, 1989) or by UV crosslinking (Kawakami et a/., 
1988; Collart etal.,  1990), has now been shown to bea  DNA binding subunit 
with important properties (Nolan et a / . ,  1991; Urban and Baeuerle, 1991). 
In addition to the ability ofp65 tochange the affinity ofp50for NF-KB binding 
sites, it may have potentially important transcriptional properties that differ 
from p50 (Baeuerle, 1991). A naturally occurring spliced variant of p65 has 
been shown to cause cellular transformation (Narayanan et al . ,  1992). 

Binding of the p65 homodimer can be completely inhibited by purified 
I-KBP, indicating that p65 alone could directly interact with I-KBP. These 
results were taken to suggest that a domain in the Re1 homology region of 
p65 (which is missing in the corresponding part of p50) is responsible for 
interaction of I-KB with NF-KB complex. Interestingly, p65 is most highly 
related to the c-ref protein in sequence, especially the refB variant (Ryseck 
et a / . ,  1992) (Fig. 5) ,  and seems to contain a C-terminal region that is 

FIG. 6 Comparison of protein sequences of the ankyrin repeats in proteins that have been 
demonstrated to inhibit the DNA binding of Rel/NF-KB family members. Dark grey shading 
indicates amino acids that are conserved in all repeats. Light grey shading indicates conserva- 
tive substitutions in otherwise conserved positions. The black shading indicates amino acids 
that are the same within a given repeat as the protein sequences are aligned. A consensus 
for ankyrin repeats is shown at the bottom. 
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believed to be a transcriptional trans-activating domain of c-re1 (Nolan rt 
af., 1991; Schmid e t a / . ,  1991; Ballard et af., 1992; Schmitz and Baeuerle, 
1991; Ruben et af., 1991, 1992). A region of the protein from amino acids 
435 to 459 appears to be functionally important for activation. Notable 
features of this domain include negatively charged amino acids and a motif 
resembling a partial leucine zipper (Ruben et al., 1992). p65 can form 
homodimers that can function as transcriptional trans-activators (Nolan 
et al., 1991; Schmitz et al., 1991). A spliced variant of p65 that has lost a 
protein region important for dimerization has been described in certain 
cell types (Ruben et a/.,  1992). 

0.  Other Modes of Regulation 

A re1 homology protein that heterodimerizes but does not allow recognition 
of certain KB motifs would likely interfere with transcriptional activation 
of those sites. A precedent for this form of gene control comes from 
the protein named Id, which is a helix-loop-helix-type transcriptional 
regulator and inhibits gene activation by these proteins without binding to 
DNA itself (Benezra rt ul., 1990; Sun et af., 1991). This type of dominant 
negative interference has been demonstrated for a mutant version of the 
pS0 protein that conserves dimerization ability but is unable to bind DNA 
(Logeat et al., 1991). This mutant can block binding of other members of 
the Re1 family in uitro and can act as a transcriptional dominant negative 
in uiuo. Such a dominant negative inhibitor of p50, termed 1-rel, has been 
reported recently (Ruben et af., 1992). 

In summary, patterns of protein-protein association have been clearly 
defined using polypeptides generated from cloned Rel/N F-KB subunit 
genes. These would seem to indicate multiple levels of interactive control 
to finely tune transcriptional responses (see Fig. 7). Regulation may result 
from the different combinatorial possibilities of pS0 or p49/p5OB when 
coupled to p65 or other re/ homology proteins. All of the DNA binding 
subunits of NF-KB as well as Re1 proteins may be controlled by release 
from cytoplasmic stores, though they seem to appear in the nucleus with 
different kinetics (Ballard et al., 1990; Molitor et id., 1990). Another 
level may emerge from the transcriptional effects that a given subunit 
combination generates at differing DNA sites in the repertoire of KB motifs 
(Sica et a/.,  1992). A third level may result from interactions between Re1 
family members that do not involve DNA binding. There appears to be 
synergistic transcriptional effects of multiple binding sites for NF-KB that 
are not a function of cooperative binding (Pettersson and Schaffner, 1990). 
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FIG. 7 A hypothetical scheme depicting several pathways of NF-KB and Re1 regulation. 

E. The Re1 Homology Family Extends t o  Drosophila 

v-re1 and c-re1 share a strong homology (47%) with the amino-terminal half 
of the Drosuphila dorsal protein (Steward, 1987) (Fig. 5 ) .  The protein 
encoded by this maternal effect gene appears to govern the establishment 
of dorsal-ventral axis in the developing fly embryo (Ip et al., 1991). 
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Importantly, the dorsal protein is regulated by partitioning between the 
cytoplasm and nucleus; this was an early clue that dorsal and NF-KB 
could be related (Roth et af., 1989; Rushlow et al . ,  1989; Hunt, 1989). 
Relocalization of the dorsal protein from cytoplasm to the nucleus is 
crucial for its morphogenetic function (Steward, 1989). The protein region 
that is conserved between dorsal and the Re1 family members is responsi- 
ble for DNA binding and dimerization (Steward, 1987). Recently i t  has 
been shown that dorsal binds to KB motifs with high affinity (Ip er al., 
1991). The dorsal gene can exert a negative transcriptional effect on genes 
such as zerknullt (zen) and decepentaplegic (dpp) but seems to activate 
other genes such as twist (Jiang et al., 1991; Pan et al., 1991). Also, the 
nuclear translocation and possibly DNA binding of the dorsal gene product 
may be inhibited by the protein product of the cactus gene much the same 
way that NF-KB and I-KB interact (see Hunt, 1989). 

F. I-KB and Other Ankyrin Repeat Proteins 

An important mechanism for controlling NF-KB binding activity is pro- 
vided by protein-protein interactions that involve I-KB-like molecules. A 
cDNA clone has been recently isolated that encodes a 36-kDa protein (318 
amino acids), called MAD3, that appears by several criteria to be identical 
to I-KBP (Haskill et al., 1991; I. Verma, personal communication). The 
MAD3 protein is the appropriate molecular weight and is a highly specific 
inhibitor of NF-KB DNA binding but not KBF-I. In addition, the sequences 
of two peptides derived from purified I-KBCY are found in the coding se- 
quence of the MAD3 clone (Davis et l ~ l . ,  1991). Also, the MAD3 protein 
and NF-KB could be coimmunoprecipitated with antibody against NF-KB, 
indicating a direct interaction between the two proteins (Haskill et a/ . ,  
1991). Interestingly, the mRNA for MAD3 is rapidly induced during the 
process of adherence of monocytes to plastic. A homologous rat protein 
is rapidly induced during liver regulation following partial hepatectomy 
(Tewari et af., 1992a,b). Together these results suggest that I-KBP might 
be part of a negative feedback mechanism to limit NF-KB activation. As 
might be expected for I-KB, the MAD3 protein also exhibits a putative 
PKC phosphorylation site near its C-terminus (Haskill et af., 1991). 

One of the most significant features of the MAD3 protein is that it 
contains five tandem repeats of the ankyrin motif (see Fig. 6) .  As men- 
tioned, this repeat had also been observed in multiple copies in the C- 
terminal region of the p105 protein precursor to p50 and the p97 precursor 
to p50B (Kieran et al., 1990; Ghosh et al., 1990; Bours et al., 1990, 1992; 
Meyer et ul., 1991). The ankyrin repeat had been identified as a motif that 
was found in human erythrocyte protein ankyrin and then also observed 
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in proteins required in cell cycle control and tissue differentiation (for a 
review see Lux et a/.,  1990). Because both MAD3 and the C-terminal 
portions of p105 and p97 had the ability to inhibit the binding of p50 to 
DNA, these ankyrin repeats were thus implicated in the interaction be- 
tween NF-KB and I-KB. A comparison of several ankyrin repeat proteins 
(ARPs) revealed that the ankyrin repeat seems to be the sole domain in 
common (G. Nolan, personal communication) (see Fig. 6). 

The realization that NF-KB is a member of the re1 homology family 
prompted an investigation of the functional properties of the pp40 re/- 
associated protein (Kerr et al., 1991). pp40 is a phosphoprotein that is 
complexed with Re1 proteins (Tung et al., 1988; Simek and Rice, 1988). It 
can be detected in both the cytoplasm and the nucleus of v-re/-transformed 
cells (Simek and Rice, 1989; Davis e ta / . ,  1990, 1991) and the B-lymphoma 
lines WEHI 231 and 70213 (Kerr et a/ . ,  1991). pp40 associates with the 
amino terminus of v- and c-re/ (Simek and Rice 1988; Davis et a/.,  1990, 
1991); it is reminiscent of I-KB because of both its molecular size and 
the ability of phosphorylation or detergent to diminish its binding to ref 
proteins. Biochemical studies determined that purified pp40 would inhibit 
DNA binding of re/ homology proteins. Intriguingly, pp40 and I-KBP in- 
hibit DNA binding of pSO/p65, pSO/c-rel complexes but not p50 homodi- 
mers. (Kerr et a f . ,  1991; Davis et a/ . ,  1991). Tryptic peptide mapping 
indicates that pp40 may, in fact, be identical to I-KBP. The distribution of 
pp40 would suggest that the activation loops for complexes involving re1 
proteins and ARPs have the potential to be taking place in both the nucleus 
and the cytoplasm. 

The sequence of a cDNA for pp40 has been recently reported by Davis 
and colleagues (1991). The pp40 coding sequence contains five ankyrin 
repeats just as for other proteins that inhibit the binding of Re1 family 
members (see Fig. 6). This strengthened the idea of a gene family of ARPs 
that have properties akin to those of I-KB. pp40 also contains potential 
casein kinase I1 and tyrosine kinase sites (Davis et a/.,  1991). 

Recent work has led to the molecular characterization of a third form 
of I-KB, termed I-KB.), (Inoue et al., 1992a). This form is derived from a 
2.5-kb mRNA that is an apparent splice product of the p50 gene that 
appears in lymphoid cells. The encoded 607-amino acid protein (70 kDa) 
corresponds to the C-terminus of the pl0.5 precursor protein that contains 
ankyrin repeats. I - K B ~  prevents NF-KB, p50 homodimer, and c-re1 from 
binding to DNA. Furthermore, it has been shown to prevent transit to the 
nucleus and gene activation by c-ref. The protein sequence also contains 
a consensus protein kinase A phosphorylation site (RKLS), indicating the 
possibility that it too is regulated by phosphorylation. 

A putative leukemia oncogene, Bcl-3, also appears to have I-KB-like 
properties (Hatada et al., 1992; Wulczyn et ul., 1992). Bcl-3 is an ARP 
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encoded at the locus of the chromosomal translocation t(14: 19)(q32;q13.1) 
that occurs in cases of chronic lymphocytic leukemia and has seven copies 
of the ankyrin repeat (Ohno et al., 1990). In contrast to I-KBCI or p, Bcl- 
3 may preferentially inhibit p50 homodimers and NF-KB, but not p65 
homodimers. In an important link to previous studies that have implicated 
various re/ proteins in cell proliferation, the expression of Bcl-3 increases 
in peripheral blood mononuclear cells following mitogenic stimulation 
(Ohno et al., 1990; Franzoso et al., 1992). The ankyrin repeats in this 
protein bear a striking resemblance to those found in the C-terminal region 
of the p105 protein. Ankyrin repeats are likely to differ in their function 
depending on their precise amino acid sequence, thus affording another 
venue for specifity in the interactions between the re/ and the ARP families. 

The function of the ankyrin repeat is not completely understood. Usually 
proteins, unless very small, cannot pass freely in the nucleus and need to 
carry specific basic sequences called nuclear localization signals (NLS) 
exposed on the protein surface (for review see Dingwall and Laskey, 1986; 
Nigg et af . ,  1991). Such a sequence has been shown to be important 
for the nuclear accumulation of processed p50 (Blank rt d., 1991). One 
hypothesis was that the ankyrin repeat could either mask the NLS or 
anchor in some way the re/ protein to cytoskeletal or cellular membrane 
components such that the NLS would not function (Ghosh et al., 1990). 
I-KB not only prevents DNA binding activity when associated to NF-KB 
in the cytosol but also apparently blocks nuclear translocation (Baeuerle 
and Baltimore, 1988a,b; Henkel et N / . ,  1992; Beg rt ul., 1992). This has 
also been seen clearly in the cytological localization of the dorsal protein 
(Hunt, 1989). An alternative view is that the ankyrin repeat is really a 
protein-protein interaction domain that yokes the ref homology proteins 
to ARPs (Thompson et al., 1991) and allows cytoplasmic localization 
secondarily, possibly through other domains. The latter conjecture is given 
some credence by the fact that the pp40 : re/ complexes are found in the 
nucleus as well as the cytoplasm (Davis et  a/ . ,  1990, 1991). 

The model of cytoplasmic localization by the union of NF-KB and I-KB 
is very similar to the regulation of the glucocorticoid receptor (Picard 
and Yamamoto, 1987). The glucocorticoid receptor is cytoplasmic in the 
absence of glucocorticoids, and its NLS is presumably covered by the 
binding of heat shock protein 90 (hsp90; Picard and Yamamoto, 1987). 
Steroid binding to the receptor could overcome inhibition by dissociating 
the receptor and hsp90. Recent evidence suggests that the regulation is 
more complicated since the receptor bound to hsp90 is not necessarily 
excluded from the nucleus-a feature also observed in complexes between 
re1 and pp40 (Sanchez et al., 1990). The major difference between the 
glucocorticoid system and NF-KB is that in the case of the glucocorticoids 
the allosteric modification that results in nuclear translocation affects the 
transcription factor itself and not the “anchoring” protein. 
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Finally, it is intriguing that the precursors for p50 and p491pSOB couple 
both a ref homology domain and an ARP in a single bifunctional polypep- 
tide (Ghosh et al.,  1990; Kieran et af., 1990; Bours et id., 1990, 1992; 
Meyer et al., 1991; Schmid et  al., 1991). p50 and p49tpSOB are, so far, 
the only members of the Re1 homology family that exist in the form of 
precursors. Many roles can be envisioned for the ankyrin repeats that are 
located in the C-terminal portion of these proteins. Most intriguing is the 
possibility that cleavage of the mature form of the binding protein from 
the precursor is a critical step in the regulation of NF-KB binding. The 
process requires ATP, and the ankyrin repeats are not required for pro- 
cessing (Fan and Maniatis, 1991). Because of the strong DNA binding 
ability of p50, this proteolytic event may represent a mechanism to govern 
the preponderance of p50 in homodimeric versus heterodimeric form. This 
could be crucial since p50 homodimers appear to be unaffected by 
I-KBP that would result in cytoplasmic localization of NF-KB through its 
interaction with p65. 

VIII. NF-KB and Viruses 

Aside from the obvious role of the Re1 protein as the transforming gene 
product of the Rev-T virus, NF-KB and potentially other Re1 proteins have 
been found to play a role in transcriptional regulation of many other 
viruses. Most work to date has been done on retroviruses that infect 
human T lymphocytes-the human immunodeficiency viruses and the 
human T lymphotropic virus, type I. Several other viruses have also 
been studied and will be discussed: adenovirus; SV-40; hepatitis B virus; 
herpesvirus types I and VI and their relative, cytomegalovirus. The charac- 
teristic rapidity of NF-KB induction can be utilized by viruses as a strategic 
tool to initiate its reproduction or to place its life cycle under the control 
of the host cell. 

A. Human Immunodeficiency Virus 

Human immunodeficiency virus (HIV) is a retrovirus that infects CD4+ T 
lymphocytes and some monocytes causing acquired immunodeficiency syn- 
drome (AIDS) (Cullen and Greene, 1989). The role of NF-KB in controlling 
the HIV long terminal repeat (LTR) was first established by Nabel and Balti- 
more, who demonstrated a direct correlation between increases in NF-KB 
binding and the transcriptional activity of the LTR following activation of T 
cells (1987). Deletion analysis of the HIV LTR had established that a strong 
enhancer element within the LTR was centered over a nucleotide sequence 
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that contained two homologies to the Ig-K gene NF-KB site (Muesing et af., 
1987). Most isolates of HIV-1 and simian immunodeficiency virus (SIV) 
have two functional NF-KB sites in the LTR, but in HIV-2 there is conserva- 
tion of only one of the NF-KB binding sites (Dewhurst e t d . ,  1990; Anderson 
and Clements, 1991; Novembre et al., 1991). 

The possibility of a strong association between T-cell activation and 
expression of the HIV LTR has come to dominate thinking about the 
regulation of the life cycle of HIV. A characteristic feature of HIV infection 
is that fulminant disease often occurs many months or even years after 
the initial infection (Haseltine, 1988; Cullen and Greene, 1989). This delay 
in viral pathogenesis, called the latent period, could be due to the residence 
of a provirus in a small population of T lymphocytes in a quiescent state 
(reviewed in Garcia-Blanco and Cullen, 1991). Activation of those T lym- 
phocytes by antigen stimulation could increase NF-KB and lead to tran- 
scriptional expression of the provirus and active production of the virus 
(Rosen et al., 1985; Zagury et al. ,  1986; Nabel and Baltimore, 1987; Harada 
et a/.,  1988; Tong-Starksen et al., 1989). Other inducers of NF-KB, such 
as TNF-a and 1L-1 also could increase virus production (Folks et al., 
1989; Osborn et a/., 1989). This reawakening of the virus would presum- 
ably cause decreased numbers of the CD4+ cells leading to the immunode- 
ficiency syndrome. 

A correlation between the induction of NF-KB and LTR transcription has 
received considerable experimental support. A variety of studies show that 
induction of NF-KB in either T lymphocytes or monocytes causes increased 
transcriptional activity of the HIV LTR (Nabel and Baltimore, 1987; Garcia 
eta/., 1987; Franzaetal., 1987;Kaufmaneta/., 1987;Bielinskaetal., 1989; 
Griffin et d., 1989, 1991; Zeichner eta!., 1991; Berkhout and Jeang, 1992; 
Hillman et ul., 1992). Moreover, LTR activity does not seem to be re- 
stricted to cells such as CD4' T cells and monocytes that normally manifest 
productive infection but may depend more on the availability of NF-KB. 
If the LTR is tested in B cells, NF-KB stimulates transcription strongly 
and B cells that artificially express the CD4 surface molecule permit HIV 
replication quite well (Calman c't a/.,  1988). T cells that do not express the 
p50/p65 heterodimer have restricted HIV expression (Raziuddin et a/ .  , 
1991). Methylation of cytosine nucleotides can inhibit NF-KB binding, 
suggesting that a methylated HIV provirus may be resistant to activation 
(Bednarik et al., 1991). Other viruses that can activate NF-KB such as 
herpesvirus and cytomegalovirus and the c-Ha-rus oncogene can cause 
transactivation of the HIV LTR through the NF-KB binding site and lead 
to viral activation (Ensoli et ul., 1989; Horvat et a/., 1991; Arenzana- 
Seisdedos et al., 1989; Geng et al., 1992). Curiously, one study found that 
antisense oligonucleotides complementary to the NF-KB binding motif 
interfere with trans-activation of the LTR (Laurence et a/ . ,  1991). 
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Most studies on the transcriptional control of HIV have been carried 
out by transiently transfecting cells with plasmids containing the HIV 
LTR linked to various reporter genes (usually bacterial chloramphenicol 
acetyltransferase). These artificial gene constructs may only partly reflect 
the normal transcriptional control of HIV replication. Thus it became 
important to also test the infectivity of HIV when various cis-acting ele- 
ments in the LTR have been mutated to gain an independent assessment 
of the role of these sequences in the virus life cycle. Studies of HIV 
replication in response to cytokines found an association between induc- 
tion of NF-KB binding and transcriptional activation of the virus (Hemar 
et al., 1991a; Israel et al., 1989; Rosenberg and Fauci, 1990). One study 
found that viruses containing deletions of both NF-KB sites were still 
infective in MT-4 cells (Leonard et al.,  1989). Further analysis revealed 
that the two NF-KB sites and three Spl sites were functionally redundant 
and not all required for infectivity (Ross et al., 1991). Various alterations 
of these sites seemed to change the cell type that permitted virus produc- 
tion as well as the replicative and cytopathic properties of HIV-1 (Ross et 
ul., 1991; Englund et al., 1991; Parrott et al., 1991). This contrasts with 
the complete loss of viral activity seen when the TAR region was altered 
(Leonard et al., 1989). Moreover, specific NF-KB inducers can stimulate 
virus replication but the effect varies with cell type-TNF-a can induce 
virion production in certain T-cell lines but not others and LPS will appar- 
ently stimulate HIV production in monocytic/macrophage lines but not T 
cells (Matsuyama et al., 1989; Pomerantz et al., 1990). Thus viral replica- 
tion seems to involve multiple levels of control of which NF-KB is only a 
part. 

Recent work has more fully assessed the transcriptional control of the 
HIV LTR and has found transcriptional induction mechanisms that are 
independent of NF-KB. One early report identified an 86-kDa protein 
(HIVEN 86A) that interacted strongly with the HIV enhancer, which is 
now believed to be the c-Re1 protein (Franza et al., 1987; Ballard et 
al., 1990,1992). Other biochemical studies have described interactions of 
proteins with the LTR enhancer elements that were the same size as NF- 
KB but had some distinctive features (Wu et al., 1988a,b). Moreover, LTR 
transcription seems to also depend on factors that bind sites outside of the 
enhancer comprised of NF-KB sites, such as factor Spl,  which has three 
binding sites, potentially the factor NF-AT as well as other factors (Jones 
et al., 1986; Lu et al., 1991). Finally, interesting evidence has emerged 
that enhancer-independent inducibility of the HIV LTR may involve other 
proteins binding in close proximity to the TATA motif (Jones, 1989; 
Sakaguchi tit al., 1991; D. Margolis and S.  Strauss, personal communica- 
tion). The participation of factors other than NF-KB has been recently 
demonstrated in nontransformed T lymphocytes-phorbol ester or antigen 
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were able to induce both NF-KB and LTR transcription but TNF-a and 
antibodies against CD3 chains induced NF-KB and not LTR transcription 
(Hazan et ul., 1990). Also, c-rrl may be an activator of the LTR (Muchardt 
rt al., 1992). 

Other new findings introduce further considerations into the model that 
assumes NF-KB primarily controls whether HIV becomes transcription- 
ally ‘‘latent’’ or productively infects a target cell (Nabel, 1991 ; Doppler et 
al., 1992). Recent work has shown that HIV infection causes induction of 
NF-KB in monocytic cell lines that typically only have very low levels of 
this factor (Bachelerie et al., 1991; Neuvent et a/.,  1991; Swan et al., 
1991; Roulston et al., 1992). This suggests that NF-KB is involved in an 
amplification loop that contributes to mantaining productive infection. 
Other work suggests that a protease encoded by the virus can cleave the 
p105 precursor to activate binding of the p50 subunit of NF-KB (Riviere 
et al., 1991). Therefore, infection by the virus alters the host cell by 
inducing NF-KB, thereby making the environment more hospitable for its 
own replication. To adhere to the original model of transcriptional latency, 
a means of silencing NF-KB driven LTR transcription following infection 
must also be contemplated. 

6. HTLV-1 and NF-KB 

HTLV-1 is the etiological agent of the adult T-cell leukemia (ATL) 
(Yoshida and Seiki, 1987; Wong-Staal P t  al., 1983, reviewed in Broder and 
Gallo, 1985). The cellular and molecular basis of HTLV-I transformation 
is not completely understood but one protein, Tax, of the three proteins 
encoded by the pX region of the HTLV-I genome has been strongly 
implicated in oncogenesis (Nerenberg et al., 1987; Pozzati et d., 1990). 
Tax is a transcriptional trans-activator but does not bind to DNA or 
stimulate the activity of cis-acting control elements directly. Its effects are 
independent of new protein synthesis (Jeang et al., 1988). It  appears to 
transmit activation signals through other transcription factors including 
NF-KB (Ballard et al., 1988; Leung and Nabel, 1988; Ruben et al., 1988; 
Cross et al., 1989; Ruben and Rosen, 1990; Mauxion et al., 1991). The 
Tax protein appears to be the only component of HTLV-1 that is necessary 
and sufficient to induce NF-KB, but this is not completely clear (Arima ~t 
ul., 1991; LaCoste et al., 1991). By using NF-KB and other transcription 
factors to trans-activate a set of genes that could foster T-cell proliferation, 
infected cells could be predisposed to additional mutations that would 
cause outright transformation (Yoshida and Seiki, 1987). 
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Consistent with this hypothesis, the Tax protein of HTLV-1 and the 
HTLV-2 trans-activator protein activate genes involved in T-cell growth 
(Greene et ul., 1986; Wan0 et al., 1988). The genes for both IL-2 and the 
IL-2 receptor a chain are stimulated by Tax-induced NF-KB (Inoue et al.,  
1986; Cross et al.,  1987; Maruyama et al.,  1987; Siekevitz et ul., 1987a; 
Ballard et ul., 1988; Leung and Nabel, 1988; Ruben et at., 1988; Bohnlein 
et al., 1989b; Hoyos et ul., 1989). Other genes characteristically expressed 
following antigen stimulation of T cells are also up-regulated by Tax- 
induced NF-KB, including c-fos (Fujii er al., 1988), GM-CSF (Green er 
al., 1989; Schreck and Baeuerle, 1990), IL3 (Miyatake et al., 1988), the P- 
interferon gene (LeBlanc et al., 1990), and lymphotoxin (Paul et al., 1990). 
In addition to contributing to the process of neoplasia, these NF-KB- 
stimulated genes may cause other sequellae in HTLV- l-infected individu- 
als. One life-threatening complication of ATL is hypercalcemia, which 
may be the result of bone resorption due to the osteoclast-activating 
properties of lymphotoxin (Paul et al., 1990). Tax also activates other NF- 
KB-responsive enhancer elements such as the PRD I1 motif in the P- 
interferon gene (LeBlanc et al., 1990). Tax deregulation of NF-KB there- 
fore sets in motion a genetic program that causes malignancy and other 
pathological consequences. 

Tax is also a potent trans-activator of the HTLV-1 LTR (Sodroski et 
al., 1984; Felber et al., 1985; Seiki et al., 1986; Fujisawa et ul., 1985) as 
well as the viral enhancers from HIV-1 and SV-40 (Siekevitz et al., 1987b; 
Bohnlein et a/.,  1988, 1989a; Marriott et al., 1990; Miyatake et al., 1988; 
Nakamura et al.,  1989; Zimmerman et al., 1991). Interestingly, Tax trans- 
activation of its own LTR depends on a promoter region that binds consti- 
tutively expressed proteins like CREB and Jun as well as NF-KB (Yoshi- 
mura el af., 1990; Xu et al., 1990; Numata et al., 1991). The ability of Tax 
to transactivate the HIV retrovirus most likely occurs through NF-KB. 
HTLV- I could potentially exacerbate the progression of AIDS. 

The mechanism by which Tax regulates NF-KB is unclear. Tax expres- 
sion in the cell leads to greater NF-KB binding activity and may require 
other cellular proteins (Ballard e t a / . ,  1988; Leung and Nabel, 1988; Ruben 
el al., 1988, 1989; Cross et al., 1987). Tax has been found to increase the 
level of mKNA for both c-re1 and the p50 subunit of NF-KB (Arima et ul., 
1991). It is also likely that Tax releases NF-KB from the cytoplasmic 
complex with IKB, but this is difficult to reconcile with the fact that Tax 
is typically a nuclear protein (Goh et al., 1985; Kiyokawa et al., 1985). 
Strikingly, soluble Tax protein can be taken up by tissue culture cells and 
activate NF-KB (Lindholm et al., 1990, 1992). In this situation, Tax is 
found in both the nucleus and the cytoplasm. Because NF-KB is not the 
only transcription factor induced by Tax, it is interesting to know whether 
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different parts of the protein stimulate distinct transcription factors. In 
fact, by placing missense mutations in the Tax coding regions, Smith and 
Greene have shown that different domains are utilized to activate genes 
through the NF-KB or CREB/ATF pathways (1990). 

C. Other viruses using NF-KB 

Several studies have shown that cytomegalovirus uses NF-KB to stimulate 
its own transcription. Five potential NF-KB binding sites can be found in 
the defined enhancer region of the virus (Henninghausen and Fleckenstein, 
1986). The NF-KB sites in the cytomegalovirus enhancer were found to be 
important for the transcription of the viral immediate early 1 gene (iel) 
(Nelson and Groudine, 1986; Ghazal ef uf., 1988; Cherrington and Mocar- 
ski, 1989). Moreover, the protein product of the iel gene was found to 
activate the binding of NF-KB and thereby autoregulate the expression of 
its own gene (Sambucetti et al., 1989). Similar to the paradox of Tax 
activation of NF-KB, iel is a nuclear phosphoprotein and therefore it  is 
unclear whether it could directly release NF-KB from its cytoplasmic 
complex with IKB. 

Other DNA viruses such as herpes simplex virus and human herpes 
virus 6 appear capable of inducing N F-KB through virally encoded trans- 
activating proteins and may themselves be regulated by NF-KB (Gimble 
ef al., 1988; Ensoli et al., 1989; Martin ef al., 1991). These viruses along 
with cytomegalovirus are frequently carried by HIV-infected individuals 
and could provoke the progression of AIDS by their ability to stimulate 
HIV expression through NF-KB (Ensoli et al., 1989; Lusso et ai., 1989). 
Also potentially important for the pathogenesis of AIDS is the fact that a 
trans-activator from the hepatitis B virus, the X gene, uses NF-KB to 
stimulate transcription of the HIV LTR, cellular genes such as MHC class 
I ,  and other viral control regions (such as the SV-40 enhancer) (Twu ef 
al., 1989a,b; Twu and Robinson, 1989; Siddiqui et al., 1989; Faktor and 
Shaul, 1990; Zhou ef al. ,  1990; Luber et al., 1991; Lucito and Schneider, 
1992; Meyer ef al., 1992). Adenovirus-5-transformed cells have high levels 
of nuclear NF-KB and strongly express the P-IFN and MHC class I genes 
(Nielsch et al., 1991). NF-KB has also been implicated in the lymphoid- 
specific transcription of the E3 promoter of adenovirus (Williams el al., 
1990) and the core enhancer of SV-40 (Kanno et al., 1989; Macchi ef al., 
1989; Phares and Herr, 1991). The organization of viral control elements, 
such as for SV-40, is extremely compact and appears to contain binding 
sites for a great variety of cellular transcription factors, perhaps to allow 
expression in many cell types (Fromental et al., 1988). 
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IX. Other Proteins That Bind KB Motifs 

The widespread use of NF-KB in gene regulation has engendered a plethora 
of studies that describe a large number of KB site-protein complexes. One 
unexpected turn in our emerging understanding of NF-KB was the finding 
that two different protein structures are capable of high affinity recognition 
of KB motifs-the Re1 domain and the zinc-finger domain. The Re1 domain 
appears to contain distinct subdomains that are involved in DNA binding 
and dimerization. 

Molecular cloning studies have identified multiple genes that contain 
each domain. Other studies have been completely descriptive and essen- 
tially survey the size of proteins that form high affinity interactions with 
a particular KB DNA sequence using either electrophoretic mobility shift 
or UV crosslinking assays. For example, Shakov et af. (1990) and Xan- 
thoudakis and Hiscott (1990) describe sets of proteins that bind to the KB 
binding sequences in the TNF-a and the p-interferon genes, respectively. 
After detailed characterization by molecular cloning or biochemical analy- 
sis, some proteins have been found to have properties of special interest. 
These include MBP-l/PRDII BFIIHIV-EBP-1; beta; and H2-TFl. 

A. MBP-1 /PRDII/HIV-EBP-1 : A Large Zinc-Finger Protein 

MBP-IIPRDII BFUHIV-EBP-1 is a protein that bears a zinc-finger DNA 
binding motif that has been cloned and analyzed by several different 
groups. It was originally identified by screening a bacteriophage expression 
library using the mouse MHC class I (H-2Kb) enhancer site as a probe 
(Singh et al., 1988). Because of some combination of its affinity, molecular 
structure, and abundance, it has been cloned from bacteriophage expres- 
sion libraries also with the PRDII motif from the p-interferon gene and a 
KB motif from the HIV enhancer (Fan and Maniatis, 1990; Nomura et af., 
1991). Since it displayed high affinity for KB sites, it was initially believed 
to be a clone for NF-KB itself. The gene for MBP-VPRDII-BFUHIV-EBP- 
1 has been mapped to human chromosome 6p22.3-p24 (Gaynor et af., 
1991). Several other KB binding proteins bearing a zinc-finger DNA binding 
domain that are homologues to MBP- UPRDII-BFI/HIV-EBP- 1 have also 
been cloned. These are HIV-EBP-2 (Nomura et al., 1991), AT-BPI and 
AT-BP2 (Mitchelmore et af., 19901, MBP-2 and KBP-1 (Rustgi et af., 
1990), AGIE-BP-1 (Ron et af., 19911, and aA-CRYBPI (Nakamura et al., 
1990). Recent evidence suggests this is a large gene family (Ron et al., 
1991). Some of these have been postulated to play roles in specific genes 
such as aA-CRYBP1 in regulating expression of the arl-crystallin gene 
(Nakamura et af., 1990). 
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A key feature of certain members of this family of zinc-finger domain 
genes is that they specify very long mRNAs (9-10 kb) and encode proteins 
of immense size (200-300 kDa) (Maekawa et nl., 1989; Fan and Maniatis, 
1990; Nomura et al.,  1991). These are probably the largest DNA binding 
transcription regulatory proteins known. One of the remarkable features 
of these proteins is that they contain zinc-finger domains that are separated 
by a stretch of 50 kDa of intervening protein sequence (Fan and Maniatis, 
1990; Baldwin ct al., 1990). The zinc-finger domains, though differing in 
primary sequence, display very similar, if not identical, binding specifici- 
ties (Baldwin et nl., 1990). Also interesting is that the mRNA for these 
genes is induced by mitogens in T-lymphoma cells or virus and serum in 
fibroblasts (Baldwin et al., 1990; Fan and Maniatis, 1990). Some members 
of this gene family appear to be highly expressed in brain (Nomura et al.,  
1991). 

B. Beta: A Brain-Specific Regulator 

Analysis of nuclear protein extracts from various regions of the rat brain 
for binding to the Ig KB binding site revealed a novel mobility shift complex 
that migrates more slowly than NF-KB (Korner et ul., 1989). The complex 
was not found in extracts from a variety of visceral organs and was 
detectable in the gray but not the white matter of the brain. It is notable 
that the proenkephalin gene is highly expressed in these tissues and a 
binding site for the beta protein is found in the promoter of this gene. 
Moreover, it was shown that KB site-dependent reporter constructs were 
active when transfected into primary cultures of cerebeller neurons or 
astrocytes. Because of its restriction to certain areas of the brain and large 
apparent size on mobility shift, it may be derived from one of the zinc- 
finger protein genes whose mRNA is highly expressed in the brain (Naka- 
mura et nl., 1990). 

C. H2-TFI: A Putative MHC Class I Regulator 

Another factor that has been characterized biochemically but has remained 
elusive in its molecular identity is H2-TFI. Originally identified by Baldwin 
and Sharp (1987), this factor bound to the palindromic KB motif (5’- 
TGGGGATTCCCCA-3’) located in the H-2Kb gene and made base con- 
tacts that were distinct from those made by NF-KB. Though it has been 
suggested that H2-TF1 and p50 are identical (Baeuerle, 1991), UV cross- 
linking experiments indicate that the H2-TF1 complex is due to a 125-kDa 
protein (R. Scheinman and A. Baldwin, unpublished results). The DNA 
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site bound by H2-TF1 contributed to the basal activity and a-interferon 
inducibility of this class I promoter and was found to be conserved in a 
number of other class I genes (Kimura et al., 1986; Baldwin and Sharp, 
1987; Hakem et al., 1989; Ackrill and Blair, 1989). Interestingly, the level 
of an H2-TF1-like binding protein and the activity of the MHC class I gene 
enhancer are suppressed by N-myc in rat neuroblastoma tumor cells. This 
seems to be due to suppression of a particular isoform of protein kinase C 
by N-myc (Lenardo et al., 1990; Henseling et al., 1990; Bernards, 1991). 

Other proteins that have some binding specificity related to NF-KB 
include a binding protein to the MHC class I1 promoter (Gravallese et 
al., 1989), a protein called KBF-2 that is detected in undifferentiated 
teratocarcinoma cells (Israel et al., 1989); a protein binding to the HIV 
enhancer (named EBP-1, but of unknown relationship to the cloned zinc- 
finger protein named HIV-EBP1) (Clark et al., 1988, 1990; Clark and Hay, 
1989); and NF-GMa, a regulator of the expression of the GM-CSF gene 
(Shannon et al., 1988). One recent report suggests the NF-AT can bind to 
certain NF-KB sites (McCaffrey et al., 1992). 

X. Conclusions 

In addition to giving the overall picture of NF-KB in gene regulation, we 
hope we have also illuminated the weave of this rich tapestry of discovery 
by a large number of investigators. Knowledge of the various DNA binding 
proteins in this system has emerged from two long-standing parallel lines 
of investigation on NF-KB and the re1 oncogene. Gene cloning has recently 
brought these fields together to the enrichment of both. Amino acid se- 
quence similarities suggest that the NF-KBIRelIdorsal system arose early 
in evolution to assume a variety of roles in gene regulation among both 
vertebrates, invertebrates, and possibly in yeast (Toyama et al., 1992). 
Importantly, t he  wide utilization of NF-KB and its congeners in gene 
control indicates that work in this area will significantly influence many 
areas of molecular biology in the future. 

In closing, it is important to note that studies on NF-KB have the ability 
to provide new and intriguing answers to old questions in gene regulation. 
An important paradox in the notion that proteins regulate genes is that the 
expression of the gene-regulatory proteins would seem to require an 
infinite regression of gene control proteins. NF-KB illustrates a trans- 
activation mechanism that does not require new protein synthesis and thus 
can be directly induced independently of the transcription of its own 
gene. Another question has been how signal pathways connect the cell 
membrane to the nucleus. NF-KB itself can convey a signal from the 
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cytoplasm directly to gene control elements in the nuclear DNA. By 
transmitting signals across the cell, NF-KB acts as a unique type of second 
messenger specifically designed for gene regulation. Certain other regula- 
tory questions remain unexplained. We do not understand how NF-KB 
binding sites and transcriptional initiation sites that are separated by 
widely varying lengths of DNA communicate with each other within chro- 
matin. Another mystery yet unsolved is how the same regulatory factors 
can uniquely activate various sets of genes in response to selected stimuli. 
This phenomenon hints at an information system for controlling RNA 
synthesis that will be far more complex and flexible than the genetic code 
that governs protein synthesis. 

Acknowledgments 

The authors thank Warren Leonard, Sergei Nedospasov, Marc Reitman, Nancy Rice, and 
Uli Siebenlist for helpful comments on the manuscript; Dr. David Baltimore, in whose 
laboratory some of the experiments depicted were carried out; and many investigators in the 
field who generously shared their ideas and unpublished findings. Jason J . 4 .  Chiu was 
supported by the Howard Hughes Medical Institutes-NIH Research Scholarship program. 
M.J.L. was supported in part by a Cancer Research Institute Investigator Award. 

References 

Ackrill, A. M., and Blair, G. E. (1989). Virology 172, 643-646. 
Adams, B. S. .  Leung, K., Hanley, E. W., and Nabel, G. J .  (1991). New B i d .  3, 1063-1071. 
Alper, J. H., Cohen. A. L., Leblanc, J.  F., Sportza, L.,  Wong, A . ,  and Xanthoudakis, S.  

Anderson, M. G . ,  and Clements, J .  E. (1991). J .  Virol. 65, 51-60. 
Anderson, M.T., Wims,L. A.,andMorrison,S. L.(1992). NirclricAcidsReu.lY,7235-7241. 
Anisowicz, A,,  Messineo, M., Lee, S. W., and Sager, R. (1991). J .  Immunol. 147,520-527. 
Arenzana-Seisdedos, F., Israel, N . ,  Bachelerie, F., Hazan, U., Alcami, J . ,  Dantry, F., and 

Arima, N., Molitor, J .  A., Smith, M. R., Kim, J. H., Daitoku, Y.,  and Greene, W. (1991). 

Atchison, M. L., and Perry, R .  P. (1987). Cell (Cambridge, Mass.)  48, 121-128. 
Atchison, M. L., and Perry, R. P. (1988). EMBO 1. 7, 4213-4220. 
Bachelerie, F., Alcami, J.,  Arenzana-Seisdedos, F., and Virelizier, J-L. (1991). Nature 

Baeuerle, P. (1991). Biochim. Biophys. Acru. 1072, 63-80. 
Baeuerle, P., and Baltimore, D. (1988a). Cell (Cambridge, Moss.)  53, 21 1-217. 
Baeuerle, P., and Baltimore, D. (1988b). Science 242, 540-546. 
Baeuerle, P. A., and Baltimore, D. (1988~).  In “The Control of Human Retrovirus Gene 

Expression,” pp. 217-227. Cold Spring Harbor Laboratory, Cold Spring Harbor, New 
York. 

(1989). J .  Virol. 63, 2557-2566. 

Virelizier, J .  L. (1989). Oncogene 4, 1359-1362. 

J .  Virol. 65, 6892-6899. 

(London) 350, 709-712. 

Baeuerle, P. A., and Baltimore, D. (1989). Genes Deu. 3, 1689-1698. 



NF-KBIRel PROTEIN COMPLEXES 49 

Baeuerle. P. A., Lenardo, M., Pierce, J .  W., and Baltimore, D. (1988). Cold Spring Harbor 

Baldwin, A. S. ,  Jr.. Azizkhan, J .  C.. Jensen, D. E., Beg, A. A., and Coodly, L. R. (1991). 

Baldwin, A. S., Jr., LeClair, K. P., Singh, H., and Sharp, P. A. (1990). Mol. Cell. Biol. 10, 

Baldwin, A. S. ,  Jr., and Sharp, P. A. (1987). Mol. Cell. Biol. 7 ,  305-313. 
Baldwin, A. S. ,  Jr., and Sharp, P. A. (1988). Proc. Natl. Acad. Sci. USA 85, 723-727. 
Ballard, D. W., Bohnlein, E., Hoffman, J. A,,  Bogerd, H. P., Dixon, E. P., Franza, B. R., 

and Greene, W. C. (1989). New B i d .  1, 83-92. 
Ballard, D. W., Bohnlein, E., Lowenthal, J .  W., Wano, Y., Franza, B. R., and Greene, 

W. C. (1988). Science 241, 1652-1655. 
Ballard, D. W., Dixon, E. P., Peffer, N. J., Bogerd, H., Doerre, S., Stein, B., and Greene, 

W. C. (19921. Proc. Natl. Acad. Sci. U.S .A.  89, 1875-1879. 
Ballard, D. W., Walker, W. H., Doerre, S. ,  Sista, P., Molitor, J. A., Dixon, E. P., Peffer, 

N.  J., Hannrnk, M., and Greene, W. C. (1990). Cell (Cambridge, Mass.) 63, 803-814. 
Baltimore, D. (1987). “Viral Carcinogens.” Munksgaard, Copenhagen. 
Banerjee, R., Karpen, S., Siekevitz, M., Lengyel, G., Bauer, J., and Acs, G. (1989). Hepatol- 

Banerjee, S., Parsons, J. N., and Tocci, M. J .  (1991). Mol. Cell. Biol. 11, 4074-4087. 
Bednarik, D. P., Duckett, C., Kim, S.  U., Perez, V. L., Griffis, K., Guenthner, P. C.,  and 

Beg, A. A., Ruben, S. M., Scheinman, R. I., Haskill, S., Rosen, C. A., and Baldwin, A. S. 

Benezra, R., Davis, R. L., Lockshorn, D., Turner, D. L., and Weintraub, H. (1990). Cell 

Bergman, Y . ,  Rice, D., Grosschedl, R., and Baltimore, D. (1984). Proc. Natl. Acad. Sci. 

Berkhout, B., and Jeang, K. T. (1992). J .  Virol. 66, 139-149. 
Bernards, R. ( 1991). EMBO J .  10, 1 1  19-1 125. 
Bielinska, A., Krasnow, S., and Nabel, G. J .  (1989). J .  Virol. 63, 4097-4100. 
Blanar, M. A., Burkly, L. C., and Flavell, R. A. (1989). Mol. Cell. Biol. 9, 844-846. 
Blanchet et al. (1992). Proc. Natl. Acad. Sci. U.S .A.  89, 3488-3492. 
Blank, V., Kourilsky, P., and Israel, A. (1991). EMBO J. 10, 4159-4167. 
Bohmann. D., Admon, A., Turner, D. R., and Tijian, R. (1988). Cold Spring Harbor Symp. 

Quant. Biol. 53(Part 2), 695-700. 
Bohnlein, E., Lowenthal, J .  W., Siekevitz, M., Ballard, D. W., Franza, B. R., and Greene, 

W. C. (1988). Cell (Cambridge, Mass.) 53, 827-836. 
Bohnlein, E., Siekevitz, M., Ballard, D. W., Lowenthal, J. W., Rimsky, L., Bogerd, H.,  

Hoffman, J . ,  Wano, Y., Franza, B. R., and Greene, W. C. (1989a).J. Virol. 63,1578-1586. 
Bohnlein, E., Ballard, D. W., Bogerd, H., Peffer, N. J.,  Lowenthal, J. W., and Greene, 

W. J. (1989b). J .  Biol. Chem. 264, 8475-8478. 
Bomsztyk, K., Rooney, J .  W., Iwosaki, T., Raichie, N. A., Dower, S. K., and Sibley, 

C. H. (1991). Cell Regul. 2, 329-335. 
Bonsztyk, K., Toivola, B., Emergy, D. W., Rooney, J .  W., Dower, S. K., Rachie, N.  A., 

and Sibley, C. H. (1990). J. Biol. Chem. 265, 9413-9417. 
Bours, V., Burd, P. R., Brown, K., Villalobos, J . ,  Park, S., Ryseck, R.-P., Bravo, R., Kelly, 

K., and Siebenlist, U. (1992). Mol. Cell. Biol. 12, 685-695. 
Bours, V., Villalobos, J., Burd, P. R., Kelly, Kathleen, and Siebenlist, U. (1990). Nature 

Brasier, A. R., Ron, D., Tate, J .  E., and Habener, J .  F. (1990). EMBO J. 9, 3933-3944. 

Symp. Qirant. Biol. 53, 789-798. 

Mol. Cell. Biol. 11, 4943-495 I .  

1406- I4 14. 

Ogy 10, 1008-1013. 

Folks, T. M. (1991). New Biol. 3, 969-975. 

(1992). Genes Deu. 6, 1899-1913. 

(Cambridge, Mass.)  61, 49-59. 

U.S.A.  81, 7041-7045. 

(London) 348,76-80. 



50 MARIAGRAZIA GRILLI E r  AL. 

Bressler, P., Pantaleo, G . ,  Dernaria, A., and Fauci, A. (1991). J .  Immunol. 147, 2290-2294. 
Briegel, K., Hentsch, B., Pfeuffer, I. ,  and Serfling, E. (1991). Nucleic Acids Res. 19, 

Brini, A. T., Harel-Bellan, A . .  and Farrar, W. L. (1990). E w .  Cytokine N e w .  1, 131-139. 
Briskin, M., Damore, M.. Law, R., Lee, G., Kincade, P. W., Sibley, C. H., Kuehl, M., and 

Briskin, M., Kuwabara, M. D., Sigrnan, D. S. ,  and Wall, R. (1988). Science 242, 1036-1037. 
Broder, S . ,  and Gallo, R. C .  (1985). Annu. Reu. Immrinol. 3, 321-336. 
Brorson, K .  A.,  Beverly, B., Kang, S-M., Lenardo, M., and Schwartz, R. H. (1991). 

Brownell, E., Fell, H. P., Tucker, P. W., Guerts van Kessel, A. H. M., Hagerneijer, A., and 

Brownell, E., O’Brien, S. J. ,  Nash, W. G . ,  and Rice, N.  R .  (1985). Mnl. Cell. B i d .  5, 

Brownell, E., Mathieson, B., Young, H.  A., Keller. J . ,  Thle, J .  N.,  and Rice, N.  R. (1987). 

Brownell, E., Mittereder, N.,  and Rice, N. R. (1989). Oncogene 4, 935-942. 
Brunvand, M. W., Schmidt, A., and Siebenlist, U.  (1988). J .  Bid.  Chem. 263, 18904-18910. 
Bull, P. ,  Hunter, T., and Verma, I .  M. (1989). Mol. Cell. Biol. 9, 5239-5243. 
Bull, P., Morley, K .  L., Hoekstra, M. F. ,  Hunter, T.. and Verrna, I .  M. (1990). Mol. Cell. 

Calrnan, A. F.,  Busch, M. P., Vyas, G .  N., McHugh, T. M..  Stites, D. P.. and Peterlin, 

Capobianco, A. J . ,  and Gilrnore, T. D. (1991). Oncogene 6 ,  2203-2210. 
Capobianco, A. J., Simmons, D. L., and Gilmore, T. D. (1990). Oncogene 5 ,  257-265. 
Chen. I .  S .  Y.,  Wilhelrnsen, K. C.. and Ternin, H. M. (1983). 1. Virol. 45, 104-113. 
Cherrington, J. J . ,  and Mocarski, E. S. (1989). J .  Virol. 63, 435-440. 
Clark, L., and Hay, R.  T. (1989). Nuclcic Acids Res. 17, 499-516. 
Clark, L., Matthews, J. R., and Hay, R. T. (1990). J .  Virol. 64, 1335-1344. 
Clark, L., Pollock, R. M., and Hay, R. T. (1988). Genes Deu.  2 ,  991-1002. 
Collart, M. A , ,  Baeuerle, P., and Vassalli. P. (1990). Mol .  Cell. Biol. 10, 1498-1506. 
Crabtree, G.  R. (1989). Science 243, 355-361. 
Cross, S. L., Feinberg, M. B.. Wolf, J. B., Holbrook, N .  L., Wong-Staal, F.. and Leonard, 

Cross, S.  L., Halden, N.  F. ,  Lenardo, M. J . ,  and Leonard, W. J. (1989). Science 244, 

Cullen, B. R.,  and Greene, W. C .  (1989). Cell (Cambridge, Mass.)  58, 423-426. 
Davis, J. N., Bargrnann, W., and Bose, H. R., Jr. (1990). J .  Virol. 64, 584-591. 
Davis, N., Ghosh, S., Simmons, D. L., Tempst, P., Liou, H-C., Baltimore, D.,  and Bose, 

DeMaeyer, E., and DeMaeyer-Guignard, J. (1988). ‘‘Interferons and Other Regulatory Cy- 

Dewhurst, S., Ernbretson, J. E., Anderson, D. C.. Mullins, J. I . .  and Fultz, P. N. (1990). 

Dingwall, C . ,  and Laskey, R .  A. (1986). Annu. Reu. Cell. Biol. 2, 367-390. 
Doppler, C., Schalasta, G . ,  Amtmann, G . ,  and Sauer, G.  (1992). AZDS Res. Hum.  Retrovi- 

Drouet, C., Shakhov, A., and Jongeneel, C. V. (1991). J .  Itnmrrnol. 147, 1694-1700. 
Duh. E. J., Maury, W. J. ,  Folks, T. M., Fauci, A .  S. .  and Rabson, A. B. (1989). Proc. Ntrtl. 

Durand, D. B.,  Bush, M .  R., Morgan, J .  G., Weiss, A, ,  and Crabtree, G .  R. (1987). J .  Exp .  

5929-2936. 

Wall, R. (1990). Mol. Cell. B i d .  10, 422-425. 

J .  Immunol. 147, 3601-3609. 

Rice, N. R. (1988). Oncogene 2, 527-529. 

2826-283 I .  

Mol. Cell. B i d .  7, 1304-1307. 

Biol. 10, 5473-5485. 

B. M. (1988). AIDS 2, 185-193. 

W. J.  (1987). Cell (Cambridge, Mass.)  49, 47-56. 

466-469. 

H. R., Jr. (1991). Science 253, 1268-1271. 

tokines.” Wiley, New York. 

Nature (London) 345, 636-640. 

ruses 8, 245-252. 

Acad. Sci. U . S . A .  86, 5974-5978. 

Med.  165, 395-407. 



NF-KBIRel PROTEIN COMPLEXES 51 

Durand, D. B.. Shaw, J-P., Bush, M. R., Replogle, R. E., Belagaje, R., and Crabtree, G. R. 

Duyao, M. P., Buckler, A. J. ,  and Sonenshein, G.  E. (1990). Proc. Nut/ .  Acad. Sci. U .S .A .  

Edbrooke, M. R., Burt, D. W.,  Cheshire, J .  K., and Woo, P. (1989). Mol. Cell. B i d .  9,  

Edbrooke, M. R., Foldi, J . ,  Cheshire, J .  K . ,  Li. F., Faulkes, D. J.,  and Woo, P. (1991). 

Emmel, E. A , ,  Verweij. C. L.,  Durand, D. B., Higgins, K. M.. Lacy, E., and Crabtree, 

Emorine, L.,  Keuhl, M., Weir, L., Leder, P., and Max, E. E. (1983). Nature (London) 304, 

Englund, G., Hoggan, M. D., Theodore, T. S., and Martin, M. A.  (1991). Virology 181, 

Ensoli, B., Lusso, P., Schachter, F., Josephs, S.  F.,  Rappaport, J . ,  Negro, F., Gallo, R. C., 
and Wong-Staal, F.  (1989). EMBO J .  8, 3019-3027. 

Faktor, O., and Shaul, Y. (1990). Oncogene 5, 867-872. 
Fan, C.-M., and Maniatis, T.  (1990). Genes Deu. 4, 29-42. 
Fan, C.-M., and Maniatis, T. (1991). Nature (London) 354, 395-398. 
Felber, B. K., Poskalis, H.,  Kleinman-Ewing, C., Wong-Stoal, F. ,  and Pavlakis, G. (1985). 

Folks, T. M., Clouse, K. A . ,  Justement, J . ,  Rabson, A. ,  Duh, E., Kehrl, J. H.,  and Fauci, 

Franza, B. R., Josephs, S. F., Gilman, M. Z., Ryan, W., and Clarkson, B. (1987). Nature 

Franzoso, G., Bours, V., Park, S. ,  Tomita-Yamaguchi, M., Kelly, K., and Siebenlist, U .  

Fraser, I. D., Irving, B. A , ,  Crabtree, G. R . ,  and Weiss, A. (1991). Science 251, 313-316. 
Freimuth, W. W., Depper, J .  M., and Nabel, G. J. (1989). J .  Immunol. 143, 3064-3068. 
Fromental, C.. Kanno, M., Nomiyama, H., and Chambon, P. (1988). Cell (Cambridge, 

Fujii, M., Sassone-Corsi, P., and Verma, I. M. (1988). Proc. Natl. Acad. Sci. U.S .A.  85, 

Fujisawa, J . ,  Seiki, M., Kiyokawa, T., and Yoshida, M. (1985). Proc. Natl. Acad. Sci. 

Fujita, T., Kimurd, Y., Miyamoto, M., Barsoumian, E. L. ,  andTaniguchi, T. (1989a). Nature 

Fujita, T., Miyamoto, M., Kimura, Y. ,  Hammer, J.,  and Taniguchi, T. (1989b). Nucleic 

Fujita, T., Nolan, G. P., Ghosh, S. ,  and Baltimore, D. (1992). Genes Deu. 6, 775-787. 
Fujita, T., Shibuya, H., Ohashi. T., Yamanishi, K., and Taniguchi, T. (1986). Cell (Cam- 

Garcia, J .  A., Wu, F .  K., Mitsuyasu, R., and Gaynor, R. B. (1987). EMBO J .  6,3761-3770. 
Garcia-Blanco, M., and Cullen, B. R.  (1991). Science 254, 815-820. 
Garson, K., and Kang. C. -Y. (1990) Oncogene 5, 1431-1434. 
Garson, K., Percival, H., and Kang, Y. (1990). Virology 177, 106-115. 
Gaynor, R. B., Muchardt C., Diep, A., Mohandos, T. K., Sparkes, R. S.,  and Lusis, A. J. 

Gelanis, C., and Temin, H. (1988). Oncogene 3, 349-355. 
Geng, Y. Q., Chandran, B., Joseph, S. F., and Wood, C. (1992). J .  Virol. 66, 1564-1570. 
Ghazal, P. ,  Lubon, H., and Henninghausen, L. (1988). Mol.  Cell. Biol. 8, 1809-1811. 

(1988). Mol. Cell. B i d .  8, 1715-1724. 

87, 4727-473 I .  

1908- 1916. 

Cytokine 3, 380-388. 

G. R. (1989). Science 246, 1617-1620. 

447-449. 

150-157. 

Science 229, 675-679. 

A .  S .  (1989). Proc. Nutl. Acad. Sci. U.S.A.  86, 2365-2368. 

(London) 330, 391-395. 

(1992). Nature (London) 359, 339-342. 

Mass . )  54, 943-953. 

8526-8530. 

U.S.A.  82, 2277-2281. 

(London) 337, 270-272. 

Acids Res. 17, 3335-3346. 

bridge, Mass.) 46, 401-407. 

(1991). Genomics 9, 758-761. 



52 MARIAGRAZIA GRILL1 ET AL. 

Ghosh, S., and Baltimore, D. (1990). Natirre (London) 344, 678-682. 
Ghosh, S. ,  Gifford, A. M., Riviere, L. R., Tempst, P. ,  Nolan, G. P., and Baltimore, D. 

(1990). Cell (Cambridge, Mass.) 62, 1019-1029. 
Gilmore, T. D. (1990). Cell (Cambridge, Mass) 62, 841-843. 
Gilmore, T. D. (1991). Trends Genet. 7, 318-322. 
Gilmore, T. D., and Ternin, H . M. (1986). Cell (Camhridge, Mass.)  44, 791-800. 
Gilmore, T. D.. and Temin, H. M. (1988). J .  Virol. 62, 703-714. 
Gimble, J. M., Duh, E., Ostrove, J .  M. ,  Gendelman, H. E., Max, E. E., and Rabson, A. B. 

Gimble J. M.. and Max, E. E. (1987). Mol. Cell. B i d .  7, 15-25. 
Goh, W. C., Sodroski, J. G., Rosen, C. A. ,  Essex, M.,  and Haseltine, W. A. (1985). Science 

Goldfeld, A. E., Doyle. C.,  and Maniatis, T .  (1990). Pror. Nail. Acud. Sci. U.S.A.  87, 

Goldfeld, A. E., and Maniatis. T. (1989). Proc. Natl. Acad. Sci. U.S .A.  86, 1490-1494. 
Granelli-Piperno, A., and Nolan, P. (1991). J .  Immunol. 147, 2734-2739. 
Granelli-Piperno, A., Nolan, P., Inaba, K.. and Steinman. R. M. (1990). J .  Exp.  Med. 172, 

Gravallese, E. M..  Boothby, M. R., Smos. C. M . ,  and Glimcher, I,. H. (1989). Mol. Cell. 

Green, J. E., Begley, C. G.,  Wagner, D. K . ,  Waldmann, T. A,,  and Jay, G.  (1989). Mol .  

Grecne, W. C . ,  Leonard, W. J., Wano, Y., Svetlik. P. B., Pcffer, N .  J., Sodroski, J .  G., 

Griffin, G. E., Leung, K . .  Folks, T .  M., Kunkel, S. ,  and Nabel, G. J .  (1989). Nutirre (London) 

Griffin, G.  E., Leung, K.. Folks, T. M., Kunkel, S. ,  and Nabel, G. J .  (1991). Res. Virol. 

Gromkowski, S .  H., Mama, K . .  Yagi, J . ,  Sen, R., and Rath, S. (1990). I n t .  Imtnunol. 2, 

Grosschedl, R., and Marx, M. (1988). Cell (Cambridge, Mass.) 55, 645-654. 
Grumont. R. J., and Gerondakis, S .  (1989). Oncogene Kes .  4, 1-8. 
Grumont, R. J . ,  and Gerondakis, S.  (1990a). Cell Growrh Dijjf. 1, 345-350. 
Grumont, R. J . ,  and Gerondakis, S .  (1990b). Oncogene Res. 5 ,  245-254. 
Gruters. R. A . ,  Otto, S.  A., Al, B. J . ,  Verhoeven, A. J. ,  Verweij, C .  L., Van Lier, R .  A,, 

Haas, J. G.,  Baeuerle, P. A . ,  Riethmuller, G.. and Ziegler-Heitbrock, W. L. (1990). Pror. 

Hagman, J. ,  Rudin, C. M . ,  Haasch, D., Chaplin. D., and Storb, U .  (1990). Genes Deu. 4, 

Hakem, R., Le Bouteiller, P., Barad, M., Trujillo, M., Mercier, P. ,  Wietzerbin, J . ,  and 

Hannink, M., and Temin, H. M. (1989). Mol.  Cell. B id .  9, 4323-4326. 
Hannink, M., and Temin, H. M. (1990). Oncogene 5 ,  1843-1850. 
Hanscn, S .  K., Nerlov, C.. Zabel, U.. Verde, P., Johnsen. M., Baeuerle, P. A,, and Blasi, 

Harada, S.. Yamamoto, N., and Fujiki. H. (1988). A I D S R e s .  HumunRetrouiritse.s4,99-105. 
Harel-Bellan, A., Korner, M., Brini, A. T.,  Ferris. D., and Farrar, W. L. (1989). Riochenr. 

Haseltine, W. (1988). J .  Ac,quir, Immitne Dqfic. 1, 217-240. 
Haskill, S., Beg, A. A.,  Tompkins, S. M., Morris, J. S., Yurochko, A. D.. Sampson- 

Johannes, A., Mondal, K . ,  Ralph, R., and Baldwin, A.  S., Jr. (1991). Cdl (Cambridge, 

(1988). J .  Virol. 62, 4104-41 12. 

227, 1227-1228. 

9769-9773. 

1869-1872. 

Biol 9, 3 184-3 192. 

Cell. Biol. 9, 4731-4737. 

Rosen, C. A., Goh, W. C., and Haseltine, W .  A. (1986). Science 232, 877-880. 

339, 70-73. 

142. 233-238. 

903-908. 

and Miedema. F. (1991). Eur. J .  Immunol. 21, 167-172. 

Null. ACU.  S C ~ .  U.S.A.  87, 9563-9567. 

978-992. 

Lemonnier, F.  A. (1989). J .  Immunol 142, 297-305. 

F.  (1992). EMBO J .  11, 205-213. 

Biophys. Kes. Commicn. 162, 238-242. 

MUSS. )  65, 1281-1289. 



NF-KBIRel PROTEIN (COMPLEXES 53 

Hass, J. G.,  Baeuerle, P. A., Reithmuller, G . ,  and Ziegler-Heitbrock, H. W. (1990). Proc. 

Hatada, E. N., Nieters, A., Wulczyn, F. G., Naurnann, M., Meyer, R., Nucifora, G . ,  
McKeithan, T., and Scheidereit, C. (1992). Proc. Narl. Acud. Sci. U.S .A .  89, 2489-2493. 

Hazan, U., Thomas, D., Alcami, J., Bachelerie, F., Israel, N., Yssel, H., Virelizier, J-L., 
and Arenzana-Seidedos, F. (1990). Proc. Natl. Acad.  Sci. U . S . A .  87, 7861-7865. 

Hemar, A., Cereghini, S. ,  Cornet, V., Blank, V., Israel, A., Greene, W. C., and Dautry- 
Varsat, A. (1WIa). J .  Immunol. 146, 2406-1416. 

Hernar, A., Barrand, P., Ferrer, M., Cornet, V., Buttin, G . ,  and Dautry-Varsat, A. (1991b). 
New Biol. 3, 1097-1 105. 

Henkel, T., Zahel, U. ,  van Zee, K., Muller, J. M., Fanning, E., and Baeuerle, P. (1992). 
Cell (Cambridge, M a s s . )  68, 1121-1 134. 

Hennighausen, I - . ,  and Fleckenstein, B.  (1986). EMBO J .  5, 1367-1371. 
Henseling, U., Schmidt, W., Scholer, H. R., Gruss, P., and Hatzopoulos, A. (1990). Mol .  

Hentsch, B., Mouzaki, A., Pfeuffer, I . ,  Rungger, D., and Serfling, E. (1992). Nucleic Acids 

Herzog, N. K., and Bose, H.  R., Jr .  (1986) Proc. Narl. Acad. Sci. U.S .A.  83, 812-816. 
Hillman, K., Qian, J.,  Siegel, J.,  Roderiguez, G . ,  Blackburn, A.,  Manischewitz, J . ,  Norcross, 

Hiscott, J . ,  Cohen, D. A. L. ,  Leblanc. J. F., Sportz, L., Wong, A., and Xanthoudakis, S .  

Hohmann, H.-I’., Remy, R., Poschl, B., and Van Loon, A.  P. G. M. (199Oa)J. Biol. Chem. 

Hohmann, H.-P., Brockhaus, M., Baeuerle, P. A,, Remy, R., Kolbeck, R., and Van Loon, 

Hohmann, H.-P., Remy, R., Scheidereit, C., and VanLoon, A. P. G. M. (1991a). Mol. Cell. 

Hohmann, H.-P., Kolbeck, R., Remy, R., and Van Loon A. P. G .  M. (1991b). Mol. Cell. 
Bid.  11, 2315-2318. 

Hohmann, H.-P., Remy, R., Aigner, L., Brockhaus, M., and van Loon, A. P. (1992). 
J .  Biol Chem. 267, 1065-2072. 

Horvat, R. T., Wood, C.. Josephs, S.  F., and Balachandran, N. (1991). J .  Virology 65, 
2895-2902. 

Hoyos, B., Ballard. D. W., Bohnlein, E., Siekevitz, M., and Greene, W. C. (1989). Science 
244, 457-460. 

Hrornas, R., Pauli. U., Marcuzzi, A., Lafrenz, D., Nick, H., Stein, J., Stein, G., and Van 
Ness, B. (1988). Nucleic Acids Res.  16, 953-967. 

Hunt, T. (1989) Cell (Cambridge, M a s s . )  59, 949-951. 
Inoue, J - I . ,  Kerr, L .  D.. Ransone, L. J . ,  Bengal, E., Hunter, T., and Verrna, I .  M. (1991). 

Inoue, J .  T., Kerr, L. D., Kakizuka, A., and Verrna, I .  M. (1992a). Cell (Cambridge, Mass.)  

Inoue, J.  1.- Kerr. L. D., Rashid, D., Davis, N., Bose, H. R., and Verma, I .  M. (1992b). 

Inoue, J-I., Seiki, M., Taniguchi, T., Tsuru, S. ,  and Yoshida, M. (1986). EMBO J .  5, 

Ip, Y. T., Kraut, R., Levine, M., and Rushlow, C.  S .  (1991). Cell (Cambridge, Mass.)  64, 

Irving. S. G . ,  June. C. H., Zipfel, P. F., Siebenlist, U.,  and Kelly, K. (1989). Mol. Cell. B i d .  

Israel, A., Kirnura, A., Kieran, M., Yano, M., Yano, O., Kanellopoulos, J.,  Le Bail, O., 

Natl. Acad.  Sci. U . S . A .  87, 9563-9567. 

Cell Biol. 10, 41 00-41 09. 

R ~ s .  20, 2657-2665. 

M., and Golding, H .  (1992). J .  Immunol. 148, 3991-3998. 

(1989). J .  Virol. 63, 2557-2566. 

265, 15 183- 1 5 188. 

A. P. G .  M. (1990b). J .  Bid .  Chem. 265, 22409-22417. 

Bi01. 11, 259-266. 

Proc. Narl. Acad.  Sci. U.S.A. 88, 3715-3719. 

68, 1109-1 120. 

Proc. Natl. Acad.  Sci. U.S.A.  89, 4333-4337. 

2883-2888. 

439-446. 

9, 1034-1040. 

and Kourilsky, P. (1987). Proc. Nurl. Acad.  Sci. U.S.A.  84, 1-5. 



54 MARIAGRAZIA GRILLI E r  AL. 

Israel, A., Le Bail, O., Hatat, D, Piette, J . ,  Kieran, M., Logeat, F., Wallach, D.,  Fellow, 

Israel, A., Yano, O., Logeat, F.. Kieran. M., and Kourilsky, P. (1989). Nircleic Acids. RYS.  

Israel, N., Hazan, U., Alcami, J.,  Munier. A., Arenzana-Seisdedos, F., Bachelerie, F., 

110, C .  Y . ,  Azizkhan, J .  C., and Baldwiln. A. S. ,  Jr. (1992). J .  Cell Biochem. Sicppl. 16A 85. 
Ivanov. V., Stein, B., Baumann, I.,  Dobbelaere, D. A., Herrlich, P., and Williams, R. D. 

Jain, J . ,  Valge-Archer, V. E., Sinskey, A. J.,  and Rao, A. (1992) J .  Exp.  Med.  175,853-862. 
Jamieson, C . ,  Mauxion, F. ,  and Sen, K. (1989). .I. Exp.  Med. 170, 1737-1743. 
Jamieson, C., McCaffrey, P. G., Rao, A . ,  and Sen, R. (1991). J .  Itnmunol. 147, 416-420. 
Jeang, K.-T., Shank, P., and Kumar, A. (1988). Proc. Narl. Acad. Sci. U.S.A. 85, 8291-8295. 
Jiang, J.,  Kosman, D., Ip, Y .  T.,  and Levine, M. (1991). Genes Deu. 5, 1881-1891. 
Jones, K. (1989). New B id .  I ,  127-135. 
Jones, K. A., Kadonaga, J .  T., Lucieu, P. A., and Tijan. R. (1986). Science 232,755-759. 
Kabrun, N . ,  Hodgson, J. W . .  Doemer, M.,  Mak, G., Franza, B. R.,  Jr., and Enrietto, P. J .  

Kalebic, T., Kinter, A., Poli, G . ,  Anderson, M. E. ,  Meister, A., and Fauci, A. S.  (1991). 

Kamens, J.,  Hichardson, P.. Mosialos, G., Brent, R . .  and Gilmore, T. (1990). Mol. Cell. 

Kang, S.-M.,  Chen-Tran, A., Grilli, M., and Leonardo. M. (1992a). Science 256, 1452-1456. 
Kang, S.-M., Beverly, B.. Tran, A,-C., Brorson, K., Schwartz, R. H., and Lenardo, M. J.  

Kanno, M., Fromental, C.,  Staub, A., Ruffenach, F., Davidson, I. ,  and Chambon, P. (1989). 

Kao, J. R . ,  and Hopwood. N. D. (1991). Proc. Natl. Accid. Sci. U.S.A. 88, 2697-2701. 
Kaufman, J. D., Valandra, G . ,  Roderiquez, G., Bushar, G., Giri, C., and Norcross, M. A. 

Kawakami. K.. Scheidereit, C . ,  and Kocdcr, R. G. (1988). Proc. Narl. Acad. Sci. U . S . A .  

Kelley, D. E.. Pollok, B. A., Atchison, M. L.,  and Perry, R. P. (1988). Mol. Cell. B i d .  8,  

Kerr, L. D., Inoue. J-I . .  David, N.,  Link, E. ,  Baeucrle, P. A., Bose, H. R . ,  Jr . ,  and Verma. 
I. M. (1991). Genes Deu. 5, 1464-1476. 

Kieran, M., Blank, V., Logeat, F.,  Vandkerckhove, J . ,  Lottspeich, F. ,  Le Bail, O., Urban, 
M. B., Kourilsky, P., Baeuerle, P. A., and Israel, A. (1990). Cell (Cambridge, MUSS.) 62, 

Kimura, A., Israel, A.. LeBail, O., and Kourilsky, P. (1986). Cell (Curnhridge, Mass.)  44, 

Kiyokawa, T..  Kawaguchi, T., Seiki, M., and Yoshida, M. (1985). Virology 147,462-465. 
Klein, S., Gerster, T., Picard, D., Radbruch. A , ,  and Schallner. W. (1985). Nucleic Acids 

Kochel, T., Mushinski, J. F..  and Rice, N.  R. (1991). U n c a ~ e n e  6, 615-626. 
Korner, M., Rattner, A., Mauxion, F., Sen, R., and Citri, Y .  (1989). Nwron  3, 563-572. 
Korner, M., Tarantino, N., and Debre, P. (1991). Biochem. Biophys. Res.  Cornmun. 181, 

Krasnow, S. W., Zhang, L., Leung, K., Osborn, L . ,  Kunkel, S. ,  and Nabel, G. J . (1991). 

Kuang, A., Novak, K., Kang, S. ,  Bruhn, K., and Lenardo, M. (1993). Mol. C d .  Biol., in 

M., and Kourilsky, P. (1989). EMBO J .  8, 3793-3800. 

17, 5245-5257. 

Israel, A., and Virelizier, J.-L. (1989). J .  fmmrrnol. 143, 3956-3960. 

(1989). Mol.  Cell. B i d .  9, 4677-4686. 

(1991). Proc. Narl. Acad. Sci. U.S.A. 88, 1783-1787. 

Proc. Natl. Acad. Sci. U . S . A .  88, 986-990. 

B i d .  10, 2840-2847. 

(1992b). Science 257, 1134-1138. 

EMBO J .  8, 4205-4214. 

(1987). M a /  Cell. Biol. 7, 3759-3766. 

85, 4700-4704. 

930-937. 

1007- I01 8. 

261 -272. 

R ~ s .  13, 8901-8915. 

80-86. 

Cytokine 3, 372-379. 

press. 



NF-KBIRel PROTEIN COMPLEXES 55 

Kunsch, C., Ruben, S. ,  and Rosen, C. A. (1992). Mol. Cell. B i d .  U, 4412-4421. 
Kuprash, D. V . .  and Nedasposov, S.  A. (1992). Proc. Nut/ .  Acad. Sci. U.S.S.R.,  in press. 
LaCoste, J . ,  Cohen, L., and Hiscott, J. (1991). Virology 184, 553-562. 
LaCoste, J.,  D’Addario, M., Rouston, A,,  Wainberg, M. A., and Hiscott, J. (1990). J .  Virol. 

Laurence, J . ,  Sikder, S.  K., Kulkosy, J., Miller, P., and Tso, P. 0. P. (1991). J .  Virol. 65, 

Law, R. E., Stimmel, J .  B.,  Damore, M. A., Carter, C., Clarke, S. ,  and Wall, R. (1991). 

Leblanc, J.-F., Cohen, L., Rodrigues, M ., and Hiscott, J. (1990). Mol. Cell. B i d .  10, 

Lenardo, M., Pierce, 3. W., and Baltimore, D. (1987). Science 236, 1573-1577. 
Lenardo, M., Kustgi, A. K., Schievella, A. R., and Bernards, R. (1990). EMBO J .  8, 3351. 
Lenardo, M. J . ,  and Baltimore, D. (1989). Cell (Cambridge, Mass.) 58, 227-229. 
Lenardo, M. J. ,  Fan, C-M., Maniatis, T., and Baltimore, D. (1989). Cell (Cambridge, Mass.) 

Lenardo, M. J . ,  Kuang, A., Gifford, A, ,  and Baltimore, D. (1988). Proc. Nafl .  Acad. Sci. 

Leonard, J.,  Parraott, C., Buckler-White, A. J. ,  Turner, W., Martin, M. A., and Rabson, 

Leung, K., and Nabel, G. J. (1988). Nature (London) 333, 776-778. 
Li, X. X. ,  and Liao, W. S.  (1991). J .  B i d .  Chem. 266, 15192-15201. 
Libermann, T .  A,,  and Baltimore, D. (1990). Mol. Cell. Biol. 10, 2327-2334. 
Lilienbaum, A., Duc Dodon, M.. Alexandre, C.. Gazzolo, L., and Paulin, D. (1990) J .  Virol. 

Lim-Tung, M. Y., Davis, N. ,  Zhang, J . ,  and Bose, H. R., Jr. (1990). Virology 175, 149-160. 
Lin, B. B., Cross, S .  L., Halden, N .  F., Roman, D. G., Toledano, M. B., and Leonard, 

Lindholm, P. F., Marriott, S.  J . ,  Gitlin, S.  D., Bohan, C. A., and Brody, J. N. (1990). New 

Lindholm, P. €.,  Reid, R. L., and Brady, J. N. (1992). J .  Virol. 66, 1294-1302. 
Link, E. ,  Kerr, L .  D., Schreck, R., Zabel, U., Verma, I., and Baeuerle, P. A. (1992). 

Liou, H.-C., Nolan, G. P., Ghosh, S. ,  Fujita, T., and Baltimore, D. (1992). Embo J .  11, 

Liptay, S. ,  Schmid, R. M., Perkins, N .  D., Meltzer, P., Altherr, M. R., Wasmuth, J. J., and 

Liu, J.,  Chiles, T .  D., Sen, R., and Rothstein. T. L .  (1991). J .  Immunol. 146, 1685-1691. 
Lock, P., Stanley, E.,  Holtzman, D. A,,  and Dunn, A. R. (1990). Mol. Cell, Biol. 10, 

Logeat, F., Israel, N.,  Ten, Rosa, Blank, V . ,  Le Bail, O., Kourilsky, P., and Israel, A. 

Lowenthal, J .  W., Ballard, D. W., Bogerd, H.,  Bohnlein, E., and Greene, W. C. (1989a). 

Lowenthal, J. W., Ballard, D. W., Bohnlein, C., and Greene, W. C.  (1989b). Proc. Nail. 

Lowenthal, J .  W., Ballard, D. W., Bohnlein, E., and Greene, W. C. (1991). Proc. Nail. 

Lu, D., Thompson, J. D., Gorski, G. K., Rice, N. R., Mayer, M. G., and Yunis, J. J .  (1991). 

Lu, Y., Touzjian, N.,  Stenzel, M., Dorfman, T., Sodroski, J. G., and Haseltine, W. A. 

64, 4726-4734. 

21 3-2 19. 

Mol.  Cell B id .  12, 103-1 11. 

3897-3993. 

57, 287-294. 

U.S.A. 85, 882.5-8829. 

A. B. (1989). J .  Virol. 63, 4919-4924. 

64, 256-263, 

W. J .  (1990). Mol. Cell. Biol. 10, 850-853. 

Biol. 2, 1034-1043. 

J .  Biol. Chcin. 267, 239-246. 

3003-301 0. 

Nabel, G. J .  (1992). Genomics 13, 287-292. 

4603-461 I .  

(1991). EMBO J .  10, 1827-1832. 

J .  Immunol. 142, 3121-3128. 

Acad. Sci. U.S .A.  86, 2331-2335. 

Acad. Sci. [J.S.A. 86, 2331-2335. 

Oncogene 6, 123.5-1241. 

(1991). J .  Acquired Immune Dejic. Synd. 4, 173-177. 



56 MARIAGRAZIA GRILL1 ET AL. 

Luber, B., Burgett, E., Fromental, C., Kanno, M.. and Koch, W. (1991). Virolgy 184, 

Lucito, R., and Schneider, R. J .  (1992). J .  Virol. 66, 983-991. 
I.USSO, B. E.,  Schachter, F., Josephs, S. F., Rappaport, J . ,  Negro, F., Gallo, R. C., and 

Lux, S. E., John, K. M., and Bennett, V. (1990). Nature (London) 344, 26-42. 
Macchi, M., Bornet, J-M., Davidson, I., Kanno, M., Rosales, R., Vigneron, M . ,  Xiao, 

J-H., Formental, C., and Chambon, P. (1989). EMBO J .  8, 4215-4227. 
MacDonald, N.  J . ,  Kuhl, D., Maguire, D., Naf, D., Gallant, P., Goswamy, A,,  Hug, H . ,  

Bueler, H., Chaturvedi, M., delaFuente, J . ,  Ruffner, H., Meyer, F., and Weissmann, C. 
(1990). Cell (Cambridge, Mass.)  60, 767-779. 

Maekawa, T.,  Sakura, H., Sudo, T., and Ishii, S. (1989). J .  B id .  Chem. 264, 14591-14593. 
Mahe, Y., Mukaida, N.,  Kuno, K., Akiyama, M., Ikeda, N.,  Matsushima, K., and Murakami, 

Malipiero, U., Holler, M., Werner, U . ,  and Fontana, A. (1990). Biochem. Biophys. Res.  

Marcuzzi, A., Van Ness, B., Rouse, T.,  and Lafrenz, D. (1989). Nucleic Acids R e s .  17, 

Marriott, S. J . ,  Lindholm, P. F., Brown, K. M.. Gitlin, S. D., Duvall, J .  F.. Radonovich. 

Martin, M. E., Nicholas, J.,  Thomson, B. J . ,  Newman, C., and Honess, R. W. (1991). 

Matsuguchi, T. ,  Takahashi, K., Ueno, T. ,  Endo. H., and Yamamoto, M. (1989). Biochem. 

Matsuyama, T.,  Hamamoto, Y., Soma, G-I., Mizuno, D., Yamamoto, N., and Kobayashi, 

Mattila, P. S. ,  Ullman. K. S. ,  Fiering, S., Emmel, E. A., McCutcheon, M., Crabtree, G.  R . ,  

Mauxion, I;., Jarnieson, C., Yoshida, M., Ardi, K-I., and Sen, R .  (1991). Proc. Nntl .  Acad. 

Mauxion. F., Pray, M. G . ,  and Sen, R. (1990). J .  Immunol. 145, 1577-1582. 
Mauxion, F.. and Sen, R. (1989). Mol .  Cell. Bid .  9, 3548-3552. 
McCaffrey, P. C. ,  Jain. J . ,  Jarnieson, C., Sen, R . ,  and Rao, A. (1992.) J .  Biol. Chem. 267, 

Meichle, A., Schutze, S., Hensel, G . ,  Brunsing, D., and Kronke, M. (1990). J .  B id .  Chem. 

Messer, G., Weiss, E. H. ,  and Baeuerle, P. A. (1990). Cytokine 2, 1-9. 
Meyer, K. B.. and Neuberger, M. S. (1989). EMBO J .  8, 1959-1964. 
Meyer, K. B., Sharpe, M. J., Surani, M. A., and Neuberger, M. S. (1990). Nucleic Acids 

Meyer, M., et nl., (1992). EMBO J .  11, 2991-3001. 
Meyer, R., Hatada, E. N., Hohmann, H-P., Haiker. M., Bartsch, C., Rothlisberger, U., 

Lahm, H-W., Schlaeger, E. J. ,  van Loon, A. P. G. M.. and Scheidereit. C. (1991). Proc. 
Narl. Acad Sci .  U.S .A.  88, 966-970. 

808-XI 3. 

Wong-Staal, I;. (1989). EMBO J .  8 3019-3027. 

S .  (1991). J .  Biol. Clrem. 266, 13759-13763. 

Commun. 171, 1145-1 151. 

10455- 10472. 

M. F., and Brady, J. N. (1990). Mol. Cell. B i d .  10, 4192-4201. 

J. Virol. 65, 5381-5390. 

Int. 18, 71-79. 

N .  (1989). J .  Virol. 63, 2504-2509. 

and Herzenberg, L .  A. (1990). EMBO J .  9, 4425-4433. 

Sci. U . S . A .  88, 2141-2145. 

1864- 1871. 

265, 8339-8343. 

Res.  18, 5609-5615. 

Mitchelmore, C., Traboni, C . ,  and Cortcse, R. (1990). Nucleic Acids Res. 19, 141-147. 
Miyatake, S., Seiki, M., Yoshida, M., and Arai, K-I. (1988). Mu/. Cell .  B i d .  8,  5581-5587. 
Molitor, J .  A., Walker, W. H ., Doerre, S., Ballard, D. W. ,  and Greene. W. C. (1990). Proc,. 

Moore, B.  E. and Bose. H. R., Jr. (1989). Oncogene 4, 845-852. 
Morrison, L. E. ,  Kabrun, N.,  Mudri, S. ,  Hayman, M. J. ,  and Enrietto. P. J.  (1989). Oncogene 

Narl. Acud. Sci .  U.S .A.  87, 10028-10032. 

4, 677-683. 



NF-KB/flel PROTEIN COMPLEXES 57 

Mosialos, G., Hamer, P., Capobianco, A. J., Laursen, R. A., and Gilmore, T. D. (1991). 

Muchardt, C., Seeler, J. S. ,  Nirula, A , ,  Shurland, D. L., and Gaynor, R. B. (1992). J .  Virol. 

Muegge, K., Williams, T. M., Kont, J., Karin, M., Chiu, R.. Schmidt, A, ,  Siebenlist, U., 

Muesing,M. A.,Smith,D. H.,andCapon,D. J.(1987). Crll(Cambridge,Mass.)48,691-701. 
Mukaida, N., Mahe, Y . ,  and Matsushima, K. (1990). J .  Biol. Chem. 265, 21 128-21 133. 
Murre, C., McCaw, P .  S. ,  and Baltimore, D. (1989). Cell (Cambridge, Mass.) 56,777-783. 
Nabel, G. (1991). Nature (London) 350, 658. 
Nabel, G., and Baltimore, D. (1987). Nature (London) 326, 711-713. 
Nakamura, M., Niki, M., Nagata, K., Ohtani, K . ,  Saito, S. Hinuma, Y., and Sugamura, K. 

Nakamura, Donovan, D. M.,  Hamada, K.,  Sax, C. M., Norman, B., Flanagan, J. R., Ozato, 

Narayanan, R., Klement, J .  F., Ruben, S.  M., Higgins, K. A,, and Rosen, C. A. (1992). 

Nelson, B., Hellman, L.,  and Sen, R. (1988). Mol. Cell. B id .  8, 3526-3531. 
Nelson, J. A., and Groudine, M. (1986). Mol. Cell. Biol. 6, 452-461. 
Nelson, K. J., Kelley, D. E., and Perry, R. P. (1985). Proc. Narl. Acad. Sci. U.S .A.  82, 

Nerenberg, M., Hinrichs, S. H., Reynolds, R. K., Khoury, G.. and Jay, G. (1987). Science 

Neri, A., Chang. C-C., Lombardi, L. Salina, M., Corradini, P., Maiolo, A. T., Chaganti, 
R. S. K., and Dalla-Favera, R. (1991). Cell (Cambridge, Muss.) 67, 1075-1087. 

Neuvent, C.,  Suzan. M., Querat, G.. and Sire, J .  (1991). Res. Virol. 142. 227-231. 
Nielsch, U., Zimmer, S. G . ,  and Babiss, L. E. (1991). EMBOJ. 10, 4169-417s. 
Nigg, E. A. .  Baeuerle, P. A., and Luhrmann, R. (1991). Cell (Cambridge, Mass.) 66, 15-22. 
Nishizawa, M., and Nagata, S.  (1990). Mol. Cell. Biol. 10, 2002-20011. 
Nishizawa, M., Tsuchiya, M.,  Watanabe-Fukynaga. R., and Nagata, S .  (1990). J .  Biol. 

Nolan, G .  P., Ghosh, S . ,  Liou, H-C., Ternpst, P., and Baltimore, D. (1991). Cell (Cambridge, 

Nomura, N., e f  ul., (1991). J .  B i d .  Chem. 266, 8590-8594. 
Nonaka, M., and Huang, Z-M. (1990). Mol. Cell. Biol. 10, 6283-6289. 
Novak, T. J., Chen, D., and Rothenberg, E. (1990). Mol. Cell. Biol. 10, 6325-6334. 
Novak, U., Cochs, B. G . ,  and Hamilton, J .  A. (1991). Nucleic Acids Res.  19, 3389-3393. 
Novembre, F. J., Hirsch, V. M., McClure, J. M., and Johnson, P. R. (1991). J .  Med. 

Numata, N., Ohtani, K., Niki, M., Nakamura, M., and Sugarnura, K. (1991). New Biol. 3, 

Ohno, H.,Takimoto, G.,andMcKeithan, T. W. (1990). Cell(Cambridge, Mass.)60,991-997. 
Osborn, L., Kunkel, S. ,  and Nabel, G. J .  (1989). Proc. Natl. Acad. Sci. U.S .A.  86, 2236- 

Ostrowski, J., Sims, J. E., Sibley, C. H . ,  Valentine, M. A.,  Dower, S.  K., Meier, K. E., 

Pan, D., Huang, J-D., and Courey, A. J .  (1991). Genes Deu. 5, 1892-1901. 
Parrott, C., Seidner, T., Duh, E., Leonard, J., Theordore, T. S. ,  Buckler-White, A.,  Martin, 

Paul, N. L., Lenardo, M. J., Novak, K. D., Sarr, T., Tang, W-L., and Ruddle, N. H.  (1990). 

Mol. Cell. B id .  11, 5867-5877. 

66, 244-250. 

Young, H. A., and Durum, S. (1989). Science 246, 249-251. 

(1989). J .  Biol. Chem. 264, 20189-20192. 

K., Westphal, H., and Piatigorsky, J. (1990). Mol. Cell. B id .  10, 3700-3708. 

Science 256, 367-370. 

5305-5309. 

237, 1324-1329. 

Chem. 265, 589775902, 

MUSS.) 64, 961 -969. 

Prirnatol. 20, 188-192. 

896-906 

2340. 

and Bomsztyk, K. (1991). J .  B id .  Chem. 266, 12722-12733. 

M. A.,  and Rabson, A. B. (1991). 1. Virol. 65, 1414-1419. 

J .  Virol. 64, 5412-5419. 



58 MARIAGRAZIA GRILL1 €1 AL. 

Perkins. N .  D., Schrnid, R. M., Duckett, C. S., Leung, K., Rice. N .  K., and Nabel, G. J .  

Pessara, U., and Koch, N. (1990). Mol. Cell. Bid.  10, 4146-4154. 
Pettersson, S. ,  Cook, G. P. ,  Bruggemann, M., Williams, G.  T., Nad Neuberger, M. S.  (1990). 

Pettersson, M., and Schaffner, W. (1990). J .  Mol. B id .  214, 373-380. 
Phares, W., and Herr, W. (1991). J .  Virol. 65, 2200-2210. 
Picard. D., and Yarnamoto, K. R. (1987). EMBO J .  6, 3333-3340. 
Pierce, J. W., Gifford, A. M . ,  and Baltimore, D. (1991). Mol.  Cell. B i d .  11, 1431-1437. 
Pierce, J. W., Lenardo, M.. and Baltimore, D. (1988). Proc. Natl. Acnd. Sci. U . S . A .  85, 

Pine, R., Decker, T., Kessler, D. S. ,  Levy, D. E., and Darnell, J .  E., Jr. (1990). Mol. Cell. 

Pornerantz, J. L., Mauxion, F., Yoshida, M., Greene, W. C . ,  and Sen, R. (l98Y). J .  Immunol. 

Pomerantz, R. J . ,  Feinberg, M. B., Trono, D., and Baltimore, D. (1990). J .  Exp. Med. 172, 

Pozzatti, R., Vogel. J.,  and Jay, G. (1990). M a / .  Call. Bid .  10, 413-417. 
Queen, C., and Baltimore, D. (1983). Cell (Cambridge. Muss.)  33, 741-748. 
Radler-Pohl, A., Pfeffer, I . ,  Karin, M., and Serfling, E. (1990). New Bid.  2, 566-573. 
Randak, C., Brabletz, T., Hergenrother, M., Sobotta, I . ,  and Serfling. E. (1990). EMBO J .  

Rattner, A.,  Korner, M., Rosen, H., Baeuerle, P. A,, and Citri, Y. (1991). Mol. Cell. B i d .  

Raziuddin, Mikovits, J .  A . ,  Calvert, I . ,  Ghosh, S.,  Kung, H.-F.. and Ruscetti, F. (1991). 

Reis, L.  F. L., Harada, H., Wolchok, I. D., Taniguchi, T., and Vilcek, J .  (1992.) E M B O J .  

Renan, M. J .  (1989). Cancer Let t .  47, 1-9. 
Reue, K., Leff, T., and Breslow, J .  L. (1988). J .  B i d .  Chem. 263, 6857-6864. 
Rice, N. R., Copeland, T. D., Simek, S. ,  Orozolan, S., and Gilden, R. V. (1986). Virology 

Rice, N. R., and Gilden. R. V. (1988). In “The Oncogene Handbook” (E. P. Reddy, A. M. 

Rice, N. R., MacKichan, M. L., and Israel, A. (1992). Cell 71, 243-254. 
Richardson, P. M., and Gilmore, T. D. (1991). J .  Virol. 65, 3122-3130. 
Riviere, Y., Blank, V., Kourilsky, P., and Israel, A. (1991). Nature (London) 350,625-626. 
Roederer, M., Staal, F. J . ,  Raju, P. A , ,  Ela, S.  W . ,  Herzenberg, L.  A , ,  and Herzenberg, 

Roman, D. G.. Toledono, M. B., and Leonard, W. J.  (1990). New B i d .  2, 642-647. 
Rond, D.,  Brasier, A. R., Wright, K .  A , ,  and Habener, J .  F. (1990a). Mol. Cell. Biol. 10, 

Ron, D., Brasier. A. R., and Habener, J. F. (lY90b). Mol. Cell. Endocrinol. 74, 97-104. 
Ron, D., Brasier, A.  R., Wright, K. A,, Tate, J .  E.,  and Habener, J .  F. (1990~). M o l .  Cell. 

Ron, D., Brasier, A. R., and Habener. J .  F. (1991). Mol. Cell. Biol. 11, 2887-2895. 
Rooney, J. J., Emery, D. W., and Sibley, C. H.  (1990a). Itnmunogerretics 31, 73-78. 
Rooney, J .  W., Emery, D. W., and Sibley, C. H .  (1990b). lmrririnogenefics 31, 65-72, 
Rosen, C. A., Sodroski, J .  G., and Haseltine, W. A. (1985). Cell (Cambridge, Mass.) 41, 

Rosenberg, Z. F., and Fauci, A. S. (1990). Immunol. Toduy 11, 176-180. 

(1992). Proc. Nutl. Acad. Sci. U.S .A .  89, 1529-1533. 

Nufure (London) 344, 165-168. 

1482- 1486. 

Biol. 10, 2448-2457. 

143, 4275-428 1. 

253-261. 

9, 2529-2536. 

11, 1017-1022. 

Proc. Natl. Acud. Sci. U.S.A. 88, 9426-9430. 

11, 185-193. 

149, 217-229. 

Skalka, and T. Curran, eds.), pp. 495-562, Elsevier Publishers B. V., Amsterdam. 

L. A.  (1990). Proc. Nutl. Acud. Sci. U . S . A .  87, 4884-4888. 

4389-4395. 

Bid .  10, 1023-1032. 

8 13-823. 



NF-KBIRel PROTEIN COMPLEXES 59 

Ross. E. K., Buckler-White, A. J., Rabson, A. B., Englung, G., and Martin, M. A. (1991). 

Roth, S.,  Stein, I)., andNusslein-Volhard, C. (1989). Cell(Cambridge, Mass.)59,1189-1202. 
Roulston, A., D'Addario, M.. Boulerice, F., Caplan, S., Wainberg, M. A., and Hiscott, J. 

Ruben. S. M., Perkins, A,, and Rosen, C. A. (1989). New Biol. 1, 275-284. 
Ruben, S. ,  Poteat, H., Tan, T-H., Kawakami, K.,  Roeder, R., Haseltine, W., and Rosen, 

Ruben, S. M., Dillon, P. J., Schreck, R.,  Henkel, T., Chen, C. H., Maher, M., Baeuerle, 

Ruben, S .  M., Ramaswamy, N.,  Klement, J. F., Chen, C.-H., and Rosen, C. A. (1992). Mol. 

Ruben, S. M., Klement, J. F., Coleman, T. A , ,  Maher, M., Chen, C. H.,  and Rosen, C. A. 

Ruben, S.  M., ;and Rosen, C. A. (1990). New Biol. 2, 894-902. 
Rushlow, C. A , ,  Han, K., Manley, J. L., and Levine, M. (1989). Cell (Cambridge, Mass.) 

Rustgi, A. K., Van T Veer, L. J., and Bernards, R. (1990). Proc. Natl. Acad. Sci. U.S.A. 

Ryseck, R.-P., Bull, P., Takamiya, M., Bours, V., Siebenlist, U., Dobrzanski, P.,  and Bravo, 
R. (1992). Mol. Cell. Bid. 12, 674-684. 

Sakaguchi, M., Zenzie-Gregory, B., Groopman, J.  E., Smale, S. T., and Kim, S. Y. (1991). 
J. Virol. 65, 5448-5456. 

Sambucetti. L. C., Cherrington, J. M., Wilkinson, G. W. G., and Mocarski, E. S. (1989). 
EMBO J. 8, 4251-4258. 

Sanchez, E. R., Hirst, M., Schemer, L .  C., Tang, H. Y. ,  Welsh, M. J., Harmon, J .  M., 
Simons, S. S., Jr., Ringold, G. M., and Pratt, W. B. (1990). J .  BiolChem. 265,20123-20130. 

Schaffner, W. f 1988). Nature (London) 336, 427-428. 
Schanberg. L. EL, Fleenor, D. E., Kurtzberg, J . ,  Haynes, B. F., and Kaufman, R. E. (1991). 

Schmid, R. M., Perkins, N.  D., Duckett, C. S., Andrews, P. C., and Nabel, G. J. (1991). 

Schmidt, A., Hennighausen, L., and Siebenlist, U. (1990). J. Virol. 64, 4037-4041. 
Schmitz, M. L.,  Henkel, T., and Baeuerle, P. A. (1991). Trends Cell Bid.  1, 130-138. 
Schmitz, M. L., and Baeuerle, P. A. (1991). EMBO J. 10, 3805-3817. 
Schreck, R., and Baeuerle, P. A. (1990). Mol. Cell. Biol. 10, 1281-1286. 
Schreck, R., Rieber, P., and Baeuerle, P. A. (1991). EMBO J. 10, 2247-2258. 
Schreck, R., Zorbas, H.,  Winnacker, E-L., and Baeuerle, P. A. (1990). Nucleic Acids Res. 

Schreck, R., e ta l .  (1992). J. Exp. Med. 175, 1181-1194. 
Schwemmle, S. ,  Bevec, D., Brem, G., Urban, M. B., Baeuerle, P. A,, and Weiss, E. H.  

Seiki, M., Inoue, J.,  Tokeda, T., and Yoshida, M. (1986). EMBO J. 5 ,  561-565. 
Sen, R., and Baltimore, D. (1986a) Cell (Cambridge, Mass.) 46, 705-716. 
Sen, R., and Baltimore, D. (1986b). Cell (Cambridge, Mass.) 47, 921-928. 
Serfling, E., Balthelmas, R., F'feuffer, I., Schenk, B., Zarius, S. ,  Swoboda, R., Mercurio, 

Shakhov, A. N . ,  Collart, M. A., Vassalli, P., Nedospasov, S. A., and Jongeneel, C. V. 

Shannon, M. F., Gamble, J. R., and Vados, M. A. (1988). Proc. Natl. Acad. Sci. U.S.A. 85, 

J. Virol. 65, 4350-4358. 

(1992). J. Exp. Med. 175, 751-763. 

C. A. (1988). Science 241, 89-92. 

P. A , ,  and Rosen. C. A. (1991). Science 251, 1490-1493. 

Cel. Biol. 12, 444-454. 

(1992). Genes Deu. 6, 745-760. 

59, 1165-1177. 

87, 8707-8710. 

Proc. Natl. Acad. Sci. U.S.A. 88, 603-607. 

Nature (London) 352, 733-736. 

18, 6497-6502. 

(1991). Immunogenerics 34, f28-38. 

F., and Karin, M. (1989). EMBO J. 8, 465-473. 

(1990). J. Exp. Med. 171, 35-47. 

674-678. 



60 MARIAGRAZIA GRILL1 ET AL. 

Shenkar, K., Shen, M., and Arnheim. N. (1991). Mol. Cell. Bid .  11, 1813-1819. 
Shibuya, H., and Taniguchi, T. (1989). N ~ d e i c  Acids Res. 17, 9173-9184. 
Shibuya, H., Yoneyama, M., and Taniguchi, T. (1989). Int. Immunol. 1, 143-149. 
Shimizu, H., Mitomo, K., Watanabe, T., Okamoto, S., and Yamamoto, K-I. (1990). Mol.  

Shirakawa, F., Chedid. M., Suttles, J . ,  Pollok, B.  A , ,  and Mizel, S. B. (1989). Mol.  Cell. 

Shirakawa, F., and Mizel. S. B. (1989). Mol.  Cell. Bid.  9, 2424-2430. 
Shurman, L., Sen, R., and Bergman, Y. (1989). J .  Immunol. 143, 3806-3812. 
Sica, A. Tan, T. H., Rice, N., Kretzschmar, M., Ghosh, P . ,  and Young, H. A. (1992). Proc. 

Siddiqui, A., Gaynor, R., Srinivasan, A . ,  Mapoles, J . ,  and Farr, R. W. (1989). Virology 169, 

Siekevitz, M., Feinberg, M .  B., Nolbrook. N., Wong-Staal, F., and Greene, W. C.  (1987a). 
. Natl. Acad. Sci. U.S.A.  84, 5389-5393. 
tz, M., Josephs, S. F., Dukovich, M., Peffer. N., Wong-Staal, F., and Greene, 

CeII. Biol. 10, 561-568. 

Biol. 9, 959-964. 

Natl. Acad. Sci. U.S.A.  89, 1740-1744. 

479-484. 

W. C. (1987b). Science 238, 1575-1578. 
Silver, P. A. (1991). Cell (Cambridge, Mass.) 64, 489-497. 
Sirnek, S..  and Rice, N .  R .  (1988). Oncogene Rus. 2, 103-119. 
Simek, S., and Rice, N .  R. (1989). J.  Virol. 62,4730-4736. 
Singh, H.,  LeBowitz, J .  H.. Baldwin. A.  S . ,  Jr.,  and Sharp, P. A. (1988). Cell (Cambridge, 

Smith, M. R., and Greene, W. C. (1990). Genes Deu. 4, 1875-1885. 
Sodroski. J .  G . ,  Rosen, C .  A . ,  and Haseltine, W. A. (1984). Science 225, 381-385. 
Staal, F. J .  T., Koederer, M.,  Herzenberg, L. A,,  and Herzenberg, L. A.  (1990). Proc. Nrrrl. 

Stade, B. G . ,  Messer, G., Riethmuller, G.,  and Johnson, J. P. (1990). lmmunobiology 182, 

Stein, B., Kramer, M . ,  Rahmsdorf, H. J.,  Ponta, H. ,  and Herrrlich, P. (l989a). J .  Virol. 63, 

Stein, B., Rahmsdorf, H.  J . ,  Steffen, A, ,  Litfin, M., and Herrlich, P. (l989b). M o f .  Cell. 

Stephens, R. M., Rice, N. R.. Hiebsch, R. R., Bose, H.  R., Jr . ,  and Gilden, R. V .  (1983). 

Steward, R .  (1987). Science 238, 692-694. 
Steward, R. (1989). Cell (Cambridge, Mass . )  59, 1179-1 189. 
Sugimoto, K . ,  Tsuboi, A., Miyatake, S., Arai, K., and Arai, N.  (1990). fnr. fmmunol. 2, 

Sun. X-H., Copeland, N. G., Jenkins, N. A . ,  and Baltimore, D. (1991). Mol.  Cell. Biol. 11, 

Suzan, M., Salaun, D., Neuvent, C., Spire, B., Hirsch, I., LeBouteiller, P., Querat. G . ,  and 

Sylla, B. S., and Temin, H. M. ( 1986). Mol. Cell. B i d .  6, 4709-47 16. 
Ten, R. M.,  Paya, C. V . ,  Israel, N.,  LeBail, 0.. Mattei, M.-G., Virelizier, J .  -L. Kourilsky, 

Tewari, M., Mohn, K. L., Yeu, F. E., and Taub, R. (1992a). Nucleic Acids Res. 20, 607. 
Tewari, M . ,  Dobrzanski, P., Mohn, K. L., Hsu, J .  -C., Bravo. R., and Taub, R. (1992b). 

Thevenin, C., Kim, S -J., Rieckmann, P.. Fujiki, H., Norcross. M. A.,  Sporn, M. B., Fauci, 

Thompson, C. C., Brown, T. A.,  and McKnight, S.  L. (1991). Science 253, 762-460. 

Mass.) 52, 415-423. 

Acad. Sci. U .S .A .  87, 9934-9947. 

79-97. 

4540-4544. 

Bid .  9, 5169-5181. 

Proc. Natl. Acud. Sci. U.S .A.  80, 6229-6233. 

787-794. 

5603-561 1 .  

Sire, J .  (1991). J .  Immunol. 146, 377-383. 

P., and Israel, A. (1992). EMBO J.  11, 195-203. 

Mol. Cell. Biol. 12, 2898-2902. 

A. S., and Kehrl, J .  H. (1990). New Biol. 2, 793-800. 



NF-KBIRel PROTEIN COMPLEXES 61 

Toledano, M. B., Roman, D. G., Halden, N. F., Lin, B. B., and Leonard, W. J .  (1990). 

Toledano, M. B., and Leonard, W. J. (1991). Proc. Natl. Acad. Sci. U.S .A.  88,4328-4332. 
Tong-Starksen, S. E., Luciw, P. A,,  and Peterlin, B. M. (1989). J .  Immunol. 142, 702-707. 
Toyama, R., Bende, M., and Dhar, R. (1992). Nucleic Acids Res. 20, 2591-2596. 
Tung, H. Y. L., Bargmann, W. J . ,  Lim, M. Y . ,  and Bose, H. R., Jr. (1988). Proc. Nail. 

Twu, J-S., Chu, K.,  and Robinson, W. S .  (1989a). Proc. Natl. Acad. Sci. U.S .A.  86, 

Twu, J-S., Rosen, C. A., Haseltine, W. A., and Robinson, W. S .  (1989b). J .  Virol. 63, 

Twu, J .  -S. ,  and Robinson, W. S. (1989). Proc. Nail. Acad. Sci. U.S .A.  86, 2046-2070. 
Ullman, K. S. ,  Northrop, J. P., Verweij, C. L., and Crabtree, G. R. (1990). Annu. Reu. 

Urban, M. B., and Baeuerle, P. A. (1990). Genes Dev. 4, 1975-1984. 
Urban, M. B., and Baeuerle, P. A. (1991). New B i d .  3, 279-288. 
Urban, M. B.. Schreck, R., and Baeuerle, P. (1991). EMBO J .  10, 1817-1825. 
Verweij, C. I.., Geerts, M., and Aarden, L .  A. (1991). J .  Biol. Chem. 266, 14179-14182. 
Visvanathan, K., and Goodbourn, S .  (1989). EMBO J .  8, 1129-1138. 
Voraberger, G., Schafer, R., and Stratowa, C. (1991). J .  Immunol. 147, 2777-2786. 
Waldmann, T .  (1986). Harvey Lecture 82, 1-17. 
Wall, R . ,  Briskin. M., Carter, C., Govan, H . ,  Tayloe, A,,  and Kincade, P. (1986). Proc. 

Walro, D. S.. Herzog, N. K., Zhang, J . ,  Lim, M. Y . ,  and Bose, H. R .  (1987). Virology 160, 

Wano, Y . ,  Feinberg, M., Hosking, J. B., Bogerd, H.,  and Greene, W. C. (1988). Proc. Nail. 

Whelan, J., Ghersa, P., van Huijsduijnen, R. H., Gray, J., Chandra, G., Talabot, F., and 

Wilhelmsen, K. C., Eggleton, K.,  and Temin, H.  M. (1984). J. Virol. 52, 172-182. 
Williams, J. I..., Garcia, J . ,  Harrich, D., Pearson, L. ,  Wu, F., and Gaynor, R. (1990). EMBO 

Wirth, T.,  and Baltimore, D. (1988). EMBOJ. 7, 3109-3113. 
Won, K-A., and Baumann, H. (1990). Mol. Cell. Biol. 10, 3965-3978. 
Wong-Staal, F., Hahn, B., Manzari, V., Columbini, S., Franchini, G., Gelmann, E. P., and 

Wu, F., Garcia, J . ,  Mitsuyasu, R., and Gaynor, R. (1988a)., J .  Virol. 62, 218-225. 
Wu, K., Garcia, J .  A.,  Harrich, D., and Gaynor, R .  B. (1988b). EMBOJ. 7 ,  2117-2129. 
Wulczyn, F.  G., Naumann, M., and Scheidereit, C. (1992). Nature (London) 358, 597-599. 
Xanthoudakis, S. ,  and Hiscott, J .  (1990). Biochem. Biophys. Res. Commun. 167,1086-1093. 
Xu, Y. L., Adya, N., Sores ,  E., Gao, Q. S. ,  and Giam, C. Z. (1990). J .  B i d .  Chem. 265, 

Yano, 0.. Kanellopoulos, J . ,  Kieran, M., LeBail, 0.. Israel, A., and Kourilsky, P. (1987). 

Yoshida, M., and Seiki, M. (1987). Annu. Rev. Immunol. 5 ,  541-559. 
Yoshimura, T., Fujisawa, J . ,  and Yoshida, M. (1990). EMBO J. 9, 2537-2542. 
Youn, B-S., Liu, C-C., Kim, K-K., Young, J .  D-E., Kwon, M., and Kwon, B. S. (1991). 

Yu, D.-Y., Huang, Z.-M., Murakami, S., Takahashi, M., and Nonaka, M. (1989). 

Zabel, U., and Baeuerle, P. A. (1990). Cell (Cambridge, Muss.) 61, 255-265. 

Proc. Nail. Acad. Sci. U.S .A.  87, 1830-1834. 

Arad. Sci. U.S.A. 85, 2479-2483. 

5 168-5172, 

2857-2860. 

Immunol. 8,421-452. 

Natl. Acad. Sci. U.S .A .  83, 295-298. 

433-444. 

Acad. Sci. U .S .A .  85, 9733-9737. 

DeLamorter, J . F. (1991). Nucleic Acids Res. 19, 2645-2653. 

J .  9, 4435-4442. 

Gallo, R. C. (1983). Nature (London) 302, 626-628. 

20285-20291. 

EMBO J .  6, 3317-3324. 

J .  Exp. Med. 173, 813-822. 

J .  Immunol. 143, 2395-2400. 



62 MARIAGRAZIA GRILLI E r  AL. 

Zabel, U. ,  Schreck, R. ,  and Baeuerle, P. A. (1991). J .  Riol. Chem. 266, 252-260. 
Zagury, D., Bernard, J.. Leonard, R., Cheynier, R., Feldman, M., Sarin, P. S.. and Gallo, 

Zeichner, S.  L., Kim, J .  Y., and Alwine, J. C. (1991). J. Virol. 65, 2436-2444. 
Zhang, Y., Lin, J-X., and Vilcek. J.  (1Y90). Mol. Cell. Biol. 10, 3818-3823. 
Zhang, J .  Y., Olson, W., Ewert, D., Bergmann, W., and Bose, H.  R., Jr. (1991). Virolagy, 

Zhou, D. X.. Taraboulos, A., Ou, J .  H.. and Yen, T .  S.  (1990). ./. Virol.. 64, 4025-4028. 
Zhu, L., and Jones, P. P. (1990). Mol. Cell. B i d .  10, 3906-3916. 
Ziarczyk, P., Fourcase-Peronnet, F., Simonart, S . ,  Maisonhaute. C..  and Bcst-Belpornme, 

Zimmerman, K.,  Dobrovnik, M., Ballaun, C., Bevec, D., Hauber, J., and Bohnlein, E. 

Zipfel. P. F . ,  Irving, S. G., Kelly, K., and Siebenlist, U.  (1989) Mol. Cell. B i d .  9, 1041-1048. 
Zuckerman, S. H., and Evans, G. F. (1992). Cell. Immunol. 140,513-519. 

R. C. (1986). Science 231, 850-853. 

183, 457-466. 

M. (1989). Nucleic Acids Res.  17, 8631-8644. 

(1991). Virology 182, 874-878. 

NOTE ADDED I N  PROOF: Table 111 is based on discussions by several principal investigators 
in the NF-KB/Rei/IKB field at a recent meeting sponsored by the Howard Hughes Medical 
Institutes (November 1992; Bethesda, MD). The following recommendations were made to 
simplify and clarify the nomenclature for NF-KB/Rel/IKB proteins and genes. 

TABLE Ill 
Recommended Nomenclature for NF-KBIRelllKB Proteins and GenesB 

Recommended names Former/alternative names 

NF-KBIRel proteins 
p50 (NFKB I ')-binding protein 
p105 (NFKB 1 ')-precursor protein 
p52 (NFKB2')-binding protein 
pl00 (NFKBZ")-precursor protein 
v-relh 
c-rel' 
RelA (p65) 
RelBh 
dorsalh 

IKB proteins 
IKB a 
IKB 0 
IKB y 

bcl 3' 
Abcl 3 
cactush 

KBF-I 
p100. p97, Lyt 10, p98/pSS, p52, p50B, p49 

NF-KB ~ 6 5 ~  
I-re1 

37 kDa; MAD-3h; pp40, RL/IF-I 
43 kDa, gene unknown 
70 kDa (C-terminal portion of pl05 as a separately 

spliced mRNA from NFKB I gene 
46-56 kDa 
37 kDa 

" G. Nabel, and I .  Verrna, personal communication. To be published in Genes crnd 
Uevelopmenl, January. 1993. 

Designation of the gene encoding the protein. For example, for I K B ~ .  MAD3 is the name 
of the gene and I K B ~  is the name of the protein complex, so that in certain circumstances 
it may be appropriate to use the designation I K B ~ / M A D ~ .  


