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ABSTRACT Transcription factor NF-.cB regulates the ex-
pression of a plethora of genes. The activity of NF-ucB proteins
is regulated by IKB proteins. We report that induction ofIcBa,
a member of the IKB family of proteins, is preceded by
activation of NF-ucB complex. The promoter of the IicBa gene
contains a #cB site that is directly involved in its induction by the
NF-#cB complex. Degradation of IkBa protein precedes acti-
vation of NF-#cB DNA binding activity, whereas newly synthe-
sized IucBa protein inhibits NF-#cB activity. If the degradation
of IkBa is prevented, the induction ofDNA binding activity of
NF-KB complex is severely curtailed. These data suggest the
existence ofan autoregulatory loop whereby IKBa regulates the
activity of transcription factor NF-jcB, which in turn regulates
the IkBa activity.

Nuclear factor NF-KB was identified as a lymphoid-specific
heterodimeric protein complex that binds to a decameric
sequence motif located in the immunoglobulin K light chain
enhancer (1). Subsequently, it was shown that the NF-KB
transcription factor participates in the regulation and tran-
scriptional activities of many cellular and viral genes (2-4).
Molecular cloning of the p5O and p65 subunits, the two
components of the NF-KB complex, revealed a region in the
N-terminal half of these proteins that shares extensive se-
quence homology with protooncogene rel and the Drosophila
morphogen dorsal (5-9). The Rel homology region contains
the DNA binding and the dimerization domain (4, 9). A
number of other genes have now been identified as members
of the Rel/NF-KB/dorsal gene family, which include genes
for RelA (p65), RelB, p52, and plOO (4, 10-13). The NF-KB
transcription factor is constitutively present and active only
in the nucleus of a few subsets of cells, such as B cells and
monocytes (1, 14). In general, NF-KB is found in the cyto-
plasm ofmany other cell types in an inactive form (4, 15). This
inactive form contains an inhibitor protein, IKB, that is
complexed with the RelA/p65 subunit ofNF-KB and thought
to retain the p50-p65 complex in the cytoplasm (4, 16). A
number of IKB proteins have now been identified and mo-
lecularly cloned, including IKBa (MAD-3, pp4O, and RL/IF-
1), p105, IKBy (C-terminal portion of p105), bcl3, and cactus
in Drosophila (17-26).
Upon stimulation ofcells with a variety ofagents, including

tumor necrosis factor a, phorbol 12-myristate 13-acetate
(PMA), lipopolysaccharide (LPS), and interleukin 1, IKBa
presumably dissociates from the complex and NF-KB trans-
locates to the nucleus, where it can modulate the expression
of a number of genes. Although there is evidence that IKBa
is a phosphoprotein (16, 27-31) and that its activity is
modulated by phosphorylation, in vivo the critical sites of
phosphorylation of IKBa have not yet been identified. The
model for activation of NF-KB assumes that upon induction,
the nascently phosphorylated form of IKBa is released from
NF-KB complex and rapidly degraded (32-34). Interestingly,
IKBa mRNA is induced upon transfection of cells with
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RelA/p65 (32-34) or during differentiation ofpre-B to B cells,
where NF-KB activity is constitutively activated (S.M., un-
published data). Thus, it is paradoxical that IKBa gene
product is both the inhibitor and the target of NF-KB com-
plexes. We therefore undertook a study of the regulation of
IKBa to specifically determine whether IKBa gene induction
by KB proteins is mediated by cis elements containing KB
sites. Recently, several investigators have reported a similar
mechanism for regulation of IKBa gene expression (32-35).

MATERIALS AND METHODS
Nuclear Extract Preparation and Electrophoretic Mobility

Shift Assay. 70Z/3 cells were grown in RPMI 1640 medium
containing 10%o (vol/vol) fetal calf serum and 50 AM 2-mer-
captoethanol to 106 cells per ml and treated with PMA (50
ng/ml) or LPS (10 ,ug/ml) and with or without cycloheximide
(20 ,ug/ml) for the indicated times. L-1-Tosylamido-2-
phenylethyl chloromethyl ketone (TPCK; 5-100 AM) was
ad'ded 1 h prior to the PMA or LPS treatment. The nuclear
extracts were prepared by the method ofAndrews and Faller
(36). The protein concentration of extracts was ":5 mg/ml.
For mobility shift assays, 10 ,ug of nuclear extract was
incubated with 1 ug of poly(dI-dC) (Pharmacia) in 15 pl of
binding buffer [75 mM NaCl/15 mM Tris-HCl, pH 7.5/1.5
mM EDTA/1.5 mM dithiothreitol/25% (vol/vol) glycerol/
bovine serum albumin (20 ,ug/ml)] for 30 min at 4°C. 32p-
labeled double-stranded oligonucleotides containing the KB
site (underlined) found in the IgK gene (5'-CTCAACA-
GAGG ACTTTCCGAGAGGCCAT-3') or the KB site (un-
derlined) found in IKBa gene (5'-CTGGCTTGGAAATTC-
CCCGCGCCTGAC-3') were included as probes. The mutant
KB site for IgK (5'-CTCAACAGAGIIGACTTTTC_jAG-
AGGCCAT-3') or IKBa (CTGGCTTCGAAATTAAITGC-
GCCTGAC-3') were used for competition studies (where
underlined bases are the mutated sequences). The binding of
the probe was performed for 20 min at room temperature.
Reaction products were analyzed on 4% polyacrylamide gels
containing 0.25x TBE (22.5 mM Tris/22.5 mM borate/0.5
mM EDTA, pH 8.0) buffer.
Northern Blot Analysis, Primer Extension, and DNA Se-

quencing. 70Z/3 cells stimulated by PMA or LPS in the
presence or absence of TPCK or cycloheximide were har-
vested at the same time intervals as in the electrophoretic
mobility shift assay and RNAs were isolated as described by
Chomczynski and Sacchi (37). RNA (25 ,ug) was electropho-
resed through a 1.2% agarose gel containing formaldehyde,
transferred to a Hybond nylon filter (Amersham), UV-
crosslinked, and hybridized with 32P-labeled 1.1-kb mouse
IKBa cDNA (EcoRI-EcoRI) probe.

Total RNA (25 pg) isolated from WEHI231 cells was
hybridized with 0.1 ng of the 32P-end-labeled primer (5'-
CGTGCCCAGCTGGCTGGCTGAAACACCG) in 40 mM
Pipes, pH 6.4/1 mM EDTA, pH 8.0/0.4 M NaCl/80%

Abbreviations: PMA, phorbol 12-myristate 13-acetate; TPCK, L-1-
tosylamido-2-phenylethyl chloromethyl ketone; CAT, chloramphen-
icol acetyltransferase; LPS, lipopolysaccharide; GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase.
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(vol/vol) formamide for 8 h at 37°C. After ethanol precipi-
tation, primer extension was carried out at 42°C for 2 h in 50
mM Tris HCl, pH 7.6/60 mM KCl/10 mM MgCl2/all four
dNTPs (each at 2.5 mM)/l mM dithiothreitol/RNase inhib-
itor (1 unit/pl)/actinomycin D (50 ,ug/ml)/50 units of murine
leukemia virus reverse transcriptase. The reaction products
were treated with 5 yg of RNase or 150 units of S1 nuclease
at 370C for 30 min, extracted with phenol/chloroform, pre-
cipitated with ethanol, and analyzed in 12% denaturing
polyacrylamide gels along with DNA sequencing reaction
products of the IKBa genomic clone using the same primer
and DNA size marker (32P-end-labeled Mspl-digested
pBR322 DNA fragments). IKBa cDNA clones and one ge'
nomic clone containing the 1.6-kb upstream region of the
IKBa gene were analyzed by DNA sequencing using a
Sequenase kit (United States Biochemical).

Transient Transfections and Chloramphenicol Acetyltrans-
ferase (CAT) Assays. The 1.6-kb HindIII-Nar I and 0.2-kb
EcoO109I-Nar I genomic fragments of IcBa gene promoter
were cloned into the HindlIl and Xba I sites in pBLCAT3
vector (see Fig. 3A). By using PCR-mediated site-directed
mutagenesis, a mutant KB site (5'-CGAAATTAATT-3',
where underlined bases are the mutated sequences) was
generated in the 0.2-kb (EcoO109I-Nar I) IKBa gene pro-
moter. For construction of the expression plasmid for p65,
p50, and c-Rel, the 1.8-kb BamHI-EcoRI c-Rel cDNA was
inserted into the BamHI-EcoRI sites of the expression plas-
mid pCMX (38), the 2.5-kb Sac II (blunted)-Xho I p65 cDNA
was ligated into EcoRV-Xho I site in the pCMX vector, and
the 1.3-kb Nco I p50 cDNA was ligated to BamHI-Nhe I site
ofpCMX plasmid. The IKBa promoter-CAT plasmid (5 ,ug)
and pCMXp65, pCMXp5O, and pCMX c-Rel expression
plasmids (5-10 ug) were used in each cotransfection. Forty-
eight hours after calcium phosphate transfection, cells were
collected, the relative transfection efficiency was determined
by cotransfected LacZ expression plasmid (1 Ag, Rous sar-
coma virus LacZ), and subsequent 3-galactosidase activities
in cell extracts were used to normalize the transfection
efficiencies.
CAT activity (percent conversion to acetylated chloram-

phenicol) was determined by phosphor image analysis.
Western Blot Analysis. 70Z/3 cells were grown to 106 cells

per ml, treated with PMA (50 ng/ml) or LPS (10 ug/ml) in the
presence or absence of cycloheximide (20 ytg/ml), lysed, and
subjected to immunoprecipitation with anti-p65 sera raised
against the N-terminal 19-aa peptide (MDDLFPLIFPSEPA-
QASGP). The precipitates were resolved by SDS/PAGE,
transferred to nylon membranes (Immobilon-P; Milhipore),
and detected with IKBa antibody specific for the N terminus
(aa 1-56) of IKBa protein. The subsequent Western blot
analysis was carried out with ECL Western blotting kit
(Amersham) by the manufacturer's recommendations.

RESULTS
Induction of IdcBa Gene. Electrophoretic mobility shift

assays and Northern blot analyses were performed using
pre-B (70Z/3) cells stimulated by eitherPMA or LPS (Fig. 1).
The NF-KB DNA binding activities can be detected within 15
min after LPS or PMA stimulation (Fig. 1A, lanes 2-7),
whereas the expression levels of IKBa mRNA lagged and
increased to the maximum by 60 min (Fig. 1B, lanes 4 and 9).
These results suggest that IKBa is likely to be one ofthe target
genes regulated by NF-KB proteins. It is not clear from our
data whether the IKBa gene is regulated by complex I
(p5O-p65 heterodimer) or complex 2 (p5O-p5O homodimer)
(Fig. 1A; S.M., unpublished data).
IKBa Promoter Has a #cB Binding Site. We next cloned the

promoter and other upstream sequences of murine IKBa
gene. The sequence of 651 nt upstream of the IKBa mRNA
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FIG. 1. Induction of NF-KB DNA binding activities and IKBa
mRNA in 70Z/3 cells treated with PMA or LPS. Lanes: 1-5, 70Z/3
cells plus LPS; 6-10, 70Z/3 cells plus PMA; 1 and 6, 0 min; 2 and 7,
15 min; 3 and 8, 30 min; 4 and 9, 1 h; 5 and 10, 2 h. (A) Electrophoretic
mobility shift assays ofNF-KB DNA binding activities in the nuclear
extracts of PMA- or LPS-treated 70Z/3 cells at the indicated times.
Cl is likely to be p50-p65 heterodimer and C2 is a pSO-pSO ho-
modimer (S.M., unpublished data). (B and C) Northern blot analysis
ofIKBa mRNA induction by PMA or LPS in 70Z/3 cells at the same
times used in the electrophoretic mobility shift assay. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA levels were an-
alyzed as an internal control for loading.

transcription start site is shown in Fig. 2A. Sequence analysis
reveals the presence of a TATA box, a KB binding site, and
many other previously identified cis-regulatory elements,
including SP-1, a possible AP-1 site, AP-2, AP-3, CREB,
interferon y response element, etc. (Fig. 2A). The KB site
(GGGAATTTCC) in the IKBa promoter is identical to the KB
site in the promoter region of tumor necrosis factor a (4). To
define the mouse IKBa gene transcription initiation site,
primer-extension reactions were performed (Fig. 2B), which
revealed a 96-bp DNA fragment with or without S1 nuclease
digestion (Fig. 2B, lanes 2 and 3). The same primer was also
used in the nucleotide sequence reactions and the products
were analyzed on the same gel carrying the primer-extension
reaction products (Fig. 2B, lanes 4-7), thus allowing direct
gel comparison of the size of primer-extension products and
the sequencing products. The results show that the initiation
of transcription started 75 bp upstream of ATG (marked by
a thick arrow). The TATA element is located 26 bp upstream
ofthe transcription initiation site (Fig. 2A). We conclude that
IKBa gene contains a bona fide NF-KB binding site.
IdBa Gene Promoter Is Inducible with p65. To determine

whether the KB site identified in the IKBa promoter is
functional, 1.6-kb HindIII-Nar I and 0.2-kb EcoO1091-Nar I
genomic fragments of IKBa gene promoter were cloned into
pBLCAT3 vector (Fig. 3A). By using PCR-mediated site-
directed mutagenesis, a mutant KB site was generated in the
0.2-kb (EcoO1091-Nar I) fragment of IKBa gene promoter
(Fig. 3A). High levels ofCAT activities were detected in COS
cells cotransfected with the 1.6-kb or 0.2-kb IKBa gene
promoter-CAT construct and the expression vector encoding
the p65 subunit of NF-KB (Fig. 3B, lanes 5 and 6). Little or
no CAT activity was detected in the cells cotransfected with
IKBa gene promoter-CAT construct with mutant KB site
(plasmid C; Fig. 3B, lane 4). Increased transactivation was
observed when p65 was cotransfected with a construct gen-
erating p5O (lanes 8 and 9) but c-Rel was unable to transac-
tivate either construct A or B (data not shown).

Biochemistry: Chiao et al.
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FIG. 2. (A) Analysis of IKBa promoter. Genomic DNA containing IKBa promoter was molecularly cloned from a mouse 3T3 library
(Stratagene). The nucleotide sequence of the IKBa promoter region is shown. The thin arrow marks the start site of transcription determined
by primer-extension analysis. IKBa cDNA coding sequence is shown with the amino acid sequence, and the primer used for primer-extension
and DNA sequencing analyses is underlined with a thick arrow; TATA box and other known nuclear protein binding motifs are indicated. The
KB site is indicated by a box. The nucleotide sequence is numbered with respect to the nucleotide start site (position + 1, the start site) and the
upstream sequence from the mRNA start point is indicated with negative numbers. The DNA sequence ofIKBa promoter region was analyzed
by the computer program, SIGNAL SCAN (39). Gamma-IRE, interferon y response element. (B) The primer-extension analysis for determining
the start site of transcription. The primer sequence is indicated in A; molecular size markers are in lanes 1 and 8. The primer-extension products
and S1 nuclease-treated primer-extension products are shown in lanes 2 and 3, respectively. By using the same primer, IKBa genomic clone
was subjected to DNA sequence analysis and the reaction products were electrophoresed in lanes 4-7. The DNA sequence in the vicinity of
the primer-extension product is indicated. The start site is indicated with an arrow.

Regulation of IucBa Gene. Since IKBa regulates the activity
of NF-KB complexes in the cytoplasm, it was of interest to
study whether IKBa provides an autoregulatory loop for
regulation of KB proteins. We therefore studied the kinetics
of induction ofIKBa mRNA and protein and its correlation to
NF-KB DNA binding activity. Fig. 4A shows that using an

oligonucleotide probe corresponding to the KB site present in
the IKBa promoter (KB-IKBBa), the icB binding activity is
detected within 15 min of the addition ofPMA to 70Z/3 cells,
reaches a maximum by 60 min, and rapidly declines to basal
levels by 4 h (Fig. 4A, lanes 2-6). Interestingly, the expres-
sion ofIKB amRNA is induced maximally by 60 min (Fig. 4B,
lane 4), then declines, and remains essentially unchanged for
the next 24-48 h (Fig. 4B). This result correlates well with the
synthesis of IKBa protein, which is hardly detectable by
30-60 min after induction, and then the level increases and
essentially remains unchanged (Fig. 4D). A simple interpre-
tation of this data will be that upon induction with PMA, the
IKB protein is dissociated from NF-KB complex and is rapidly
degraded, allowing the NF-KB complex to traverse to the
nucleus and activate genes containing KB sites, one of which
is the IKBa gene. Once IKBa protein is synthesized, it binds
to NF-KB complex and keeps it sequestered in the cytoplasm,
thus providing the autoregulatory loop.
NF-KB Complex Induces IdBa Gene Expression. To test

whether activated NF-KB complex, upon stimulation with
PMA or LPS, is directly involved in the induction of IKBa
gene expression, we blocked the activation of NF-KB com-
plex by a chymotrypsin protease inhibitor, TPCK. Fig. 5A
shows that TPCK (50 ,uM) prevents LPS-induced NF-KB
activity in 70Z/3 cells. Little or no IKBamRNA was detected
upon stimulation in the presence of TPCK (Fig. SB). TPCK
was not a general inhibitor of transcription because the levels
of GAPDH mRNA were essentially unchanged (Fig. SB).

Similar results were obtained with c-fos mRNA, which has
short half-life (30 min) (data not shown). Although mecha-
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FIG. 3. Analysis of the IKBa promoter. (A) Schematic diagram of
the IKBa genomic clone and the reporter constructs. Plasmids A and
B represent the 1.6-kb and 0.2-kb upstream fragments linked to CAT
gene whereas plasmid C contains the 0.2-kb fragment but the KB site
is mutated. (B) CAT assays for analysis of IKBa promoter. The
reporter plasmids were cotransfected in COS cells with p65 and p50
expression plasmids. The results shown here are representative of
five CAT assays.
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FIG. 4. Kinetics of activation ofNF-KB and IKB gene expression.
Lanes: 1, 0 min; 2, 15 min; 3, 30 min; 4-12, 1, 2, 4, 6, 8, 12, 24, 32,
48 h, respectively. (A) Time course of activation of NF-KB activity
after addition ofPMA to 70Z/3 cells. (B) Induction of IKBa mRNA.
(C) Control GAPDH mRNA. (D) Western blot using I#cBa antibod-
ies.

nism of TPCK inhibition of IKBa mRNA or NF-KB activity
is not understood, it is likely that it prevents degradation of
IKBa protein and, thereby, does not allow activation of
NF-KB complex. In agreement with this proposal, degrada-
tion of IKBa protein is inhibited in a B-cell line (WEHI 231)
upon addition of TPCK (S.M., unpublished data).

If the newly synthesized IKBa is required to inhibit the
NF-KB activity, then its inhibition should allow constitutive

A

activity of the NF-KB complex, as there will be no blocking
protein to sequester it in the cytoplasm. In Fig. 6, we show
that as expected, NF-KB activity is transiently induced for =2
h upon stimulation of 70Z/3 cells with PMA; however, the
NF-KB activity can be detected for nearly 12 h if induction is
carried out in the presence of cycloheximide, an inhibitor of
protein synthesis. The IKBamRNA is, however, induced and
the levels remain high because of the sustained amount of
activated NF-KB complex or because no IKBa protein is
being translated in the presence of cycloheximide (Fig. 6).
The lack of newly synthesized IKBa protein may in part be
responsible for sustained activation of NF-KB activity.

DISCUSSION
We have demonstrated that transcription of IKBa, the inhib-
itor of activity of NF-KB complex, is rapidly induced by
NF-KB complex in pre-B-cell line 70Z/3 upon treatment with
PMA or LPS. The induction of IKBa mRNA is likely medi-
ated directly by the KB site present in the upstream promoter
element of IKBa gene. IKBa is further regulated posttran-
scriptionally, since the stability of IKBa protein is greatly
reduced upon activation of NF-KB activity (Fig. 4E; refs.
32-34).

Several investigators have recently shown that activation
of cytoplasmic NF-KB complex is accompanied by modifi-
cation of IKBa protein leading to its rapid degradation (32-
34). The release of IKBa from the dormant cytoplasmic
NF-KB complex in response to external signals leads trans-
port of NF-KB complex to the nucleus, resulting in KB-site
DNA binding activity. The release and degradation of IKBa
protein are prerequisites for activation of NF-KB DNA bind-
ing activity. Furthermore, IKBa gene expression is induced
after activation of NF-KB DNA binding activity. It thus
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FIG. 5. Inhibition of NF-KB activity with TPCK. (A) NF-KB
activity in LPS-stimulated 70Z/3 cells (30 min) in the absence and
presence of increasing concentrations ofTPCK. Lanes: 1-6, 0, 5, 10,
25, 50, and 100 AM TPCK, respectively. (B) Induction of IKBa
mRNA in 70Z/3 cells stimulated with LPS for 15 or 30 min, in the
absence or presence of 50 ,uM TPCK. Lanes: 1, no addition; 2, LPS
for 15 min; 3, LPS for 30 min; 4, TPCK plus LPS for 15 min; 5, TPCK
plus LPS for 30 min.
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FIG. 6. Effects of cycloheximide on induction ofNF-KB activity.
(A) Induction of NF-KB activity with PMA in 70Z/3 cells using KB
site from the IKBa promoter as probe. Lanes: 1, 0 min; 2, 15 min; 3,
1 h; 4, 2 h; 5, 6 h; 6, 12 h. (B) Same as inA except cycloheximide (20
,g/ml) was added at the time of induction. (C) Induction of IKBa
mRNA in the presence of cycloheximide. (D) The levels of IKBa
protein during the time course of induction in the presence of
cycloheximide.
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appears that in the uninduced cell-for instance, the pre-B
cell line 70Z/3-the NF-KB complex is present in an inactive
form in association with IKBa protein. After addition of
external signals in the form ofPMA or LPS, the IKBa protein,
known to be associated with the p65 subunit of the p50-p65
NF-KB complex, is modified, presumably by phosphoryla-
tion, and rapidly degraded. It is not clear at present whether
phosphorylation is a signal for release or degradation ofIKBa
proteins. However, it is now well established that free IKBa
protein is unstable and can be stabilized by association with
p65 (33, 34). Once the pS0-p65 complex is released from the
complex with IKBa, it traverses to the nucleus and binds to
cognate KB DNA binding sites. The promoter of IKBa gene
contains KB sites and, hence, is a target of NF-KB complex.
The newly synthesized IKBa protein can then bind to NF-KB
proteins in the cytoplasm and prevent their translocation to
the nucleus and, thereby, regulates the transcription ofgenes
containing KB sites, including that of IKJ3a gene. The product
of IKBa gene is a negative regulator of the NF-KB complex,
but its synthesis is dependent on the presence of activated
NF-KB complex. Therefore, the regulator of IKBa gene is
regulated by the IKBa gene product, thereby providing the
autoregulatory loop in the regulation of expression of genes
containing a KB site. In this manuscript we provide crucial
data supporting this model. These data are as follows. (i)
DNA binding activity of NF-KB complex precedes the tran-
scription of IKBa gene (Figs. 1 and 4). (ii) The IKBa gene
promoter contains a KB site that when linked to a reporter
gene is induced by p65, a member of the KB DNA binding
proteins (Fig. 3). Interestingly, no transcription from IKBa
gene promoter could be detected when transfected with
protoonc6gene rel (data not shown), in agreement with
results reported (35), suggesting that members of the KB
family may have different functions. (iii) The level of IKBa
protein decreases immediately upon the addition of PMA or
LPS, which parallels the increase in NF-KB DNA binding and
transactivation activity (Fig. 4). The levels of IKBa protein
then increase leading to decrease in NF-KB activity or no
NF-KB activity (Fig. 4). (iv) NF-KB complex directly acti-
vates the transcription ofIKBa mRNA because TPCK, which
blocks the activity ofNF-KB complex, also inhibits transcrip-
tion of IKBa mRNA (Fig. 5). (v) In the presence of cyclo-
heximide, no IKBa protein is resynthesized and, conse-
quently, sustained NF-KB activity can be detected for >12 h
(15, 33). Although TPCK and cycloheximide are general
inhibitors of proteases and protein synthesis, respectively,
nevertheless, the results strongly support the proposed au-
toregulatory model for regulation of NF-cB/IKB proteins.
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