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Exposure of mammalian cells to UV radiation was proposed to stimulate the transcription factor NF-«B by
a unique mechanism. Typically, rapid and strong inducers of NF-kB, such as tumor necrosis factor alpha
(TNF-«) and bacterial lipopolysaccharide (LPS), lead to rapid phosphorylation and proteasomal degradation
of its inhibitory protein, IkBo. In contrast, UV, a relatively slower and weaker inducer of NF-kB, was suggested
not to require phosphorylation of IkBa for its targeted degradation by the proteasome. We now provide
evidence to account for this peculiar degradation process of IkBa.. The phospho-IkBa generated by UV is only
detectable by expressing a AF-box mutant of the ubiquitin ligase B-TrCP, which serves as a specific substrate
trap for serine 32 and 36 phosphorylated IkBa. In agreement with this finding, we also find that the IkB kinase
(IKK) phospho-acceptor sites on IkBe, core components of the IKK signalsome, and IKK catalytic activity are
all required for UV signaling. Furthermore, deletion and point mutation analyses reveal that both the
amino-terminal IKK-binding and the carboxy-terminal putative zinc finger domains of NEMO (IKKvy) are
critical for UV-induced NF-kB activation. Interestingly, the zinc finger domain is also required for NF-kB
activation by two other slow and weak inducers, camptothecin and etoposide. In contrast, the zinc finger
module is largely dispensable for NF-kB activation by the rapid and strong inducers LPS and TNF-«. Thus,
we suggest that the zinc finger domain of NEMO likely represents a point of convergence for signaling

pathways initiated by slow and weak NF-kB-activating conditions.

Exposure of mammalian cells to short-wavelength UV radi-
ation stimulates signaling pathways that activate transcription
factors, which elicit various biological responses through their
induction of target genes. One of the most studied groups of
transcription factors induced by UV radiation are members of
the NF-kB/Rel family. The NF-kB/Rel family of transcription
factors regulates the expression of genes critical for multiple
biological processes, including inflammatory reactions, im-
mune responses, and apoptosis (9, 40). NF-kB is normally kept
inactive in the cytoplasm of unstimulated cells and conse-
quently must be translocated into the nucleus to function. The
subcellular localization of NF-«kB is tightly controlled by a
family of inhibitory proteins called IkBs, the most prominent
and well-studied being IkBa (11, 12, 23, 29, 38). Nuclear up-
take of NF-«kB is prevented upon its tight association with
IkBa. Exposure of cells to a variety of extracellular stimuli,
such as tumor necrosis factor alpha (TNF-a), interleukin-1
(IL-1), or lipopolysaccharide (LPS) leads to the rapid phos-
phorylation, ubiquitination, and ultimately proteasome-medi-
ated degradation of IkBa, which releases NF-kB and allows it
to translocate into the nucleus to regulate gene transcription
(18).

The mechanisms of IkBa degradation by many rapid and
strong inducers of NF-kB, such as TNF-«, IL-1, and LPS, have
been well characterized due to the relative ease of capturing
the phosphorylated and multiubiquitinated intermediates of
IkBa prior to its degradation. However, the same cannot be
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said for deciphering the mechanism involved in IkBa proteol-
ysis by slow- and weak-activating NF-kB stimuli such as UV
and other genotoxic stress inducers, including the topoisomer-
ase poisons camptothecin (CPT) and etoposide (VP16) (18).
In particular, recent studies have purported the UV-induced
NF-kB signaling pathway to be exceptional (1, 21). There are
three points of contention that hold the UV signaling mecha-
nism distinct from the “fast-kinetic” and strong NF-«kB-induc-
ing mechanism. First, UV irradiation induces the degradation
of IkBa and activation of NF-kB with slower kinetics, with
activity peaking by 2 to 4 h after treatment. This is compared
to TNF-« or IL-1, whose inducible NF-kB activity peaks within
10 to 20 min at much higher levels, as measured by both NF-kB
DNA-binding and transient reporter assays and IkBa degra-
dation by Western blotting (1). Second, in contrast to the fast
and strong inducers, IkB kinase (IKK) activity is undetectable
in response to UV irradiation. Consistent with this observa-
tion, the inducible degradation of IkBa was unaffected by
mutations at the IKK phospho-acceptor sites or by transient
overexpression of dominant-negative IKK mutants (1, 21).
Third, unlike fast and strong inducers, UV irradiation does not
accumulate the phospho-intermediate of IkBa (pIkBa), even
in the presence of potent proteasome inhibitors such as N-
acetyl-leucinyl-leucinyl-norleucinal (AcLLnL) or lactacystin
(21).

The multisubunit IKK complex is responsible for the induc-
ible phosphorylation of IkBa, and it is likely the point of
convergence for most NF-«kB-activating stimuli (14, 18, 35).
The core components of IKK contain two catalytic subunits,
IKKo/IKK1 and IKKB/IKK2, and an important regulatory pro-
tein, NEMO (also named IKKy) (18). How diverse signals
converge on the IKK complex is not yet known. However,
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NEMO knockout mouse embryonic fibroblasts (MEFs) and a
pre-B cell line derivative, 1.3E2, that is deficient for NEMO
expression are completely defective in cytokine- and LPS-in-
duced activation of IKK and subsequently, the activation of
NF-kB (32, 34, 44). The interaction between NEMO and
IKKo/IKKB complexes also proves to be critical for proinflam-
matory activation of IKK, since disrupting this interaction with
a cell-permeable inhibitory peptide reduces signal-dependent
NF-kB activity (24). The activation of the IKK complex leads
to the rapid phosphorylation of serine-32 and serine-36 of
IkBa (4, 7, 26, 43, 47). The pIkBa substrate is then recruited
to the ubiquitin machinery through a specific and direct inter-
action with the F-box/WD E3 ubiquitin ligase B-TrCP (8, 10,
20, 36, 37, 42, 45). The F-box domain of B-TrCP plays an
essential role in the ubiquitination process through recruit-
ment of other components of the SCF complex that serve as
crucial adaptors for bringing an E2 (ubiquitin-conjugating en-
zyme) to the substrate (18). It has been shown that an F-box
deletion mutant of B-TrCP can bind pIkBa better than the
original protein (36).

In the present study, we used an F-box deletion mutant of
B-TrCP as a tool to capture plkBa intermediates that are
produced at low levels in cells exposed to UV and other slow-
kinetic and weak inducers of NF-kB activity. We also em-
ployed IKK chemical inhibitors, IKKf dominant-negative mu-
tants, stable transfection, and complementation studies of
NEMO-deficient cell lines in order to uncover an important
and necessary role for the IKK complex in the regulation of the
UV-induced NF-«kB signaling pathway. Our study provides ev-
idence that slow kinetics and weak activators of NF-kB, includ-
ing UV irradiation, require the NEMO zinc finger domain to
activate NF-kB. Interestingly, fast-kinetic and strong activators
of NF-kB, such as LPS and TNF-«, can still activate NF-«xB
efficiently in the absence of this NEMO C-terminal region. Our
findings suggest that the zinc finger domain of NEMO likely
represents a point of convergence for signaling pathways ini-
tiated by slow and weak NF-«kB-activating conditions.

MATERIALS AND METHODS

Reagents and antibodies. The peak emission wavelength of the UV-C lamp
(Fisher Biotech UV Cross-Linker) used was 254 nm. CPT, VP16, dimethyl
sulfoxide (DMSO), Bay-11-7082, and bacterial LPS were purchased from Sigma.
Stock solutions were prepared in DMSO at 10 mM (CPT), 10 mM (VP16), and
50 mM (Bay-11-7082). LPS was prepared in RPMI growth medium at 1 or 10
mg/ml. Human recombinant TNF-a, MG132, AcLLnL, and z-VAD were pur-
chased from CalBiochem and resuspended in phosphate-buffered saline (PBS)
containing 0.1% bovine serum albumin (fraction V; Sigma) and DMSO, respec-
tively. In each experiment, all samples received the same amounts of DMSO to
control for potential DMSO effects. All stock solutions were stored in aliquots at
either —70°C or —20°C. Immunoglobulin G antibodies to IKKa (M280), NEMO
(FL-419), c-Myc (9E10), IkBa (C-21), IKKo/IKKB (H-470), p65 (C-20-G), and
glutathione S-transferase (GST) (B-14) were purchased from Santa Cruz Bio-
technology. A monoclonal anti-Flag antibody was purchased from Sigma. A
monoclonal anti-HA.11 (influenza virus hemagglutinin [HA] epitope) antibody
was purchased from Covance. Horseradish peroxidase-conjugated anti-rabbit
and anti-mouse antibodies were obtained from Amersham Pharmacia Biotech.
Cell preparations and extracts were made with the total cell extract buffer (20
mM HEPES [pH 7.9], 350 mM NaCl, 20% glycerol, 1% NP-40, 1 mM MgCl,, 0.5
mM EDTA, 0.1 mM EGTA, 0.5 mM dithiothreitol [DTT], 0.5 mM phenylmeth-
ylsulfonyl fluoride [PMSF], 1 pg of aprotinin per ml) and used for both Western
blot analysis and electrophoretic mobility shift assay (EMSA). The Igk-«B oli-
gonucleotide probe and conditions for EMSA were previously described (27).
Western immunoblots were performed as described previously (27) and devel-
oped by using an enhanced chemiluminescence procedure according to the
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manufacturer (Amersham Pharmacia Biotech). Blots were then exposed to X-ray
film (Kodak).

Cell culture. 70Z/3, 70Z/3-CD14, and 1.3E2 murine pre-B cells were main-
tained in RPMI 1640 medium (Cellgro; Mediatech) supplemented with 10%
fetal bovine serum (HyClone Laboratory, Inc.), 0.05 mM B-mercaptoethanol,
1,250 U of penicillin G (Sigma), and 0.5 mg of streptomycin sulfate (Sigma) per
mlin a 5% CO, humidified incubator (Forma). MEFs, human cervical carcinoma
(HeLa) cells, and human embryonic kidney 293 (HEK293) cells were maintained
in 10% fetal bovine serum and antibiotics as described above in a 10% CO,
incubator. Tissue culture plates were 0.1% (wt/vol) gelatin-coated for HEK293
cells. HEK293 cells were transiently transfected by using a standard calcium
phosphate precipitation method (2).

Luciferase reporter assay. Wild-type and IKK double-knockout (DKO) MEF
lines (generous gifts from I. Verma) were transfected with 50 ng of 3xkB-Luc and
200 ng of CMV-B-Gal vectors by using the Effectene (Qiagen) transfection
reagent. At 36 h after initial transfection, cells were either untreated or treated
with TNF-a (10 ng/ml) or exposed to UV-C (60 J/m?) for an additional 8 h. The
cell extract preparation and luciferase assay were performed according to the
instructions in the luciferase kit from Promega. B-Galactosidase activity was
measured by using the Galacton-Plus kit purchased from Tropix (Bedford,
Mass.). The transfection efficiency was normalized within each cell line with
B-galactosidase activity. All transfection experiments were done in triplicate and
were repeated three times.

Construction of NEMO mutants. Human wild-type NEMO N terminally fused
to six tandem Myc tags was cloned into the pcDNA3 vector (Invitrogen) at
EcoRI/Xbal sites (gift from Z. Chen). Truncation and point mutations in NEMO
were made by PCR mutagenesis. To make the N-terminal 120-amino-acid trun-
cation mutant of NEMO, a forward primer containing an EcoRI engineered site
flanking the start site at amino acid 121 was designed (5'-GAAGAATTCCGC
TCTGCGGGAGGTGGAGCAC-3"). To make C-terminal 25-amino-acid trun-
cation mutant, the same strategy was employed. The reverse primer was designed
containing a flanking Xbal site, followed by a termination codon immediately
after amino acid 394 of NEMO (5'-GAATCTAGACTAGTCAGGTGGCTCC
TCGGGG-3'). For the construction of NEMO zinc finger point mutations,
reverse primers were made covering the entire zinc finger domain with a flanking
Xbal site except that either (i) codon 417 was changed from cysteine to arginine
or alanine or (ii) codon 406 was changed from asparate to valine. The forward
primer to PCR-amplify the C-terminal NEMO mutants contains a flanking
EcoRI site (5'-GAAGAATTCCATGAATAGGCACCTCTGGAAG-3').

Generation of stable transfectants in cells. 1.3E2 cells were reconstituted with
6X Myc-tagged NEMO wild-type and mutant constructs by electroporation or
retroviral infection methods as described previously (27). For electroporation,
briefly, 2 X 107 cells were washed once with culture media and then resuspended
in 750 pl of media with 20% fetal bovine serum and transferred directly to a
0.4-cm electrode gap Gene Pulser cuvette (Bio-Rad). Then, 40 pg of expression
DNA plasmid was preincubated with the cells on ice for 10 min. Cells were then
electroporated at 240 V and 950 wF in a Gene Pulser apparatus with capacitance
extender (Bio-Rad). After the pulse, cells were incubated on ice for 5 min,
resuspended in culture media and placed in the 37°C incubator. After 24 h of
incubation, 1 mg of G418 (Mediatech)/ml was added to select for resistant pools.
Dead cells were removed by using lymphocyte separation medium (Mediatech).

Kinase assay and immunoprecipitation. A total of 2 X 10° cells were treated as
indicated. Pellets were lysed in 10% PBS and 90% lysis buffer (20 mM Tris [pH 7.0],
250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 0.5% NP-40, 2 mM DTT, 0.5 mM
PMSF, 20 mM B-glycerol phosphate, 1 mM sodium orthovanadate, 1 pg of leupep-
tin/ml, 1 pg of aprotinin/ml, 10 mM p-nitrophenyl phosphate [PNPP], 10 mM
sodium fluoride). Supernatants were diluted further in lysis buffer, and 1 pg of
a-IKKa antibody (M-280; Santa Cruz Biotechnology) was added to each tube.
Samples were rotated for 60 min at 4°C. Protein G-Sepharose beads (Amersham
Pharmacia Biotech) were then added to each tube, and the samples were rotated for
90 min at 4°C. Afterward, samples were washed four times in lysis buffer and two
times in kinase buffer (20 mM HEPES [pH 7.7], 2 mM MgCl,, 2 mM MnCl,, 1 mM
DTT, 0.5 mM PMSF, 10 mM B-glycerol phosphate, 300 uM sodium orthovanadate,
1 pg of leupeptin/ml, 1 g of aprotinin/ml, 10 mM PNPP, 10 mM sodium fluoride,
10 uM ATP). The IKK kinase activity was assayed for in the kinase buffer with 1 g
of substrate (GST-IxBa1-66) and 1 uCi of [y->*P]JATP for 60 min at 30°C. Gluta-
thione-Sepharose beads (Amersham Pharmacia Biotech) and excess kinase buffer
were added to each reaction mix. These samples were tumbled for 60 min at 4°C.
The buffer was removed, and the beads were washed once in kinase buffer. The
samples were boiled in 2X sodium dodecyl sulfate (SDS) leading buffer, and the
proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE). Pro-
teins were then transferred to polyvinylidene difluoride membranes and exposed to
autoradiography. The membranes were subjected to Western blotting with the
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FIG. 1. Stably expressed S32/36A mutant of IkBa inhibits UV-induced NF-kB DNA-binding activity. (A) HeLa cells were either untreated or
exposed to UV (60 J/m?) for the indicated time periods (lanes 2 to 5) or exposed to indicated doses of UV for 2 h (lanes 8 to 11) or treated with
TNF-a (10 ng/ml) for 15 min for the control. Total cell extracts were prepared and NF-kB DNA-binding activity was determined by EMSA.
(B) 70Z/3 cells were either untreated, treated with LPS (10 pg/ml) for 30 min, treated with CPT (10 uM) or VP16 (10 uM), or exposed to UV
(60 J/m?) for 2 h (lane 6) or at the indicated time points (lanes 9 to 12). An asterisk indicates the handling of cells similar to that of UV-treated
cells (lane 5). Whole-cell lysates were prepared, and IKK activity was measured by the immunecomplex kinase assay (upper panels) (see Materials
and Methods). The levels of IKKa, GST-IkBa, and NEMO were determined by immunobloting with antibodies specific to IKKa, GST, and NEMO
(lower panels). (C) 70Z/3-CD14 cells were stably transfected by a retroviral infection method with either HA-tagged wild-type or S32/36A mutant
mouse IkBa. Stable clones from both wild-type and mutant-expressing pools of cells were picked and analyzed. Total cell extracts from the samples
were analyzed by EMSA (upper panel) and Western blotting with anti-IkBa antibody (lower panel). Prior to the treatment conditions, the cells
were pretreated with z-VAD (25 pM) for 30 min to prevent caspase-dependent cleavage of IkBa (see Discussion). The wild-type and mutant-
expressing cells were left untreated, treated with LPS (1 pg/ml) for 15 min, or exposed to UV (60 J/m?) for 2 h. The exogenous HA-tagged IkBa
(exo IkBa) runs slightly higher than the endogenous IkBa (endo IkBa) due to the presence of the epitope tag.

indicated antibodies to evaluate the relative loading of both the kinase components While we were investigating the activation pathways induced
and the substrate. Samples for coimmunoprecipitation experiments were resus- by the topoisomerase inhibitors CPT and VP16. we began
b

pended in 10% PBS and 90% lysis buffer as described above except without the . .. .
addition of phosphatase inhibitors. Immunoprecipitation samples were tumbled at employmg UV activation of NF-kB as a negative control due to

4°C overnight and washed five times with lysis buffer before Western blot analysis. the recent reports describing its involvement of a unique acti-
vation pathway (1, 21). We first examined the dose response
and time course of NF-«kB activation by UV by using EMSA.
Exposure of HeLa cells to UV resulted in a time course and
S32/36A mutant of IkBa prevents NF-kB activation by UV. dose-dependent induction of NF-kB DNA-binding activity that

RESULTS
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FIG. 2. IKK is required for UV-induced NF-kB activation. (A) HEK293 and 70Z/3 cells were both pretreated with 10 uM (lanes 3, 7, 11, and 15)
or 25 pM (lanes 4, 8, 12, and 16) of the IKK inhibitor Bay-11-7082 and then treated with TNF-a (10 ng/ml) for 20 min in HEK293 or LPS (10 pg/ml)
in 70Z/3 cells for 30 min as positive controls, or they were exposed to UV (60 J/m?) irradiation for 2 h (70Z/3) or 4 h (HEK293) as indicated. Total cell
extracts were made and analyzed by EMSA for NF-kB binding activity and Western blotting for p65 protein for a loading control. (B) HEK293 cells were
transiently transfected with either vector control (1.0 pg), FLAG-tagged IKKB mutant (Lys-to-Met mutation at the putative ATP-binding site; 1.0
ng), or HA-tagged IKKP activation loop mutant (Ser177/181-to-Ala; 1.0 wg) as indicated. Cells were then either untreated or treated with TNF-a
(10 ng/ml) or exposed to UV (60 J/m?) for 4 h as indicated. Total cell extracts were made and analyzed by EMSA for NF-«B binding activity and
Western blotting for Flag- and HA-tagged proteins in the same immunoblot with antibodies against both FLAG and HA or for p65 protein
expression levels as indicated. The expression levels of IKKB mut (SS/AA) appear higher possibly due to an efficient HA immunodetection.
(C) MEF lines derived from wild-type or IKKa and IKKB DKO MEFs were either left untreated, treated with TNF-a (10 ng/ml) for
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was maximal in cells receiving 60 J of UV-C/m? for 2 h (Fig.
1A). In contrast, TNF-a-induced activation of NF-kB was
more robust and peaked earlier at ca. 15 min (Fig. 1A and data
not shown) (1). Consistent with previous findings (1, 21), sim-
ilar UV dose response and time course of NF-«B activation
were also observed in various cell types tested, including mu-
rine 70Z/3 pre-B cells.

Next, we examined the effect of UV on IKK activity. Pro-
teins isolated at various intervals after exposure of 70Z/3 cells
to UV were immunoprecipitated with an IKKa antibody and
then subjected to an immunecomplex kinase assay by using
GST-IkBal-66 as a substrate. In agreement with an earlier
report (21), UV had no measurable effect on IKK activity (Fig.
1B, lanes 6 and 9 to 12). IKK activity was detectable by two
other “slow-kinetic” inducers (13), CPT and VP16 (Fig. 1B,
lanes 3 and 4). LPS stimulation served as the positive control
in these experiments (lanes 2 and 8).

Cytokine-inducible phosphorylation of IkBa at serines 32
and 36 is necessary for its degradation and subsequent NF-«B
activation. We assessed whether UV-induced activation of
NF-«B also required the IKK phospho-acceptor sites on IkBa.
To examine this, we generated both N-terminally HA-tagged
wild-type IkBa and an S32/36A IkBa mutant, in which serines
32 and 36 were replaced by alanines. These expression con-
structs were then stably introduced in 70Z/3-CD14 cells, and
high expressing clones were isolated (13). Surprisingly, we
found that the UV-induced NF-kB binding activity was com-
pletely inhibited in these mutant clones (Fig. 1C, lanes 4 to 6
[and others not shown]). Both LPS and UV induced NF-xB
DNA-binding activity and degradation of IkBa in wild-type
IkBa expressing clones (Fig. 1C, lanes 1 to 3). Although the
induction of the IKK kinase activity was undetectable by the
conventional in vitro immunecomplex kinase assay, these re-
sults indicate that the IKK phosphorylation sites on IkBa are
required for the UV-induced activation of NF-kB in 70Z/3
cells.

IKK is involved in the UV-induced NF-kB activation path-
way. Since the IKK phospho-acceptor sites of IkBa were re-
quired for UV-induced NF-kB activation, we examined by
pharmacological and molecular methods whether the catalytic
activity and components of the IKK complex were necessary
for UV signaling. Consistent with an earlier report (28), the
pretreatment of either HEK293 or 70Z/3 cells with the IKK
chemical inhibitor Bay-11-7082 was able to dose dependently
inhibit both TNF- and LPS-induced NF-«kB binding activity as
measured by EMSA (Fig. 2A). UV-induced NF-«B activation
was also dose dependently inhibited by Bay-11 (Fig. 2A). This
inhibitor did not directly affect NF-xB DNA-binding activity in
vitro, whereas LPS-induced IkB kinase activity in 70Z/3 cells
was blocked when the Bay-11 inhibitor was added directly in
the in vitro kinase reaction (data not shown). Additionally,
another unrelated IKK chemical inhibitor, 4-hydroxy-2-non-
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enal (HNE), also dose dependently reduced UV induction of
NF-kB DNA-binding activity (data not shown) (16). Consis-
tent with these observations, overexpression of a kinase inac-
tive IKKB(KM) mutant inhibited UV-induced NF-«kB activa-
tion (Fig. 2B, compare lanes 2 and 3). The use of EMSA
analysis to investigate potential inhibitory effects was possible
because transfection efficiency of HEK293 cells was consis-
tently >80%, and thus almost all cells in the transfected pop-
ulation expressed the IKKB mutant proteins (13). Interest-
ingly, the IKKB(S177/181A) mutant in which the activation
loop phosphorylation sites were mutated to alanines also re-
duced NF-«B activation by UV exposure (lane 4).

To further determine the necessity of the IkB kinases in
NF-«B activation by UV, embryonic fibroblast lines derived
from IKKa and IKKB DKO mice were treated with TNF-«a or
UV. Consistent with published observations (22), TNF-a-in-
duced activation of NF-kB was completely abolished in the
IKK DKO MEFs (Fig. 2C). Similarly, NF-«kB activation by UV
exposure was undetectable in the DKO cells, even though
activation was detectable in the parental wild-type line (Fig.
2C). Consistent with the EMSA findings, UV could not induce
NF-kB-dependent transcriptional activation in the DKO
MEFs, whereas UV generated a 2.5-fold NF-«kB transcrip-
tional induction as measured by the luciferase assay (Fig. 2D).
These results together indicate that the catalytic activity and
components of the IKK complex is crucial for NF-kB activa-
tion by UV.

Wild-type NEMO reconstitutes the UV-induced NF-kB sig-
naling defect in 1.3E2 cells. Next, we assessed the requirement
of NEMO, the regulatory component of IKK, for the activation
of NF-«kB by UV. The 1.3E2 cell line is a derivative of the
70Z/3 pre-B cell line that has lost the expression of NEMO
(44). Consistent with the data above, UV could not activate
NF-kB binding activity in the 1.3E2 cells (Fig. 3A, lanes 4 to 6).
Unlike the targeted knockout cell systems described above for
IKKa/IKKB, the underlying reason for the NEMO deficiency
in 1.3E2 cells is unclear. Thus, to prove that this UV defect in
the latter cell system was indeed due to the lack of NEMO
expression, wild-type Myc-tagged NEMO was stably intro-
duced back into the 1.3E2 cells to determine whether the UV
signaling pathway could be reconstituted. As expected, the LPS
signaling defect in 1.3E2 cells can be efficiently reconstituted
by the stable expression of wild-type NEMO (Fig. 3A, lane 8).
Importantly, wild-type NEMO also efficiently complemented
the UV-induced NF-«B signaling deficiency in 1.3E2 cells (Fig.
3A, lane 9). NF-kB activation by UV was much more robust
than that seen in the parental cells (compare lanes 3 and 9),
suggesting that NEMO levels likely represent a rate-limiting
condition in the NF-«kB signaling pathway induced by UV
(compare NEMO levels between 70Z/3 and NEMO comple-
mented 1.3E2 cells). Interestingly, even under the optimal con-
dition for UV-induced activation of NF-kB, the in vitro immu-

15 min, or exposed to UV (60 J/m?) irradiation for 2 h. Total cell extracts were made and analyzed by EMSA for NF-«B binding activity and
Western blotting for IKKa, IKKB and p65 protein expression as indicated. The asterisks indicate nonspecific bands. (D) Wild-type and DKO MEF
lines were transiently transfected with an NF-kB-dependent reporter plasmid (3xkB-Luc) and an internal control for transfection efficiency
(CMV-B-Gal). At 36 h after transfection, cells were either untreated or treated with TNF-a (10 ng/ml) or exposed to UV (60 J/m?). Cell extracts
were analyzed for luciferase and B-Galactosidase activities. Error bars indicate standard deviations. B-Galactosidase activities in DKO MEF were
similar to those in wild-type MEF, indicating that the lack of luciferase induction in DKO cells was not due to inefficient transfection of these cells.
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treated with LPS (10 pwg/ml) for 30 min or exposed to UV (60 J/m?) for 2 h and coanalyzed by EMSA and Western blotting (panels from top to
bottom: antibodies against NEMO, c-Myc, IKKa, and p65) as indicated. (B) Myc-NEMO wild-type-expressing pool of 1.3E2 cells and the
NEMO-deficient 1.3E2 cells were either untreated or treated with LPS (as described above), CPT (10 uM), or UV for 2 h. Whole-cell lysates were
prepared and IKK activity was measured by the immune complex kinase assay (upper panel). Membrane was also immunoblotted with anti-GST
antibody for loading control (lower panel). (C) Coimmunoprecipitation studies were done with 1.3E2 cells, Myc-NEMO wild-type-expressing 1.3E2
cells (D10 clone), and Myc-NEMO (AN120) cells. Extracts prepared from 107 cells per sample were immunoprecipitated with protein G-Sepharose
beads only or with anti-c-Myc antibody overnight at 4°C. Samples were then loaded on an SDS-PAGE gel and examined by immunoblot with
anti-IKKa and then anti-c-Myc antibodies as indicated. (D) A pool of 1.3E2 cells stably expressing an N-terminal 120-amino acid-truncated
Myc-NEMO (AN120) was coanalyzed with 1.3E2 cells and the D10 Myc-NEMO wild-type-expressing 1.3E2 clone. Cells were either untreated or
treated with LPS (10 wg/ml) for 30 min, CPT (10 uM) or UV (60 J/m?) for 2 h. Total cell extracts were made and NF-kB binding activity was
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determined by EMSA. Protein expression levels of c-Myc-tagged proteins and p65 were also examined by Western blotting.
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FIG. 4. UV-induced phosphorylation of IkBa is detectable by a AF-box mutant of B-TrCP as a specific phospho-protein substrate trap. (A) HEK293
cells were transiently transfected with either empty vector (1.0 ng), Myc-tagged wild-type B-TrCP (1.0 pg), or Myc-tagged AF-box B-TrCP (1.0 pg). At
36 h after transfection, cells were either left untreated or were treated with TNF-a (10 ng/ml) for 15 min or CPT (10 wM) for 2 h with or without
pretreatment with MG132 (10 wM). Samples were then directly boiled in 2X SDS loading buffer prior to loading them on an SDS-12.5% PAGE gel.
plkBa migrated higher than the basal IkBa in a Western blot assay with an antibody against IkBa. (B) HEK293 cells were transiently transfected with
empty vector or the AF-box mutant of B-TrCP and either left untreated or treated with TNF-a (as described above) or UV (60 J/m?) at the indicated
times or for 4 h in the presence of MG132 (as described above). Cell samples were analyzed as described above. The upper panel of lanes 9 to 14
represents a longer exposure of the upper regions of the immunoblot probed with the anti-IkBa antibody (lower panel). (C) A pool of HEK293 cells
stably expressing HA-tagged S32/36A mutant of human IkBa were transiently transfected with either empty vector (1.0 wg), Myc-tagged wild-type
B-TrCP (1.0 pg), or Myc-tagged AF-box B-TrCP (1.0 ug) as described above and treated as indicated. HEK293 cells were exposed to UV for 4 h for
maximal NF-«B activation. A total of 5% of the extracts from untreated or treated samples was directly loaded to distinguish between the exogenous and
endogenous IkBa proteins (lanes 1, 6, and 11). Samples were then collected, and cell lysates were made in a buffer containing phosphatase inhibitors (see
Materials and Methods). The cell lysates were then subjected to coimmunoprecipitation with the anti-c-Myc antibody and immunoblotted for both
endogenous and exogenous IkBa proteins (anti-IkBa antibody, top panel) or exogenous IkBa protein only (anti-HA antibody, bottom panel). Three
IkBa forms can be detected (top panel). The lowest band corresponds to the basal endogenous IkBa. The middle band correlates to the endogenous
plkBa. The highest band represents the nondegradable exogenous HA-tagged S32/36A mutant IkBa.

necomplex kinase assay failed to detect any evidence of IKK vation by both LPS and CPT was recovered in the comple-
activation (Fig. 3B, lane 8). The basal IKK activity in 1.3E2 mented cells (lanes 6 and 7). Even though UV-induced IKK
was higher than that seen in the NEMO complemented cells activation could not be readily detected by the in vitro
(compare lanes 1 and 5). As expected, inducible IKK acti- kinase assay, these findings suggest that all of the core IKK
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components are required for efficient activation of NF-kB
by UV exposure.

To confirm that the requirement of NEMO in the UV sig-
naling pathway is mechanistically linked to its direct function
with the catalytic kinases IKKa and IKKpB, we generated an
N-terminal 120-amino-acid deletion mutant of NEMO
(AN120) that has been previously reported to be incapable of
interacting with IKKa and IKKR (24, 25, 31, 46). The NEMO
(AN120) was stably expressed in 1.3E2 cells. Coimmunopre-
cipitation studies demonstrated that the stably expressed Myc-
tagged wild-type NEMO in 1.3E2 cells could interact with
IKKa by using a monoclonal antibody against c-Myc (Fig. 3C,
left panel, lanes 3 and 4). Consistent with a previous report
(46), the c-Myc antibody could not immunoprecipitate TKKa
from Myc-tagged NEMO AN120-expressing 1.3E2 cells (Fig.
3C, left panel, lanes 5 and 6). The expression levels of Myc-
NEMO wild type and AN120 were comparable, as shown by an
anti-c-Myc immunoblot after coimmunoprecipitation (Fig. 3C,
right panel, lanes 4 and 6). As expected, NF-«kB inducers that
have been previously characterized to involve IKK activation in
their pathway, such as LPS and CPT, could not activate NF-kB
binding activity in the Myc-tagged NEMO AN120-expressing
1.3E2 cells (Fig. 3D, lanes 9 to 11). Moreover, NEMO AN120
also failed to complement the NF-«kB activation defect after
UV exposure (lane 12). These results suggest that the interac-
tion between NEMO and IKKa/IKKB is essential for the UV-
induced NF-kB activation pathway.

UV-inducible pIkBa is efficiently trapped by overexpression
of an AF-box B-TrCP mutant. The results thus far strongly
indicate that the IKK complex and its catalytic activity are
directly involved in the UV-induced NF-«B signaling pathway.
Moreover, stable expression of the S32/36A mutant of IkBa is
effective at preventing NF-kB activation by UV. However, as
was reported previously (21), we could not detect pIkBa after
stimulation with UV. Likewise, a similar obstacle was encoun-
tered when we tried to characterize the DNA damage-induced
NF-kB signaling pathway with CPT. We could show the ge-
netic requirement of NEMO, IKKea, IKKB, and the IKK phos-
pho-acceptor sites of IkBa but failed to trap the pIkBa even in
the presence of proteasome inhibitors after CPT treatment
(13). It has been shown that overexpression of a AF-box mu-
tant of B-TrCP in HEK293 cells can retard the ubiquitination
and degradation of IkBa by TNF-a (36). We sought to deter-
mine whether this technique could also enhance the capture of
pIkBa with slow-kinetic inducers such as CPT or UV.

The TNF-a-generated plkBa is readily detected by Western
blot analysis with pretreatment of HEK293 cells with the pro-
teasome inhibitor MG132, followed by a 15-min TNF-« stim-
ulation (Fig. 4A, lanes 1 to 3). This phospho-intermediate can
be recapitulated by overexpressing Myc-tagged AF-box
B-TrCP, followed by TNF-« induction (lane 6). Likewise, over-
expression of AF-box B-TrCP, followed by stimulation with
CPT, allowed for the detection of pIkBa (lane 13). The pIkBa
indeed represented the same TNF-a-induced species seen by
pretreatment with MG132. However, overexpression of Myc-
tagged wild-type B-TrCP, followed by TNF-a or CPT treat-
ment, does not trap plkBa (lanes 4 and 11). As a control,
neither the expression of wild-type B-TrCP nor that of AF-box
B-TrCP was capable of capturing the pIlkBa in the absence of
stimulation (lanes 15 and 16). Curiously, unlike TNF-a, CPT-
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induced phosphorylation of IkBa could not be readily detected
by MG132 pretreatment (lane 10). However, treatment of cells
with proteasome inhibitor along with the expression of AF-box
B-TrCP enhanced the capture of plkBa induced by CPT (lane
14).

In contrast to our findings with TNF-a and CPT, we were
unable to trap the pIkBa after UV exposure when we overex-
pressed AF-box B-TrCP in HEK293 cells, even in the presence
of MG132 (Fig. 4B, compare lanes 5 to 8 and the lower panel
of lanes 11 to 14). It was shown previously that UV-induced
NF-kB activation was abolished in the temperature-sensitive
ubiquitin-activating enzyme E1 £520 cell line only at the restric-
tive temperature, suggesting that NF-kB activation by UV ex-
posure requires ubiquitination of IkBa (21). Accordingly, we
were able to detect multiubiquitinated IkBa after treatment
with UV, particularly in the presence of MG132 (Fig. 4B,
upper panel, lane 11), whose levels were reduced to undetect-
able levels by the expression of AF-box B-TrCP (upper panel of
lane 14). To specifically capture the potentially labile pIkBa
induced by UV exposure, we made the assay even more sen-
sitive with built-in controls by first engineering HEK293 cells
to stably express HA-tagged S32/36A IkBa, transiently trans-
fected the cells with Myc-tagged wild-type or AF-box B-TrCP,
and then treated them with TNF-a or UV in the presence or
absence of proteasome inhibitors. The treated samples were
then subjected to a coimmunoprecipitation step with the anti-
c-Myc antibody to pull down pIkBa bound to B-TrCP. While
very little endogenous plkBa could be detected upon UV
exposure in the presence of AF-box B-TrCP alone (Fig. 4C, top
panel, lane 14), much more pIkBa was captured when MG132
pretreatment was added (top panel, lane 15). The pIkBa de-
tection was not due to MG132 treatment alone since AF-box
B-TrCP expression, followed by MG132 treatment, did not
trap significant amount of the pIkBa intermediate (top panel,
lane 5). Also, wild-type B-TrCP expression followed by MG132
treatment did not allow the detection of UV-induced pIkBa
species (data not shown). The UV-induced interaction of
pIkBa with mutant B-TrCP was dependent on phosphorylation
of serines 32 and 36 since the HA-tagged S32/36A IkBa mu-
tant could not be coimmunoprecipitated with the anti-c-Myc
antibody under any of the treatment conditions (Fig. 4C, lower
panel). Thus, by using a more sensitive strategy to trap the
inducible pIkBa, UV exposure was found to induce the phos-
phorylation of IkBa on serines 32 and 36 in an IKK-dependent
manner.

Mutations of the C-terminal zinc finger domain of NEMO
abolish UV-induced NF-kB activation. It has been proposed
that the IKK complex is the point of convergence for most
NF-kB-activating stimuli and that NEMO might act as a mo-
lecular bridge to activate IKK (14). In order to determine
which region(s) of NEMO is necessary for UV-induced NF-«xB
activation, Myc-tagged C-terminal deletion mutants of NEMO
were made and stably expressed in 1.3E2 cells for analyses
(data not shown). Surprisingly, we found that truncation of the
last 25 amino acids of NEMO (AC25), which encodes a puta-
tive zinc finger domain, completely abolished UV-induced
NF-«B binding activity (Fig. 5A, upper panel, compare lanes 5
and 10). Other slow-kinetic inducers, such as CPT and VP16,
also failed to activate NF-kB in these cells (upper panel, lanes
3 and 4). However, unexpectedly, the LPS signaling pathway
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FIG. 5. UV-induced activation of NF-kB selectively requires the C-terminal 25 amino acids of NEMO. (A) 70Z/3, 1.3E2, and Myc-NEMO
(AC25)-expressing 1.3E2 cells were treated as indicated, and the NF-«kB binding activity was analyzed by EMSA (top panel), Myc-NEMO was
detected in an immunoblot with an anti-c-Myc antibody (middle panel), and the relative expression levels of both Myc-NEMO (AC25) and
wild-type endogenous NEMO were compared with a Western blot probed with anti-NEMO antibody (lower panel). (B) Coimmunoprecipitation
studies were done with 70Z/3, 1.3E2, and Myc-NEMO (AC25)-expressing 1.3E2 cells. A total of 107 cells per sample were lysed and immuno-
precipitated with either rabbit immunoglobulin G or anti-NEMO antibodies. The samples were subjected to SDS-PAGE and then immunoblotted

with anti-IKKa and -NEMO antibodies.

was still intact in the 1.3E2 cells expressing NEMO AC25
(upper panel, lane 2). The expression level of exogenous
NEMO AC25 in 1.3E2 cells was comparable to that of endo-
genous NEMO in 70Z/3 cells (lower panel). Coimmunopre-
cipitation studies showed that NEMO AC25 also interacted
with IKKa at similar levels to that of wild-type NEMO (Fig.
5B).

The last 25 amino acids of NEMO encode a putative zinc
finger domain (Fig. 6A). While our study was ongoing, a report
was published regarding the identification of specific missense
mutations in the putative zinc finger domain of NEMO in a
human disease called X-linked primary immunodeficiency,
characterized by hyper-immunoglobulin M syndrome and hy-
pohydrotic ectodermal dysplasia (XHM-ED) (15). The muta-
tions result in codon changes of cysteine 417 to arginine and

aspartic acid 406 to valine in the C-terminal region (Fig. 6A).
Analysis of the cells derived from the affected patients showed
that NF-«kB activation was intact after treatments with LPS or
TNF-a but not with CD40L (15). To determine whether the
lack of UV activation of NF-kB observed in 1.3E2 cells ex-
pressing NEMO AC25 was due to the lack of the zinc finger
motif, the above natural zinc finger mutations in NEMO were
examined for their effect on UV-induced activation of NF-kB.
We first constructed NEMO point mutants, C417R, C417A,
and D406V, and stably expressed them in 1.3E2 cells as de-
scribed above. These reconstitution experiments demonstrated
that the LPS-induced NF-«B activation was only modestly af-
fected by C417R, C417A, and D406V point mutations (Fig. 6B,
lanes 2, 8, 11, and 14). However, the point mutations in the zinc
finger region of NEMO completely prevented UV-induced
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FIG. 6. NEMO zinc finger point mutations greatly compromise the ability of the cells to activate NF-kB by UV and topoisomerase inhibitors.
(A) Diagram depicting point mutations in the Cys,HisCys zinc finger region generated and analyzed in this study. (B) The two known naturally
occurring point mutations in the putative zinc finger domain of NEMO (C417R and D406V) were generated as Myc-NEMO (CR) and
Myc-NEMO (DV), respectively. Cysteine 417 was also changed to alanine and constructed as Myc-NEMO (CA). The three NEMO point mutants
were stably expressed in 1.3E2 cells and analyzed, along with the Myc-NEMO wild-type-expressing 1.3E2 clone D10 and the parental 1.3E2 cells.
The five different cell lines were either left untreated or treated with LPS (10 pg/ml) for 30 min or with CPT (10 pM) for 2 h. Total cell extracts
were made and analyzed by EMSA for NF-«B binding activity (upper panel) and by Western blotting (anti-c-Myc antibody) for protein expression
levels of the Myc-tagged NEMO wild-type and point mutants (lower panel). (C) The five cell lines were also exposed to UV (60 J/m?) for 2 h and
analyzed by EMSA (upper panel) and Western blot assay (lower panel) as described above.

NF-kB activation (Fig. 6C). This was also the case for two
other slow-kinetic inducers, CPT (Fig. 6B) and VP16 (data not
shown). These results demonstrate that the putative zinc finger
domain at the C-terminal region of NEMO is essential for UV-
induced activation of NF-kB. Moreover, this zinc finger region
appears to be selectively required for signaling pathways initiated
by relatively slower and/or weaker NF-«kB-activating conditions.

DISCUSSION

Earlier studies have proposed that the signaling event
through which UV triggers the degradation of IkBa to be
distinct from that of the cytokine-induced signaling pathway (1,
21). Here we provide evidence that the IkB kinases and the
regulatory subunit, NEMO, are indeed necessary components
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in the UV-induced NF-«B signaling pathway. NEMO-deficient
or IKKa and IKKB doubly deficient cell lines fail to increase
NF-kB DNA-binding activity upon UV exposure in compari-
son to their wild-type counterparts. Moreover, replacing the
IKK phospho-acceptor sites of IkBa, serines 32 and 36, with
nonphosphorylatable alanine residues not only prevents its in-
ducible degradation by UV but also abolishes NF-kB activa-
tion after UV treatment. To determine whether these sites
were inducibly phosphorylated by UV, we developed a very
sensitive strategy to capture the plkBa. Using the dominant-
negative mutant form of the receptor subunit of the SCF ubig-
uitin ligase B-TrCP as bait, we were able to efficiently trap the
UV-inducible pIkBa intermediate. These results suggest that
the UV pathway utilizes IKK to phosphorylate IkBa and target
it for proteolysis by a B-TrCP-dependent ubiquitin proteasome
pathway.

Several inconsistencies, however, still loom over the mech-
anism involved in the UV-induced NF-«B signaling pathway.
First, although both the components and the catalytic activity
of the IKK complex were found to be required for UV-induced
NF-«B binding activity in the present study, the detection of an
increase in the IKK kinase activity remains elusive. Consistent
with the previous report by Li and Karin (21), we also failed to
detect any evidence of the increase in IKK activity after expo-
sure of different cells to various doses and time durations of
UV exposure. The IKK activity, as measured by the in vitro
immunecomplex kinase assay, is not detectably elevated above
the basal level IKK activity, even though it reproducibly dips
below the unstimulated levels at ca. 60 min and returns to basal
levels after 90 min of UV exposure (T. T. Huang, unpublished
data). It is unclear whether the inability to detect IKK activa-
tion is due to some deficiency of the in vitro assay to truly
recapitulate in vivo activation of this kinase complex after UV
stimulation or whether it is due to the presence of an IKK-
inactivating phosphatase(s) which prevents the detection of
possible UV-induced IKK activation. Rapid activation of a
PP2A-like protein phosphatase has been observed after UV
irradiation in NIH 3T3 cells (41), and PP2A has been impli-
cated in the regulation of IKK activation (3, 7). Alternatively,
the basal IKK activity may be all that is necessary to phosphor-
ylate IkBa in response to UV stimulus without any “induction”
of its kinase activity. Significantly, however, the dual mutations
of the phosphorylation sites within the activation loop of IKKB
interfered with UV activation of NF-kB under our experimen-
tal conditions, suggesting that inducible phosphorylation of
IKKP at these sites is likely necessary for this UV pathway as
for the cytokine-inducible pathways (5).

Second, other groups have previously suggested that the
IKK phospho-acceptor sites on IkBa are not required for UV-
induced IkBa degradation. These experiments were done ei-
ther by the analysis of transiently transfected IkBa wild type or
S32/36A mutant in HeLa cells, followed by UV stimulation (1),
or by analysis of pools of stably transfected HeLa cells express-
ing either wild-type or S32/36A mutant IkBa (21). In both
cases, the expression levels of the mutant IkBa were compa-
rably lower than were the endogenous IkBa levels. It was not
known whether their expression of the mutant IkBa could
inhibit UV-induced NF-kB activation, since its effect on
NF-kB DNA-binding activity was not reported in these previ-
ous studies. We found that in the 70Z/3 cell background, the
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mutant IkBa clearly blocked NF-«kB activation by UV expo-
sure. In addition, we found that UV exposure enhanced
caspase-mediated cleavage of IkBa, independent of serines 32
and 36, at longer time points (data not shown). Pretreatment
of 70Z/3 cells with a pan-caspase inhibitor, such as z-VAD, was
required to blocked the minor degradation of S32/36A mutant
IkBa. Nevertheless, UV-induced activation of NF-kB, as mea-
sured by EMSA, was completely blocked in S32/36A mutant-
expressing cells, even without the presence of caspase inhibi-
tors. Such parallel effects of UV might have contributed, in
part, to the degradation of S32/36A mutant of IkBa at longer
time points after UV exposures. It is also possible that different
cell types may elicit distinct mechanisms of NF-«kB activation
by UV.

Many previous studies on the mammalian UV response pri-
marily focused on the activation of AP-1 as one key endpoint
(6, 19, 30, 33). It has been shown that UV irradiation can
stimulate the activity of a variety of mitogen-activated protein
kinases, including JNK, p38, and ERK, and can therefore in-
duce the subsequent phosphorylation of transcription factors,
such as c-Jun, ATF-2, and Elk-1 (17). It was suggested that UV
exposure activates cell surface receptors, such as the epidermal
growth factor and TNF receptors, in ligand-independent fash-
ions to activate mitogen-activated protein kinases (30, 33, 39).
Two mechanisms have been proposed to explain the activation
of cell surface receptors by UV: (i) UV-induced receptor clus-
tering (30) and (ii) inhibition of receptor-inactivating protein
phosphatases (19). Thus, by mimicking the action of growth
factors and cytokines, UV irradiation may activate signaling
pathways that lead to the induction of NF-kB activity.

Consistent with this notion, we found that many of the
downstream signaling events, which lead to the degradation of
IkBa and NF-kB activation by UV, are surprisingly parallel to
those induced by cytokine or other cell surface receptors, such
as that for LPS and TNF-a. However, how the initial UV
signal, generated at the cell surface by a ligand-independent
mechanism, can communicate with the IKK complex is not
clear. Even though the components involved are similar, our
findings suggest that ligand-induced signals and those induced
by UV are processed somewhat differently and likely evoke
distinct reactions on the IKK complex. We found an intriguing
observation that the C-terminal zinc finger domain of NEMO,
when in complex with the catalytic kinases, is essential for
UV-induced NF-«kB activation. However, unexpectedly, this
region of NEMO is largely dispensable for LPS-dependent
activation of NF-kB even though downstream events that tar-
get the degradation of IkBa appears to be the same. Recent
studies by Jain et al. (15) showed that cells isolated from
patients with XHM-ED contain mutations in the NEMO zinc
finger region. The TNF-a- and LPS-induced NF-«B signaling
pathways also appeared to be normal in cells from the affected
patients. Thus, while the IKK-dependent downstream events
are similar, UV activation of NF-kB invokes IKK regulation
distinct from that induced by the classical cytokine pathways by
means of the C-terminal NEMO zinc finger.

Interestingly, we found that the C-terminal NEMO zinc fin-
ger is also necessary for NF-kB activation by other relatively
slower and weaker activators, such as CPT and VP16. These
topoisomerase inhibitors activate NF-kB by causing IkBa de-
gradation by mechanisms similar to those induced by cyto-
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kines. Jain et al. (15) also showed that CD40L signaling to
NF-«kB was disrupted in the NEMO zinc finger mutant cells.
This allowed us to categorize certain NF-kB inducers (CD40L,
UV, CPT, and VP16) together that are highly sensitive to the
disruption of the zinc finger structure of NEMO and group
other NF-kB inducers (TNF-a and LPS) that are not as sen-
sitive. Since maximal activation of NF-kB by UV, CPT, and
VP16 is generally weaker and reach peak activation at much
slower kinetics than do cytokines and LPS, IKK activation
processes that occur under these different conditions may be
different. It is possible that the putative zinc finger module of
NEMO is a protein interaction domain that recruits other
cofactors necessary for a specific subset of NF-kB inducers.
Alternatively, mutations in the zinc finger region could alter
the integrity of other possible protein-protein interaction do-
mains in NEMO or in IKKa/B complexes. Strong and rapid
activators of NF-kB may bypass the requirement of these in-
teracting events involving the NEMO zinc finger region to
induce IKK, whereas weaker and slower activators may heavily
depend on these interactions. Thus, we propose that a hall-
mark for slow-kinetic and weak IKK-dependent NF-kB induc-
ers may be the critical involvement of the zinc finger domain of
NEMO to modulate IKK activity. Finding the mechanism by
which the NEMO zinc finger contributes to select IKK activa-
tion events may provide a useful target to selectively modulate
a set of NF-kB-dependent processes to treat human diseases,
such as cancer and XHM-ED.
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