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ABSTRACT We examined the mechanisms by which two
different types of photonic radiation, short wavelength UV
(UV-C) and vy radiation, activate transcription factor NF-«B.
Exposure of mammalian cells to either form of radiation
resulted in induction with similar kinetics of NF-kB DNA
binding activity, nuclear translocation of its p65(RelA) sub-
unit, and degradation of the major NF-«B inhibitor IxkBa. In
both cases, induction of NF-kB activity was attenuated by
proteasome inhibitors and a mutation in ubiquitin-activating
enzyme, suggesting that both UV-C and vy radiation induce
degradation of IkBs by means of the ubiquitin/proteasome
pathway. However, although the induction of IkBa degrada-
tion by vy rays was dependent on its phosphorylation at Ser-32
and Ser-36, UV-C-induced IkBa degradation was not depen-
dent on phosphorylation of these residues. Even the “super
repressor”’ IkBa mutant, which contains alanines at positions
32 and 36, was still susceptible to UV-C-induced degradation.
Correspondingly, we found that y radiation led to activation
of IKK, the protein kinase that phosphorylates IkBa at Ser-32
and Ser-36, whereas UV-C radiation did not. Furthermore,
expression of a catalytically inactive IKK3 mutant prevented
NF-kB activation by v radiation, but not by UV-C. These
results indicate that y radiation and UV-C activate NF-«kB
through two distinct mechanisms.

Exposure of cells to different forms of radiation and other
genotoxic stresses stimulates signaling pathways that activate
transcription factors including AP-1, NF-«B, and p53 (1-4).
These transcription factors elicit various biological responses
through induction of target genes. For instance, p53 activation
leads to induction of p21, an inhibitor of cyclin-dependent
kinases, resulting in arrest at the G; phase of the cell cycle
(5-7). This cell cycle arrest is thought to provide affected cells
with ample time to repair their damaged DNA before entering
S phase (8). Although the role of AP-1 activation is somewhat
contentious and needs to be investigated further, it appears
that induction of c-Fos (9) and c-Jun (E. Shaulian and M.K.,
unpublished work) help cells exit the G; checkpoint imposed
by p53 and p21. Induction of NF-«B activity, on the other hand,
appears to play an important antiapoptotic function (10-14).

The mechanism by which exposure to short wavelength UV
radiation (UV-C and UV-B) results in activation of AP-1 has
been investigated in detail. Exposure to UV-C, for instance,
results in rapid c-fos and c-jun gene induction (15, 16) and
phosphorylation of c-Jun at two N-terminal sites that poten-
tiate its ability to activate transcription (17). These observa-
tions led to the identification of the c-Jun N-terminal kinases
(JNKs), whose activity is rapidly stimulated by UV-C or UV-B
exposure (18, 19). In addition to the JNKs, UV exposure also
results in potent activation of the related p38 mitogen-
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activated protein kinases (MAPKSs) and less efficient activa-
tion of the extracellular signal-regulated kinases (ERKs) (20—
23). All of these protein kinases participate in c-jun (17, 18)
and c-fos (20, 21, 23) induction through phosphorylation of
distinct substrates (24).

JNK activation by UV does not require damage to nuclear
DNA because it can be elicited in nucleus-free cytoplasts (25).
Indeed, the earliest events elicited by UV exposure that can
lead to MAPK activation include activation of the epidermal
growth factor receptor and several other cell surface receptors,
including interleukin 1 (IL-1) and tumor necrosis factor (TNF)
receptors (26, 27). Two mechanisms were suggested to under-
lie UV-induced receptor activation, receptor clustering (27)
and inhibition of receptor-inactivating phosphatases (22).

UV-Cor UV-B also induce NF-«B activity (25, 28, 29). Like
AP-1, induction of NF-kB does not require damage to nuclear
DNA (25, 28). However, unlike AP-1, little is known regarding
the mechanism by which UV exposure results in NF-«B
activation. NF-«kB is a dimeric transcription factor composed
of members of the Rel family that is kept in the cytoplasm of
nonstimulated cells through interaction with inhibitory pro-
teins, the I«Bs (30, 31). The I«Bs retain NF-«B in the
cytoplasm by masking the nuclear localization sequence em-
bedded within the Rel homology domain (32). The most
potent NF-«B activators are the proinflammatory cytokines
IL-1 and TNF (33, 34), which cause rapid phosphorylation of
IkBs at two sites within their N-terminal regulatory domain
(35-38). This phosphorylation event, which in the case of IkBa
occurs on Ser-32 and Ser-36, results in polyubiquitination of
the IkBs and their degradation by the 26S proteasome (37,
39-43). This results in liberation of NF-«B, its nuclear trans-
location and activation of target genes (30, 31), which include
those coding for inflammatory mediators and immunoregula-
tory molecules (33, 34). Recently, a protein kinase complex
whose activity is stimulated by TNF or IL-1, which mediates
1B phosphorylation, was purified (44). Two of the subunits of
this complex, named IKK«a and IKKB (IkB kinase « and 8
subunits), were molecularly cloned and found to contain an
N-terminal protein kinase domain and a C-terminal regulatory
domain with several protein interaction motifs (44-46). IKK«a
and IKKp were also identified through a two hybrid screen as
proteins that interact with the NF-«B-activating kinase NIK
(47, 48). The IKK complex phosphorylates IkBa and IkBp at
each of the two N-terminal sites that trigger their ubiquitina-
tion and degradation. Expression of catalytically inactive IKK«
or IKKp prevents NF-«B activation (45-47).

In addition to short wavelength UV radiation, NF-«B
activity is also induced by exposure to even shorter wavelength
photons, y rays or ionizing radiation (IR) (49, 50). We
compared the mechanism by which UV-C and IR activate
NF-«B. Although both radiations induce I«B degradation they
operate through two distinct mechanisms. Whereas IR expo-

Abbreviations: JNKs, c-Jun N-terminal kinases; MAPKSs, mitogen-
activated protein kinases; TNF, tumor necrosis factor; IL-1, interleu-
kin 1; IR, ionizing radiation; HA, hemagglutinin; EMSA, electro-
phoretic mobility shift assay.
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sure results in IKK activation and IR-induced IxkB degradation
is phosphorylation dependent, exposure to UV-C does not
result in IKK activation, and UV-induced I«B degradation
occurs independently of its N-terminal serine phosphorylation.

MATERIALS AND METHODS

Reagents and Antibodies. Proteasome inhibitors AcLLnL
(N-Ac-Leu-Leu-norleucinal) (51) and clasto-lactacystin B-lac-
tone (52, 53) were from Calbiochem, and Z-L3vs (Cbz-Leu-
Leu-Leu-vinyl sulfone) (54) was kindly provided by Wei Jiang
(The Salk Institute). They were dissolved in dimethyl sulfoxide.
The peak emission wavelength of the UV-C lamp (American
Ultraviolet Company, Lebanon, IN) used was 254 nm, and vy
radiation was delivered by using a JL Shepherd Mark I Model
30 Trradiator with a !3’Cs source. Anti-IkBa is a rabbit
polyclonal antibody (41). Anti-IKKe« is a monoclonal antibody
raised against full-length IKK« (PharMingen). Anti-p65 (SC-
372) was from Santa Cruz Biotechnology.

Cell Culture and Transfection. HeLLa and 293 cells were
grown in DMEM with 10% fetal bovine serum (FBS) and
transfected by using lipofectamine (GIBCO/BRL) as de-
scribed (46). Pools of cells that stably express hemagglutinin
(HA)-tagged IkBa or IkBa AA were obtained by selection in
medium containing 1 mg/ml G418 for 2 weeks. The Chinese
hamster cell line ts20 (55) was grown at 30°C in RPMI 1640
medium supplemented with 10% FBS.

Cell Extracts and Electrophoretic Mobility Shift Assay
(EMSA). Cell extracts were prepared as described (25, 56).
Cells were harvested in hypotonic buffer and pelleted by
centrifugation. The pellets were suspended in nuclear extract
buffer. After 15 min on ice the suspensions were centrifuged
and the supernatants were transferred to new tubes. For whole
cell extracts, cells were lysed in cell lysis buffer containing
proteinase and phosphatase inhibitors and after centrifugation
the supernatants were used. EMSA was performed as de-
scribed (25, 41, 56). Briefly, 5 ug of nuclear protein or 10 ug
of whole cell extract was incubated with 2 ug of poly(dI-dC)
and 5,000-10,000 cpm of labeled oligonucleotide probes (57).
After 30 min at room temperature, the samples were analyzed
on native 5% polyacrylamide gels.

Immunoprecipitation, Kinase Assay, Inmunoblotting, and
Immunofluorescence. Cell lysates were incubated with anti-
IKKe for 1 hr at 4°C, protein G-Sepharose beads were added,
and the incubation continued for 1 hr. The beads were
collected and washed and IKK activity was assayed at 30°C for
40 min in kinase buffer containing [y->?P]ATP and 2 pg of
glutathione S-transferase IkBa(1-54) as described (44). Im-
munoblotting was done as described (44, 46, 56). Indirect
immunofluorescence was performed as described (46, 58).

RESULTS

UV and IR Induce NF-«kB DNA Binding Activity and
Nuclear Translocation. To study NF-«kB activation by UV-C
and IR, we examined induction of NF-«B DNA binding
activity by EMSA. Exposure of HeLa cells to UV-C resulted
in dose-dependent induction of NF-«kB binding activity that
was maximal in cells receiving 20 J/m? UV-C (Fig. 14). Time
course analysis revealed that NF-«B binding activity was
detectable 1.5 hr after exposure to 40 J/m? UV-C and
increased until it reached a maximum 5-8 hr postirradiation.
The UV-induced protein-DNA complex was competed by an
excess of unlabeled kB oligonucleotide, but not by an unla-
beled AP-1 oligonucleotide. Induction of NF-«B binding ac-
tivity by UV-Cwas weaker and slower when compared with the
response elicited by TNF (Fig. 14). Exposure of HeLa cells to
v radiation also resulted in the induction of NF-«B binding
activity (Fig. 1B). Maximal induction was produced by expo-
sure to 20 Gy of IR and NF-«B binding activity was first
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Fic. 1. UV-C and IR activate NF-«B. Serum-starved HeLa cells
were exposed to the indicated doses of UV-C (A4) or IR (B). At the
indicated times nuclear extracts were prepared and NF-«B DNA
binding activity determined by EMSA. Specificity of binding was
determined by competition with 100-fold excess unlabeled kB oligo-
nucleotide or an AP-1 site oligonucleotide. As a positive control,
EMSA was also performed with the nuclear extract of cells exposed to
TNF (10 ng/ml) for 30 min. Migration positions of the NF-«B and
nonspecific (ns) protein-DNA complexes and free probe are indi-
cated. (C) UV-C and IR induce NF-«B nuclear translocation. HeLa
cells grown on coverslips were untreated (—) or exposed to UV-C (40
J/m?), IR (20 Gy), or TNF (10 ng/ml) and fixed after 5, 3, or 0.5 hr,
respectively. Cells were then incubated with anti-p65(RelA), stained
with rhodamine-conjugated goat anti-rabbit IgG, and photographed
through an epifluorescence-equipped microscope with a 63X oil
objective and an automatic camera. Exposure times were considerably

longer for the UV and IR irradiated samples to obtain exposure similar
to the TNF treated samples.

detected 1 hr postradiation. Maximal induction was observed
2-3 hr after radiation exposure. The DNA-protein complex
induced by UV-C and IR contained p65 (RelA) because it was
“supershifted” by an anti-p65 antibody (data not shown). To
confirm further that exposure to UV-C and IR activates
NF-«B, we examined the nuclear translocation of p65 by
indirect immunofluorescence. Similar to TNF treatment, ex-
posure to both UV-C and IR enhanced nuclear staining of
HeLa cells by anti-p65 (Fig. 1C). Although not visible in these
photographs produced by an automatic exposure camera, the
nuclear signals in cells exposed to UV-C or IR were weaker
than those in cells treated with TNF, consistent with the
relative capacities of these treatments to induce NF-«B DNA
binding activity.

The slow kinetics of the responses to UV-C and IR sug-
gested that they may be mediated through induction of an
intermediary protein. However, preincubation of HeLa cells
with the protein synthesis inhibitor cycloheximide did not
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prevent or reduce the extent of NF-«B activation (data not
shown). In addition, the induction of NF-«B by either UV-C
or IR is unlikely to be mediated by secretion of TNF or
activation of TNF receptor because it was not prevented by
preincubation with neutralizing anti-TNF or anti-TNF recep-
tor antibodies, which did inhibit the response to TNF (data not
shown).

UV-C and IR Induce IkBa Degradation. Activation of
NF-«B by TNF or IL-1 is achieved through phosphorylation-
dependent degradation of the IkBs, which results in the release
and subsequent nuclear translocation of NF-«kB (31). To
understand how UV-C or IR activate NF-«B, we performed
immunoblotting experiments with IkBa antibodies to examine
whether these agents cause degradation of this most well
characterized and abundant I«B protein. Although IkBa was
almost completely degraded 20 min after TNF treatment,
exposure to either UV-C or IR caused only partial and slow
IkBa degradation (Fig. 24). The kinetics of IkBa degradation
correlated well with the kinetics of NF-«B activation by these
stimuli. A retardation in the electrophoretic mobility of IkBa,
which corresponds to its phosphorylation at Ser-32 and Ser-36,
was easily observed in samples isolated from TNF-treated cells
but not after exposure to UV-C or IR.

If the primary mechanism responsible for NF-«B activation
depends on IkB degradation, inhibition of this process should
block NF-«kB activation. Indeed, induction of NF-«B binding
activity was blocked when HeLa cells were treated with the
proteasome inhibitors AcLLnL, Z-L3vs, and clasto-lactacystin
B-lactone, which are known to inhibit NF-«B activation (41, 59,
60), before their exposure to UV-C, IR, or TNF (Fig. 2B).
Immunoblotting analysis showed that these inhibitors blocked
IkBa degradation induced by UV, IR, and TNF (Fig. 2C).
Because the use of these inhibitors allows the accumulation of
phosphorylated IkBa (37, 38), in their presence there was a
large increase in the level of the slower migrating form of IkB«
after TNF treatment, and that form was also detected after IR
exposure (Fig. 2C). Nevertheless, UV-C irradiation did not
cause a retardation of IkBa electrophoretic mobility even in
the presence of proteasome inhibitors. If ubiquitination of
IkBa is required for its degradation, inhibition of this modi-
fication should block NF-«B activation. To test this point, we
examined NF-kB activation in the ts20 cell line, which has a
temperature-sensitive ubiquitin-activating enzyme E1 (55). At
the restrictive temperature, NF-«B activation induced by TNF
or UV was abolished, whereas NF-1 DNA binding activity was
not affected (Fig. 2D).

Ser-32 and Ser-36 Phosphorylation Is Required for IkBa
Degradation Induced by IR but Not by UV-C. Cytokine-
inducible phosphorylation of IkBa at Ser-32 and Ser-36 is
necessary for its degradation and subsequent NF-«B activation
(35, 37, 38). To assess whether IkBa phosphorylation at these
sites is also required for degradation induced by UV-C or IR,
an IkBa mutant (IkBa AA) in which Ser-32 and Ser-36 were
replaced by alanines was stably expressed as an HA-tagged
protein in HeLa and 293 cells and its degradation was exam-
ined by immunoblotting. Similar experiments also were per-
formed in cells that stably expressed HA-tagged wild-type
IkBa. To visualize the HA-tagged proteins in HeLa cells the
film was overexposed because their expression levels were
lower than that of endogenous IkBa. The HA-tagged wild-
type IkBa was degraded in response to UV-C, IR, or TNF with
kinetics similar to those of endogenous IkBa (Fig. 3). Surpris-
ingly, the IkBa AA mutant underwent degradation with the
same kinetics as the wild-type protein after exposure to UV-C
(Fig. 34). However, both in HeLa and 293 cells (Fig. 3B and
data not shown), this mutant was refractory to IR and TNF,
which still induced the degradation of endogenous IkBa.
Because 293 cells do not respond well to UV-C irradiation
(unpublished results), we could not measure the effect of UV
on IkBa degradation in these cells. These data strongly suggest
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Fic. 2. UV-C and IR induce IkBa degradation. (4) HeLa cells
were exposed to UV-C (40 J/m?), IR (20 Gy), or TNF (10 ng/ml) and
whole cell extracts were prepared at the indicated times. Proteins (10
png) were separated by electrophoresis on a 12.5% SDS/polyacryl-
amide gel and immunoblotted with anti-IkBa. Lane C, untreated cells.
Positions of IkBa and phosphorylated IkBa (p-I«kBa) are indicated. (B
and C) Proteasome inhibitors block UV- and IR-induced NF-xB
activation and IkBa degradation. HeLa cells were either untreated
(control) or incubated with 100 uM AcLLnL, 50 uM Z-L3vs, or 10 uM
clasto-lactacystin B-lactone (Lactacystin) for 1 hr before exposure to
UV-C (40 J/m?), IR (20 Gy), or TNF (10 ng/ml). Cell extracts were
prepared after 4 hr, 2 hr, and 15 min, respectively. NF-kB DNA binding
activity was measured by EMSA (B) and IkBa degradation examined
by immunoblotting with anti-IkBa (C). (D) Ubiquitination is required
for NF-«B activation. ts20 cells were cultured at either the permissive
(30°C) or restrictive (40°C) temperature for 6 hr to allow inactivation
of the temperature-sensitive E1. Cells were then treated with TNF for
15 or 30 min or exposed to U V. Cell extracts were prepared and NF-«xB
(Upper) and NF-1 (Lower) DNA binding activities were measured by
EMSA.

that, although phosphorylation at Ser-32 and Ser-36 is re-
quired for IkBa degradation after exposure to IR or TNF, it
is not a prerequisite for UV-C-induced degradation.

IKK Is Activated in Response to IR but Not UV Irradiation.
Next we examined the effect of UV-C and IR on the activity
of IKK, the TNF and IL-1 responsive protein kinase (44—48)
that phosphorylates IkBa at Ser-32 and Ser-36. Proteins
isolated at various intervals after exposure of HeLa cells to
either UV-C or IR were immunoprecipitated with an IKK«
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FiG. 3. Ser-32 and Ser-36 are required for IkBa degradation in
response to IR, but not by UV-C. Pools of stably transfected HeLa
cells expressing HA-tagged wild-type IkBa or the IkBa AA mutant
were either untreated or exposed to UV-C (40 J/m?) (4), IR (20 Gy)
(B), and TNF (10 ng/ml). At the indicated times, lysates were
prepared, separated by SDS/PAGE, and immunoblotted with anti-
IkBa. Lanes Un and C, untransfected and untreated transfected cells,
respectively. The migration positions of endogenous IkBa and the
transfected HA-IkBa are indicated. To visualize HA-tagged IkBa the
film was overexposed.

antibody and then subjected to an immunecomplex kinase
assay by using glutathione S-transferase-IkBa(1-54) as a
substrate. Although this antibody is directed to IKKe, it
precipitates the entire IKK complex (61). While TNF rapidly
stimulated IKK activity by approximately 10-fold, IKK activity
was slowly stimulated by exposure to IR, reaching a maximum
of a 2.8-fold increase after 90 min (Fig. 4). Whereas the
response to TNF is first detectable at 5 min (44, 46), the
response to IR was first detected after 30—45 min. By contrast,
exposure to UV-C had no effect on IKK activity (Fig. 4).
IKK Is Necessary for NF-«kB Nuclear Translocation and
IkBa Degradation Induced by IR but Not by UV-C. The results
described above suggest that IKK is required for NF-«B
activation in response to IR but not UV-C. To confirm this
point a catalytically inactive IKK mutant, HA-IKKB (KA), in
which the lysine residue that is crucial for ATP binding is
replaced by an alanine, was employed. Expression of this
mutant blocks NF-«B activation by TNF or IL-1 (46). HeLa
cells grown on coverslips were transfected with an expression
vector encoding HA-IKKB (KA) and 36 hr later were exposed

IR (min)
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to UV-C, IR, or TNF. Cells were fixed and the subcellular
distribution of p65 was examined by indirect immunofluores-
cence. Double staining with anti-HA and anti-p65 was used to
identify transfected cells. Because staining with anti-HA pro-
duced a weak background nuclear fluorescence, only cells that
exhibited strong cytoplasmic staining with anti-HA were con-
sidered as transfected. Expression of HA-IKKp (KA) blocked
the nuclear accumulation of p65 in cells exposed to IR or TNF
but not in UV-C irradiated cells (Fig. 54). Expression of
wild-type HA-IKKB did not prevent the nuclear entry of
p65/RelA (46) (data not shown). HeLa cells were also trans-
fected with HA-IkBa together with an empty vector or
HA-IKKB (KA) vector. After exposure to UV, IR, or TNF,
cells were harvested and lysates analyzed by immunoblotting
with anti-HA. Expression of HA-IKKB (KA) blocked HA-
IkBa degradation induced by IR and TNF but not by UV (Fig.
5B). Therefore, activation of NF-«B by IR depends on IKK
activity, whereas the response to UV-C occurs through an
IKK-independent mechanism.

DISCUSSION

Because NF-«kB activation can result in induction of antiapo-
ptotic genes (4, 10, 12, 14, 62), it is an important stress response
that can modulate the outcome of exposure to radiation and
genotoxic drugs. We therefore compared the mechanisms
through which exposure to UV-C and IR result in NF-«B
activation. Our results indicate that these two forms of pho-
tonic radiation use different mechanisms to activate NF-kB.
Although exposure to either UV-C or vy rays results in deg-
radation of IkBa and nuclear entry of p65/RelA, the IR
response depends on the phosphorylation of IkBa at Ser-32
and Ser-36, whereas the UV-C response does not. This con-
clusion rests on several pieces of evidence: (i) IR, but not
UV-C, leads to IKK activation; (i) substitution of the IKK
phosphoacceptor sites of IkBa, Ser-32 and Ser-36, with non-
phosphorylatable alanine residues abolishes IkBa degradation
induced by IR but not by UV-C; (iii) a catalytically inactive
IKKB mutant, previously shown to inhibit NF-«kB activation by
TNF, blocks NF-«kB activation by IR but not by UV-C.
Previous studies of the mammalian UV response were
mostly focused on activation of AP-1 as an endpoint (17, 22,
26,27). These studies indicated that a variety of MAPKs whose
activities are stimulated by UV irradiation phosphorylate
transcription factors, including c-Jun, ATF-2, Elk-1, and MEF-
2C, that play an important role in the induction of c-jun and
c-fos transcription (24). These MAPKSs, which include JNK,
p38, and ERK, are probably activated by signaling cascades
that are usually triggered by occupancy of cell surface recep-
tors (63, 64). It was also shown that UV irradiation activates
the epidermal growth factor and TNF receptors (26, 27, 65).
Thus, by mimicking the action of growth factors and cytokines
short wavelength UV light can activate signaling pathways that
stimulate the activities of MAPKs involved in induction of
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FiG. 4. IKK is activated by IR but not by UV-C irradiation. HeLa cells were either untreated (lane C) or exposed to UV-C (40 J/m?2), IR (20
Gy), or TNF (10 ng/ml). At the indicated times after treatment (10 min for TNF), whole cell lysates were prepared. IKK activity was measured
by the immunecomplex kinase assay (Upper). The amount of IKKa was determined by immunoblotting (Lower).
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FiG.5. IKKis necessary for NF-«B nuclear translocation and IkBa
degradation induced by IR but not by UV-C. (4) HeLa cells grown on
coverslips were transfected with an expression vector encoding HA-
IKKB (KA). After 36 hr the cells were exposed to the indicated stimuli
or left untreated (—) and fixed. Samples were then incubated with a
mixture of anti-p65 (RelA) and anti-HA. After washing, samples were
stained with rhodamine-conjugated goat anti-rabbit IgG, fluorescein
isothiocyanate-conjugated goat anti-mouse IgG-IgM, and Hoechst dye
and photographed through an epifluorescence-equipped microscope.
Arrowheads indicate cells that express HA-IKKB (KA). (B) HeLa
cells were transfected with an expression vector encoding HA-IkBa
together with an empty vector or with a vector encoding HA-IKKf
(KA). Twenty-four hours later, cells were left untreated (C) or treated
with IR, UV, or TNF. After 2 hr, 4 hr, or 15 min, cells were harvested
and lysates were analyzed by immunoblotting with anti-HA.

AP-1 activity. Two mechanisms were proposed to explain
activation of cell surface receptors: (i) UV-induced receptor
clustering (27) and (i) inhibition of receptor-inactivating
protein phosphatases (22). However, it was also proposed that
certain MAPKSs, such as the JNKs, are activated because
UV-C radiation damages ribosomal RNA, which then triggers
a yet-to-be identified signaling cascade (66). Regardless of the
exact signaling pathway triggered by exposure to UV-C, it is
somewhat surprising that the mechanism by which this form of
radiation leads to NF-«B activation is so distinct from the one
used by proinflammatory cytokines and other ligands that
operate via cell surface receptors. Although UV-C and UV-B
radiations induce association of TNF type I receptor (TNF-
R1) with the signal transducer TRADD (27, 65), this signaling
event is clearly insufficient for full activation of all the down-
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stream responses usually elicited by TNF-R1 occupancy, which
include JNK, p38, and NF-«B activation (11, 44).

The signaling event through which UV-C triggers I«kBa
degradation remains to be identified. Nevertheless, the use of
proteasome inhibitors and the cell line that expressed a
temperature-sensitive ubiquitin-activating enzyme (E1) sug-
gest that UV-induced IkBa degradation still occurs via ubig-
uitin-mediated proteasomal degradation even though it is not
dependent on phosphorylation of IkBa at Ser-32 and Ser-36.
Similar observations were independently made by P. Herrlich
and coworkers (personal communication). Neither group
could detect any tyrosine phosphorylation of IkBa in response
to UV-C (unpublished results). The phosphorylation of IkBa
at Tyr-42 was detected upon reoxygenation of hypoxic cells,
but instead of inducing IkBa degradation it causes its disso-
ciation from NF-«kB (67). Thus, UV-C-mediated NF-«kB acti-
vation does not occur through the two previously described
pathways, which depend on phosphorylation of IkBa« at either
serines or a tyrosine within its N-terminal regulatory domain.

Activation of NF-kB by IR, unlike the response to UV-C,
does proceed via the classical activation pathway, which de-
pends on phosphorylation of IkBa at Ser-32 and Ser-36. We
find very good correlation between the kinetics and magnitude
of IKK activation in vy irradiated cells and IkBa degradation,
both of which parallel NF-«B activation. In addition to being
dependent on phosphorylation of IkBa at Ser-32 and Ser-36,
the activation of NF-«B by IR requires IKK activity and is
prevented by a catalytically inactive IKKB mutant. However,
the signaling event initially triggered by IR leading to IKK
activation remains to be identified. It is possible that IR may
eventually activate cell surface receptors, which in this case is
sufficient for IKK activation. Evidence for activation of sig-
naling pathways normally initiated at cell surface receptors,
such as the ERK MAPK cascade, by exposure to IR was
presented (68). In addition, IR exposure results in activation
of receptor-linked tyrosine kinases (69). The major chemical
activity elicited by IR is generation of reactive oxidative
intermediates (70). This activity accounts for induction of
DNA damage (71). Interestingly, however, generation of re-
active oxidative intermediates may not be involved in activa-
tion of NF-«B by IR, because this response is not modulated
by drugs that alter the intracellular concentration of glutathi-
one, the major cellular antioxidant (unpublished results).

The involvement of two different mechanisms in radiation-
induced NF-«B activation has important implications to de-
fense mechanisms that protect cells against various forms of
radiation. For instance, inhibitors of IKK activity or expression
of the “super-repressor”’ IkBa mutant (11, 62) should poten-
tiate cell killing by IR because they prevent NF-«B activation
and subsequent induction of an antiapoptotic response. These
treatments, however, are unlikely to potentiate cell killing by
UV-C, because they do not prevent activation of NF-«B by this
type of photonic radiation.

Note Added in Proof. While our paper was in press, the work from P.
Herrlich’s group was published (72). They also demonstrated that the
early phase of UV-induced NF-kB activation does not depend on
phosphorylation of IkBa at Ser-32 and Ser-36.
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