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NF-xB Activation by Ultraviolet Light Not
Dependent on a Nuclear Signal

Yoram Devary,* Caridad Rosette,* Joseph A. DiDonato,
Michael Karinf

Exposure of mammalian cells to radiation triggers the ultraviolet (UV) response, which
includes activation of activator protein—1 (AP-1) and nuclear factor kappa B (NF-«B). This
was postulated to occur by induction of a nuclear signaling cascade by damaged DNA.
Recently, induction of AP-1 by UV was shown to be mediated by a pathway involving Src
tyrosine kinases and the Ha-Ras small guanosine triphosphate—binding protein, proteins
located at the plasma membrane. It is demonstrated here that the same pathway mediates
induction of NF-«B by UV. Because inactive NF-«B is stored in the cytosol, analysis of its
activation directly tests the involvement of a nuclear-initiated signaling cascade. Enucle-
ated cells are fully responsive to UV both in NF-«B induction and in activation of another
key signaling event. Therefore, the UV response does not require a signal generated in
the nucleus and is likely to be initiated at or near the plasma membrane.

Exposure of mammalian cells to UV and
other DNA-damaging agents activates the
UV response (1). Two transcription factors
that execute part of this induction response
are AP-1 (2, 3) and NF-xB (2). The latter
may be responsible for stimulation of human
immunodeficiency virus—type 1 (HIV-1)
transcription (2, 4) and thereby cause its
activation in skin cells (5). However, it was
also proposed that UV-mediated DNA dam-
age activates HIV-1 by nonspecific decon-
densation of. chromatin (6), an unlikely
mechanism given the established role of
NF-«kB 'in HIV-1 induction (7). An unan-
swered problem is the mechanism by which
UV activates NF-kB. Because NF-«kB is
stored as an inactive cytoplasmic complex by
way of interaction with IkB (8), its activa-
tion requires the transfer of a UV-generated
signal to that subcellular compartment. The
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UV response was proposed to be mediated by
an intranuclear signaling cascade, elicited by
damage to DNA (1). If this mechanism is
involved in the activation of NF-xB by UV,
then a nuclear signal should be transferred to
the cytoplasm to induce dissociation of the
NF-kB:IkB complex.

Fig. 1. Inhibition of HIV-1 promoter activation by domi-
nant negative alleles of v-src, Ha-ras, and raf-1. (A)
Hela S3 cells were cotransfected with 3 pg of (—453/
+80)HIV-LUC per plate, together with either the expres-
sion vector alone (RSV-O; 10 pg) or expression vectors
encoding dominant interfering v-srcSD2 (7 pg), Ha-
rasN17 (0.34 ng), and raf301 (10 pg) alleles. The total
amount of expression vector was kept constant at 10 pg
with RSV-O. One-half of the cultures were exposed to
UVC (40 J/m?) 2 hours after transfection. Luciferase
activity was determined (9) 22 hours later. The results
shown are averages of two separate experiments and
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We demonstrated that exposure of HeLa
cells to UV rapidly activates Src-family
tyrosine kinases, followed by activation of
the small guanosine triphosphate (GTP)-
binding protein (G protein) Ha-Ras and
the cytoplasmic serine-threonine kinase
Raf-1 (9). This cascade increases the phos-
phorylation of ¢-Jun, an important compo-
nent of AP-1 (10), on sites that stimulate
its transcriptional activity (9). Because
¢-Src and Ha-Ras are primarily associated
with the plasma membrane (11), we pro-
posed that the signaling cascade leading to
activation of AP-1 by UV is initiated at the
plasma membrane (9). However, a very
rapid transfer of a nuclear-generated signal
to the plasma membrane could not be
excluded. We now demonstrate that tyro-
sine kinases and Ha-Ras are also involved
in activation of NF-kB by UV. With the
use of enucleated cells, we show that acti-
vation of NF-kB and an early signaling
event caused by UV do not require a nu-
clear signal. Therefore, the UV signaling
cascade activating both NF-kB and AP-1 is
initiated at or near the plasma membrane
and is not elicited by DNA damage in the
nucleus.

Fold induction
i

2-

UV: =F =% T F T+ -+ -+
RSV-0 SD2 RasN17 Raf301 wt ANF-xB

are presented as fold induction above the basal (—453/

+80)HIV-LUC expression, which averaged 70 U per microgram of cell protein. (B) HeLa S3 cells
were cotransfected with 3 ng of (—453/+80)HIV-LUC or ANF-«kB(—453/+80)HIV-LUC (7) per plate.
One-half of the cultures were exposed to UVC (40 J/m?) 2 hours after the transfection, and LUC
activity was determined 22 hours later. Shown are the averages of two separate experiments. Basal
expression in these experiments averaged 21 U per microgram of protein.
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The NF-kB—dependent (—453/+80)
HIV-luciferase (LUC) reporter (2, 7) was
cotransfected with vectors encoding domi-
nant negative alleles of v-src, Ha-ras, and
raf-1 (12) into Hela cells. Whereas an
empty expression vector (RSV-O) had no
effect on HIV-LUC expression, each of the

three dominant negative alleles prevented
induction by UV (Fig. 1A). This inhibition
is specific because none of the dominant
negative alleles inhibited constitutive pro-
moters (9) or basal HIV-LUC expression.
Induction of HIV-LUC by UV requires
intact NF-kB binding sites (2) (Fig. 1B).

3 Control  CHX St Tyr. AG213 Rg-2 Cha,ramer.lzamn
NS1-» — UVTPA UV TPA UV TPA UV TPA of NF-xB induction by
NF-xB-» UV. (A) Hela S3 CeI!s
p50— were serum starved in
NS2-+ 0.1% fetal calf serum

(FCS) for 16 hours and
then either kept in Dul-
Y e 1 becco's minimum es-

AR sential medium (DMEM)
plus 0.1% FCS with no
further treatment (lane a)
or exposed to UVC (40
Jim?) (lanes b through
h). After 5 hours the cells
were harvested and nu-
clear extracts were pre-
pared (15). Five-micro-
B gram samples of each extract were incubated with 10,000 cpm of a

NAC —_ ,__1+ 32P-labeled palindromic (PD) NF-xB probe (29). Electrophoretic

- UVTPAIL- UV TPA mobility shift assays were done as described (15). The specificity of
NS—’W binding was determined by competition experiments using either 2

i ng of an AP-1 binding site oligonucleotide (lane c) or 2 ng of

IkB-ci— - - unlabeled PD oligonucleotide (lane d). The composition of the NF-kB

complexes was determined by incubation of the extracts with 1 pl of
either normal rabbit serum (lane e), polyclonal antibody to p98 and p55 (lane f), polyclonal antibody
to p105 and p50 (lane g), or polyclonal antibody to p65 (lane h). The various antibodies and their
specificities were described (75). The migration positions of the p50:p65 (NF-«B) and p50:p50
complexes and two nonspecific (NS) protein-DNA complexes are shown. (B) HeLa S3 cells were
serum starved for 16 hours and incubated in the absence or presence of 40 mM NAC for 1 hour
followed by no further treatment (—) or exposure to either UVC (40 J/m?) or TPA (100 ng/ml). Cell
extracts were prepared after 2 hours (UV) or 1 hour (TPA or control), separated by SDS-PAGE (30 pg
of protein per lane), transferred to PVDF membrane, and immunoblotted with polyclonal antibody to
IkB-a. The migration position of IkB-a is indicated. NS, a nonspecific cross-reacting protein. (C) HelLa
cells were grown to confluency, serum starved for 16 hours, and treated with either 20 uM tyrphostin
(Tyr.) AG213, 100 nM staurosporine (Str.), or cycloheximide (CHX; 10 pg/ml) for 1 hour before
exposure to TPA (100 ng/ml) or UV (40 J/m?) as indicated. Five hours later the cells were harvested
and nuclear extracts were prepared. Five micrograms of each extract were incubated with 10,000
cpm of 32P-labeled kB oligonucleotide (8) and resolved by electrophoresis on a native gel.

PC12 RasN{7 B pciawt  PCi2 Rashiz
T INFo U@0) T 1 I |

i

A PC12
P INFaU@40) T

S <—NF-xB

—

[

Fig. 3. Induction of NF-«kB binding activity by UV and TNF-a requires Ha-Ras activity. (A) Wild-type
PC12 cells and PC12 cells stably transfected with Ha-rasN17 (20) were serum starved for 16 hours
and then exposed to either TPA (100 ng/ml; T), UV (40 J/m?) [U(40)], TNF-a (10 ng/ml), or kept in
DMEM with 0.1% FCS and 0.1% donor horse serum(—). Five hours later cells were harvested and
nuclear extracts were prepared. Ten micrograms of each extract were incubated with 10,000 cpm
of 32P-labeled kB or AP-1 (3) oligonucleotides and resolved by electrophoresis on native gels. Both
the top and the bottom panels show only the most relevant segment of each autoradiogram
corresponding to the NF-kB and AP-1 complexes, respectively. (B) Ten-microgram samples of
cytosolic extract from uninduced wild-type PC12 or Ha-rasN17-transfected PC12 cells were treated
with 0.4% sodium deoxycholate and 1% NP-40 and analyzed for NF-kB binding activity by a
mobility-shift assay.
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Ultraviolet irradiation of HelLa cells also
induced NF-kB binding activity (Fig. 2A)
whose major species contained the p65
subunit (13), because preincubation with
antiserum to p65 inhibited DNA binding
(Fig. 2A, lane h). The second, faster mi-
grating NF-kB species is likely to be a
homodimer of the p50 subunit (14) because
its mobility was retarded by antiserum to
p50 (Fig. 2A, lane g). The same pattern of
immunochemical reactivity was found for
NF-kB complexes induced by the phorbol
ester 12-O-tetradecanoyl phorbol-13-ace-
tate (TPA) (15, 16). In agreement with
previous findings with TPA as an inducer
(17), UV irradiation caused degradation of
IkB-a (Fig. 2B). This degradation was in-
hibited by preincubation with N-acetyl-
cysteine (NAC), which inhibited induc-
tion of NF-kB binding activity by UV or
TPA (18).

Inhibition of HIV-LUC induction by
dominant negative v-src suggested that NF-
kB activation by UV involves tyrosine ki-
nases. The specific tyrosine kinase inhibitor
tyrphostin AG213 (19) blocked induction
of NF-kB binding activity by UV but not by
TPA (Fig. 2C). In contrast, another inhib-
itor, staurosporine, inhibited induction of
NF-kB by TPA but not by UV. This sug-
gests that either two different pathways lead
to induction of NF-kB or that UV and TPA
affect different steps of the same signaling
cascade. Cycloheximide did not block in-
duction of NF-kB by either agent, suggest-
ing that both responses involve activation
of preexisting NF-kB complexes. NF-kB
activity was induced within 30 min of UV
exposure; maximal induction occurred at 2
hours after exposure (18).

To further examine the role of Ha-Ras,
we used a PC12 cell line stably transfected
with Ha-rasN17, a dominant negative al-
lele of c-Ha-ras (20). Exposure of these cells
to UV did not result in induction of NF-xB
activity, whereas wild-type PC12 cells were
responsive (Fig. 3A). The mutant cell line
was also refractory to the cytokine tumor
necrosis factor-a (TNF-a), whereas its re-
sponse to TPA was only partially attenuat-
ed. In both cell lines equal amounts of
NF-kB binding activity were revealed by
treatment of cytosols with deoxycholate
and NP-40 (Fig. 3B), which dissociate the
NF-kB:IkB complex (8). The quality of the
extracts was controlled by measurement of
AP-1 binding activity, which was only
slightly elevated after 5 hours of exposure to
either UV or TNF-a (Fig. 3A). TPA in-
creased AP-1 binding activity in both cell
lines, indicating that, consistent with pre-
vious findings in other cell types (21),
Ha-Ras may not be involved in induction of
AP-1 by TPA.

Exposure to UV activates Ha-Ras, as
measured by GTP binding (9). One conse-
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quence of Ha-Ras activation is increased
phosphatidylcholine (PC) turnover (22).
Exposure of wild-type PC12 cells to UV
resulted in a significant increase in PC
turnover as measured by the release of
phosphocholine, whereas no significant re-
sponse could be detected in Ha-rasN17-
transfected PC12 cells (23).

To rigorously establish the involvement
of Ha-Ras in UV induction of HIV-LUC,
we cotransfected this reporter with expres-
sion vectors encoding normal and oncogen-
ically activated Ha-Ras and activated Raf-1

A
500

g8 s

Relative LUC activity

3

T T
03 0.6 0!9 1'.2
wt Ras (ug)

PC12 RasN17

Fig. 4. Reconstitution of UV responsiveness in
Ha-rasN17-transfected PC12 cells. (A) Ha-
rasN17-transfected PC12 cells were cotrans-
fected with 3 ng of (—453/+80)HIV-LUC per
plate together with the indicated amounts of an
expression vector encoding nonactivated Ha-
Ras (pZIPNeo-Ras) (30). The cells were either
not exposed (M) or exposed (O) to UVC (40
J/m2) 2 hours after the transfection and 21
hours later were harvested for determination of
LUC activity. The results shown are averages of
two experiments and are presented as LUC
activity per microgram of cell protein. (B) Wild-
type PC12 cells and Ha-rasN17-transfected
PC12 cells were cotransfected with 3 ug of
(—453/+80)HIV-LUC per plate, together with
expression vectors encoding oncogenically ac-
tivated Ha-Ras (0.5 pg) or Raf-1 (10 pg) (712).
The total amount of expression vector was kept
at 10 pg with RSV-O. The cells were harvested
20 hours later for determination of LUC activity.
The results shown are averages of two experi-
ments and are presented as fold induction
above the basal HIV-LUC expression, which
averaged 62 U per microgram of protein for
Ha-rasN17-transfected PC12 cells and 8.4 U
per microgram of protein for wt PC12 cells.

1444

into Ha-rasN17-transfected PC12 cells.
Whereas expression of normal c-Ha-Ras
restored UV inducibility of HIV-LUC (Fig.
4A), expression of oncogenically activated
Ha-Ras and Raf-1 led to its constitutive
activation (Fig. 4B).

Thus, similar to AP-1, UV induces NF-
kB by activating a signaling cascade involv-
ing Src tyrosine kinases and the Ha-Ras
small G protein. Because both ¢-Src and
Ha-Ras are associated with the inner face of
the plasma membrane (24) and are rapidly
activated by UV (9), it is likely that the
UV response is initiated at this compart-
ment. However, other investigators sug-
gested that a signal generated by UV-dam-
aged DNA in the nucleus is rapidly trans-
ferred to the cytosol, leading to downstream
events (25). To directly test the involve-
ment of the nucleus in the UV response, we
made use of Hela cells enucleated by cy-

A

Intact Cytoplast

[- +”— 4-1

«—NF-xB

«—AP-1

Fig. 5. Induction of B Cytoplast Whole cell
NF-«B binding activi- R A
ty and JNK activity in

enucleated cells. (A) |
NF-«B. Cytoplasts ~ 6ST-c-June- %
were separated from

intact cells after cy-

tochalasin B treat-

ment and ultracentrifugation as described (26).
Adherent cytoplasts or intact cells were either
left untreated (—) or exposed to UVC (40 J/m?)
(+). After 4 hours the cells and cytoplasts were
harvested, and total extracts were prepared as
described (75). Ten micrograms of each ex-
tract were incubated with 10,000 cpm of 32P-
labeled kB (upper panel) or AP-1 (lower panel)
and analyzed by mobility-shift assays. The mi-
gration positions of the NF-xB and AP-1 pro-
tein-DNA complexes are indicated. (B) Adher-
ent cytoplasts and whole cells obtained as
described above were left untreated (—) or
were exposed to UVC (40 J/m?) (+). Thirty
minutes later the cells and cytoplasts were
harvested and total extracts were prepared.
Thirty micrograms of each extract were as-
sayed for JNK activity with a GST—c-Jun(AA1-
223) fusion protein as a substrate (27). The
phosphorylated protein was analyzed by gel
electrophoresis and autoradiography.
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tochalasin B treatment (26). Exposure to
UV induced amounts of NF-kB binding
activity in cytoplasts similar to that in
intact cells (Fig. 5A). The efficiency of
enucleation is demonstrated by the loss of
AP-1 binding activity. Staining with a
karyophilic dye revealed that enucleation
efficiency was at least 95% (26). Recently,
we identified a protein kinase, JNK, which
produces phosphorylation of c-Jun in re-
sponse to UV irradiation, whose activity is
greatly induced in response to UV exposure
(27). The JNK activity is induced by UV
exposure of cytoplasts as well as in intact
cells (Fig. 5B).

These experiments conclusively rule out
the involvement of a nuclear signal gener-
ated by DNA damage in induction of either
NF-«kB or AP-1 by UV. Whereas we have
not eliminated the possibility that damaged
mitochondrial DNA is involved in trigger-
ing the UV response, we consider this
unlikely. If the system that leads to the
induction of either JNK or NF-kB monitors
the total amount of DNA damage, a con-
siderable reduction in the extent of induc-
tion of either activity should have occurred
after enucleation, because most of the cel-
lular DNA is lost. Because NF-kB is the
major transcription factor responsible for
induction of HIV-1 promoter activity by
UV (2) and by other inductive signals (7),
it is unlikely that UV activates HIV-1 by
means of chromatin decondensation as pro-
posed (6). If UV induction is an important
contributor to HIV-1 activation in den-
dritic cells in the skin (5), it may be
possible to attenuate this response by inhib-
itors of either Src or Ha-Ras activation.

We demonstrate that activation of Ha-
Ras is also required for the induction of
NF-kB by TNF-a. Based on the inhibition
of NF-kB by NAC and other antioxidants,
it was previously suggested that TNF-a
induces NF-kB activity through production
of reactive oxygen species (28). Our results
indicate that if reactive oxygen species me-
diate NF-kB activation by either UV or
TNF-a, they must act upstream of Ha-Ras
rather than on the NF-kB:IkB complex
itself.
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Inhibition of Viral Replication by
Interferon-y—Induced Nitric Oxide Synthase

Gunasegaran Karupiah,* Qiao-wen Xie, R. Mark L. Buller,
Carl Nathan, Cornelio Duarte, John D. MacMicking*

Interferons (IFNs) induce antiviral activity in many cell types. The ability of IFN-vy to inhibit
replication of ectromelia, vaccinia, and herpes simplex-1 viruses in mouse macrophages
correlated with the cells’ production of nitric oxide (NO). Viral replication was restored in
IFN-y-treated macrophages exposed to inhibitors of NO synthase. Conversely, epithelial
cells with no detectable NO synthesis restricted viral replication when transfected with a
complementary DNA encoding inducible NO synthase or treated with organic compounds
that generate NO. In mice, an inhibitor of NO synthase converted resolving ectromelia virus
infection into fulminant mousepox. Thus, induction of NO synthase can be necessary and
sufficient for a substantial antiviral effect of IFN-y.

Several cytokines, including interferons
(IFN-a, -B, -7y, and -®) and tumor necrosis
factors (TNF-a and -B) display antiviral
activity (1). The antiviral effects of the
IFNs have been attributed in part to their
induction of (i) P1 kinase, which phospho-
rylates and inactivates eukaryotic protein
synthesis initiation factor elF-2q; (ii) 2',5'-
oligoadenylate synthetase, whose products
activate a latent endoribonuclease; (iii) in-
doleamine 2,3-dioxygenase, which depletes
cell cultures of tryptophan; (iv) Mx proteins,
which inhibit influenza and vesicular stoma-
titis viruses; and (v) the 9-27 protein, which
binds to the Rev-responsive element of hu-
man immunodeficiency virus (HIV) (I).
Nevertheless, the mechanisms of action of
IFNs remain incompletely understood.

The antimicrobial and antiproliferative
actions of cytokines such as IFN-y are un-
dergoing reassessment in light of their ability
to induce the expression of iINOS, a gene
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encoding an isoform of nitric oxide synthase
(NOS) that produces large amounts of the
radical gas, NO, from a guanidino nitrogen
of L-arginine (2, 3). Induction of iNOS
contributes to IFN-y’s antiproliferative ac-
tions (4) and to its enhancement of macro-
phage cytotoxicity toward tumor cells, bac-
teria, fungi, protozoa, and helminths (2, 3).
The inducibility of high-output NO produc-
tion among many other cell types, such as
hepatocytes, smooth and cardiac myocytes,
keratinocytes, endothelium, mesangial cells,
tumor cells, and some fibroblasts (2, 5),
prompted the hypothesis that the induction
of iNOS might also defend the host against
the one class of pathogens that can infect all
nucleated cells—viruses (2).

To test this hypothesis, we first focused
on ectromelia virus (EV). The replication
of this orthopoxvirus in C57BL/6 mice is
restricted by IFN-y (6), yet EV may inhibit
both the P1 kinase and the 2’,5'-oligoade-
nylate synthetase pathways (7). In vitro,
IFN-vy inhibits EV replication in mouse
RAW 264.7 macrophage-like cells and in
primary mouse macrophages but not in
L929 mouse fibroblasts or 293 human renal
epithelial cells (Fig. 1A). Thus, an addi-
tional, IFN-y—inducible antiviral pathway
is likely to exist and be selectively ex-
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