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Abstract

Ultraviolet (UV) light induces the biosynthesis of chloram-
phenicol acetyltransferase (CAT) in the skin of mice bearing
the CATTNFreporter transgene. Moreover, nuclear run-on as-
says indicate that UV light induces transcription of the TNF
gene in RAW264.7 macrophages. These observations suggest
that the TNF gene (and/or its mRNAproduct) responds to
signals elicited by UV light. To identify transcriptional UV
response elements within the TNF promoter, and to determine
whether a posttranscriptional response might also exist, a se-
ries of reporter constructs using a CAT coding sequence at-
tached to various portions of the TNFpromoter and 3' untrans-
lated region were devised and transfected into several cultured
cell lines. All cells tested were found to be UVresponsive, and
in NIH 3T3 cells, induction was found to depend upon two
general regions of the promoter. The more distal region encom-
passed nucleotides (nt) -1059 through -451 with respect to
the cap site, while the more proximal region spanned nt -403
through -261. A negative element, blocking the UVresponse,
was interposed (nt -451 through -403). As with the response
to LPS, the response to UV irradiation appears to involve
translational activation in macrophages. However, the UVand
LPS signaling pathways have little in common with one an-
other, as indicated by three observations. First, no difference in
responsiveness was observed on comparison of TNF gene in-
duction in macrophages derived from C3H/ HeNas opposed to
C3H/HeJ mice. Second, cell fusion studies showed that while
the LPS signaling pathway is extinguished by fusion of RAW
264.7 cells with NIH 3T3 cells, the UVsignaling pathway re-
mained intact. Finally, induction did not depend upon the NF-
KB binding sites that are known to be required for LPS response
in macrophages, since mutation of these sites did not impair the
UV response. (J. Clin. Invest. 1994. 93:56-62.) Key words:
lipopolisaccharide * mouse * signal transduction * NF-KB * tran-
scription

Introduction

Ultraviolet (UV)' light is known to stimulate the release of
inflammatory cytokines from keratinocytes, and it is currently

Address correspondence to Dr. Bruce Beutler, Howard Hughes Medi-
cal Institute, University of Texas Southwestern Medical Center, 5323
Harry Hines Boulevard, Dallas, TX 75235-9050. V. Kruys's present
address is Universite Libre de Bruxelles, Faculte des Sciences, Depart-
ment de Biologie Moleculaire, Laboratoire de Chimie Biologique, Rue
des Chevaux 67, 1640 Rhode-Saint-Genese, Bruxelles, Belgium.

Receivedfor publication 21 April 1993 and in revisedform 18 Au-
gust 1993.

1. Abbreviations used in this paper: nt, nucleotides; UV ultraviolet.

believed that these cytokines mediate certain of the immuno-
pathologic effects of this form of radiation. For example, TNF
may elicit inflammation in the dermis when released in re-
sponse to UV light, and contact hypersensitivity reactions are
thought to depend upon its presence ( 1).

The nature of the "photoreceptor" that UV light stimu-
lates, leading to the biosynthesis and release of TNF, has never
been elucidated. Moreover, the signaling pathway used by UV
light has yet to be defined. At the most distal extreme of the
pathway (i.e., at the level of the gene), the effects of UVirradia-
tion are similarly unclear. UV-responsive elements have been
identified in many genes, including, among others, the c-fos
gene (2, 3), the long terminal repeats (LTRs) of HIV (3, 4),
and the metallothionine and collagenase genes (3); however,
these sequences have little in commonwith one another, and
no such elements have been sought or identified within the
TNF gene. While it is known that LPS stimulates TNF gene
transcription in macrophages (at least partly by initiating
translocation of NF-KB to the nucleus) (5), and releases the
translational blockade that restricts TNFbiosynthesis (6), the
level at which UV light stimulates biosynthesis remains to be
established.

While dermal keratinocytes are certainly the cells most
likely to encounter UV irradiation, and while they maintain
the TNFgene in an accessible form (7), the representation of
the TNF-inducing UVsignaling pathway in other cell types has
not been studied. Irrespective of the accessibility of the TNF
gene in these tissues, it would be interesting to know whether
UVirradiation of other cell types might bring about conditions
favorable to transcription of the TNFgene, and translation of
its mRNAproduct.

We initially examined these issues by measuring the re-
sponse of a chloramphenicol acetyltransferase (CAT) reporter
transgene (bearing a total of 3.2 kb of DNAsequence derived
from the mouse TNFgene) to UVlight in vivo. Subsequently,
we made use of a series of reporter constructs in which trun-
cated versions of the TNF promoter, or promoters displaying
mutations within NF-KB sites (which are known to be essential
for the response to LPS), were transfected into cultured cells,
including macrophages, immortalized fibroblasts, epithelial
carcinoma cells, fibrosarcoma cells, and cells of the PAM-2 12
keratinocyte line.

Methods

Cell culture. PAM-2 12 cells were the kind gift of Dr. Ponciano Cruz
(University of Texas Southwestern Medical Center). All of the other
cell lines (RAW264.7 macrophages, and NIH 3T3 cells, L-929 fibro-
sarcoma cells, and HeLa cells) were obtained from the American Type
Culture Collection (Rockville, MD) and maintained through multiple
passages in our laboratory. Hybrid cell lines produced by fusing RAW
264.7 macrophages with NIH 3T3 cells were created using polyethyl-
ene glycol, as previously described (8). In the studies performed, either
the RAW264.7 cell parent or the NIH 3T3 cell parent contained a
CAT reporter construct, cotransfected together with pcDNAneo. The
parental cell lacking the reporter was transfected with pSV2puro. Se-
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lection of hybrid cells was carried out by growing the fused cell popula-
tion in the presence of both G418 (1 mg/ml) and puromycin (5 Ag/
ml). As detailed elsewhere (8) the hybrid cells were pentaploid, sug-
gesting the retention of chromosomes from each of the parental lines,
and were immortal.

Reporter constructs. Constructs bearing the TNFpromoter, with or
without the TNF 3' UTR, have been used in other studies, and thor-
oughly described in connection with these (9, 10). Other constructs, in
which successive deletion of the 5' end of the TNF promoter region
have been introduced, were also described previously (5, 1 1 ). In some
of the constructs, discrete mutations were introduced into the NF-KB
binding sites (5). The sites were mutated individually or collectively. A
schematic illustration of all of the reporter constructs is shown in Fig. 1.
Construct I of Fig. I is identical to the transgene designated CATTNFin
previous publications ( 12, 13).

Cell transfection and irradiation. Calcium phosphate precipitates of
cesium chloride-purified plasmids were used to transfect each of the
cell lines studied in these experiments ( 14). In permanent transfection
studies, cells were cotransfected with pcDNAneo and selected for
growth in the presence of G418 at a concentration of I mg/ml. Pooled
resistant colonies (a minimum of 50 per construct) were then used in
irradiation studies. In transient transfection studies, DNAwas first di-
gested with NdeI and SmaI (for NF-KB mutants) or with KpnI and
BamHI (for promoter deletion mutants), or with XhoI and SmaI (in
the case of the promoterless control) to excise the reporter from the
vector, since in control experiments certain vector sequences showed
UV-responsive properties. The digested plasmid DNAwas then mixed
at a 1:10 ratio with herring sperm DNA, and transfected 48 h before
UV irradiation. 6 h before irradiation, the cells were split into two equal
aliquots and replated. Cells were then either irradiated or sham irra-
diated as a control. UV light was applied at the stated energy level
(usually 130 J/m2). UV light was delivered at a rate of 65 J/m2 per
min. To irradiate the cells, monolayers were washed twice with phos-
phate-buffered saline in 10-cm dishes and then left covered with 2 ml of
the same solution during the period of exposure.

CAT assay. Cells were lysed by freezing and thawing 16 h after
irradiation. A total of 2 x I0' (NIH 3T3) or 5 X 10 5(L-929, PAM-2 12,
RAW264.7, or HeLa) permanently transfected cells, or 106 transiently
transfected cells, were used in each CATassay. Assays were carried out
by the thin layer chromatography method of Gorman et al. ( 15 ). CAT
activity was quantitated using a phosphorimager.

Reagents. Highly purified salmonella R595 LPS was the kind gift of
Dr. Chris Galanos (Max Planck Institute fur Immunobiologie, Frei-
burg, Germany). G418, cell culture medium, and serum were obtained
from Gibco Laboratories (Grand Island, New York).

Animals. Transgenic mice, produced using the vector-free linear-
ized construct designated I in Fig. 1 (CATTNF), were produced as de-
scribed elsewhere ( 12) and bred to carry the transgene in a homozygous
state. They were maintained in the Animal Resource Center of the
University of Texas Southwestern Medical Center. Mice were anesthe-
tized with metaphane, shaved, and placed in a prone or supine position
for the duration of their exposure to UV light. The animals were killed
6 h after exposure, regions of exposed, and shielded skin isolated and
homogenized in a hand-held, all-glass homogenizer, and CAT assays
performed as described above.

C3H/HeJ and C3H/HeN mice, purchased from The Jackson Labo-
ratory (Bar Harbor, ME) and from Charles River Labs. (Wilmington,
MA) respectively, were injected with thioglycollate 4 d before harvest
of peritoneal macrophages ( 16). 3 X 106 adherent cells were used for
studies of responses to LPS and to UV light. LPS or UVwere applied to
the cultures for 6 h before harvest and RNApreparation.

RNA blot hybridization. Cytoplasmic RNA was isolated from
mouse peritoneal macrophages by the method of Favaloro et al. ( 17).
RNAwas denatured using sample buffer that contained 50% form-
amide, 6.6% formaldehyde, 20 mMMOPS,pH 7.0, 1 mMEDTA, and
5 mMsodium acetate. It was subjected to electrophoresis in 1.2% aga-
rose containing Tris-acetate/EDTA (TAE) ( 18). It was then transferred
to a nylon membrane by electroblotting in TAE, and fixed to the mem-

brane by UV irradiation using a Stratalinker apparatus. The membrane
was prehybridized using 50% formamide, 5 X SSPE, 0.1% SDS, 5X
Denhardt's solution, and salmon sperm DNAat a concentration of 100
mg/ ml. An antisense RNAprobe 1.1 kb in length was transcribed from
the mouse TNFcDNA ( 19). It was allowed to hybridize to the blot for
16 h at 650C in the same solution that was used for prehybridization.
Washing was then carried out at 720C, twice in 2X SSC and twice in
0.1 X SSC, each supplemented with 0.1% SDS. Each wash was for 30
min.

TNFassaY. A variant of the L-929 bioassay, using cycloheximide to
enhance cell lysis, was used to determine TNFconcentration in macro-
phage culture medium (20). A standard recombinant preparation of
mouse TNF was assayed in parallel for quantitation.

Nuclear run-on assaY'. RAW264.7 cells were exposed to LPS, UV
light, or left unexposed as a control. 1 h after the treatment, cells were
collected and resuspended in lysis buffer ( 10 mMTris, pH 7.6, 10 mM
MgCI2. and 1% NP-40). The nuclei were subsequently pelleted, and
their integrity was checked using an inverted microscope with Hoff-
mann optics. The nuclei were then resuspended in a solution of 40%
glycerol, 5 mMTris, pH 8.3, 10 mMMgCI2, and 0.1 mMEDTA.
Transcription was allowed to continue in the presence of a-[32P] UTP
(800 Ci/mmol) for I h at 30'C. Nuclei were disrupted in 4 Mguani-
dinium thiocyanate. Labeled transcripts were purified over a CsCI gra-
dient, and S x 106 cpm/ml was allowed to hybridize (650C for 48 h)
with 7.5 gg of linear DNA. DNAs consisting of the mouse TNFgene
( 1,687 bp in length cloned into Bluescript), the empty Bluescript vec-
tor, the mouse GAPDHcDNA(550 bp in length cloned into pGEM4),
and the empty pGEM4vector were immobilized on a nylon mem-
brane. After washing twice in 2x SSC, 0.1% SDS and in 0.1X SSC,
0.1 % SDS, the membrane was exposed to Europium screens and the
hybridized label was quantitated using a phosphorimager (Molecular
Dynamics, Inc., Sunnyvale, CA).

Results
Transgenic mice exposed to UV light for a period of 10 min
(650 J/m2 of exposed skin) were found to have accumulated
CAT activity in skin 6 h after irradiation (Fig. 2). This sug-
gested that sequences flanking the reporter were capable of re-
sponding to UV light, and prompted us to determine which
cells and sequence elements might be involved.

Initial studies were carried out using PAM-2 12 cells, which
were permanently or transiently transfected with a CAT re-
porter (bearing a 1. 1 -kb TNFpromoter and the TNF 3' UTR)
and exposed to UVirradiation. A marked, dose-dependent in-
crease in CATactivity was observed after exposure to UV light
(Fig. 3 A). A maximal response was observed at 130 J/m2.
pSVLCATwas not responsive to induction, suggesting the re-
quirement for specific regulatory sequences within the TNF
promoter or untranslated regions. The same degree of induc-
tion was observed in permanently transfected cells, and oc-
curred with both a 1.1- and a 2.2-kb version of the TNF pro-
moter (Fig. 3 B). It has previously been reported that PAM-
212 cells accumulate TNF mRNAafter exposure to UV light
(21 ). Our own data (not shown) indicate that, with the PAM-
212 clone in use in our laboratory, the TNF gene is silent to
induction by UV light, LPS, or cycloheximide. However, the
cells clearly retain a mechanism for UVsignal transduction.

Permanently transfected cells of several nonkeratinocyte
lines were then examined in order to determine whether the
response to UV irradiation was a general one. Although the
TNFgene is itself inaccessible in two of the lines tested (HeLa
and NIH 3T3; unpublished observation), the accessibility of
the permanently transfected reporter gene has been docu-
mented by observing its activation after cycloheximide treat-
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Figure 1. Constructs used in the analysis of UV response. Transcribed
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Figure 3. The response of CAT reporter constructs to induction by
UV light in PAM-2 12 cells. (AcCM) Acetylated forms of chloram-
phenicol; (CM) chloramphenicol. Romannumerals refer to construct
designations presented in Fig. 1. (+) Irradiated; (-) not irradiated.
Cells not subjected to UV irradiation were sham irradiated for a
length of time equal to that required to administer the stated dose.
(A) Transient transfection. Doses of UV light are indicated along the
abscissa. (B) Stable transfection. Both a 2.2-kb upstream fragment
and a 1. 1-kb upstream fragment respond to UV light administered at
a fixed dose, with approximately the same induction ratio evident in
each case.

ment (8), and it was therefore anticipated that an intact UV
signaling pathway would lead to induction of the reporter in
any of the cells tested. Indeed, as seen in Fig. 4, all of the lines
proved to be responsive. While RAW264.7 macrophages were
more responsive to LPS than to UV irradiation with respect to
CAT synthesis, CATwas nonetheless detectable after UVex-
posure. In L-929 cells, which constitutively express the reporter
construct (9), CATactivity was markedly elevated over base-

Figure 2. Response of a trans-
gene (construct I, or CATTNF)
to activation by UV irradiation
of the dermis. Mice were irra-

UV IrradiatIon diated on shaved dorsal or
of

Dorsal Skin ventral surfaces with UV light
as indicated, administered at
a dose of 650 J/m2. Tissue
samples were harvested from
both irradiated and nonirra-
diated areas, and processed as
described in Methods. A sam-

UV Irradiation ple containing 100 ,gg of total

Ventral Skin protein was added to the assay
system. Controls for CATas-
say: no sample added (0), or 1
mUof CATadded as indicated.

line levels after UV irradiation. The strongest response was
observed in NIH 3T3 cells.

A series of promoter deletion constructs (Fig. 1; constructs
I-IX) was transiently transfected into NIH 3T3 cells. Deletion
of the distal half of the promoter, which contains three of the
four putative NF-KB binding motifs, led to a complete loss of
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Figure 4. Responses to UV light by different cell lines (RAW264.7,
NIH 3T3, HeLa, and L-929) permanently transfected with construct
I (Fig. I). LPS (1 ig/ml), was added to RAW264.7 cells as a positive
control for induction of the reporter.
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Figure 5. Induction of CATactivity in NIH 3T3 cells:
effects of promoter deletion. (A) NIH 3T3 cells were
transiently transfected with linearized reporter gene
fragments containing promoters beginning at the
stated position with respect to the point of transcrip-
tion initiation, as illustrated in Fig. 1. Induction ratio
refers to the percentage of chloramphenicol acetyla-
tion in induced samples divided by the percentage of
chloramphenicol acetylation in noninduced samples,
as determined by phosphorimager quantitation. Con-
structs with promoters beginning at - 197, -144, and
- 109 bp upstream from the cap site yielded no de-
tectable product with or without induction, and
hence, no meaningful calculation could be performed
(-). (B) Schematic illustration of the effects of pro-
moter deletion. Positive and negative elements are
indicated (+ and -), referring to the UVresponse.
Other landmarks within the promoter are also indi-
cated.

reporter gene induction by UV irradiation. Interestingly, the
further deletion of 47 nucleotides (nt) restored the response,
suggesting that a repressive element is interposed between two
positively acting elements within the promoter. The response
to UV light was maintained through at least two further dele-
tions, spanning an additional 162 bp. Further deletions abol-
ished the UV response; however, no basal promoter activity
was detectable, indicating that other elements essential for
transcription of the linearized reporter fragment might also
have been lost. The effects of promoter deletion are illustrated
in Fig. 5.

These observations were consistent with the hypothesis that
UV-induced TNF gene activation is dependent upon translo-
cation of NF-KB to the nucleus, and its subsequent interaction
with the four binding motifs in the promoter region. Surpris-
ingly, however, discrete mutations within the NF-KB elements,
which collectively led to a loss of the response to LPS in macro-

phages (5), failed to disrupt the response to UV irradiation
(Fig. 6).

Recently, it was observed that when NIH 3T3 cells, which
maintain the TNFgene in an inactive form and which lack an

intact pathway for endotoxin signaling (8), are fused with
RAW264.7 macrophages, genes encoding components of the
LPS signaling pathway and the macrophage TNFgene itself are

extinguished. To establish whether certain components of the
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Figure 6. Induction of CAT activity in transiently transfected NIH
3T3 cells: effect of mutation of NF-KB sites within the promoter. A
promoterless fragment was generated by digesting DNAderived from
construct III (Fig. 1) with XhoI and SmaI. Alternatively, fragments
with an intact promoter (-1059), or with promoters carrying NF-KB

mutations as indicated, were generated by cleaving the plasmid with
NdeI and SmaI (constructs III, XI, XII, XIII, XIV, and XVof Fig. 1).
The level of CATactivity in untransfected cells and in cells trans-
fected with promoterless constructs was unmeasurable with the phos-
phorimager (-). Induction ratio of other transfection assays was cal-
culated as in Fig. 5.
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LPS and UVsignaling pathways are shared, we sought to deter-
mine whether cell fusion would also extinguish the UVsignal-
ing pathway. The reporter gene used becomes less accessible
after transfer from the macrophage or 3T3 cell environment to
the hybrid cell environment (8). Therefore, the net response of
the reporter to UV light is diminished in hybrid cells, as com-
pared with the response in either parental cell type. However,
as illustrated in Fig. 7, hybrid cells did respond to UV light,
whereas they failed to respond to LPS (the LPS signaling path-
way having been entirely extinguished), this despite the fact
that LPS is a stronger stimulus for reporter gene induction than
UV light, at least in the macrophage parent cell.

Earlier studies had indicated that C3H/HeJ mice, which
are genetically unresponsive to LPS, exhibit a defect in re-
sponse to UV light, insofar as the normal diminution of con-
tact hypersensitivity mediated by UV light does not occur in
these animals (22). In an effort to determine whether this de-
fect was manifested at the cellular level in vitro, macrophages
were obtained from C3H/HeJ and C3H/HeN mice, and ex-
posed to UV light. As shown in Fig. 8, no discrepancy was
observed between macrophages derived from the two strains in
terms of their ability to react to UV light by accumulation of
TNF mRNA. It is to be noted that while similar amounts of
TNFmRNAare apparent in C3H/HeJ macrophages after ex-
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Figure 7. Extinction of the LPS signaling pathway, but not the UV
signaling pathway, by somatic cell hybridization. (A) Induction by
LPS. (B) Induction by UV light. The CAT reporter gene CATTNF
(construct 1 of Fig. I ) was present either in the RAW264.7 cell par-
ent or in the NIH 3T3 cell parent before cell fusion. The other pa-
rental cell contained no reporter construct. The reciprocal fusions
gave rise either to RAWCATTNFX 3T3 cells or to 3T3 CATTNF
X RAWcells.

Figure 8. Blot analysis of TNF mRNAexpressed in C3H/HeN and
C3H/HeJ macrophages in response to LPS (5 ttg/ml) and in re-

sponse to various doses of UV light. (A) Autoradiogram of blot hy-
bridized to an antisense TNF RNAprobe. (B) Photograph of the
ethidium-stained agarose gel. 8 ,tg of cytoplasmic RNAwas loaded
into each lane on the gel. The position of 18S and 28S ribosomal
RNAbands is indicated at the right of the blot.

posure either to LPS or to UVirradiation, only the latter stimu-
lus was capable of eliciting TNFproduction by these cells (Fig.
9). Thus, the Lps mutation, which impairs responsiveness to
endotoxin, seems to have no effect upon cellular sensitivity to
UVirradiation. Furthermore, this would suggest that UVirra-
diation is capable of releasing the translational blockade that is
known to impede TNF synthesis in resting macrophages,
whereas LPS is incapable of doing so.

In Fig. 8, it is noted that the quantity of TNF mRNAin-
duced by UVlight in macrophages from either strain of mouse

is very small as compared with the amount of TNF mRNA
induced by LPSin the endotoxin-responsive C3H/ HeNmacro-

phages. While reporter construct studies clearly indicate that
elements of the TNF promoter are UV responsive, we wished
to document that the authentic TNFgene would also respond
to UVirradiation. Knowing that the TNFgene is highly accessi-
ble in RAW264.7 macrophages, we performed nuclear run-on

assays using these cells, either untreated, or induced with LPS
or with UV light. Since UV light and LPS may each impact
upon the transcriptional apparatus in a nonspecific fashion,
and may also alter the number of viable cells in the colture, we

simultaneously measured transcription from the GAPDHloci,
of which > 100 exist per cell, so as to standardize determina-
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Figure 9. TNF activity in culture medium taken from C3H/HeN and
C3H/HeJ macrophages. Cells of the same culture were used for RNA
preparation in Fig. 8. Time points indicated on the abscissa refer to
the period elapsed between treatment with UV light or LPS and col-
lection of the medium for assay. Error bars refer to standard deviation
of results from four assays performed on each sample. As a control
for each time point, macrophages were left untreated (Medium).

tion of TNF gene activity. As illustrated in Fig. 10, UV light
causes a relative increase of TNF gene transcription compara-

ble to that elicited by LPS.

Discussion

The responsiveness of the TNFgene to UV light is demon-
strated by the following facts. (a) Nuclear run-on assays show a

relative increase in the rate of TNFgene transcription after UV
irradiation of cells. (b) Primary macrophages accumulate TNF
mRNAand secrete active TNF upon exposure to UV light. (c)
A reporter transgene bearing TNF promoter and 3' UTR se-

quences respond to UV light in vivo.
The data we have developed suggest that the TNF gene is

responsive to UV light. Only a small segment of the TNF pro-

moter is required for UV response. No more than 261 bp of
upstream sequence are sufficient to confer inducibility to the
reporter gene. This portion of the promoter contains the TATA
and SPl binding motifs, which commonly reside near the site

Relative
Transcriptional

Activity
TNF: GAPDH 1.4 5.3 5.2

TNF-oa _ 4'
Bluescript

GAPDH
pGEM4

Control LPS UV
Figure 10. Nuclear run-on assay of TNF and GAPDHgene tran-

scription in RAW264.7 cells. Cells were left untreated, exposed to
LPS, or exposed to UV light as described in the text. Quantitation
of signal, by phosphorimager, was used to determine the increase in
TNFgene transcription that occurred with each stimulus. The ratio
of hybridizing signal (cpmTNF/cpmGAPDH) is reported at the top.

of transcription initiation, as well as a single NF-KB binding
element. Responsiveness persists with the addition of se-
quences encompassing the well-known Y-box and CA repeat,
but is lost on the further addition of a nondescript stretch of
DNA48 bp in length. It may be considered that this DNA
fragment confers a high basal activity to the construct; how-
ever, the important point to be emphasized is that the construct
is no longer responsive to UV induction. The response is re-
gained through addition of the distal half of the promoter, con-
taining three additional NF-KB motifs. The UV-responsive ele-
ments present in the TNF promoter bear no resemblance to
UV-responsive sequences that have previously been defined (3).

Kruys et al. (8) previously observed that in transient and
permanent transfections, a minimal TNF promoter, only 109
bp in length, was constitutively expressed in NIH 3T3 cells. By
contrast, little or no basal expression of CAT activity was ob-
served in the present transient transfection studies with pro-
moters that were < 403 bp in length. This discrepancy may
result from the fact that, in this study, the reporter constructs
were excised from the vector before transfection, and, there-
fore, were unattached to any adjacent DNA sequences. It
would appear that a certain length of DNA(as much as 261 bp)
must be appended upstream from the minimal TNFpromoter
to permit basal expression of the reporter.

Just as LPS exerts its inducing effect at more than one bio-
synthetic level, UV light induces transcription and, addition-
ally, seems to exert a posttranscriptional effect on TNFbiosyn-
thesis. This is evident from the fact that comparable amounts
of TNFmRNAaccumulate in C3H/ HeJ macrophages treated
with LPS or with UV light; however, only the latter stimulus
leads to protein production (Figs. 8 and 9).

Despite the above-mentioned similarity, many differences
between the response to LPS and the response to UV irradia-
tion are immediately apparent. The UV signaling pathway
does not require the participation of NF-KB, as judged by the
fact that mutation of all four sites within the promoter did not
impair the response. This observation does not contradict the
finding that NF-KB is activated by UVlight (3), nor does it call
the importance of NF-KB in other systems into question.

The Lps mutation, which effectively blocks signals elicited
by LPS, fails to impede signaling initiated by UV irradiation.
While the product of the Lps gene is but one component of the
LPS signaling apparatus, it may be said that this protein, at
least, finds no function in the transduction of signals initiated
by UV light.

Finally, while the LPS signaling pathway was extinguished
in NIH 3T3X RAW264.7 hybrid cells, no effect on UVsignal-
ing was noted. This finding was not unexpected. It is to be
anticipated that if both parental cell lines express components
of the pathway, a hybrid cell line should do so as well. The
genes encoding components of the LPS signaling pathway have
yet to be identified. However, it is reasonable to suppose that
the pathway is composed of specialized proteins, expressed in
macrophages but not in NIH 3T3 cells. The extinction of the
LPS signaling pathway in somatic cell hybrids reflects this fact.
By contrast, the apparently ubiquitous nature of the UVsignal-
ing pathway (which was intact in all cell lines examined) seems
to have prevented its extinction by somatic cell hybridization.

Each of these observations argues that the signaling path-
ways used by UV light and by LPS are very different from one
another, yet none of our findings exclude the possibility that a
certain degree of overlap may exist. Recently, it was reported
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that C3H/HeJ mice fail to respond normally to UV irradia-
tion, insofar as UV light does not attenuate hapten-mediated
contact hypersensitivity in these animals as it does in C3H/
HeNmice (22). It must be emphasized that these studies are,
by their design, confined to an analysis of effects at the level of
the TNFgene, and do not encompass all possible effects of the
Lps mutation. In particular, we cannot assess cooperative ef-
fects occurring between cells, as might exist in experiments
performed with intact animals. However, the results that we
have reported exclude the existence of a single commonpath-
way triggered by UV light and by LPS.

Whatever the nature of the UV-induced pathway leading to
TNFgene activation, it appears, as already noted, to be repre-
sented in most cells. Inasmuch as most cells never encounter
UV light, this finding may suggest that the pathway evolved to
serve a separate function. It is possible that other stimuli use the
same signaling mechanism to activate expression of the TNF
gene; e.g., that certain drugs (23) or physical agents (24)
known to induce TNF do so through the same fundamental
mechanism as UV light. Perturbations of the UV signaling
pathway might, therefore, be expected to have pathologic ef-
fects.

In this context, it is worth recalling that all members of the
TNF family of cytokines (including TNF-a, lymphotoxin-a,
and lymphotoxin-3 [125]) are encoded by MHC-linked genes.
To date, no other cytokine genes have been found to be so
linked. The MHClinkage of the TNF gene, as much as the
proinflammatory character of TNF, has driven speculation as
to the role played by TNF in various autoimmune diseases
(26-30). The UV-responsive nature of the TNF gene would
also seem consistent with a potential role in photosensitivity, as
observed in certain MHC-linked autoimmune diseases, includ-
ing SLE (31). In the future, it will be of interest to determine
whether the TNFgene is abnormally UVresponsive in human
SLE, or in murine models of the disease in which an MHC-
linked gene is known to be etiologically important (32, 33).
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