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factor, and tumor-promoting drugs, such as TPA,3 lead to increased
transcription of c-fos, also a major component of API, using a
different set of protein kinases (e.g., ERK) and thus intersect with the
UV-regulated pathways, which also modulate c-fos and AP-l activity
(8, 11). DNA-activated nuclear protein kinases, which are inducible
by UV damage, also alter the activity of transcription factors such as
p53 and AP-I (2, 12).

About 50 genes are known to participate in the mammalian UV
response downstream of these early responses (13). Only a few of
these are associated with mechanisms that may compensate for the
genotoxic and oxidative effects of UV. Some of these genes are
involved in cell cycle arrest in 01 (14), a variety of DNA repair
mechanisms (13), and p53-dependent programmed cell death (12).
Many UV-inducible genes, however, reflect a partly transformed
phenotype (2). Accordingly, UV-inducible genes such as c-fos, c-myc,
plasminogen activator, collagenase, and ornithine decarboxylase are
involved in tumor progression of a variety of cancers, including
malignant melanomas (2, 13, 15, 16). Ornithine decarboxylase has
recently been the focus as a target for new cancer therapies against
malignant melanomas (17).

The available data indicate a complex and flexible network of
intersecting signaling pathways in mammalian cells that integrate both
stress, such as UV exposure, and signals from growth factors or
tumor-promoting chemicals, such as TPA (2, 18). Few studies have
addressed how UV-mediated disruption of transcriptional control in
human melanocytes compares with the action of growth-promoting
factors such as TPA at later time points. One way to characterize the
UVB and TPA responses in melanocytes is to analyze melanocytic
transcripts to discover those that are differentially regulated at later
time points. Therefore, we analyzed abundance changes in a large
array of transcripts 8 hours after treatment with UV, TPA, and CX in
all combinations, using RAP-PCR (19, 20). RAP-PCR provides a
complex molecular phenotype, the â€œRNAfingerprint,â€•that allowed us
to detect changes in the abundance of 205 of 1900 transcripts sampled
after treatment with UVB, TPA, and CX in all combinations. The
identification of late-transcribed target genes in melanocytes may
provide new targets for tumor-preventive therapies as well as diag
nostic and prognostic molecular markers for detecting UVB damage
in precursor lesions associated with an increased risk of malignant
transformation.

MATERIALS AND METHODS

Tissue Culture and Treatment Conditions. Cryopreserved human Cau
casian newborn melanocytes (Clonetics Corp., San Diego, CA) were grown in

a MCDB153 formulation supplemented with 1 nglml human fibroblast growth
factor-basic, 0.5 @tg/ml hydrocortisone, 10 ng/ml (16 nM) TPA, 5 @.tg/m1

insulin, 50 @.tg/mlgentamicin, 50 ng/ml amphotericin-B, and 15 @.tg/m1bovine

3 The abbreviations used are: TPA, l2-O-tetradecanoylphorbol-l3-acetate; RAP-PCR,

RNA arbitrarily primed PCR; RT-PCR, reverse transcription-PCR; CX, cycloheximide;
SSCP, single-stranded conformational polymorphism; EST, expressed sequence tag;
G3PDH, glyceraldehyde 3-phosphate dehydrogenase; OCR(s), observed category(ies) of
regulation; TM3, human tropomyosin 3; DHPR, dihydropteridine reductase; or, non
redundant.

ABSTRACT

In mammalian cells, UV induces a limited set of early transcribed
genes, which overlaps with the set of genes induced by tumor promoting
drugs such as 12-O-tetradecanoyl phorbol-13-acetate (TPA). Among these
are genes for transcription factors, the activation of which leads to corn
plex secondary changes in expression of multiple target genes. How these
delayed pleiotropic UV effects on transcription may contribute to initia
tion of melanoma skin cancer is poorly understood. We analyzed changes
in the relative abundances of 1900 transcripts in newborn human mela.
nocytes 8 h after treatment with UVB, TPA, and cycloheximide in all

combinations, using RNA arbitrarily primed PCR for differential display.
The relative abundances of 205 transcripts (11 % of all transcripts sur
veyed) were altered by one or more of the treatment combinations.
Fourteen of the 77 genes up-regulated by TPA were also up-regulated by
UVB, but 60 ofthe TPA up-regulated genes were down-regulated by UVB,
indicating both intersecting and independent signal transduction path
ways for UVB and TPA. A number of UVB and TPA target genes were
identified by eDNA cloning. Consistent with UVB induction of a partly
transformed phenotype in mammalian cells, UVB antagonized the TPA
inducible expression of tumor-suppressive tropomyosin 3 mRNA. In ad
dition, UVB may impair mitochondrial functioning and induce oxidative
stress by strong down-regulation of mitochondrial transcription. Finally,
increased expression of the dihydropteridine reductase gene, a major
regulator of the cellular tetrahydrobiopterin pool, was linked to the UV

pathway.

INTRODUCTION

The incidence of potentially fatal malignant melanoma skin cancer
is increasing in many parts of the world, probably due to increased
recreational UVB exposure (1). At present, malignant melanoma
ranks seventh among all cancers in the United States with a total
life-time risk of 1:87 (1). Details of the acute UVB effects in mela
nocytes are still poorly understood, because most investigations on
UV have been done in Escherichi coli, yeast, and nonmelanocytic
cells and have focused on the mutagenic and DNA-damaging action
of UVC (2).

In mammalian cells, no straightforward signaling cascade analo
gous to the SOS system in E. coli has been identified (2, 3). The
earliest detectable response to UVC in mammalian cells is the acti
vation of SRC tyrosine kinase, followed by the activation of Ha-ras
and Raf-l near the cytoplasmic membrane (4â€”6).Stimulation of Ras
leads to the activation of a cascade of cytoplasmic protein kinases
(e.g., JNK; Ref. 7), ultimately resulting in the activation of genes for
transcription factors such as c-jun and ATF-2, components of AP-l (8,
9), and NF-KB (10). Some growth factors, such as epidermal growth
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pituitary extract. All chemicals and hormones were purchased from Clonetics

Corp.

As a UV source, we used a customized apparatus built by Stratagene (San
Diego, CA) with a built-in flux measurement device. The UV lamps provided
by the manufacturer have a continuous spectrum of UVB light (290â€”320nm)
with a peak at 312 nm. The decrease of emission energy with shorter wave
lengths is similar to sunlight; therefore, the emission in the UVC range (<290
nm) is negligible. About 15% of the total energy is emitted in the UVA range
(320â€”400 nm). Mean UVB flux rates were 20 i/s. Overall, this lamp provides
more physiologically relevant spectrum exposure than those generally used in
comparable studies. Because the mammalian UV response has been studied
most often using the 254-nm wavelength of UVC (200â€”290nm; Ref. 2), an
additional source emitting with a peak at 254 nm (germicidal UVC) was used
for comparative experiments.

Human newborn melanocytes were grown in 100-mm dishes to 70â€”80%
confluence over 8 days (doubling time of about 48 h). On day 7, the cells
received growth factor-free media for 20 h. On day 8, the cells were treated
with UVB, TPA, and CX in all possible (2@)combinations: 0/0/0, 0/0/CX,
OIUV/0, TPA/0/0, TPA/UV/0, TPA/0/CX, OIUV/CX, and UVTI'PA/CX. All
dishes were rinsed with sterile PBS; then the melanocytes in the UV treatment
group were irradiated through a thin (1-mm) layer of PBS with a dose of 2000

J/m2, as well as 1500 and 750 i/m2. After irradiation, the PBS was replaced
with fresh media supplemented or not supplemented with TPA (32 nM)and/or
CX (0.02 mg/mI). All experimentswere performedwith two Clonetics cell
lines HNME 680 and 2486. Cells were harvested 8 h after treatment for
analysis of mRNA.

RNA Extraction. Total cellular RNA was extracted using the RNeasy spin
column purification kit (Qiagen, Chatsworth, CA). To remove contaminating
genomic DNA, the total RNA was treated with DNase I (0.2 unit/pA;
Boehringer-Mannheim Corp., Indianapolis, IN) for 45 mm at 37Â°C in a
Tris-MgCl2 buffer (each 0.01 M, pH 8.0) and in the presence of a RNase
inhibitor (1.2 units/pA; Boehringer-Mannheim Corp., Indianapolis, IN). After
DNase treatment, another set of RNeasy spin columns was used for cleaning
the treated RNA. The RNA concentration was measured spectrophotometri
cally at 260 nm and adjusted, and equal aliquots were then electrophoresed on
1% agarose gels stained with ethidium bromide to compare large and small
rRNAs qualitatively and to exclude degradation. When starting with fresh
RNAs, we performed one RAP-PCR, leaving out the reverse transcriptase as a

control of DNA contamination.
RAP-PCR of Total Cellular RNA. RNA stock solutions at about 400

ng/pA were diluted to about 80, 40, and 20 ng/microliter. Five pA of the RNAs
were combined with 5 pA of 2X first-strand cDNA reaction mixtures and
incubated for 60 mm at 37Â°C[final concentrations, 2 units/@.tlRNase inhibitor,
50 mM Tris-HC1 (pH 8.3), 50 mist KC1, 4 mM MgCl2, 10 mM DU, 0.2 mM
deoxynucleotide triphosphates, 2 p.M first-strand arbitrary primer, and 18.75
units/reaction murine leukemia virus reverse transcriptase; Promega Corp.,
Madison, WI]. cDNAs were diluted 4-fold and subsequently cycled through 30
low stringency cycles (94Â°Cfor 1 mm, 35Â°Cfor 1 mm., and 72Â°Cfor 2 mm)
with 4 units/reaction Amplitaq DNA polymerase Stoffel fragment (Perkin
Elmer, Norwalk, CT), 4 nm@MgCl2, 0.2 tni@ieach deoxynucleotide triphos
phate, 2 @Cilreaction[a-32P]dCTP, and 4 LMarbitrary second-strand primer.

Three pAof the complete reaction were mixed with 12 pAof formamide-dye
buffer and denatured at 68Â°Cfor 15 rain. Two p1 of these solutions were
loaded onto 8 Murea/6% polyacrylamide sequencing gels. Electrophoresis was
performed for 4â€”6h at 50 W in I X Tris-borate-EDTA buffer. All three
reactions at each starting concentration of RNA were loaded side by side. Gels
were then transferred to 3 MM Whatmann paper, dried under vacuum at 80Â°C,
and directly placed against X-ray film at room temperature. Several lumines
cent labels (autoradiogram markers) were stuck to the gel to facilitate align
ment of the autoradiograms with the gels in case the isolation of one of the
fragments was desired. Multiple exposures for a variable time (up to 24 h and
more) followed, depending on the intensities of interesting bands.

Arbiti-ary PCR Primers. Primers were manufactured by Genosys
(Woodlands, TX). For first-strand synthesis, the arbitrary primer AP-ll was
used for all fingerprints (5'-AGGGGCACCA-3'). A variety of arbitrary
second-strand primers (10â€”19 mers) was used to sample about 1900 tran
scripts from the experimental melanocytic RNA pools: AP-l, 5'-GAGGGT
GCCTF-3'; AP-2, 5'-GGTGCC1TFGG-3'; AP-3, 5'-CCAAATGCACCT
TCACC-3'; AP-4, 5'-GCACCAGGGG-3'; AP-5, 5'-GTGGTGACAG-3';

AP-6, 5'-AGGGGCACCA-3'; AP-7, 5'-AAGAAGAGCAA-3'; AP-8, 5'-
ACGAAGAAGAG-3'; AP-9, 5'-CACCAGGGGC-3'; and AP-lO, 5'-CCTA
CAAAGCTI'ATFCCTC-3'. All primer combinations were selected in previ
ous experiments according to their ability to generate reproducible fingerprints
with about 150 or more clearly visible products.

Isolation of Differentially Amplified PCR Products. For isolation of
fragments that indicate differential gene expression, luminescent labels on the
gel were aligned with their exposed images on the autoradiograms. The exact
position of the fragment in the dried gel was marked with a needle. Gel slices
(0.5â€”1x 2â€”3mm) carrying the target fragment were then excised with a razor
blade and placed in 50 pAofTE (10 msi Tris-HCI, 1 msi EDTA, pH 8.0). The
DNA was eluted by incubating at 65Â°Cfor 3 h. The eluates were diluted with
water 100-fold. Ten p1 were taken for reamplification of the desired product
using the primers and the conditions outlined above, for 20 PCR cycles, except

that AmpliTaq DNA Polymerase (Perkin-Elmer) was used for this step. Am
pliTaq DNA polymerase was used, because it is less tolerant of mismatch

priming than Amplitaq DNA polymerase Stoffel fragment (Perkin-Elmer). The
PCR products were routinely checked by denaturing PAGE running the ream
plified product next to the original fingerprint to verify its size and purity.

Purification of the Desired Product by Native SSCP Gels. After a
differentially amplified RAP product is detected, eluted, and reamplified, it is

most often contaminated with a mixture of several different products of similar
size. To identify the regulated transcripts, we used native polyacrylamide gels

to separate the sequences of the reamplified mixture based on SSCP as
described previously (21). The SSCP gels were run in 0.6X TBE for 14â€”18h.
We analyzed reamplifications of both the region carrying the desired product
and a corresponding region from an adjacent lane, where the product was less
prominent or not visible. Side-by-side comparison of these two reamplification
mixtures on a SSCP gel allows the selection and reamplification of appropriate

product for cloning, because contaminants can be identified and avoided (21).
Once the correct band is identified by this procedure, it is cut from the gel and
reamplified a second time. This results in isolation of a single product in more
than 80% of the cases (21).

Cloning, Southern Transfer, and Sequencing of Interesting Products.
Reamplified products from the SSCP gels were cloned using the Invitrogen TA
cloning kit (Invitrogen, San Diego, CA). After blue-white screening of the
clones, 10 white colonies per desired product were picked and suspended in 50
pA of water. Aliquots of these bacterial suspensions were checked by high

stringency PCR for the presence and the correct length of inserts using the

universal and the Ml3 (â€”20)reverse sequencing primers. Clones with the
desired inserts were subsequently grown overnight in 5 ml of LB medium
containing 50 @.tWmlof ampicillin for plasmid isolation.

Four to six clones/transcript were sequenced with the Applied Biosystems
373 automatic sequencer using the Perkin-Elmer (Norwalk, CT) DNA se
quencing kit. The data bases of the National Center for Biological Information
were searched to align the obtained sequences with known cDNA clones
(GenBank nr), genomic clones (GenBank nr), and cloned expressed sequence

tags (dbEST) using the two search modes blast/nr and tblastx/dbEST. Previ
ously unknown sequences were submitted to GenBank as melanocytic ESTs.

If sequences were multiply represented and confirmed within the majority
of the clones resulting from one RAP-PCR product, inserts were reamplified
and used as probes against Southern blots of the original gels. This procedure
insures that selected sequences were in fact differentially amplified in the

original gels. Differential expression is then usually confirmed by Northern
blot analysis or RT-PCR methods. The DNA from RAP-PCR fingerprints was
transferred to nylon membranes (Duralon-UV; Stratagene) by capillary action
overnight in a 20X SSC buffer. After UV cross-linking, the blots were

prehybridized and hybridized with conventional methods (22).
Confirmation of Differential Expression of Selected Sequences by

Northern Blot Analysis and Semiquantitative RT-PCR. Twenty jig of total
RNA per treatment group was electrophoresed through 1.0% agarose/formal
dehyde gels (4-morpholinepropanesulfonic acid buffer), transferred to nylon
membranes (Duralon; Stratagene), and UV cross-linked. Probes were synthe

sized from the corresponding clones and randomly labeled with the prime-IT
II kit (Stratagene). A G3PDH probe was used to verify that the lanes were
equally loaded (Clontech Laboratories, Palo Alto, CA). Hybridization to blots

was performed using conventional methods (22). Because Northern blots are
sometimes not sensitive enough to confirm differential expression of tran
scripts of low abundance, we have recently developed a PCR-based method in
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least 85% viable cells after 48 h of culture. Thirty-two n@ TPA is
within a broad dose range (10â€”150 nM) that uniformly activates the

growth of human melanocytes, probably by stimulating different
protein kinase C isoforms and modulating their cellular location (26,
27). To analyze the late effects of these modulators, cells were
harvested 8 hours after treatment, a time point when, due to the fast
kinetics of the TPA- and the UV response, early induced transcripts
such as c-fun, c-los, and c-myc have already passed their maximum
expression (8, 27, 28).

Total RNAs prepared from all treatment groups were surveyed by
RAP-PCR. To avoid misleading results due to PCR products that
reflect differences in RNA quality and concentration rather than
alterations in transcript abundance, each RNA was fingerprinted at
three 2-fold serial dilutions. Only those differentially amplified prod
ucts that were reproducibly present at all three RNA concentrations of
a particular treatment group were considered to be derived from
differentially expressed genes (20). Fig. 2 shows a representative
RAP-PCR fingerprint. The order of loading (from left to right) cor
responds to the codes used for OCRs in Table I . The total number of

visible PCR products was counted in the control lanes of all gels.

x 1O'CelsIDIsti

Fig. 1. The growth of melanocytic cells is progressively suppressed by increasing doses
of UV.A UVdoseof 2000JIm2(UVB,312 nm)or 40 JIm2(UVC,254nm)resultsin
complete cessation of growth for more than 3 days without dropping the viability to lower

than85%.â€¢,no UV;U, UVB500J/m2;A, UVB1,000JIm2;X, UVB2,000JIm2;â€¢,
UVC 40 JIm2. Bars, SD.

our laboratory that allows estimation of the relative mRNA abundances.4This
method uses a low-stringency RT-PCR protocol with specific primers, thus
generating background fragments that serve as internal standards. To estimate

relative mRNA levels of the dihydropteridine reductase gene transcript, the
following primers were used: 5'-TGA CAG ACT CGT TCA CTG AGC
AGG-3' and 5'-TCA TCG GGG TAT CCA GGG TAA C-3'.

Quantitation of the Northern and semiquantitative RT-PCR results was

performed using the Personal Densitometer (Molecular Dynamics). The mdi
vidual signals were corrected for uneven loading by division with the corre
sponding signal generated by the G3PDH probe or internal standard.

RESULTS

UVB-modulated Growth of Melanocytic Cells. Experiments
were performed with UVB lamps, which better represent the natural
spectrum of UV exposure of human skin than UVC sources. A dose
of UVB was determined that was sufficient to stop cell growth but
was not lethal. Fig. 1 shows the growth suppression of human mela
nocytes due to increasing doses of UV. UVB and UVC applied 12 h

after seeding of the cells caused a dose-dependent delay in exponen
tial growth. A dose of about 2000 JIm2 UVB resulted in complete
cessation of net growth for more than 3 days without reducing the
viability below 85%. This is about one-half of the cumulative doses
used to induce malignant melanomas in some animal models (23, 24).

UVB and TPA as Interacting but Largely Independent Modu
lators of RNA Abundance of Late Transcribed Target Genes. An
experiment was designed to determine the proportion of transcripts
that were regulated by overlapping transcriptional programs of UVB
and TPA, as well as the proportion of genes regulated by TPA or UVB
alone. To divide these transcripts between the primary response class,
which is independent of new protein synthesis, and the secondary
response class, which requires new protein synthesis, CX, an inhibitor
of protein synthesis, was included as a third dissecting variable (25).
Normal melanocytes from newborns can divide at least 15 times.
These cells were used in the exponential growth phase after four to six
cell divisions. At this time, they showed the dendricity and morphol
ogy of young, nonsenescent melanocytes. Cells received fresh media
each day during days 1â€”6.On day seven, all cells received growth
factor-free media for a period of 20 h. On day eight, cells were treated
with UV/TPA/CX in all possible (2@ 8) combinations: 0/0/0,
0/0/CX, OIUV/0, TPA/0/0, TPA/UV/0, TPA/0/CX, 0/UV/CX, and
UVITPA/CX. In pilot experiments, the dose of 2000 JIm2 UV B, as
well as TPA and CX doses, was tested for nontoxicity, revealing at

4 F. Mathieu-Daude, personal communication.
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Fig. 2. RAP-PCR fingerprinting reveals divergent sets of UVB- and TPA-regulated
transcripts at late time points. Cells were treated with 2000 JIm2 UVB, 32 nat TPA, or 0.02

mg/ml CX in all possible (2@ = 8) combinations. RNAs of all treatment groups were

harvested 8 h after treatment and were fingerprinted at three 2-fold dilutions (400. 200,
and 100ng oftotal RNA) using the arbitrary primers AP-l 1 (5'-AGGGGCACCA-3') and
AP-l (5'-GAGGGTGCCTT-3'). RAP-PCR products were loaded side-by-side, such that
each set of three lanes contains the three RNA concentrations from each treatment group.
The RAP-PCR products were electrophoresed on a 8 si urea/6% polyacrylamide gel. TM3,
bandfromwhichweobtaineda differentiallyregulatedsequencethatmatchesthehuman
TM3 gene.<, bandsdisplayingdifferential amplificationof a cDNA. Left' sizeof the
amplified cDNAs.
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Table I Differential expression results fromRAP-PCRanalysisof melanocytes Ireated with allcombinations of UVB. TPA, andCXOCRâ€•TPA:
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a OCRs were arbitrarily numbered according to size, with OCR 1 being the largest. + , â€”,0 indicate increase, decrease, or no change in the intensity of the band in the RAP-PCR

fin@,erprint,respectively.
Twohundredfiveofapproximately1900surveyedtranscriptsfellinto32distinctOCRs,and â€”1695fellintoa largeunregulatedclass(OCR01).TheOCRsaregroupedaccording

to general features including: a, inverted response pairs; b, all positive responses; c, all negative responses; d, unpaired, mixed positive and negative responses; e, unresponsive to any
of the threeagents.

Using 11 arbitrary primers in 10 pairwise combinations, bands cor
responding to about 1900 mRNAs were visible. Two hundred five of
the transcripts, about 11% of all transcripts surveyed, displayed dif
ferential expression under the conditions tested. The 205 transcripts
fell into 32 OCRs other than OCR 1 (no regulation, about 1695 of the
observed transcripts). Because three treatments (UVB, TPA, and CX)
can be used in eight possible combinations, the theoretical complexity
of regulatory information amounts to 2187 (37) possible OCRs when
considering only the direction of the response, i.e., fragments showing
down- or up-regulation, including new appearance and complete
disappearance of a fragment, and no change. Thus, the total number of
OCRs amounted to 1.5% of the theoretical number of 2187.

Table I shows all OCRs 8 h after the cells underwent treatments
with the eight possible combinations of 2000 J/m2 UVB, 32 nr@iTPA,
and 0.02 mg/ml CX. Twenty OCRs (61% of total) contained only one
tothreeregulatedtranscripts.TwelveOCRscontainedbetween4 and
51 transcripts. TPA increased the expression of 77 transcripts and
decreased the expression of 24 transcripts. UVB up-regulated 38
transcripts and down-regulated 147 transcripts. TPA and UVB effects
on differential gene expression overlapped at this time point. The
overlap contained 20 transcripts (1.1% of all transcripts surveyed;
OCRs 11, 12 15, 17, 19, 24, 25, and 30). However, of the 77

transcripts up-regulated by TPA, only 14 were also up-regulated by
UVB. Sixty of the remaining 63 TPA up-regulated transcripts were
dominantly down-regulated by UV.

OCR 4 (1.1%), which is not affected by TPA or CX, decreased in
size with lower doses to 0.5% (at l500J/m2) and 0.1% (at 750 J/m2)
but remained large when nonphysiological UVC was used in doses
(20â€”40JIm2) comparable to those used in most previous studies of
the UV response (2). On the other hand, many transcripts increased in
abundance after UVB treatment (OCR 3, 22 transcripts, 1.2%). The
size of this OCR remained unchanged when UVC was used in doses
of 20 and 40 JIm2.

In these experiments, all UVB-specific effects on RNA abundance,
as well as the impact of UVB on TPA- and CX-induced effects on
RNA abundance, were primary responses in that they occurred in the
presence of CX (e.g., OCRs 3 and 4). In contrast, 15 of the 77 TPA
up-regulated messages were up-regulated only in the absence of CX
(OCRs 9, 30, 14, 33, 31, 26), possibly indicating a requirement for
intervening protein synthesis. OCR 5, with 17 transcripts (0.9%),
indicated partially overlapping CX and TPA effects; these transcripts
showed increased abundance after treatment with CX or TPA, and
TPA/CX in combination. By far, the largest class was OCR 2 (51
transcripts, 2.7%), with transcripts that accumulate due to CX, many
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of which may result from inhibition of mRNA degradation (29). The
accumulation of all transcripts in this class is blocked by UVB,
possibly reflecting either global down-regulation of transcription or
deactivation of the message stabilization program controlled by CX.
Interestingly, however, global down-regulation of transcription cannot
account for the behavior of OCR 8, suggesting that UV might interfere
with CX action through a more pathway-specific mechanism. In 15 of
the 23 OCRs where TPA has an impact on gene expression, UVB
treatment has a dominant-negative effect over the TPA effect. Nine of
the OCRs represent TPA primary responses that are overridden by
UV. In all cases, the UV override signal is independent of CX. OCR
28 is a special case because it is the only observed situation where the
Uv effectmightbeoverriddenbyTPA.

Further Characterization of Genes Representing the Main
OCRS. Twenty transcripts were cloned and sequenced in this study,
4 of which showed very close homology or identity with sequences of
known genes. These genes represent four of the major OCRs, includ
ing OCRs 6, 4, 3, and 2. To establish these four transcripts as markers
of divergent sets of late-transcribed target genes, differential expres
sion was confirmed by Northern blots and semiquantitative RT-PCR
(Fig. 3). Differential expression of the other sixteen, putatively UVB/
TPAICX-regulated transcripts that did not match with known genes,
has yet to be confirmed. Thus, the corresponding sequences were
submitted as new melanocytic ESTs to the NCBI data base along with
annotations regarding their regulation suggested by RAP-PCR exper

iments (accession numbers U773l1â€”22 up-regulated by UVB,
U77323 up-regulated by TPA and UVB, U77324â€”6 up-regulated by
TPA).

From OCR 4 (down-regulated by UVB regardless of the presence
of CX or TPA), we characterized a differentially regulated transcript
(about 5-fold down-regulation according to densitometric measure
ments) that entirely matched the sequence for the mitochondrial
subunit of cytochrome oxidase I (GenBank entry HUMMTM1, be
tween bases 2221 and 2480). RAP-PCR predicted a strong down
regulation by UV as a primary response. This was confirmed by
Northern blots showing the expected transcript size of about 1600 bp
(Fig. 3A). Because the mitochondrial genome is polycistronically
organized, it is likely that all mitochondrial transcription was quickly
and efficiently down-regulated within the first 8 h after UVB
irradiation.

From OCR 6 (up-regulated by TPA in presence of CX and absence
of UVB), a transcript was identified that completely aligned with
nonmuscular human TM3 mRNA (GenBank entry HUMTRO, be
tween bases 113 and 255), a molecule that was not previously known
to be expressed in melanocytes. This is the first evidence for TPA/
CX-dependent up-regulation of TM3 (about 15-fold up-regulation
according to densitometric measurements) that is antagonized by
UVB light in human melanocytes. Northern blots revealed a mRNA of
about 2 kb, similar to the tropomyosin splicing variant found in human
fibroblasts (30).
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From OCR 2 (up-regulation by CX in the absence of UV B), a
transcript was obtained that represented the first human homologue of
a previously identified gene from Xenopus laevis (94 of 124 bases,
75%, are identical; GenBank entry XLU13674, between bases 3263
and 3386). This sequence was submitted to the NCBI data base
(GenBank accession number U460751HSU46075). Subsequently, a
new entry in the data base showed a homologous Mus musculus
sequence (GenBank accession U423851MMU42385), which is induc
ible by fibroblast growth factor in mouse fibroblasts (31). Here, 107
of 124 bases, 87%, are identical with our sequence. This transcript is
constitutively expressed in cultured melanocytes and accumulates
when CX is present, and its 4-fold accumulation in the presence of CX
is suppressed by simultaneous UVB irradiation. Northern analysis
revealed a transcript of about 4.3 kb (Fig. 3C). This new family of
genes encodes nucleotide binding proteins defined by the yeast pro
tein Smclp. One member of the family is thought to be involved in
nuclear processes such as chromosome condensation during mitosis
(32, 33).

FromOCR3 (UVup-regulatedregardlessof thepresenceof CXor
TPA), a transcript was isolated that matched a clone of 18S rRNA
(GenBank entry M16477). However, the sequence also shares homol
ogy with the DHPR gene (GenBank accession number Ml6447).
DHPR maintains the supply of tetrahydrobiopterin, an essential co
factor of phenylalanme hydroxylase, an enzyme that controls melanin
biosynthesis in human epidermis (34). UV induction (about 4-fold in
our experiments according to densitometric measurements) of this
gene is quite plausible from a physiological point of view. Because
Northern blots were not sensitive enough in this case, we confirmed
Uv specific up-regulation by semiquantitative RT-PCR using prim
era, which produce a 402-bp product from the coding region of this
gene (Fig. 3D).

The GenBank accession numbers were U77311â€”U77326 and
U46075/HSU46075.

DISCUSSION

The response to UV and growth-promoting chemicals such as TPA
in mammalian cells involves a limited repertoire of shared early
immediate transcribed genes that are activated by integrated signal
transduction pathways (4, 8, 10, 35). Both pleiotropic agents lead to
complex changes in transcriptional control, which may contribute to
the adverse effects such as tumor initiation (UV) and promotion (UV
and TPA; Refs. 26 and 28). Bearing in mind the caveats discussed
previously (25), it is possible to assess the approximate scale of the
TPA and UVB response by RAP-PCR. In our survey of about 1900
RAP-PCR products obtained from melanocytes treated with TPA,
UVB, and CX in all possible combinations, 204 transcripts responded
to TPA, UV, or both. Seventy-sevenof these were up-regulatedby
TPA, but only 14 of these were also up-regulated by UVB. The
overlap of 14 positively regulated genes 8 h after exposure to UVB
and TPA may reflect persistent effects of common early-immediate
responses (18). The limited extent ofthis overlap may be explained by
the fact that TPA acts predominantly through the PKC pathway (36),
whereas the pathways induced by UVB are more complex; the latter
involves not only activation of SRC receptor tyrosine kinase but may
also have effects on transcription resulting directly from DNA damage
and DNA damage-dependent nuclear kinases (2).

The late responses to UVB, in contrast to TPA, were exclusively
CX-resistant, primary responses. This is consistent with the widely
accepted concept that posttranslational modification or release of
preformed proteins by UV rather than new protein synthesis plays a
major role in the UV response and makes it different from the
response to growth factors and chemicals such as TPA, which seems

to be more dependent on the biosynthesis of new proteins (2, 11).
Accordingly, we detected up-regulation of 15 transcripts as a second
ary response to TPA. That no secondary UVB response genes were
observed may reflect a low abundance of the corresponding iran
scripts, causing them to be inefficiently sampled by RAP-PCR (37).
Alternatively, categories that contain few regulated genes are likely to
seem empty in a limited sample. For example, assuming unbiased
sampling, a class representing 0.1% of all actively transcribed genes
that can be sampled using this method (15 genes when assuming a
total of 15,000 transcripts) have a 15% (0.999@Â°Â°)probability of not
being sampled in a survey of 1900 transcripts. However, there is a
99.99% (1â€”0.9951900)chance that at least one transcript will be
sampled in a category containing 0.5% of all genes. Thus, we can be
almost certain that if the seemingly empty categories have responsive
transcripts, they represent less than 0.5% of all transcripts. Further
more, more abundant cDNAs are partially excluded from amplifica
tion during later cycles of RAP-PCR due to reannealing, whereas rarer
cDNAs amplify further (â€œC0teffectâ€•;Ref. 38). This partial abundance
normalization and the fact that most fragments are independent of
each other argue that our estimates of the size of each OCR are
plausible (25, 39).

The identification oflate-transcribed target genes of UVB pathways
in melanocytes may provide new targets for tumor-preventive thera
pies as well as diagnostic and prognostic molecular markers for
detecting UVB damage in precursor lesions associated with an in
creased risk of malignant transformation. Therefore, we identified
marker transcripts of the main subsets of regulated transcripts ob
served that specifically respond to UVB or to UVB and one of the
other experimental modulators, TPA and CX. Our search for genes
responding to UVB revealed two new regulatory mechanisms that
may contribute to the carcinogenic risk, which UVB inflicts on
melanocytes over and above the direct mutagenic activity of UV due
to pyrimidine dimer formation in nucleic acids. These new observa
tions were down-regulation of mitochondrial transcription and of the
tumor-suppressive transcript TM3.

The sampling of mRNAs deficient of a poly(A) tail, such as
mitochondrial mRNAs or prokaryotic mRNAs, is a special feature of
RAP-PCR when compared to poly-T anchored first-strand synthesis
priming of differential display (19, 20). Therefore, in this study, a
mitochondrial mRNA could be sampled, and we provide new cvi
dence that UVB is able to efficiently down-regulate mitochondrial
transcription in human melanocytes. This observation is consistent
with the previously observed photodynamic action of UVA (UVA
plus sensitizing chemicals such as psoralen; Ref. 40) and similar to the
effects of some cytostatic drugs such as mofarotene (41). Poor mito
chondrial function and accumulation of deletions in the mitochondrial
genome has been described in nonmelanocytic skin cancer (42). Also,
impaired mitochondrial transcription is associated with poor differen
tiation and clinical outcome in colon cancer (43). Thus, temporary or
persistent mitochondrial malfunction may be a cocarcinogenic and
tumor-promoting mechanism in a variety of human cancers (44) and
could put the melanocyte at increased and prolonged mutagenic risk
after UVB exposure due to lack of safe detoxification of oxygen
radicals via the respiratory chain. This new aspect of indirect UVB
mutagenicity may explain why repeated UVB exposure is much more
harmful than single doses (2). The first hit of radical producing UV
may leave the cells in a vulnerable status of impaired radical detox
ification capacity so that another hit may cause aggravated DNA
damage. Assuming that the mitochondrial function cannot be recov
ered completely by a subset of cells, these organdies could also
conserve the ad hoc mutagenic effects of UVB due to a protracted or
even life-long production of activated oxygen species in UVB-dam
aged cells. Further studies are needed to confirm the significance of
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these mitochondrial alterations, as well as to develop possible pre
ventive therapeutics that function as oxygen radical scavengers.

TM3 mRNA was not previously known to be expressed in human
melanocytes. In addition to its marker function for late TPA-specific
gene regulation, it has important implications for transformation and
cancer (45). Several findings have suggested that the expression of
RNAs coding for cytoskeletal proteins like TM3 are tumor protective;
thus, expression returns if cells revert from malignant phenotype to
benign and vice versa (45). Recently, it was demonstrated that in
creased expression of the untranslated region of this particular mRNA
exerts the tumor-suppressing activity (45). Therefore, its up-regula
tion may reflect a transformation-protective response of normal mela
nocytes to strong tumor-promoting stimuli such as TPA. Our study
shows that UVB light blocks this up-regulation of TM3 mRNA. This
effect may reflect a new aspect of induction and promotion of mela
nocytic tumors by UV B. The disappearance of molecular markers
such as TM3 mRNA transcript could become a new tool for diagnosis
of melanocytic nevi that are at a labile, cancer-prone status (dyspla
sia), which is still a matter of controversy even among expert his
topathologists (46). In situ studies of TM3 expression in this particular
subset of melanocytic lesions are in progress.

We examined in detail one further transcript that constitutively
accumulated in melanocytes in the presence of CX but was suppres
sible by UVB. The sequence of this transcript showed homology to
already known genes, a basic fibroblast growth factor-inducible gene
(FINI6) in mouse (31), as well as the Xenopus laevis gene for a
coiled-coil protein that may act as a chromosome condensation pro
tein during mitosis (32) and may also fulfill a yet unknown function
in the cytoplasm throughout interphase (33). This family of genes,
which is usually represented by transcripts of more than 4 kb (Fig.
30, consists of members of an emerging family of nucleotide-binding
proteins. The yeast protein Smclp is the archetype in this family (33).
The function of these proteins during interphase and where they
localize in the cytoplasm are not yet known. Our sequence appears to
represent the first human member of this family and was deposited in
the NCBI GenBank data base (U460751HSU46075).

A fourth transcript that we examined in detail codes for DHPR,
which shows UVB-dependent up-regulation. This enzyme plays a
pivotal role in maintaining the cellular pool of tetrahydrobiopterin, the
major and essential cofactor of phenylalanin hydroxylase, which is the
key enzyme of melanogenesis (34). This marker for UVB-specific
effects most likely represents a physiological response in melanocytic
cells, because implications for a close link to the carcinogenic risk are
not apparent. However, as a paracrine factor, tetrahydrobiopterin also
interferes with the nitric oxide production of vascular smooth muscle
cells and may finally lead to vasodilatation in underlying tissues (47).
Therefore, our observation might also contribute to further investiga
tions that address secondary UVB-inducible phenomena, such as
UVB erythema and sunburn, as well as vascularization in malignant
melanomas. The DHPR gene belongs to a UV up-regulated OCR.

Genes displaying this behavior have received much attention in the
past due to their involvement in cancers. Some of the genes in this
class, e.g., ornithine decarboxylase, have become targets for the
development of new cancer therapies (17). To date, there are more
than 50 members in this class of genes, and it is still growing (2).
Indeed, our estimates that about 1.9% of all transcribed genes in
melanocytes are in this class indicate that it may be much larger and
the effects of UV much more complex than previously thought. We
sequenced a series of 12 more transcripts from this OCR that did not
match any data base entries, which were submitted to GenBank as
new melanocytic ESTs (GenBank accession numbers U773 11-
U77322).

Finally, there are several methods for the high throughput analysis

of gene expression patterns, including RAP-PCR (20), differential
display (19), SAGE (48), and differential hybridization to clones
immobilized on membranes or glass slides (49) or oligos attached to
glass slides (50). A number of laboratories are generating differential
regulation data, and methods for analyzing the patterns that emerge
from this data are evolving (25). Gene expression pattern analysis may
reveal correlations between different genes and regulatory phenomena
that could not be easily achieved by examining genes one at a time.

One type of pattern can be seen in Table 1, where many OCRs
display inverted response behavior. For example, treatment by UV
results in a positive response in OCR 3 and a negative response in
OCR 4, possibly reflecting the simple fact that UV up-regulates some
genes while down-regulating others. Interestingly, however, in paired
OCRs 2 and 8, the effects of CX are blocked by UV whether the CX
effect is positive (OCR 2) or negative (OCR 8). A similar comparison
can be made for OCRs 6 and 10, where both positive and negative
TPA responses, which are observed only in the presence of CX, are
blocked by UV. OCRs 14 and 23 display inverted responses that
reflect the ability ofCX to block the effects ofTPA, whether the effect
is positive (OCR 14) or negative (OCR 23), and both positive and
negative effects of TPA are blocked by UV in OCRs 7 and 21. Also
in keeping with the theme of inverse regulatory classes, genes in OCR
12 respond to any of the three agents by up-regulation, and this class
is mirrored by OCR 15, which is down-regulated by any of the three
agents. Likewise, OCR 11 is up-regulated by either UV or TPA, and
this class is mirrored by OCR 19, wherein all genes are down
regulated by either UV or TPA.

Considering that over 2000 response patterns are possible, it is
surprising that so many genes fall into classes that constitute inverted
response pairs. Genes that fall into the same OCRs are more likely to
share regulatory features than genes from different classes. In addi
tion, however, most genes in this study (78%) fell into inverted
response pairs, suggesting that both positive and negative effects are
often mediated by common signal transduction pathways, perhaps
often by the same transcription factor. The alternative hypothesis, that
the effects of the different agents are mediated by nonoverlapping
signal transduction pathways that converge only at the promoter,
would lead to a collection of OCRs with few inverted pairs, because
each OCR would be an independent combination drawn from the
21 87 possibilities. These principles must be explored in greater detail,
but if correct, RNA abundance comparisons by RAP or any other
method, under various treatment scenarios, may provide a means by
which genes can be grouped according to common regulatory fea
tures. This would greatly aid in the design of directed experiments to
identify the signal transduction subroutines responsible for controlling
different classesof genes.

In conclusion, our data indicate global and sustained disruption
of transcriptional control 8 h after a growth-arresting dose of UVB
in human melanocytes. Also at this late time point, an overlapping
set of genes was found being regulated by both UVB and TPA.
However, our data also show that the pathways involved, which
initially have intimate links, are ultimately able to induce divergent
programs that reflect divergent and agent-specific phenotypes in
melanocytic cells, i.e., growth arrest by UVB and growth stimu
lation by TPA. The molecular markers identified in this study may
facilitate further studies that address UV-promoted melanocytic
transformation and progression. Our findings that UVB can alter
mitochondrial functions and block the TPA-dependent up-regula
tion of the tumor-suppressive TM3 transcript underscores the con
cept that UV induces a partially transformed phenotype (11).
Further studies are needed to determine whether mitochondrial

impairment and consequent oxygen radical formation due to le
sions caused by UV are responsible for the observation that single
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UV exposures can result in the subsequent oncogene-driven accu
mulation of mutations in subsequent generations of cells (5 1), and
whether this is the basic mechanism behind the onset of malignant
melanoma many years after a few sunburns.
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