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Figure 1. Comparison of three dimensional (3D) structures and electrostatic surface potentials of the XPD protein in silico among wild type and mutants.
(a) 3D structures of wild-type and mutant XPD proteins (from the N terminus to the C terminus, blue to red). (b) Electrostatic surface potentials of XPD proteins
(from negative potentials to positive potentials, red to blue). (c) Magnification of electrostatic surface potentials of XPD proteins at the ATP-binding site
(enclosed by yellow). (d) Results of docking simulation of ATP and XPD proteins. The right panel shows that ATP binds to XPD protein in a previously
reported site and orientation. A lower docking score indicates a more energetically stable state.

affinity than does the former. Also, in
our in silico analysis of human XPD, the
R683Q mutant has an ATP-docking
ability that is weaker compared with
the wild type, whereas the R683W is
not capable of ATP docking. Because
helicases couple the energy of ATP
hydrolysis to the unwinding of DNA,
these data may explain the difference in
clinical ~severity between patients
harboring R683W and those harboring
R683Q. Similar to R683Q, ATP-docking
ability of S541R and del619 may
explain why XPD patients with these
mutations experience milder symptoms.
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To maintain genetic integrity, ultraviolet light-induced photoproducts in DNA must be removed by the
nucleotide excision repair (NER) pathway, which is initiated by damage recognition and dual incisions of
the lesion-containing strand. We intended to detect the dual-incision step of cellular NER, by using a
fluorescent probe. A 140-base pair linear duplex containing the (6-4) photoproduct and a fluorophore-
quencher pair was prepared first. However, this type of DNA was found to be degraded rapidly by nucleases
in cells. Next, a plasmid was used as a scaffold. In this case, the fluorophore and the quencher were attached
to the same strand, and we expected that the dual-incision product containing them would be degraded in
cells. At 3 h after transfection of HelLa cells with the plasmid-type probes, fluorescence emission was
detected at the nuclei by fluorescence microscopy only when the probe contained the (6-4) photoproduct,
and the results were confirmed by flow cytometry. Finally, XPA fibroblasts and the same cells expressing the
XPA gene were transfected with the photoproduct-containing probe. Although the transfer of the probe into
the cells was slow, fluorescence was detected depending on the NER ability of the cells.

g ltraviolet (UV) light causes photochemical reactions of the base moieties in DNA'. The major products are
cyclobutane pyrimidine dimers (CPDs) and pyrimidine(6-4)pyrimidone photoproducts ((6-4) photo-
products), formed between adjacent pyrimidine bases. Since these photoproducts induce genetic muta-
tions, which lead to carcinogenesis and cell death, they must be repaired by the nucleotide excision repair (NER)
pathway to maintain genetic integrity®. The (6-4) photoproduct is repaired by NER more efficiently than the
CPD?, and other lesions that significantly alter the chemical structure of DNA, such as carcinogen adducts, are
also removed by NER™.

There are two subpathways in eukaryotic NER: global genome NER (GG-NER) and transcription-coupled
NER (TC-NER)> In GG-NER, the XPE protein, which consists of the DDB1 and DDB2 subunits, recognizes the
lesion by forming a specific complex with damaged DNA?®, and then the DNA is transferred to the XPC protein,
through the ubiquitylation of both proteins by the ubiquitin ligase bound to DDBI1°. After this damage recog-
nition step, TFITH, a general transcription factor, and the XPA protein are recruited. TFITH contains the XPB and
XPD proteins, which both have DNA helicase activity, and the XPA protein is considered to stabilize the open
complex and to verify the damage?. Subsequently, the ERCC1-XPF complex and the XPG protein, which are both
structure-dependent nucleases, cleave the lesion-containing strand on the 5’ and 3’ sides of the damage site,
respectively, to produce a fragment with a chain length of about 30 nucleotides. TC-NER differs from GG-NER
only at the damage recognition step. This subpathway is initiated by the stalling of RNA polymerase II at the
damage site, and other factors such as CSA and CSB are required, instead of the XPE and XPC proteins, to form
the open complex containing the TFITH complex and the XPA protein’. After the dual incisions by ERCC1-XPF
and XPG, the repair is completed by DNA polymerase and DNA ligase.

Mutations in genes related to NER result in the diseases known as xeroderma pigmentosum (XP), Cockayne
syndrome (CS), and trichothiodystrophy, which are autosomal recessive disorders®”, Seven genes, XPA-XPG,
which encode the proteins functioning in the NER pathway described above, were identified by complementation
experiments, and the products of the CS-related genes are required to link the damage recognition to the open
complex formation in the TCR subpathway. XP patients are extremely sensitive to sunlight and develop skin
cancer at high rates'®'". The relative risks of non-melanoma skin cancer and melanoma in XP patients were
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recently calculated to be about 10,000-fold and more than 2,000-fold
higher, respectively, than those of the general population®.
Neurological degeneration is also correlated with mutations in sev-
eral XP genes".

Since XP is a hereditary disease in which skin cancer develops atan
early age', its diagnosis is important. Based on the diagnosis, the
patients are advised to avoid sunlight to prevent the onset of skin
cancer. The most commonly used test is the measurement of
unscheduled DNA synthesis (UDS)*. Skin fibroblast cultures are
prepared from a biopsy obtained from the subject, and after irra-
diation with UV light, [*H]thymidine incorporation into DNA is
measured by autoradiography or liquid scintillation counting*'.
The XP cells show lower UDS ability, because the cells are deficient
in the active proteins that recognize and remove the lesion. However,
this diagnostic method is not entirely satisfactory, for several reasons.
One is the risk of exposure of the medical staff to radiation in the use
of the radioactive compound, although this problem may be solved
by using a fluorescent nucleotide'®. Another is the considerable suf-
fering of the subject. In this study, we developed a fluorescent method
for detecting the cellular ability to incise the damaged strand in the
NER pathway, which could be applied to the screening of XP.

Results

Trial of linear DNA as a fluorescent probe. In our previous study",
we developed fluorescent probes to detect base excision repair (BER),
which initiates the removal of damaged bases with relatively small
changes in their chemical structures. The probes were hairpin-
shaped 30-mer oligonucleotides containing an oxidatively damaged
base in the center, and bearing a fluorophore and a quencher at the
5" and 3’ ends, respectively, in the same manner as a molecular
beacon'®. To detect the BER enzyme reaction in cells, nonspecific
degradation was prevented by changing the phosphodiester linkages
to nuclease-resistant phosphorothioate analogs in the regions that
were not required for enzyme binding. We tried to use this system to
detect the NER-specific dual incisions. However, the shortest
substrate for NER reported so far was about 100 base-pair (bp)
long', and a 140 bp duplex was used successfully to analyze NER
in vitro®, while the above-mentioned BER probe was composed of
only 13 base pairs with a loop. Therefore, a strategy of attaching the
fluorophore and the quencher to the base moieties in the central part
of a long duplex was formulated, with the expectation that the
fluorophore-tethered fragment would be released from the duplex
after the dual incisions (Fig. la). Since the fluorophore and the
quencher are generally attached to the end of the stem structure in
molecular beacon-type probes, we firstly determined whether such
internal labeling could function, using a short duplex shown in
Supplementary Fig. Sla. When the two strands were mixed, the
fluorescence intensity decreased, depending on the amount of the
quencher-containing strand (Supplementary Fig. S1b).

Based on the above results, we designed a 140 bp duplex contain-
ing fluorescein, Dabcyl, and the (6-4) photoproduct, as shown in
Supplementary Fig. Slc. Since little information is available about the
protein-DNA interactions at the atomic level throughout the NER
process, only three phosphodiester linkages at both ends in each
strand were changed into phosphorothioates to protect the duplex
from exonuclease digestion. A duplex containing normal thymines
in place of the (6-4) photoproduct was also prepared, as a control.
The duplexes with and without the (6-4) photoproduct were treated
with a HEK293 cell extract, and the products were analyzed by
PAGE. Replication protein A (RPA) was added to one of the reaction
mixtures containing each duplex, because this factor reportedly facil-
itates NER". A ladder of bands was obtained for the photoproduct-
containing duplex, which was presumed to be produced by the dual
incisions in the NER pathway. However, other bands were detected
at the positions of 15- and 16-mers, in both the presence and absence
of the (6-4) photoproduct (Supplementary Fig. S1d). Changes in the

a .
Fluorescein g
4 A(b -4) photoproduct \‘K
[) .
Dabeyl
L t::) k3 L

Figure 1 | Fluorescent probes to detect the NER dual incisions. (a) A
linear duplex containing the (6—4) photoproduct and the fluorophore—
quencher pair. Detection of the dual incisions in cells was not successful
due to nonspecific degradation. (b) A plasmid-type probe containing the
fluorophore and the quencher in the same strand. Degradation of the dual-
incision product by cellular nucleases was expected to obtain the positive
signal.

fluorescence intensity after a treatment with a HeLa cell extract were
also analyzed. As expected from the PAGE results, no difference was
observed between the duplexes with and without the photoproduct
(Supplementary Fig. Sle). Finally, XPA cells, which are deficient in
the NER activity, were transfected with these duplexes. Fluorescence
was detected even when the duplex without the photoproduct was
used (Supplementary Fig. S1f). These results suggested that the
140 bp duplexes were nonspecifically degraded during the incuba-
tion with the cell extracts or within the cells.

Plasmid-type fluorescent probe. Since the linear DNA was found to
be too labile to be used as a fluorescent probe for the detection of
cellular NER, even with the phosphorothioate modification at both
ends, we tried a plasmid, which has often been used as a substrate for
NER*?, In the design of the plasmid-type probe, the fluorophore—
quencher system was reconsidered. Since the linear probes were
degraded nonspecifically in the cell extracts and in cells, we
expected that the dual-incision product, which would be released
from the plasmid as an oligonucleotide, would be degraded and
fluoresce if the fluorophore and the quencher were attached at
adjacent positions in this fragment (Fig. 1b). In preliminary
experiments, oligonucleotides bearing fluorescein and Dabcyl at
adjacent positions with no or one nucleotide insertion (Supplemen-
tary Fig. S2a) were prepared, and their properties were analyzed.
When the Fl-Dab and FI-T-Dab 28-mers in Supplementary Fig.
S2a were hybridized to the complementary 28-mer, the quenching
efficiencies were 99 and 98%, respectively. Quenching occurred very
efficiently even in the single-stranded form (at 0 min in Supplemen-
tary Fig. S2b), and the fluorescence intensity increased upon
treatment with a HeLa cell extract. Fluorescence was also observed
in the cells transfected with these oligonucleotides (Supplementary
Fig. S2¢). Since the fluorescence intensity was increased more
efficiently when an extra nucleotide was inserted between the fluoro-
phore and the quencher (Supplementary Fig. S2b), we adopted this
system, and prepared a plasmid designated as pBSII KS (-) FQ64
(Fig. 2a). A 9 bp sequence was inserted into the original plasmid,
pBSII KS (-) UV?, to incorporate the modified thymidines bearing
the fluorophore and the quencher, and the single-stranded DNA was
prepared using VCS-M13 helper phage. A 37-mer oligonucleotide
containing the (6-4) photoproduct and the modified thymidines
(Fig. 2b) was hybridized to this DNA, and pBSII KS (-) FQ64 was
obtained using DNA polymerase and DNA ligase. pBSII KS (-)
FQTT, which contained undamaged thymine bases in place of the
(6-4) photoproduct, was also prepared as a negative-control probe.
The presence of the (6-4) photoproduct in pBSII KS (-) FQ64 was
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a BstNI . BstNI

5~ GTACCAGGCTTGGCCTTTTCGTCAGCATC(6-4)CATCATACAGTCAGTGCCAGGGAG ~37
3'~ CATGGTCCGAACCGGAAARAGCAGTCGTAG A A GTAGTATGTCAGTCACGGTCCCTC -5

pBSII KS (-) FQ64
3069 bp

Figure 2 | Plasmid-type fluorescent probe to detect the NER dual incisions. (a) Structure of the plasmid. The green and black circles represent
fluorescein and Dabcyl, respectively. The italicized letters represent the BstNI recognition sequence, and the underlined sequence was added to the
original pBSII KS (-) UV plasmid® to incorporate the modified nucleosides. (b) Chemical structures of the (6—4) photoproduct and the modified
nucleosides bearing fluorescein and Dabcyl. (¢) UVDE treatment of pBSIIKS (-) FQTT (TT) and pBSITKS (-) FQ64 ((6-4)). (d) Repair synthesis on pBSII
KS (-) FQTT (TT) and pBSII KS (-) FQ64 ((6-4)), followed by BstNI digestion.
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confirmed by UVDE digestion (Fig. 2¢) and the repair synthesis in
NER (Fig. 2d).

Fluorescence detection of NER in cells. HeLa cells were transfected
with either pBSII KS (-) FQ64 or pBSII KS (-) FQTT, using Lipofec-
tamine 2000. A transfection reporter bearing Cy5, which was deve-
loped in our previous study®, was co-transfected to prevent false
negative results, although its structure was substantially different
from that of the probe. At 3 h after transfection, the fluorescein
emission was detected at the nuclei, depending on the presence of
the photoproduct (Fig. 3a). The Cy5 emission in the cells transfected
with pBSII KS (-) FQTT demonstrated that the result obtained for
these cells was not falsely negative.

To obtain more quantitative information, the cellular NER reac-
tion was analyzed by flow cytometry. HelLa cells were transfected
with pBSII KS (-) FQ64 or pBSII KS (-) FQTT, together with the
transfection reporter, in the same manner as above. At 1 h intervals,
the cells were harvested by trypsin digestion, and analyzed on a flow
cytometer. The Cy5 emission from the transfection reporter was the
same between the pBSILKS (-) FQ64- and pBSII KS (-) FQTT-trans-
fected cells, and the transfer of the probes into the cells was appar-
ently completed at 3 h after the transfection (Fig. 3b, lower panels).
At this time, a difference in the fluorescein emission was observed
between the cells transfected with the probes with and without the
(6-4) photoproduct, and this difference disappeared at 4 h, probably
due to the nonspecific degradation of the probes (Fig. 3b, upper

probe

a

pBSH K8 (-) FQTT

pBSII KS (-) FQ84

panels). These results demonstrated that cellular NER could be mon-
itored by flow cytometry, although the background was relatively
high at the fluorescein emission wavelength (Supplementary Fig. $3).

Finally, the XPA fibroblasts that were deficient in the NER activity
(XP12ROSV) and the same cells in which the XPA gene was
expressed (XP12ROSV/XPA)* were transfected with pBSIL KS (-)
FQ64. In this case, a longer culture time was required because the
transfer of the probe into the cells was apparently slower, as deter-
mined by the Cy5 emission from the transfection reporter. However,
positive signals were observed only in the experiments using the
NER-proficient cells (Fig. 4a). The fluorescence intensities in the
microscopic images of the cells were quantified (Fig. 4b), and a
significant difference was found between the NER-deficient and -
proficient cells, although the background fluorescence, which was
observed in the flow cytometry analysis (Supplementary Fig. S3),
was included.

Discussion

In this study, we intended to develop a fluorescent probe to detect
cellular NER, for possible use in the diagnosis of XP. At first, we tried
to apply our study on the BER probe, a short hairpin oligonucleotide
that emits fluorescence upon strand scission by DNA glycosylase/AP
lyase'”. However, there was a problem that the substrate for NER
must be much longer than that for BER®¥?. Since the molecular
beacon-type fluorophore-quencher system' could be used when

transfection reporter metge

T

AR

b W00 1h W

80 )
2h 3h 4h

150 1504 150 1564
[
&
o 1Y
=T 180 1003 1001
Q
&}

04 ] 0 ]

[ ° o o

T T
w0 10 16 10 ' e w0’ 10’
Fluorescein intensity

w{1h wl2h wi3h wlan
2 A Y
00 104 1001 1001
poo]
O
O

o] S <0+ 56

J
° ¢ 0 0
ey -y g T 7 g T
LS A T T ST CR o Y B A TSN 0w et 0

Cy5 intensity

Figure 3 | Detection of the NER dual incisions in HeLa cells. (a) Fluorescence images of the cells cultured at 37°C for 3 h, after transfection with pBSIIKS
(-) FQTT (upper panels) or pBSII KS (-) FQ64 (lower panels). (b) Flow cytometry analysis of the HeLa cells transfected with pBSIT KS (-) FQTT
(blue) or pBSII XS (-) FQ64 (red), together with the transfection reporter bearing Cy5™.
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Figure 4 | Detection of the cellular NER ability. (a) The XPA cells (upper panels) and the same cells in which the XPA gene was expressed (lower panels)
were cultured at 37°C for 6 h after transfection with pBSIT KS () FQ64. (b) The fluorescein and Cy5 emissions from the pBSITKS (-) FQ64 probe and the
transfection reporter, respectively, in the XP12ROSV (NER ~) and XP12ROSV/XPA (NER +) cells, shown in panel a, were quantified. The data

were statistically analyzed by Student’s t test (n = 10; *, p < 0.01), and error bars represent standard deviation. Background correction was not performed.

the two dyes were tethered to the base moieties in the inner region of
each strand (Supplementary Figs. Sla and Sib), a 140 bp duplex
containing the (6-4) photoproduct (Supplementary Fig. S1c), which
is known as a good substrate for NER?, was tested. Contrary to our
expectations, degradation of the duplex was observed in in vitro and
ex vivo experiments (Supplementary Figs. S1d-f). Therefore, we used
a plasmid as a scaffold, and reexamined the fluorophore-quencher
system to utilize the nuclease degradation of the probe. The structure
of the plasmid in which the fluorophore and the quencher were
attached to the same strand (Fig. 2a) facilitated the preparation of
the probe, because only the DNA polymerase and DNA ligase reac-
tions were required after a modified oligonucleotide primer was
synthesized.

At 3 h and 6 h after transfection of the HeLa cells and the XPA
fibroblasts, respectively, fluorescein fluorescence was detected,
depending on the presence of the (6-4) photoproduct and the cel-
lular NER ability (Figs. 3a and 4a). Therefore, these signals were
attributed to the degradation of the dual-incision fragment produced
by NER. At a longer culture time, nonspecific degradation of the
plasmid was observed, as detected by flow cytometry (4 h in
Fig. 3b). Therefore, control experiments using the plasmid without
the (6-4) photoproduct were important. The transfection reporter
developed in our previous study* was also useful to distinguish
between the true- and false-negative results. Interestingly, we always
observed fluorescence emission from the nuclei. Several types of
fluorescent probes were developed to visualize the nuclease degrada-
tion of DNA in cells***”, and our plasmid that lacks the (6~4) photo-
product can be used for this purpose. The half-life of plasmid DNA

microinjected into the cytosol is reportedly 50-90 min®, but we
never observed fluorescence in the cytosol, suggesting that our probe,
which was transferred into the cells using a cationic lipid, was trans-
ported into the nuclei, although no nuclear targeting strategy® was
used.

Recently, Sancar and co-workers investigated the fate of the frag-
ments produced by the dual incisions in NER**'. Their in vitro
study® revealed that the photoproduct is removed in the form of a
30-mer oligonucleotide in complex with TFITH. The oligonucleotide
is dissociated from TFIIH in an ATP-dependent manner, and then
RPA binds to the DNA fragment. It was suggested that the RPA
protects this oligomer from degradation by nuclease digestion.
From our results, however, the dual-incision product appeared to
be quite labile in cells. Degradation products shorter than 20-nuc-
leotide long were detected after incubation for 1 h or longer in their
study®, and the fluorophore was not located close to the (6-4) photo-
product in our probe. Therefore, the protection by RPA seems to
have limited effects at least at the ends of the dual-incision fragment.

Our fluorescent probe may be applied to the screening of XP,
which is a hereditary disease caused by cellular NER deficiency.
For use as an alternative to the UDS measurement for the diagnosis
of XP, the transfection efficiency into fibroblasts or the quantum
yield of fluorescence should be improved by changing the transfec-
tion reagent or the fluorophore, because the fluorescence intensity
was low when the XPA fibroblasts were used (Fig. 4a). Our probe can
also be used to compare two types of lesions as substrates for NER in
a single cell. When cells are transfected with two plasmids, each
containing an individual set of the lesion and the fluorophore, the
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better substrate can be determined by observing the fluorescence at
two wavelengths. Artificial substrates for NER were reported
recently®. If this method reveals that they are better substrates than
the (6-4) photoproduct, then their incorporation into the plasmid
may improve the sensitivity of the probe. Another benefit of our
method, in which cells are not irradiated with UV, is that only the
cellular GG-NER process is monitored, and thus other effects of UV-
related reactions, such as lipid oxidation, are avoided. Therefore, our
probe will contribute to both medical and biological studies.

Methods

Synthesis of oligonucleotides. The phosphoramidite building block of the (6-4)
photoproduct was synthesized by the previously described method®. To incorporate
the fluorescein- and Dabcyl-tethered nucleosides, Fluorescein-dT Phosphoramidite
and Dabcyl-dT were purchased from Glen Research. Oligonucleotides were
synthesized on an Applied Biosystems 3400 DNA synthesizer. Benzimidazolium
triflate was used as an activator for the synthesis of the (6-4) photoproduct-
containing oligonucleotide®. After deprotection, the products were purified by
HPLC, using a Waters p-Bondasphere C18 5 pm 300 A column (3.9 X 150 mm)
with a linear gradient of acetonitrile in 0.1 M triethylammonium acetate (pH 7.0) ata
flow rate of 1.0 ml/min. The transfection reporter was synthesized as described
previously*.

Preparation of 140 bp duplexes. For the analysis of the dual incisions by gel
electrophoresis, 14-mers (20 pmol) with and without the (6-4) photoproduct,
d(CGCGAATTGCGCCQ), in which the photoproduct site is underlined, were
incubated with [y-**P]ATP (3.7 MBq) and T4 polynucleotide kinase (Takara Bio) {10
units), in buffer (50 pl) containing 50 mM Tris-HCI (pH 8.0), 10 mM MgCl,, and
5 mM DTT, at 37°C for 30 min. After heating at 95°C for 5 min, the products were
purified using an illustra MicroSpin G-25 column (GE Healthcare). Aliquots of each
5'-phosphorylated 14-mer (4.8 pmol) were mixed with four oligonucleotides,
d(GsAsCsCTGAACACGTACGGAATTCGATATCCTCGAGCCAGATCT-
GCGCCAGTTGGCCXACTCGTC) (7.2 pmol), in which s and X represent the
phosphorothioate linkage and the fluorescein-tethered nucleoside (Fig. 2b),
respectively, p-d(ACAGTCAGTGGCTTGGGCTGCAGCAGGTCGACTCTA-
GAGGATCCCGGGCGAGCTCGAATTsCsGsC) (7.2 pmol), in which p represents
the terminal phosphate, d(TTCGCGGACGAGTAGG) (10 pmol), and
d(CACTGACTGTGGGCGC) (10 pmol), in buffer (58 pl) containing 10 mM Tris-
HCI (pH 7.9), 50 mM NaCl, 10 mM MgCl,, and 1 mM DTT. The mixtures were
heated at 95°C for 2 min, and gradually cooled to 25°C during 45 min. After ATP
(12 nmol) and T4 DNA ligase (Takara Bio) (210 units) were added, the mixtures were
incubated at 16°C overnight, and then heated at 75°C for 10 min. The products were
purified by 10% denaturing PAGE, and desalted using the MicroSpin G-25 column.
For fluorescence detection, 10 nmol of the 14-mer was phosphorylated in buffer
(100 pl) using ATP (0.2 pmol) and T4 polynucleotide kinase (100 units), and the
ligation was performed in buffer (100 pl), using 12 nmol of the 5'- and 3’-side
oligonucleotides, 20 nmol of the splint 16-mers, and 3,500 units of T4 DNA ligase, in
the presence of 1 mM ATP. The complementary strand was prepared using
d(GsCsGSAATTCGAGCTCGCCCGGGATCCTCTAGAGTCGACCTGCTGC-
AGCCCAAGCCACTGACTGTGGGCGCAAT) (10 nmol), p-d(TCGCGGA-
CGAGYAGGCCAACTGGCGCAGATCTGGCTCGAGGATATCGAATTCCG-
TACGTGTTCAGsGsTsC) (10 nmol), in which Y represents the Dabcyl-tethered
nucleoside (Fig. 2b), and d(GTCCGCGAATTGCGCC) (20 nmol), in the same
manner. The amounts of the 140-mer oligonucleotides obtained after the PAGE
purification were determined by the radioactivity and the UV absorption, in the cases
of the?P labeling and the large-scale preparation, respectively. The 140 bp duplex
(Supplementary Fig. S1c) was formed by mixing the fluorescein-containing strand
with a 1.25-fold amount of the Dabcyl-containing strand, in buffer containing 10 mM
Tris-HCI (pH 8.0) and 50 mM NaCl, followed by heating at 95°C for 2 min and
cooling to 25°C during 45 min.

Experiments using the 140 bp duplexes. Dual-incision assays (Supplementary Fig.
S1d) were performed according to the described method™, using the**P-labeled

140 bp duplexes with and without the (6-4) photoproduct (35 fmol) and the whole
cell extracts® in 50 pl solutions for 2 h, followed by 14% denaturing PAGE and band
detection with a Typhoon FLA 7000 image analyzer (GE Healthcare). Fluorescence
intensities (Supplementary Fig. Sle) were measured at 37°C, using the same assay
solutions after dilution to 200 pl with 1 M Tris-HCI (pH 8.0), on a JASCO FP-6500
spectrofluorometer equipped with an EHC 573 temperature controller. The
excitation and emission wavelengths were 494 and 520 nm, respectively, with
bandwidths of 3 nm. For the transfection of the XP12ROSV cells® (Supplementary
Fig. S1f), the cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 15% fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin at 37°C in a humidified 5% CO, incubator. The cells were seeded into a
4-well slide lumox (Greiner Bio-One), grown to about 90% confluence, and
transfected with the 140 bp duplexes using Lipofectamine 2000 (Life Technologies),
according to the manufacturer’s instructions. At 6 h after transfection, the cells were
analyzed with an Olympus IX71 fluorescence microscopy system.

Preparation of the plasmid-type probes. A 9-nucleotide sequence for the
incorporation of the modified nucleosides was inserted into pBSILKS (-) UV*, using
two primers, d(CGAAAAGGCCAAGCCTGGTACCCAGCTTTT) and
d(GGCTTGGCCTTTTCGTCAGCATCTTCATCA), in which the inserted
sequences are underlined, a PrimeSTAR Mutagenesis Basal Kit (Takara Bio), and
HIT-JM109 competent cells (RBC Bioscience), according to the manufacturers’
instructions. A single colony, cultured at 37°C for 1 day in Lysogeny Broth medium
(4 ml) containing ampicillin, was diluted with the same medium (400 ml), and VCS-
M13 helper phage (Stratagene) was added at a concentration of >1.0 X 10" pfu/ml.
After an incubation at 37°C for 1 day, the single-stranded DNA. was obtained, as
described previously®’. The probes, pBSII KS (-) FQ64 (Fig. 2a) and pBSIL KS (-)
FQTT, were prepared from this DNA using a primer, p-d(AGGCTTGGCC-
XTYTCGTCAGCATCTTCATCATACAGT), in which X and Y represent the
fluorescein- and Dabcyl-tethered nucleosides (Fig. 2b), with and without the (6-4)
photoproduct at the underlined site, as described previously™.

UVDE treatment. pBSII KS (-) FQ64 and pBSII KS (-) FQTT (250 ng) were
incubated with Schizosaccharomyces pombe UVDE (Trevigen) (1 pl), in buffer

(20 ) containing 20 mM HEPES-KOH (pH 6.5), 10 mM MgCl,, 1 mM MnCl,, and
100 mM NaCl, at 30°C for 1 h. After the addition of loading buffer (2 pl) containing
25% Ficoll, 2% SDS, and 10 mM EDTA (pH 8.0), the products were analyzed by 1%
agarose gel electrophoresis, followed by visualization of the bands with ethidium
bromide.

Repair synthesis. pBSII KS (-) FQ64 and pBSII KS (-) FQTT (150 ng) were incubated
with a HeLa whole cell extract®® (86 pg) and [a-**P]dCTP (15 kBq), in a solution
(10 ul) containing 50 mM HEPES-KOH (pH 7.8), 70 mM KCl, 9.8 mM MgCl,,
1.3 mM DTT, 2 mM ATP, 1 uM dNTP (N = A, G, T), 0.1 uM dCTP, 22 mM
phosphocreatine, 0.2 mM glycine, 0.4 mM EDTA, 0.36 mg/ml BSA, 50 pg/ml
creatine phosphokinase, and 7.8% glycerol, at 30°C for 1 h. To this solution, 0.5 M
EDTA (2 pl), 10% SDS (3 pl), and proteinase K (Invitrogen) (20 pg) were added, and
the mixtures were incubated at 56°C for 20 min. After phenol-chloroform extraction
and ethanol precipitation, the DNA was incubated with BstNI (New England Biolabs)
(5 units), in buffer (10 pl) containing 10 mM Tris-HCl (pH 7.9), 10 mM MgCl,,
50 mM NaCl, 1 mM DTT, and 100 pg/ml BSA, at 60°C for 1 h. The products were
analyzed by 12.5% denaturing PAGE, and the bands were detected with the FLA 7000
image analyzer.

Transfection of the cells and fluorescence detection. HeLa $3, XP12ROSV, and
XP12ROSV/XPA cells were grown in DMEM supplemented with 15% fetal bovine
serum, 100 units/ml penicillin, and 100 pg/ml streptomycin, at 37°C in a humidified
5% CO, incubator. The cells were seeded into 24-well plates (Trueline), grown to
about 90% confluence, and transfected with pBSII KS (-) FQ64 or pBSIIKS (-) FQTT
(20 pg), which was mixed with the transfection reporter* (10 pmol), using
Lipofectamine 2000 (Life Technologies), according to the manufacturer’s
instructions. At the described intervals after transfection, the cells were analyzed with
the Olympus IX71 fluorescence microscopy system. The fluorescence intensities of 10
cells in Fig. 4a were quantified and averaged, using the Image] software (National
Institutes of Health).

Flow cytometry. HeLa cells were cultured and transfected with the probes, in the
same manner as described above. After 1,2, 3, and 4 b, the culture medium was
removed, and the cells were washed with phosphate-buffered saline (PBS). The cells
were harvested by trypsin digestion, and suspended in DMEM (2 ml). The
suspension was centrifuged at 1,000 rpm for 3 min, and the cell pellet was mixed with
4% paraformaldehyde phosphate buffer solution (1 ml). After 30 min at room
temperature, the cells were collected by centrifugation at 1,000 rpm for 3 min,
washed with PBS (1 ml), and suspended in PBS (1 ml). The samples were prepared by
passing the cells through a cell strainer (BD Falcon). The analysis was performed ona
BD Biosciences FACSCalibur flow cytometer controlled by the CellQuest software,
version 3.3. The fluorescein and Cy5 emissions were detected using the FL1 and FL3
filters, respectively, and each measurement was performed using 10,000 cells. Each
data set was analyzed using the FlowJo software. To reduce the background signal, the
gating of the cells was set to analyze more than 96.7% of the total cells.
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CHAPTER ? 9 | : : : .
PHOTOCARCINOGENESIS AND
INFLAMMATION

Chikako Nishigori

There is ample evidence dcmonstmtmg that solar ultraviolet (UV) light induces
human skin cancers. First, epidemiological smdxes have demonstrated a negative
correlation between the latitude of residence and incidence and mortality rates of
skin cancer in homogeneous poyulauons (1,2). Second, Skm cancer can be produced
in mice by UV irradiation; the action spectrum of pho(ocarcmogenests falls into UVB
(28010 320 nm) (3,4). Third, patients with genetic disorders that lead to deficiencies
in repairing UV-induced DNA damagc are pronc to develop cancers in sun-exposed
areas of the skin (5).

Accumulation of DNA lesions in several genes, such as oncogenes and tumor
suppressor genes, plays a crucial role in carcinogenesis. UV irradiation causes DNA
lesions, which are thought to be responsible for sunhght-mduccd skin cancers. Indeed,
even in actinic keratosis, precancerous lesions of squamous cell caricinoma (SCC),
genietic alterations can be observed (6).

UVB-induced skin cancer dcvelopment (photccarcmogenesxs) isa complex .
mumStaoe process ‘that involves initiation, promotmn, ‘and progressxon Each of
these processes is mediated by various cellular, ‘biochemical, and molecular changcs :
The pyrimidine photoproducts that result from direct DNA damage induced by UV
are an important cause of skin cancer. DNA damage induces mutations that lead to
the up- or down-regulation of signal transduction pathways, cell-cycle dysregulation,
and depletion of antioxidant defenses (6, 7) In addition to these changes, UVB-
induced immunosuppression also plays an 1mportant role in photocarcmogenesxs
8.9).

Chronic inﬁammauon’ is induced by‘ various environmental factors, includ-
ing sunlight. Epidemiological and experimental studies have indicated that chronic
inflammation is closely involved in human carcinogenesis. Epidemiological studies
have shown that acute intense exposure to UV rays is also a major risk factor for
developing skin cancer, implying that intermittent severe inflamimation caused by
acute sunburn is an important factor in the development of skin cancers.

" Cancer and Inflammation Mechanisms: Chemical, onlagxcal and Clinical Aspects, First Edmon
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DNA DAMAGE CAUSED BY SUNLIGHT

UV wavelengths from the Sun that reach the surface of the Earth are UVA (320
to 400 mm) and part of UVB (280 to 320 nm) because UV wavelengths below
300 nm-are absorbed by the ozone layer. Irradiation with UVA or UVB results in
the production of reactive oxygen species (ROSs). However, because the absorbance
spectrum of DNA extends well into the UVB range, DNA absorbs more UVB photon
energy directly than UVA. Therefore, UVB acts on DNA by exciting the nucleobases
directly, resulting in the formation of dimeric photoproducts at dipyrimidine sites
in an oxygen-independent manner. Comparatively, UVA and visible light tend to
participate in the formation of ROSs in the presence of photosensitizers (10,11)
irrespective of the involvement of oxygen. UVB not only produces pyrimidine dimers
and (6-4) photoproducts (6-4 PPs) by direct excitation, but also produces ROSs in the
presence of photosensitizers, which cause oxidative DNA damage. Previous studies
have suggested that dipyrimidine photoproducts are the major molecule among UV-
induced DNA lesions involved in cytotoxicity and mutagenesis (12).
On the other hand, ROSs cause various biological effects via the redox-signaling
pathway (13) and oxidative DNA damage and thus play a role in carcinogenesis
(14). Several types of modified DNA are produced by ROSs. Among them, 8-
hydroxydeoxyguanosine (8-OHdAG) has been established as a sensitive marker of
oxidative DNA damage. It can be generated in the presence of a photosensitizer
either electron transfer or by hydroxy radicals and singlet oxygen (' O,) with oxygen
molecules, 8-OHdG is generated in fibroblasts derived from human skin in response
to exposure to artificial light sources such as sunlamps (UVB) or monochromatic
radiation ranging from 312 nm up to near visible (434 nm). Kvam and Tyrrell ana-
lyzed the spectrum for the yield of oxidative damage in confluent, nongrowing,
primary skin fibroblasts, and they determined that UVA and near-visible radiation
cause almost all of the guanine oxidation (10). Ito et al. reported that the photo-
dynamic action of riboflavin caused the formation of 8-OHdG in double-stranded
DNA and that no enhancing effect by D,O was observed (15), suggesting that 10,
molecules were not involved. The estimated ratio of 8-OHdG yield to total guanine
loss indicated that the photoexcited riboflavin specifically induced 8-OHdG forma-
tion at the guanine residues located 5° to another guanine by electron transfer. The
guanine base in genomic DNA is highly susceptible to oxidative stress, as it possesses
the lowest oxidation potential of all the bases, Besaratinia reported that UVA irradi-
ation at a dose of 18 J/em? produced significant levels of 8-0x0-2/-deoxyguanosine
(8-0x0dG) in DNA, and UVA-induced mutations were characterized by statistically
significant increases in G — T transversions and smail tandem base deletions (16).
Drobetsky et al. used a mutation detection system involving adenine phosphoribo-
syltransferase genes to demonstrate that T—+G transversions, which are a generally
rare class of mutation, are induced at high frequencies (up to 50%) in UVA-exposed
cells (17). These studies indicate that UVA, which constitutes more than 90% of
the UV light that reaches the surface of the Earth, is primarily responsible for ROS
generation.
On the other hand, recent work has shown that cyclobutane pyrimidine dimers
are produced at higher yield than 8-oxoguanine (8-0x0G) after exposure to UVAin
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rodent and human skin cells (18-20). We found that the diuretic agent hydrochloroth-
iafzidc (HCT) significantly enhanced the production of thymine dimers (T< >Ts)ina
wide range of UVA wavelengths, and this enhancement occurred independent of the
presence of oxygen (21). This finding indicates that excited HCT molecules func-
tion as UVA-absorbing chromophores that transfer energy to adjacent pyrimidines

resulting in the formation of T<>Ts. . ,

UV-INDUCED DNA LESIONS AND MUTATIONS
IN SKIN CANCERS

"I’he maximum action spectrum of UV-induced carcinogenesis in animal experiments
is within the UVB range, with the peak at 293 nm (22). Direct absorption of UV
energy by DNA leads to the formation of pyrimidine photoproducts. Formation of
dipyrimidine photoproducts'can lead to UV signature mutations, which have been
d‘cmonstrated in UV irradiated bacteria and mammalian shutte vectors (23,24). UV
signature mutations are known to be a fransition type mutation, is defined as a change
fron} one pyrimidine (cytosine or thymine) or purine (guanine or adaniﬁc} to the other
at dipyrimidine sequence site, Many studies have analyzed the molecular chanees
.observed in skin cancers. Ziegler et al. reported that p53 mutations were detec?ed
in nonmelanoma skin cancers from Caucasian people in much higher frequencies,
approximately 50 to 90%, than in internal malignancies (6). These mutations are
predominated by the C:G — T:A transition type at dipyrimidine sites: namely, the
UV signature mutations. Several other reports have demonstrated that the types of
mutations that are not considered to be caused by dipyrimidine photbpfoducts are
{requently observed in human skin cancers developed in sun-exposed Sody sites
(25) and UVB-induced murine skin cancer (26), indicating that oxidative DNA dam-
age also plays a role to some extent in cancer development, ahhongh dipyrimidine
phoiopmflu;:ts remain to be the major players in photocarcinogenesis.

) Patients with xeroderma pigmentosum (XP) are deficient in nucleotide excision
repair, and their greatly increased susceptibility to skin cancer in sun-exposed areas
highlights the role of UV-induced DNA damage in carcinogenesis, XP-A, the most
severe type of XP, induces severe photosensitivity, which is obvious within 12 months
of age, and the onset of both nonmelanoma skin cancers (NMSCs) and malignant
melanomas (MMs) as early as at 10 years of age (21), Most p33 mutations in skin
cancers from XP patients are UV-signature mutations CC — TT base substitutions
(27-30). The spectra were similar to those detected in NMSCs of sun-exposed areas
of the body in non-XP patients. Comparatively, the frequency of ras gene mutations
was far less in the same samples. We could detect only one mutation at codon 61
in the Ki-ras gene, and the other four mutations found occurred 2t codons 6, 7
15, and 16 in the Ha-ras gene. The latter mutations are not common and poss:ess:
a low transforming ability, which implies that DNA damage caused by sunlight
Iareg;;ﬁ'ccts the crucial sites of the ras gene that would lead to the.activation of
ras (31).

A comparative analysis of the mutation frequency and pattern of the p53
gene in 49 NMSCs, which consisted of 16 basal cell carcinomas (BCCs) and nine
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squamous cell carcinomas (SCCs) from sun-exposed areas, and 16 BCCs and eight
SCCs from covered areas, indicated that the mutation frequency in the p53 gene in
these two groups were similar at 48% and 46%, respectively. However, the mutational
type significantly differed between these two groups; UV signature mutations were

detected in 50% (6/12) of tumors that had developed in sun-exposed areas but in less

than 20% (2/11) of tumors from covered areas, and this difference was statistically
significant (9). This finding indicates that the p53 mutations detected in the NMSCs
that developed in sun-exposed areas arc UV signature mutations and that p53 muta-
tions play a significant role in photocarcinogenesis. These results also suggest that
UV light plays a role in inducing mutations in tumor-related genes.

UV-INDUCED INFLAMMATION AND SKIN CANCERS

The most obvious and well-known effect of sun exposure is sunburn (erythema).

In humans, slight erythema starts several hours after sun exposure on the site and

becomes edematous. Usually, the peak of erythema and swelling is reached 12 to
24 h after exposure and subsides within a few days with pigmentation and, occasion-
ally, fine scales observed. The sunburn reaction depends on several factors, including
UV dose, UV wavelength, and skin type. A histological study of moderate doses
of UVB irradiation to human skin revealed that dermal neutrophils appeared imme-
diately after irradiation and increased in number from the onset of erythema (0.5
to 4 h) to a maximum at 14 h, dwindling thereafter up to 48 h, thereby indicating
that infiltration of neutrophils is a key step in the initiation of acute skin reactions
mediated by UVB (32). Following UV absorption by cellular molecules, photo-
chemical reactions occur, and these redctions are responsible for initiating sunburm
reactions.

Devary et al. (33) suggested that the UV response is initiated at or near the
plasma miembrane, and the response may be elicited by oxidative stress caused by
UV radiation. Indeed, there is plenty of evidence that various antioxidants atlenuate
erythema or edema mediated by UVB (34-36). Furthermore, low levels of oxidants
can ‘modify cell signaling via redox regulation, and these signal modifications have
functional consequences (37). UV irradiation triggers sequential molecular responses,
thereby activating cell surface growth factors and pro-inflammatory cytokine recep-
tors. Subsequently, these receptors induce various protein kinase signal transduction
pathways that up-regulate expression and functional activation of the nuclear tran-
scription factor AP-1 and thus cause diverse gene expression (38).

Mice treated with the specific p38 mitogen-activated protein kinase (p38
MAPK) inhibitors SB202190 and SB242235 showed marked inhibition of acute
sunburn inflammation and apoptosis (39,40).-Furthermore, Giri et 4l. showed that
ROS generation followed by the development of cutaneous inflammation after pho»
tosensitization acts as a tumor promoter (41). Mooreetal., repoxted that tumor necrosis
factor-o (TNF- oz)~deﬁcxent mice are resistant to skin carcinogenesis (42). They also
reported that the frequency of DNA adduct formation and c-Ha-ras mutations was
the same in wild-type and TNF-o -/ epxdermls after7 12—d1methy1benz[a]anthmcenc
(DMBA) treatmént, These results imply that this process is mdependent of initiation.
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The pro-inflammatory cytokine TNF-« is a critical mediator of fumor promo-
tion, which acts via the protein kinase C (PKC)-a and AP-1-dependent pathways (43).
Persistent oxidative stress in cancer (44) may also cause activation of transcription
factors and protooncogenes such as ¢-fos and ¢-jun (45) as well as genetic instability.
Such stress may also contubute to the maintenance of malignant characteristics of
neoplasms.

‘We have shown previously that large amounts of 8-OHdG as wellas 4»hydro~cy-
2-nonenal-modified proteins and 3-nitro-L-tyrosine are formed in mice skin after
10 minimal erythema dose (MED) exposures three times per week for 2 weeks
(total dose: 100.8 kJ/m?). Tn addition, significantly increased 3-nitro-L-tyrosine mod-
ifications were detected in the 10 MED-irradiated groups (46); 3-nitro-L-tyrosine
suggested the presence of nitric oxide (NO)-mediated oxidative damage in chronic
inflammation. Peroxynitrite (ONOQ™) is generated by the reaction of NO with super-
oxide (0,"), which is released by infiltrating neutrophils and macrophaoes 47).
Immunohistochemical studies of chronically UV-irradiated skin specimens revealed
that 8-OHdG is produced not only in the nuclei of epidermal keratinocytes but also in
the inflammatory cells. In vivo repair kinetics of 8-OHdG demonstrate a slower time
to recover to the basal level than for pyrimidine dimers, which suggests an important
role of the persistent inflammatory response in oxidative stress (46).

DNA DAMAGE AND INFLAMMATION

We demonstrated previously-the high susceptibility to UV-induced skin cancer in
Oggl knockout mice, which are deficient in glycosylase/AP lyase, which plays arole
in the removal of 8-0x0G from DNA (14). However, unexpectedly, the p53 mutations

found in skin cancers produced in Oggl knockout mice were mainly CC — TT

UV signature mutations, not GC — TA transversions, which “generally identify the
presence of 8-0x0G (48). Furthermore, the gene proﬁlxng studies of Oggl knockout
mouse skin revealed that the inflammatory response pamway—related genes such as -
cxel] and il-6 were the most affected of the up-regulated genes in Oggl knockout mice

‘after UVB exposure (49). In fact, we observed much more neutrophil infiltrate after

UVexposure in Oggl knockout mice, indicating that DNA damage (i.c., accumulatxon
of 8-0x0G) caused by the deficiency of the Ogg1 protein leads to mutations. Moreover,
the presence of DNA damage itsclf causes the up-regulation of inflammatory Tesponse
genes, and it is largely involved in photocarcinogenesis in Ogg ! knockout mice (14).
ROSs caused by direct UV exposure and associated inflammatory reactions caused
by UV exposure induce accumulation of oxidative DNA damage, such 8-0x0G in the
skin, implying that oxidative DNA damage induced by sunhght plays an 1mpcrtzmt
role in the development of skin cancers. i

Rodier et al. reported that irreparably large radiation doses induce DNA double-
stranded breaks and increase IL-6 secretion (50). We compared JL-G levels after
250 mi/cm? of UVB irradiation in wild-type and Oggl knockout mice by real-time
PCR (RT-PCR) and found that Oggl knockout mice express sxgmﬁcantly higher
levels of IL-6 at 3 and 24 h after UVB exposure than those of wild-type micé. We
also performed RT-PCR for mﬂammatory soluble factors such as Mmp2 and Tnfo but
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found no significant difference between the two Oggl genotypes. Our data indicate
that IL-1p and IL-6 are the most important candidate cytokines to induce inflammatory
conditions associated with 8-0x0G accumulation following UVB exposure.

DIFFERENCE BETWEEN CHEMICALLY INDUCED
CANCER AND PHOTOCARCINOGENESIS

Phosphoinositide-specific phospholipase C (PLC), which is an effector of Ras,
hydrolyzes' the membrane phospholipid phosphatidylinositol 4,5-bisphosphate to
generate diacylglycerol, which, in turn, activates PKC. PLCe knockout (PLCe™")
mice exhibit marked resistance to tumor formation in a two-stage skin chemical
carcinogenesis protocol using DMBA as an initiator and the phorbol ester 12-0-
tetradecanoylphorbol-13-acetate (TPA) as a promoter (51). PLCe knockout mice also
showed reduced inflammatory responses after TPA treatment, suggesting that PLCe
positively regulates skin chemical carcinogenesis and the inflammatory response.
However, surprisingly, chronic exposure to UVB induced both a greater number and
variety of types of skin tumors in PLCe ~~ mice than in wild-type (PLCs +/*) and
PLCe heterozygous (PLCe +~) mice (52). Pathophysiological examination revealed
that the frequency of UVB-induced cell death in the skin cells of PLCe =/~ mice was
reduced compared with the PLCe™* mice, thereby indicating a crucial role of PLCe
in regulating UVB-induced cell death as well as the inflammatory response. It also
indicates the importance of UV-induced cell death in the prevention of photocarcino-
genesis,

Low levels of oxidants can modify cell-signaling proteins, and these modifi-
cations have functional consequences. Gopalakrishna and Jaken demonstrated that
various antioxidant preventive agents inhibit PKC-dependent cellular responses and
speculated that PKC is a logical candidate for redox modification by oxidants and
antioxidants that may determine their cancer-promoting and anticancer activities,
respectively (53).

MELANOMA AND UV-INDUCED INFLAMMATION

Recently, much attention has been paid to the occurrence of melanoma formation
and UV-induced inflammation. It is generally accepted that continual inflammation
increases the risk of cancer, which is consistent with the finding that excessive intense
intermittent sun exposure is one of the most important risk factors for melanoma.
Noonan et al. reported that a single dose of burning UV radiation to neonates, but
not to adults, of the hepatocyte growth factor/scatter factor transgenic mice is nec-
essary and sufficient to induce melanoma with a high incidence (54). This also
provides experimental grounds for the epidemiological evidence that childhood sun-
burn is a major risk factor for the developmeént of melanomas (55,56). Zaidi et al.
reported an unanticipated role for interferon-y (IFN-y) in promoting melanocytic cell
survival/immunoevasion (57). They reported that the expression profile of neona-
tal skin melanocytes isolated following a melanomagenic UVB dose bear distinct,
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persistent interferon response signature, including genes associated with immuno-
evasion. UVB-induced melanocyte activation, characterized by aberrant growth and
migration, was abolished by antibody-mediated systemic blockade of IFN-y, but
not type I interferons. Admixed recruited skin macrophages, which produce IFN-y,
enhanced transplanted melanoma growth; IFN-y blockade abolished macrophage-
enhanced melanoma growth and survival. These findings explain partly why inter-
mittent burning doses of sun exposure is the highest risk factor for melanomagenesis.

Whether UVA or UVB is more dangerous in the development of melanoma is
still controversial. Using a fish melanoma model, Setlow et al. reported that UVA
is responsible for melanoma development (58), whereas Mitchell et al. reported that
UVB, but not UVA, causes melanoma by using a Xiphophorus hybrid melanoma
model (59). Noonan et al. also reported that UVB, but not UVA, induced melanoma
in a mice melanoma medel (60). Both NMSCs and melanomas are induced by solar
light, but there are some differences. Melanocytes show resistance to UVB-induced
apoptosis. Consequently, melanocytes survive after acute sunburn with large amounts
of DNA damage, whereas keratinocytes tend to be apoptotic after large doses of UV
exposure. These differences explain the discrepancy between chemical carcinogen-
esis and UV carcinogenesis observed using the PLCe knockout mice. Indeed, the
most frequently developed body site of the superficial-spreading type of melanoma,
which is the most common type of MM among the Caucasian population, is the
trunk or thigh, which is often exposed intensively to the sun when sunbathing. Often,
we sec sunburn freckles in patients with superficial spreading type MM (SSM).
Eumelanin protects the skin from UV, whereas pheomelanin acts as a photosensi-
tizer and causes oxidative DNA damage in melanocytes. Eumelanin predominates in
mouse melanocytes, whereas various compositions of eumelanin and pheomelanin
are observed in human melanocytes, depending on the skin type. Therefore, careful
consideration is necessary when comparing the results in mice with those in humans
(61).

THE ROLE OF UVA IN PHOTOCARCINOGENESIS

Until recently, studies on UV-induced carcinogenesis have focused on UVB-induced
DNA mutations. However, recently the role of UVA in photocarcinogenesis has
received much greater attention. One reason for this is the involvement of UVA-
induced ROSs in the development of melanomas. The second reason is that many
studies revealed that UVA generates not only ROSs but also cyclobutane pyrimidine
dimers in vivo, It was demonstrated recently that cyclobutane pyrimidine dimers are
produced at higher yields than 8-ox0G after UVA exposure in rodent and human
skin cells (18,19); therefore, there was 2 paradigm shift regarding the theory of
photocarcinogenesis. A recent series of studies demonstrating that UVA produces
T<>Ts at much higher levels than other types of pyrimidine dimers and does not
form 6-4 PPs (20) explains the mutation spectrum of the relevant genes in cancers of
sun-exposed areas of the skin in humans (7,27,30). Van Kranen et al. reported that
UVA-induced murine skin cancers are less frequent than UVB-induced murine skin
cancers and that the incidence of p53 alterations in UVA-induced tumors is lower than
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that in UVB-induced tumors (62). These facts imply that UVB is more mutagenic
and carcinogenic than UVA. An in vivo study analyzing the action spectrum for
photocarcinogenesis in a mice model revealed that UVA is partly responsible for

photocarcinogenesis (22). UVA seems to exert cancer-promoting properties besides

DNA damage to cause DNA mutations. Many of the carcinogenic functions of UVA
have been attributed to its production of ROSs and subsequent induction of the
inflammatory signaling pathway. However, it should be noted that UVA is also capable

of inducing T< >Ts in human skin.

DEVELOPMENT OF SKIN CANCER IN
GENETIC DISORDERS

In mammalian cells, DNA lesions are repaired by several repair systems, such as
nucleotide excision repair (NER), base excision repair, and mismatch repair. If the
DNA Iesions remain at the replication fork, homologous recombination or the transle-
sional DNA synthesis system works. However, if the DNA damage is too extensive to
repair via these systems, it may cauise mutations. Bulky DNA lesions causing DNA
conformational change, such as UV-induced pyrimidine photoproducts, are removed
by NER. Deficiency in NER leads to three human genetic diseases: XP, cockayne
syndrome (CS), and trichothiodystrophy. Of these, only patients with XP (subdi-
vided into XP-A through XP-G based on the responsxble genes) are predisposed to
skin cancers, The majority of p53 mutations in skin cancers from XP patients are
CC - TT base substitutions, or UV-signature mutations (27-»29) ‘Some mvestxgators
have suggested that repair insufficiencies lead to oxidative stress in addition to the
accumulation of pyrimidine dimers in XP cells (63,64).

Nevoid basal cell carcinoma syndrome (NBCCS) is an autosomal dominant
disease characterized by tumorigenesis, such as multiple BCCs, odontogenic kera-
tocysts, and developmental abnormalities (65). Germline mutations in PTCH have
been identified in patients with NBCCS (66). In addition, the site-specific distribu-

tion of the BCCs in NBCCS patients indicates that UV exposure plays a role in the’

development of BCCs in NBCCS (67). In the general population, approximately 10%
of BCCs occur on the trunk versus 35% among all NBCCS cases. The site-specific
distribution of BCCs in Japanese NBCCS indicates a similar tendency (68), suggest-
ing that NBCCS patients are ‘sensitive to intermittent intense sun exposure because
people receive occasional intermittent intense sun exposure at this anatomnical site.

Skin fibroblasts from patients with NBCCS were hypersensitive to death by UVB.

but riot UVC radiation, in comparison with skin fibroblasts from normal individ-
uals; these panents also did not have impaired pyrimidine dlmer—removal systems
(68,69). A prevxous report shows that the removal of 8-OHdG in ﬂbrob]asts after
UVB exposure is slightly impaired in NBCCS cells compared to that in normal cells,
which implies that oxidative stress plays a role in the development of BCCs and other
tumors in NBCCS (68). Aszterbaum et al. reported that UV and ionizing radiation

enhance the growth of BCCs and trichoblastomas in patched heterozygous knockout

mice (70).
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UV-INDUCED IMMUNE SUPPRESSION

The immune system plays an important role in UV carcinogenesis by contributing to
host resistance against skin cancer dcve!opment However, UV radiation circumvents
immurie surveillance against skin cancers by modulating the immune response in
a way that favors tumor development. Skin cancers induced by UV radiation are
highly antigenic and can therefore be recognized by the immune system. This is
apparent with UV-induced murine skin cancers, many of which are¢ immunologically

‘tejected upon transplantation into normal syngenic mice (71). The exceptionally high

incidence of skin cancer, particularly squamous cell carcinoma, on the sun-exposed
skin of immunosuppressed renal transplant patients (72), suggests that UV-induced
human skin cancers are also highly antigenic. However, despite the potential for
immunological control, skin cancer occurs with high frequency in susceptible, sun-
exposed populations. Previous studies, mainly those vsing murine models, have
provided an explanation for this paradox by demonstranng that UV radiation not
only transforms cells by inducing mutations but also interferes with host immunity

~against the developing skin tumors. These studies demonstrate that UV irradiation

of the skin produces both Jocal immune suppresswn that inhibits immune func-
tions within the irradiated skin and systemic immune suppression against antigens
introduced at a critical time after exposure to UV radiation. Modulation of immune
responses initiated at nonirradiated sites is now known to involve soluble mediators,
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at Jeast some of which are produced by UV-irradiated keratinocytes (73). Different
mediators appear to be involved in thé modulation of delayed-type hypersensitivity
(DTH) and the contact hypersensitivity (CHS) response. In particular, IL-10 antibod-
ies prevent UV-induced suppression of DTH responses, whereas TNF- antibodies
inhibit UV-induced suppression of CHS (73). UV-induced pyrimidine dimers have
been suggested to trigger cytokine production by epidermal cells, which is involved

" in UV-induced specific immune suppression (74). Furthermore, lipid peroxidation

by UV-induced prostaglandin formation may also play a role in immune suppression
(75,76). ‘

In summary, both directly and indirectly, UV induces DNA lesions that cause
genetic mutations and trigger inflammation and immune suppression which allow
tumor growth. Both UV itself and UV-induced inflammation lead to ROS generation.
These ROSs also cause DNA lesions and enhance mutation frequency Furthermore,

lipid peroxidation caused by UV and ROSs is involved in immune suppression
(Figure 19.1).
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Inhibitory Effects of Dietary Spirulina platensis on
UVB-Induced Skin Inflammatory Responses and
Carcinogenesis

Flandiana Yogianti'?, Makoto Kunisada', Ei"i Nakano', Ryusuke Ono', Kunihiko Sakumi®, Sugako Oka’,
Yusaku Nakabeppu® and Chikako Nishigori

Reactive oxygen species produced in response to UVR are important in skin tumor development. We have
previously reported that deficiency of the Ogg? gene, encoding the repair enzyme for 8-oxo-7,8-dihydroguanine
(8-0x0G), increases skin tumor incidence in mice upon repetitive UVB exposure and modulation of UVB-induced
inflammatory response. Spirulina platensis is used as a human food supplement because it contains abundant
nutritional and antioxidant components. Therefore, we investigated the inhibitory effects of S. platensis on UVB-
induced skin tumor development in Ogg7 knockout-(KO) mice and the wild-type (WT) counterpart. Dietary S.
platensis suppressed tumor induction and development in both genotypes compared with our previous data
without S. platensis. Induction of erythema and ear swelling, one of the hallmarks of UVB-induced inflammatory
responses, was suppressed in the skin of Ogg7-KO mice and albino hairless mice fed with dietary
S. platensis. Compared with untreated mice, S. platensis-administered mice showed significantly reduced 8-
oxoG formation in the skin after UVB exposure. Moreover, we found that S. platensis effectively downregulated
the signal proteins p38 mitogen-activated protein kinase, stress-activated protein kinase/c-Jun N-terminal kinase,
and extracellular signal-regulated kinase after UVB exposure especially in Ogg7-KO mice. Our results suggest
that S. platensis exerts antitumor effects against UVB irradiation in the skin through its anti-inflammatory and

antioxidant effects.

Journal of Investigative Dermatology (2014) 134, 2610-2619; doi:10.1038/jid.2014.188; published online 29 May 2014

INTRODUCTION

UV light is a carcinogenic component of sunlight and is
widely known as one of the most relevant risk factors for skin
cancers (Slaper et al., 1996; Urbach, 1997, Howe et al,
2001). Irradiation of mouse skin with UVB (wavelength, 280~
320nm) causes various photochemical reactions, such as
induction of DNA damage and the subsequent gene mutation,
which may lead to skin cancer development (Nishigori, 2006).
Previous studies have demonstrated that UVB induces the
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formation of 8-oxo-7,8-dihydroguanine (8-oxoG) in mice
through UVB-induced reactive oxygen species (ROS; Hattori
et al., 1996; Nishigori et al., 2004). The Oggl gene encodes a
repair enzyme that removes the oxidized base 8-oxoG-DNA
from DNA (Maki and Sekiguchi, 1992; Aburatani et al., 1997;
Nakabeppu et al., 2010). In a previous series of studies, Ogg7-
KO mice showed increasing frequency of mutations but
did not exhibit cancer-prone phenotypes in livers and testes
(Klungland et al., 1999; Minowa et al., 2000). On the other
hand, Sakumi et al. demonstrated an increase in the rate of
spontaneous lung cancer development in Oggl-KO mice
(Sakumi et al., 2003). In our previous study, we found that
Oggl1-KO mice had a highly tumorigenic phenotype, more
numerous skin cancers, and much faster tumor development
upon repetitive UVB exposure compared with WT mice
(Kunisada et al., 2005).

Spirulina platensis (S. platensis) is a blue-green filamentous
alga that is currently gaining increasing attention because of its
nutritional benefits. Recently, S. platensis has been reported to
have potential roles in the inhibition of the NADPH oxidase
activity (McCarty et al., 2010; Zheng et al., 2013). Owing
to its high content of proteins (60-70%) and vitamins
(e.g., vitamin Bqy and provitamin A (B-carotene)), minerals
(e.g., iron), and essential fatty acids (e.g., y-linolenic acid),

© 2014 The Society for Investigative Dermatology
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S. platensis has been produced widely as a food supplement o o
(Belay et al., 1993). Several previous toxicity studies showed Y % g § §§
that there were no adverse effects in experimental animals : é c Mmoo
after short-term and long-term ingestion of dietary Spirulina , Bl 2=
(S. platensis and Spirulina maxima), even after administration P ey
of high doses (Salazar et al., 1998; Hutadilok-Towatana et al., 2 g : ;F' S 6 @
2008). In addition, S. platensis has been reported to have *z__g S 3= g :
various beneficial effects, such as anticancer (Dasgupta et al., | PEIRNG 2
2001; Ismail et al, 2009; Grawish et al, 2010), hepato- ' = s
protective (Ismail et al, 2009; Lu et al, 2010), antiviral o 1 o
(Hayashi et al, 1996a, b), anti-allergic (Kim et al, 1998), %; |3 '§ gg%
cardioprotective (Khan et al, 2005), and neuroprotec- = e g -g n:«;u: :
tive effects (Bermejo-Bescos et al, 2008). However, the L: R R e
effects of S. platensis on UVB-induced responses in the skin b NS
still remain unclear. In the present study, we investigated 2l T8
whether dietary S. platensis affects skin tumor development in % £ c 5 ‘ E E
Oggl knockout (KO)-mice induced by long-term UVB oL E =
exposure and demonstrated its inhibitory effects. Further- = e
more, we examined whether S. platensis suppressed the 2 o
inflammatory response caused by UVB as we had earlier = W e
found that the genes involved in inflammatory responses were = Y5809
mostly upregulated by UVB in Oggl-KO mice, which are o~ o =
susceptible to photocarcinogenesis. 253K
RESULTS

Dietary S. platensis inhibited the development and induction of
UVB-induced skin tumors

We compared the development of skin tumors induced by
chronic exposure to the minimum erythema dose of UVB in
Oggl-KO and WT mice fed S. platensis (SP(+)) or those not
fed S. platensis (SP(—)). The total number of skin tumors that
developed was significantly higher in the groups of SP(—)
mice than those in SP(-+); (WT, P<0.01; KO, P<0.00001).
The ratios of malignant tumors/total tumors were not signifi-
cantly different between SP(—) and SP(+) groups in both
genotype mice (Table 1). Histological analysis of all the skin
tumors showed that the ratios of malignant tumors were 50

0.5+0.76* " -
171+0.76*

oeroBa
311387

Mean number of tumors per mouse Squamous cell carcinoma Sarcoma

and 66.7% in WT and Ogg7-KO mice, respectively, among £ E
the skin tumors that developed in the SP(+) group. In the case R
of the SP(—) group, the ratios of malignant tumors were 50 e
and 88.5% in WT and Ogg7-KO mice, respectively (Table 1). se88
Next, we examined skin tumor induction by chronic UVB S ey

exposure in the SP(—) and SP(+) groups, and in each Oggl
genotype. As shown in Figure 1, in Oggl-KO mice, the first
incidence of skin tumor in SP(—) group was 7 weeks earlier
than that in SP(+). After 41 weeks, 100% of OggT-KO/SP(—)
mice harbored skin tumors. In the SP(+) group, by the end of
the experiment, we found skin tumors in only 40% of the total
population. A similar pattern was observed in the WT mice;
the first skin tumor was found during week 37 of the
experiment in the WT/ SP(+) group, which is 1 week later
than in the WT/SP(—) group. At week 44, only 37.5% of all
the WT/SP(4) mice were found to harbor skin tumors,
whereas 100% of the WT/SP(—) mice showed tumors
(Figure 1). In both genotypes, the incidence of UVB-induced
skin tumors was significantly different in these two diet groups.
However, in the case of the SP(+) group, there was no
significant difference in tumor induction between the different
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Figure 1. Differences in tumor induction by repetitive UVB irradiations in
Ogg1-KO and WT mice with or without the Spirulina platensis (SP) diet. Each
group was composed of 10 mice at the beginning of the experiment. After 40
weeks of chronic UVB exposure, we continued the observation to evaluate
tumor development for another 5 weeks. The data for WT/SP(—) and KO/
SP(—) mice have been obtained from our previously published study
(Kunisada et al.,, 2005). KO, knockout; WT, wild-type.

Ogg! genotypes (Figure 1). The data for the SP(—) group of
WT mice and Oggl-KO mice have been reproduced here
from the results of our previous study (Kunisada et al., 2005).
The duration of the experiment and UV irradiation protocols
were the same in the present and previous studies and one
of the experimenters was involved in both studies. The
procedure for chow production was the same with or without
S. platensis, and was carried out by the same company.

Oral dietary S. platensis suppressed UVB-induced ear swelling
and skin erythema

We had previously reported that the most upregulated genes
in Ogg1-KO mice after UVB irradiation were those involved in
the inflammatory response, suggesting that the immunomodu-
lation seen after UVB irradiation in Ogg7-KO mice might have
a role in its highly skin tumor-prone Oggl-KO phenotype
(Kunisada et al., 2011). To evaluate the inflammatory response
in the skin of mice belonging to the SP(—) or SP(+) group, ear
swelling was assessed over a 6-day-period after 4 weeks of
oral administration of 10% S. platensis followed by a single
irradiation of 2.50kjm~% UVB to Ogg/-KO and WT mice.
The peak value for ear swelling was obtained 96 hours after
UVB irradiation in all the groups, and significant differences
were observed at every time point between SP(—) and SP(+)
of each Oggl genotype (WT: P=0.018; KO: P=0.019;
Figure 2a). Next, we studied whether the similar response
could be observed in another mouse strain. We applied a
protocol similar to that used for Ogg7-KO and WT mice to
hairless albino mice, except for the UV dose, and then
evaluated the erythema scores as well as ear swelling as an
inflammatory response upon UVB exposure. A similar inhibi-
tory effect on ear swelling was observed by S. platensis in the
hairless albino mice: the SP(+) group showed significantly
less ear swelling at every time point compared with the SP(—)
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group after UVB exposure (P=0.012; Figure 2b). The
erythema on the back skin of hairless albino mice peaked at
72 hours after UVB exposure in both diet groups, with the
SP(+) mice showing a much lower degree of erythema and
lower amount of scales than the mice belonging to the SP(—)
group (Figure 2c). When we scored the degree of erythema,
the difference between the SP(—) and SP(+) groups was
statistically significant after UVB irradiation (P=0.011;
Figure 2d).

UVB-induced inflammatory cytokines and Toll-like receptor

4 were attenuated in the skin of Ogg7-KO mice fed with

S. platensis

We had previously reported that IL1-f8 as well as Cxcl1 is the
most important cytokine candidate in the induction of inflam-
mation associated with 8-oxoG accumulation after UVB
exposure (Kunisada et al, 2011 and unpublished data). We
examined the expression of IL1-f and Cxcll after UVB
exposure in Oggl-KO and WT mice from the SP(—) and
SP(++) groups by using quantitative PCR (qPCR). The differ-
ence in interleukin (IL-7f) expression between the SP(—) and
SP(+) groups in either genotype was most prominent at
24 hours after UVB irradiation. S. platensis showed signifi-
cant inhibition of IL-18 expression at all the time points in
Ogg1-KO mice and at 24 hours after UVB exposure in WT
mice (P<0.05; Figure 3a). qPCR showed that SP significantly
inhibited Cxcl1 expression at 24 hours after UVB irradiation in
Oggl-KO mice and at 6 hours after UVB irradiation in WT
mice (P<0.05). There was no difference in the expression of
CxclT between the two diet groups for either genotype of mice
at other time points (Figure 3b). To confirm the results
obtained for IL7-f with qPCR, we performed an immunohis-
tochemical study for IL1-B expression in the skin of mice
belonging to the SP(—) and SP(+) groups. The epidermal cell
expression of IL1-B clearly increased in the Ogg?-KO geno-
type for SP(—) at 24 hours after exposure (Figure 3c). Recently,
Toll-like receptor 4 (TLR4) was found to be associated with
skin tumorigenesis, via induction of production of proinflam-
matory cytokines such as IL1-B, IL-6, and tumor necrosis
factor-a. (Mittal et al., 2010). Our immunohistochemical study
showed that TLR4 expression 24 hours after UVB exposure
was attenuated in the epidermal cells as well as the dermal
inflammatory cells in the SP-treated group in both genotype
mice. The attenuation was much more striking in Ogg7-KO
mice than in WT mice (Figure 3d and e).

Reduction of oxidatively damaged DNA in S. platensis-treated
mice

We investigated the relevance of UVB-induced formation of
epidermal DNA damage such as 8-oxoG and CPDs among
the SP(+) and SP(—) groups at 3 and 24 hours after UVB
exposure. OggT1-KO/SP(—) mice showed the highest accumu-
lation of 8-0xoG at 3 hours, and even at 24 hours, after UVB
exposure. WT mice showed minimal accumulation of 8-oxoG
at 3 hours after irradiation, and these levels had decreased
almost to zero 24 hours after UVB irradiation. In contrast, both
genotypes of the SP(+) group showed less accumulation of
8-oxoG at 3 and 24 hours after UVB exposure (Figure 4a).
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Figure 2. The acute inflammatory response mediated by UVB exposure in mouse skin was attenuated by supplementation with the 10% Spirulina platensis
(SP) diet. (a) After 4 weeks of oral administration of 10% S. platensis followed by single irradiation of 2.50kJ m~2 UVB to Ogg1-KO and WT mice,

ear thickness was measured at 24, 48, 72, 96, and 120 hours after UVB irradiation as well as before UVB treatment. Evaluation of ear thickness was visualized
with graphs for WT/SP(—) and WT/SP(+) (left) and for KO/SP(—) and KO/SP(+) (right) mice. Values shown are mean+SD (b) Ear thickness was evaluated
using Kud hairless mice given SP(—) and SP(+) diets. The protocol for the hairless mice was identical to that for Ogg7-KO and WT mice, except that the UVB
dose was 1.50k m~2. Values shown are mean % SD. (c) Erythema induction on the back skin of hairless mice under both SP(—) and SP(+) diets induced by
UVB exposure. Before UVB irradiation, hairless mice were fed 10% S. platensis. Representative features of the back skin at 72 hours after UVB irradiation

in three mice from the SP(—) group (left) and in three mice from the SP(+) group (right), respectively, are shown. (d) The average erythema score was measured
for the back skin of hairless mice without UVB or at 24, 48, 72, 96, and 120 hours after UVB irradiation. Values shown are mean * SD. KO, knockout;

WT, wild-type.

To confirm whether the UVB dose used for each group was
sufficient to cause DNA damage, we performed immunohis-
tochemical analysis of CPDs, showing strongly CPD-positive
cells regardless of the ingestion of the S. platensis diet or the
Oggl genotype (Figure 4b).

Phosphorylation of the stress-activated protein kinases, p38

MAPK, SAPK/INK, and ERK, was suppressed by S. platensis

Furthermore, to investigate the molecular mechanism under-
lying the suppressive effect of S. platensis on the acute
inflammatory response mediated by UVB, we examined
phosphorylation in the p38 mitogen-activated protein kinase
(p38 MAPK), stress-activated protein kinase/c-Jun N-terminal
kinase (SAPK/INK), and extracellular signal-regulated kinase
(ERK) pathways after a single irradiation with UVB and studied
the protein levels at various time points in either Ogg7-KO
or WT mice from the SP(—) and SP(+) groups by using
immunohistochemistry analysis. In WT mice, p38 MAPK
phosphorylation and phosphorylation of SAPK/INK was sup-
pressed at 30 minutes after UVB exposure in the SP(+) group
(Figure 5a and b), whereas no obvious differences were
observed in the expression of phosphorylated ERK between

SP(—) and SP(+) mice at any time point (Figure 5c). In .
contrast, for Oggl-KO mice, the phosphorylation of p38
MAPK, SAPK/INK, and ERK was inhibited to a greater extent
in SP(+) than in SP(—) mice at every time point after UVB
irradiation (Figure 5a—c). Finally, we used Ogg?™’*’ and
Ogg1~’~’ mouse embryonic fibroblasts (MEFs); phycocyano-
bilin, active form of main functioning protein C-phycocyanin
in S. platensis, covalently attached to the apoprotein
(Figure 5d) was used for specifically analyzing the signal
protein kinases after UVB exposure (Schram and Kroes, 1971).
In Ogg1™™/*’) MEFs, no obvious differences were observed in
the expression of phosphorylated p38 MAPK between PCB(—)
and PCB(+) mice at any time point, whereas phosphorylation
of SAPK/JNK and ERK was suppressed at 2 and 6 hours after
UVB exposure in the PCB(+) group in Ogg1™’*’ (Figure 5e).
In contrast, for Ogg1~"~, the phosphorylation of p38 MAPK
was inhibited to a greater extent by PCB(+) at 30 minutes
after UVB irradiation. SAPK/JNK phosphorylation was also
suppressed by PCB(+) in Oggl™""at every time point after
UVB exposure (Figure 5f). Moreover, at later time points
{e.g., 6 and 24 hours), ERK phosphorylation was significantly
suppressed in the Ogg1~"~//PCB(+) group (Figure 5.

www.jidonline.org 2613

93



