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Abstract

UVB radiation results in the formation of potentially mutagenic photoproducts in the DNA of
epidermal skin cells. In vitro approaches have demonstrated that the nucleotide excision repair
(NER) machinery removes UV photoproducts from DNA in the form of small (~30-nt-long),
excised, damage-containing DNA oligonucleotides (sedDNASs). Though this process presumably
takes place in human skin exposed to UVB radiation, sedDNASs have not previously been detected
in human skin. Using surgically discarded human skin, we have optimized the detection of the
sedDNA products of NER from small amounts of human epidermal tissue ex vivo within minutes
of UVB exposure and after UVB doses that normally lead to minimal erythema. Moreover,
sedDNA generation was inhibited by treatment of skin explants with spironolactone, which
depletes the epidermis of the essential NER protein XPB to mimic the skin of xeroderma
pigmentosum patients. Time course experiments revealed that a partially degraded from of the
sedDNAs could be readily detected even 12 hours following UVB exposure, which indicates that
these repair products are relatively stable in human skin epidermis. Together, these data suggest
that sedDNA detection may be a useful assay for determining how genetic, environmental, and
other factors influence NER activity in human skin epidermis and whether abnormal sedDNA
processing contributes to photosensitive skin disorders.
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1. INTRODUCTION

The epidermis of human skin is routinely exposed to UVB wavelengths of sunlight that
induce the formation of cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4)
pyrimidone photoproducts [(6-4)PPs] in genomic DNA [1]. These UV photoproducts
interfere with DNA and RNA polymerase movement and can result in cell death and/or
mutagenesis, which contribute to erythema and skin carcinogenesis, respectively. Nucleotide
excision repair (NER) is the sole system in humans for removing UV photoproducts from
genomic DNA [2-4], and mutations in NER genes are found in patients with the disease
xeroderma pigmentosum (XP) [5], which predisposes individuals to photosensitivity,
premature aging, and skin cancer.

Determining how various genetic, environmental, dietary, and other factors contribute to
inter-individual differences in DNA repair activity is important for understanding cancer
susceptibility [6]. Taking advantage of the fact that the NER system generates small,
excised, damage-containing DNA oligonucleotides (sedDNAS) as part of its mechanism of
action to remove UV photoproducts form the genome (Figure 1A) [2,7], methods have been
developed to detect sedDNAs in cultured cells in vitro following exposure to UV radiation
and other DNA damaging agents [8-10]. Though damage removal/sedDNA generation via
NER is important for preventing mutagenesis and skin carcinogenesis, the observation that
defects in nucleic acid degradation contribute to autoimmunity and inflammation [11,12]
suggests that defects in sedDNA degradation could contribute to various pathologies
associated with UV-exposed skin. In this report, sesdDNAs are shown to be efficiently
isolated and sensitively detected in small amounts of human skin epidermis even after
exposure to sub-erythemal doses of UVB radiation. Moreover, sesdDNAs can be detected
within minutes of UVB exposure but remain in the skin epidermis for hours following UVB
exposure. Thus, the detection of the sedDNA products of NER in human skin epidermis may
therefore provide a new approach for measuring inter-individual differences in NER activity
and help to identify factors that affect repair activity, inflammation, and autoimmunity in the
context of human skin epidermis in vivo.

2. MATERIALS AND METHODS

2.1 Skin treatments

Discarded, de-identified human skin from routine panniculectomies was used in these
studies. Patient consent for experiments was not required because de-identified, leftover
surgical human tissue is considered discarded material by our institution, and thus the
studies were considered exempt. Small, approximately 2.5 x 2.5 cm sections of skin were
exposed to the indicated fluences of UVB radiation using a Philips F20T12 broadband UVB
light source at a dose rate of 5 J/m?/sec and then placed in a pyrex containiner in a 37°C
water bath for the indicated periods of time. Small, 6 mm punch biopsies were obtained,
frozen in liquid nitrogen, and stored at —80°C until ready for further processing. Skin
explants (8 mm punch biopsies) were incubated above medium containing DMSO or 20 uM
spironolactone to deplete XPB for 3 days as previously described [13].

DNA Repair (Amst). Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choi et al. Page 3

2.2 sedDNA detection and quantification

To isolate and detect the sedDNA products of NER in human skin, the skin punch biopsies
were briefly subjected to a heat shock (6 sec at 60°C and 9 sec in ice cold water) to facilitate
release of the epidermis, which was scraped off the biopsy with a curette. The epidermal
tissue was then disrupted with several strokes of a pellet pestle in 200 pl of cold Triton
X-100 lysis buffer (20 mM Tris-HCI, pH7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
and 1% Triton X-100) and incubated on ice for 15-20 min with occasional vortexing.
Following centrifugation for 60 min at maximum speed in a microcentrifuge at 4°C to pellet
genomic DNA, the soluble lysates were digested with RNase A (5 pl of a 25 mg/ml stock)
for 5 min at room-temperature and then treated with SDS (8 pl of a 10% solution) and
Proteinase K (4 ul of a 20 U/l stock) for 15 min at 50-60°C. The samples were then
extracted twice with an equal volume of 25:24:1 phenol:chloroform:isoamylalcohol, once
with chloroform, and precipitated overnight in ethanol in the presence of 20 pg of glycogen.
Following a 15 min centrifugation at maximum speed in a microcentrifuge at 4°C, the DNA
pellets were washed with 1 ml of cold 70% ethanol, centrifuged again for 5 min, and then air
dried. The subsequent methods of sedDNA labeling and detection from skin epidermis were
similar to that reported for cultured cells [9,10,14,15]. Briefly, the soluble DNAs were
resuspended in 50 pl of TE (10 mM Tris-HCI pH 8.0, 1 mM EDTA), immunoprecipitated
with 5 pl of Dynabead slurry bound to anti-(6-4)PP antibody, washed with Wash Buffer | (20
Mm Tris-HCI pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100, and 0.1% SDS),
Wash Buffer 11 (20 mM Tris-HCI pH 8.0, 2 mM EDTA, 500 mM NaCl, 1% Triton X-100,
0.1% SDS), Wash Buffer I11 (10 mM Tris-HCI pH 8.0, 1 mM EDTA, 150 mM LiCl, 1%
Nonidet P-40, 1% sodium deoxycholate), Wash Buffer IV (100 mM Tris-HCI pH 8.0, 1 mM
EDTA, 500 mM LiCl, 1% Nonidet-P40, 1% sodium deoxycholate), and twice with TE
buffer. The DNAs were eluted with 100 pl of elution buffer (50 mM NaHCOg3, 1% SDS, and
20 pg.ml glycogen) at 65°C for 15 min, extracted with phenol-chloroform, precipitated in
ethanol, and dried. DNAs were then labeled with 20 units of terminal deoxynucleotidyl
transferase (New England Biolabs) and 10 uM of biotin-11-dUTP in 50 pl reactions
containing Terminal Transferase Reaction Buffer (New England Biolabs) and 2 fmol of a 50-
mer ssDNA control oligonucleotide. Reactions were stopped with 10 mM EDTA, and DNAs
were purified following treatment with RNase A (10-20 pg/ml) and RNase T1 (30-50
units/ml) for 20 min at 37°C, treatment with proteinase K (0.4 mg/ml) in the presence of
0.4% SDS, extraction with phenol-chloroform, and precipitation in ethanol. Purified DNAs
were separated on 10-12% TBE-urea gels in 1X TBE at 150 V, transferred to a modified
nylon Biodyne B membrane (Pierce) in 0.5X TBE buffer at 300 mA for 1 hr, and then fixed
by UV crosslinking. The membrane was incubated with PBS containing 2% SDS for 30 min
and then incubated for 30 min with HRP-conjugated streptavidin in the same buffer.
Membranes were next washed three times with PBS containing 0.5% SDS and then
incubated with 200 mM Tris-HCI (pH 9.0) containing 10 mM MgCls for 5 min.
Chemiluminescence was visualized with ECL reagents (GE Healthcare) on an ImageQuant
LAS 4000 Mini apparatus (GE Healthcare) and quantified with ImageQuantTL software
(GE Healthcare). For the data presented in Figures 2—4, the chemiluminescent sedDNA
signals for each sample were normalized to the 50-mer ssSDNA control oligonucleotide
signal and then to the highest sedDNA/50-mer signal on each blot (which was set to an
arbitrary value of 100).
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Protein Immunoblotting

Epidermal tissues were lysed in RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM NacCl, 2
mM EDTA, 1% triton X-100, 1% sodium deoxycholate, 0.1% SDS) containing a 1:200
dilution of protease inhibitor cocktail (Sigma), 1 mM DTT, 0.1 mM PMSF, 10 mM NaF, 1
mM NayVO3, and 10 mM glycerophosphate and analyzed by immunoblotting as previously
described [13].

Statistical analyses

For each experimental approach, the number of independent skin samples that were used is
provided in the appropriate figure legend. Two-tailed, paired or unpaired Student’s t-tests
were carried out where indicated to determine whether differences between treatment
samples reached statistical significance (p<0.05).

RESULTS

Method for detecting sedDNAs in human skin

UVB photoproducts are removed from DNA through a dual incision mechanism, in which
the damaged nucleotide bases are cut out from DNA in the form of a sedDNA approximately
24-32 nt in length (Figure 1A) [2,3,7]. The generation of UVC-induced sedDNAs has been
extensively studied using in vitro systems and recently observed in cultured human cells [8—
10]. Therefore, to determine whether sedDNAs can be isolated and detected in human skin
epidermis, discarded human skin from routine panniculectomies was exposed to UVB
radiation and then incubated for a short period of time to allow for NER to take place.
Isolated epidermal tissue from small punch biopsies of control- or UVB-irradiated skin was
then subjected to tissue lysis to purify soluble DNAs. Though UVB radiation induces the
formation of both pyrimidine (6-4) pyrimidone photoproducts [(6-4)PPs] and cyclobutane
pyrimidine dimers (CPDs) in genomic DNA, (6-4)PPs are repaired faster than CPDs, and
thus an anti-(6-4)PP antibody was used here to enrich for (6-4)PP-containing sedDNAs from
the total population of soluble DNAs. The immunoprecipitated sedDNAs were next
subjected to 3’-end labeling with terminal transferase and a biotinylated nucleotide,
transferred to a nylon membrane, probed with HRP-streptavidin, and finally detected with a
chemiluminescent substrate [15]. A schematic of this approach is provided in Figure 1B, and
a sample experimental result demonstrating the UVB-dependent generation of small DNAs
approximately 20 to 30 nt in length is shown in Figure 1C. Importantly, these small DNAs
were not observed in non-irradiated skin, which indicates that the assay is highly specific for
the detection of sedDNAs generated following UVB exposure.

3.2 sedDNA generation in human skin requires the NER factor XPB

To demonstrate that sesdDNA generation in UVB-irradiated skin is indeed dependent on the
NER machinery, skin punch biopsies were incubated ex vivo for 3 days above a basal
medium containing spironolactone (SP), which has been shown to lead to the proteolytic
degradation of the essential NER protein XPB in human cells in vitro [16] and skin
epidermis ex vivo [13]. As shown in Figure 2A, spironolactone treatment resulted in a nearly
70% reduction in XPB protein levels in human skin epidermis in several different skin
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samples. Importantly, and consistent with the role of XPB in NER, this reduction in XPB
protein was closely associated with a significant reduction in sedDNA levels following UVB
exposure of the same skin samples (Figure 2B). These results clearly demonstrate that
sedDNA production in UVB-irradiated skin requires an intact NER system.

3.3 sedDNAs are generated in a UVB dose-dependent manner

To examine the sensitivity of the sedDNA detection assay for monitoring NER activity in
human skin epidermis, skin samples were exposed to different doses of UVB and then
incubated for 1 hr. As shown in Figure 3, sedDNA abundance was strongly correlated with
the UVB dose. Importantly, even sub-erythemal doses of UVB (100-200 J/m?) led to
detectable sedDNA signals above the background level found in non-irradiated skin. We
observed that the amount of sedDNAs generated upon UVB irradiation in human skin
epidermis was largely dose-dependent up to approximately 1,600 J/m?2, above which NER
activity appeared to begin to become saturated. Thus, these data indicate that the sedDNA
detection assay allows for the sensitive detection of NER activity even in response to very
low doses of UVB that are physiologically relevant to UVB exposures in daily life.

3.4 Kinetics of sedDNA generation in human skin

In cultured cells in vitro, sedDNAs have been detected within minutes of exposure to UVC
radiation [9], which shows that the NER machinery responds immediately to the presence of
DNA damage by beginning to excise damaged nucleotides. Using cell-free extracts with
defined DNA substrates [17] and UV-irradiated cultured cells [8,9,18], two major species of
sedDNAs have been reported to be detected. These include a larger species of sedDNAs
nearly 30 nt in length and a partially degraded species approximately 20 nt in length. These
two sedDNA species have been referred to as the primary and secondary products of NER
[18,19], and have been shown to be primarily bound to the NER factors TFIIH (transcription
factor 11-H) and RPA (replication protein A), respectively [8,17]. Thus, current models
suggest that sedDNAs are initially excised from DNA in association with TFIIH before
being released in an ATP-dependent manner to become bound by RPA and undergo limited
nucleolytic degradation to form the secondary, partially degraded species of sedDNAs
[17,19].

To determine whether a similar phenomenon occurs in human skin ex vivo, small pieces of
human skin were exposed to UVB radiation and then incubated for various periods of time.
As shown in Figure 4A, the primary sedDNA products of NER were clearly detectable in
skin epidermis within 15 minutes of exposure, and the level of the primary products peaked
approximately 30 min to 1 hr after UVB exposure. Interestingly, nearly identical results have
been reported in cultured cells in vitro [8,9]. Moreover, in both cultured cells in vitro and
human skin epidermis ex vivo (Figure 4A), (6-4)PP-containing sedDNAs were primarily of
a smaller size close to 20 nt in length at later time points after UV exposure. However, in
contrast to observations in cultured cells in vitro, in which (6-4)PP-containing sedDNAs are
almost completely degraded by 6 hr following UV exposure, (6-4)PP-containing sedDNAs
could still be readily detected even 12 hr after UVB exposure in skin epidermis ex vivo.
These results suggest that once excised from genomic DNA, (6-4)PP-containing sedDNAs
are only slowly and partially degraded by cellular nucleases in human skin epidermis.
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4. DISCUSSION

Understanding how genetic, environmental, dietary, pharmacological, and other factors
impact UV photoproduct removal from human skin epidermis is important for predicting
skin cancer risk. Though in vitro studies with cultured cells are critical for carrying out this
work, it is also important to understand the interplay of these factors within the context of
human skin. However, many approaches aimed at understanding inter-individual differences
in DNA repair capacity [6] are not readily applicable for use in skin. Currently, the most
widely used technique for monitoring changes in UV photoproduct levels in human skin is
immunohistochemical staining of CPDs. However, because CPDs are only slowly removed
from the genome, this method frequently requires extended periods of time following
irradiation to detect clear reductions in staining intensity. Moreover, CPD dilution due to
DNA replication and cell division [21] or apoptosis in the skin may lead to artifactual
reductions in apparent CPD levels. Lastly, procedures that utilize formaldehyde fixation of
skin tissue may crosslink sedDNAs to genomic DNA [18], and thus excised UV
photoproducts may appear as unrepaired damage.

The results shown here demonstrate that the NER machinery begins to remove (6-4)PPs
photoproducts from human skin epidermis within minutes of UVB exposure (Figure 4), and
thus, (6-4)PP-sedDNA detection may offer a more sensitive approach for quantifying the
basal enzymatic activity of the NER system in human skin exposed to physiological doses of
UVB radiation within a single sample of skin epidermis (Figure 3). However, it should be
noted that sedDNAs provide a measure of the activity of the NER system and do not
necessarily take into account the total amount of photoproduct damage that is induced by
UVB exposure. Thus differences in damage formation between individual skin samples or
throughout the different layers of the epidermis due to melanin content [22] or epidermal
thickness may influence the accuracy of sedDNA quantification as a measure of NER
activity and should be considered in future studies. Moreover, differences in sedDNA
degradation by as-yet-unknown nucleases may influence the accuracy of using sesdDNA
detection as a measure of NER activity. Nonetheless, as demonstrated in Figure 2, the
method described here could be useful in testing the how pharmaceuticals and other factors
specifically impact NER activity in human skin explants ex vivo. Through DNA sequencing
of the sedDNAs with eXcision Repair (XR-seq) [23], it should also be possible to measure
NER activity at nucleotide resolution throughout the epidermal cell genome. Though punch
biopsies were used in the work here to isolate defined areas of epidermal tissue, less invasive
methods involved the scraping of skin epidermis should also be possible to allow for the
detection of epidermal sedDNAs in human subjects exposed to natural or artificial sources of
UV radiation.

Little information is currently known regarding the ultimate fate of the sedDNA products of
NER in either cultured cells or human skin [19,23]. Thus, an additional future application of
skin sedDNA detection will be to understand how epidermal skin cells process and degrade
sedDNAs following excision from the genome. A recent study using cultured cells indicated
that sedDNA degradation occurs independent of apoptotic signaling [14], and thus important
work remains to be done in this area. Efficient degradation of sedDNAs may be necessary to
avoid aberrant stimulation of innate immune signaling pathways [11,12], and therefore
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defective clearance of sedDNAs may contribute to autoimmunity or other photosensitive
skin reactions.
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CPD cyclobutane pyrimidine dimer

TFIIH transcription factor 11-H

RPA replication protein A
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Highlights
. UV photoproducts are removed from DNA in the form of sedDNAs

. sedDNAs have been detected for the first time in UVB-irradiated human skin
ex Vivo

. sedDNA detection may allow for quantification of DNA repair activity in
human skin
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Figure 1. Method for detecting sedDNAs in human skin epidermis.

Signal
detection

C

50-

30-

20-

Page 10

- +

L]

(a) Schematic of the nucleotide excision repair mechanism, in which UVB-damaged bases
(indicated by thymine dimer, T<>T) are removed by via dual incisions to generate a

sedDNA. (b) Sample workflow for skin processing and detection of the sedDNA products of

NER. Small, 6 mm punch biopsies of discarded human skin were obtained from UVB-
irradiated skin and snap frozen. Epidermal tissue was removed from the biopsy by heat
shock and lysed. Soluble DNAs obtained from the epidermal lysates were then
immunoprecipitated with (6-4)PP antibody, 3* end-labeled with a biotinylated nucleotide,
electrophoresed on a polyacrylamide gel, transferred to a nylon membrane, and then
detected with HRP-coupled streptavidin and chemiluminescence. (c) The image shows a
typical experimental result from skin harvested 1 hr after exposure to 800 J/m? of UVB

radiation. sedDNA labeling reactions were supplemented with a 50-mer sSDNA
oligonucleotide standard. Location of DNA size markers (nt) is indicated.
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Figure 2. sedDNA generation in human skin is dependent on the NER protein XPB.
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(a) Medium below skin biopsy explants were supplemented with vehicle (DMSO) or
spironolactone (SP, 20 uM) for 3 days before immunoblot analysis of skin epidermal protein.
(b) The graph shows the level of XPB protein (average and standard deviation, normalized
to actin) in SP-treated skin epidermis relative to DMSO-treated skin epidermis (n=4). (c)
The image shows a representative experiment detecting sedDNAs from skin biopsies treated
as in (a) and harvested 1 hr after exposure to 800 J/m? of UVB radiation. (d) The graph
quantifies the relative level of sedDNAs in DMSO- and SP-treated skin epidermis (n=4).
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Figure 3. UVB induces sedDNA generation in a dose-dependent manner.
(a) Representative experiment detecting sedDNAs generated 1 hr after exposure to the

indicated doses of UVB radiation. (b) Relative quantification (average and standard
deviation) of epidermal sedDNAs from several different skin samples (n=3-7 for each dose)
treated as in (a). Densitometry was used to quantify sedDNA (and 50-mer) signal for each
sample, and the highest sedDNA/50-mer signal on each blot was set to an arbitrary value of
100. All other sedDNA signals in each experiment were compared to this value.
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Figure 4. Kinetics of sedDNA generation in UVB-irradiated human skin.
(a) Human skin was exposed to 800 J/m? of UVB radiation at a dose rate of 5 J/m?/sec and

then biopsies were taken at the indicated time points for detection of (6-4)PP-containing
sedDNAs. The primary, full-length and secondary, partially degraded sedDNA species are
indicated. (b) Relative quantification (average and standard deviation) of the primary and
secondary (6-4)PP-containing-sedDNAs from different skin samples treated as in (a) (n=3).
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