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Abstract

Ultraviolet (UV) radiation is among the most prevalent environmental factors that influence human
health and disease. Even one hour of UV irradiation extensively damages the genome. To cope
with resulting deleterious DNA lesions, cells activate a multitude of DNA damage response
pathways, including DNA repair. Strikingly, UV-induced DNA damage formation and repair are
affected by chromatin state. When cells enter S phase with these lesions, a distinct mutation
signature is created via error-prone translesion synthesis. Chronic UV exposure leads to high
mutation burden in skin and consequently the development of skin cancer, the most common
cancer in the United States. Intriguingly, UV-induced oxidative stress has opposing effects on
carcinogenesis. Elucidating the molecular mechanisms of UV-induced DNA damage responses
will be useful for preventing and treating skin cancer with greater precision. Excitingly, recent
studies have uncovered substantial depth of novel findings regarding the molecular and cellular
consequences of UV irradiation. In this review, we will discuss updated mechanisms of UV-
induced DNA damage responses including the ATR pathway, which maintains genome integrity
following UV irradiation. We will also present current strategies for preventing and treating
nonmelanoma skin cancer, including ATR pathway inhibition for prevention and photodynamic
therapy for treatment.

Graphical Abstract

"Corresponding author’s email: kawasumi@uw.edu (Masaoki Kawasumi).
TThis article is part of a Special Issue dedicated to Dr. Thomas Dougherty.
Competing Interests: The authors declare no competing interests.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Leeetal. Page 2

UV-induced %
—_— A

DNA damage
/ Lesion \
DNA damage checkpoint DNA repair DNA damage tolerance
e Mutation
= AL @y R
sSDNA Chromatin A
Chronic UV:
+ DNA damage response
* = ROS
O Genome integrity * Inflammation
Cell survival * * Immunosuppression
Skin cancer

Ultraviolet (UV) radiation is an extremely prevalent environmental factor that extensively damages
the genome. Cells respond to UV-induced DNA damage by activating multiple biological
processes: DNA damage checkpoint for cell cycle arrest, DNA repair that is affected by chromatin
state, and DNA damage tolerance that may promote survival with mutations. Chronic UV
exposure increases mutation burden, leading to skin cancer development. This process is
facilitated by reactive oxygen species (ROS), inflammation, and immunosuppression. Recent
studies have elucidated precise molecular and cellular consequences of UV irradiation. Targeting
UV-induced DNA damage responses is an effective means to prevent and treat skin cancer.

Introduction

Ultraviolet (UV) radiation is one of the most common environmental exposures to humans
and other organisms. Its role in influencing human health and disease was first suggested in
the late 19t and early 20t centuries (1-4). Since then, the response of the human body to
UV, and more recently the cellular and molecular responses to UV, have been continually
elucidated in incrementally greater detail.

UV exposure primarily affects the skin in humans (Fig. 1). Molecular mechanisms have
been identified for UV radiation in skin erythema and vasodilation (5,6), inflammation
(5,7,8), sunburn and suntan (9,10), epidermal hyperplasia (11), wrinkle formation and
photoaging (also known as dermatoheliosis) (12,13), and immunosuppression (14,15). UV
exposure can also induce production of the endogenous opioid -endorphin in the skin and
create addictive behavior to UV light (16,10). As a result of this addiction, people may seek
excessive UV exposure. However, chronic UV irradiation increases the risk of skin
carcinogenesis (17-19,3,1,20). Furthermore, the burden of skin cancer increases with age
(21,22). Three major types of skin cancer are basal cell carcinoma (BCC), cutaneous
squamous cell carcinoma (cSCC), and melanoma. Among these, BCC and cSCC are
categorized as nonmelanoma skin cancer (NMSC, also known as keratinocyte carcinoma
(23)) and are the most common cancers in the United States (24). The annual incidence of
NMSC is 5.4 million in the United States (24).
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Given the fact that humans are diurnal and exposed to sunlight throughout their lifetimes,
UV irradiation creates a tremendous burden of damage in an extremely large number of skin
cells in the human body. The human body has 37 trillion cells in total, of which
approximately 2 trillion cells are in the skin (including 176 billion epidermal cells) (25).
Because up to 41% of body surface area is typically exposed to the sun (26), up to 820
billion skin cells (72 billion epidermal cells) per person are theoretically exposed to UV.
Among these, 3.5% of epidermal cells are typically in S phase (27), meaning that
approximately 2.5 billion epidermal cells need to replicate DNA with UV-induced DNA
damage at any time, increasing the likelihood of mutation incorporation. The risk of skin
cancer increases over time with accumulated mutations. In humans, approximately 70,000
hours of lifetime sun exposure appears to be a threshold for increased risk of cSCC (19).
Strikingly, with long-term UV exposure, the mutation burden even in normal skin
approximates the mutation burden present in cancers of internal organs (not exposed to UV)
(28). Thus, understanding the molecular mechanisms of how cells cope with UV-induced
damage is of great interest. These fundamental mechanisms of cellular responses to
environmental factors will provide insights into effective strategies for preventing and
treating skin cancer with greater precision.

In this review, we will summarize recent discoveries in UV-induced damage responses,
including formation of DNA damage, ATR signaling pathway, transcriptional changes, DNA
repair, oxidative stress, and mutagenesis. This review will also describe strategies for
prevention and treatment of nonmelanoma skin cancer, including ATR as a target for skin
cancer prevention and photodynamic therapies that were pioneered by Dr. Thomas J.
Dougherty in the 1970s.

Updated models of UV-induced DNA damage responses

UV-induced DNA damage formation

UV irradiation generates two major types of lesions in DNA through direct photochemical
reactions within dipyrimidine sites (two adjacent cytosine or thymine residues), forming
dimers on the same strand (29). The most common UV-induced DNA lesion is cyclobutane
pyrimidine dimers (CPDs), most frequently at two adjacent thymines (cyclobutane thymine
dimers) (30-32). The second most common UV-induced DNA lesion is pyrimidine (6-4)
pyrimidone photoproducts (6-4PPs), which are generated via covalent bond formation
between the carbons 6 and 4 of adjacent pyrimidines. 6-4PPs are 6-fold less abundant than
CPDs with simulated sunlight (30). One hour of sunlight generates a surprisingly high
number of DNA lesions; we estimate that 100,000 to 200,000 DNA lesions are formed in
human diploid cells with 6 billion base pairs (520 lesions per 108 normal bases per J/cm?
UVB in the whole skin (32); UV index is 3 in October in New York (41°N) (33), and one
hour of sunlight at UV index 3 reaches the minimal erythemal dose in type 11 skin, typically
0.025 J/cm? UVB (34)).

Sunlight contains three different wavelength ranges of UV light, termed UVA (315-400 nm),
UVB (280-315 nm), and UVC (100-280 nm). UVC is entirely absorbed by the ozone layer
of the Earth, leaving UVA and UVB as the main UV components of terrestrial sunlight. The
number and types of DNA lesions generated by UV depend on UV wavelengths (30,35).
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Shorter wavelengths generate DNA lesions more efficiently; UVC is ~100-fold more
efficient to generate CPDs than UVB, and UVB is ~1,000-fold more efficient than UVA.
UVC and UVB generate both CPDs and 6-4PPs, but UVA generates only CPDs.

UVA and UVB have varying effects on the skin. UVA causes photoaging, but both UVA and
UVB cause mutations and cancer (13,36,37). UVB is known to be the main contributor to
UV-induced skin carcinogenesis. Specifically, 315 nm (borderline wavelength between UVA
and UVB) radiation has been found to induce more mutations and cancer than other UV
wavelengths (38-40). UVA also causes oxidative DNA damage that may lead to mutations
(41).

Direct formation of CPDs by UV is very rapid; CPDs form within one picosecond after UV
exposure (42). Additionally, in melanocytes, CPDs form for 3 hours after ceasing UV
exposure (43). These delayed, ‘dark CPDs’ are generated via UV-induced reactive oxygen
and nitrogen species that react with melanin. Dark CPDs include cytosine-containing lesions
relevant to UV signature C>T mutations. Thus, post-UV time (up to 3 hours) may be a
therapeutic window to limit the formation of cytosine-containing CPDs that are potentially
mutagenic. This work suggests that melanin plays a role in UV-induced mutagenesis.
However, melanin has been shown to have a protective role for DNA from UV damage. In
cell culture, melanin reduces the rate of CPD and 6-4PP formation (44). Furthermore, CPD
formation is considerably reduced in highly pigmented skin than in less pigmented skin in
humans (45).

The question of where in the genome UV-induced DNA lesions are preferentially created
has only recently been addressed. The use of next-generation sequencing (NGS) has enabled
the precise localization of UV-induced DNA lesions in the genome aligned with chromatin
information. One study revealed genome-wide distribution of UV-induced CPD lesions at
single-nucleotide resolution (‘CPD-seq’) and compared with known nucleosome and
transcription factor binding positions (46). Intriguingly, the formation of CPDs within each
nucleosome (147 bp of DNA double helix wrapped around a histone octamer) was affected
by the distance of dipyrimidines to the histone core (Fig. 2). Due to the nature of the DNA
double helix, the position of nucleotides can be slightly close (‘inner’) or distant (‘outer’) to
the histone core periodically (~10 bp per turn) within a nucleosome. When dipyrimidines
were close to the histone core within a nucleosome, fewer CPD lesions were generated due
to relatively constrained flexibility of the nucleotides at these inner positions (46). Also, this
study showed that CPD formation is largely inhibited at binding sites of yeast transcription
factors Abfl and Rebl. However, binding sites for the E-twenty-six (ETS) transcription
factor family have been found with increased CPD formation due to changes in DNA
conformation after ETS binding (47,48). Another study shows that transcription factor
binding can inhibit, stimulate, or have no effect on UV-induced lesion formation depending
on the specific transcription factor (49). Furthermore, whole-genome mapping of UV-
induced DNA lesions prior to DNA repair recently revealed that UV-induced lesions are
generated at higher frequencies in relatively inaccessible chromosomal regions
(heterochromatin), whereas euchromatic regions characterized by active transcription and
DNase hypersensitivity are protected from UV damage (50). Intriguingly, long interspersed
nuclear elements (LINES) — heterochromatic regions present at the nuclear lamina at the
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nuclear periphery — were among the genomic regions most susceptible to UV-induced DNA
damage formation. Such genomic elements have been proposed to provide a ‘sink’ to
prevent UV-induced DNA damage in active genes, thereby protecting genome integrity (50).
In addition to chromatin state, UV-induced CPD lesions are preferentially formed at
dipyrimidine sites with cytosine methylation (51). It has been suggested that cytosine
methylation within TC dipyrimidines induces structural changes at the nucleotide level that
increase the risk of CPD formation, but not 6-4PP formation (52).

ATR and ATM pathways to cope with UV-induced DNA lesions

DNA damage checkpoints are a surveillance mechanism to ensure genome integrity and
respond to genotoxic stress by activating DNA damage response pathways. These pathways
are essential for surviving DNA damage in all cells (53-55). DNA damage response is
regulated by two major kinases that respond to various types of genotoxic stress: ataxia
telangiectasia mutated (ATM) primarily responsible for DNA double-strand breaks and
ataxia telangiectasia and Rad3-related (ATR) primarily responsible for replication stress. In
response to replication stress (e.g., UV that generates replication-blocking lesions, and
hydroxyurea that depletes deoxynucleotides), ATR plays a key role in maintaining genome
integrity by inducing cell cycle arrest, inhibiting DNA replication origin firing, and
stabilizing stalled replication forks (54) (Fig. 3A).

The ATR activation mechanism has been extensively studied (54,53). UV generates DNA
lesions that can stall replication forks by blocking replicative DNA polymerase; meanwhile,
DNA helicase continues to unwind duplex DNA (56). This uncoupling of helicase and DNA
polymerase activities generates a long stretch of single-stranded DNA (ssDNA) to which
replication protein A (RPA) is recruited (57). ATR exists in a stable complex with ATR-
interacting protein (ATRIP), and the ATR-ATRIP complex is recruited to this RPA-coated
ssDNA structure (58,54). ATR has kinase activity that is stimulated by many mediator
proteins that are recruited to the same RPA-ssDNA structure. One of these mediators is DNA
topoisomerase Il binding protein 1 (TopBP1), which localizes to DNA damage sites or
arrested replication forks (59,60). TopBP1 recruitment to RPA-coated sSDNA is required for
full activation of ATR kinase activity (61). RHINO is also recruited to sites of DNA damage
and interacts with TopBP1 to fully activate ATR (62). At RPA-ssDNA, ATR
autophosphorylates itself at Thr1989 to promote TopBP1-ATR interaction, stimulating ATR
kinase activity (63). More recently, Ewing’s tumor-associated antigen 1 (ETAAL) has been
identified as an RPA-binding protein to directly activate ATR independently of TopBP1 (64).

Activated ATR phosphorylates various downstream targets (65,66) in order to elicit cell
cycle checkpoints (G1-S (67), intra-S (68,69), S-G, (70), and G»-M (71)) (Fig. 4). After UV
generates DNA damage, p53 is phosphorylated at Ser15, and checkpoint kinase 1 (CHK1) is
phosphorylated at Ser345. These phosphorylation events are mediated by ATR, but not by
ATM (72). In turn, phosphorylated p53 (Ser15) is prevented from degradation, allowing for
cell cycle arrest or apoptosis (73). Phosphorylated, activated CHK1 (Ser345) triggers
degradation of the CDC25A phosphatase that is required for cyclin-dependent kinase 2
(CDK2)-mediated G1-S transition, and sequestration of the CDC25C phosphatase that is
required for CDK1-mediated G,-M transition (54,71). During S phase, stalled replication
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forks must be stabilized to prevent fork collapse, and the firing of new DNA replication
origins must be inhibited until replication blockage is resolved. DNA replication origin
firing requires phosphorylation of Treslin by CDK (74). It is plausible that replication stress-
induced CHK1 activation decreases the function of CDK, thereby inhibiting Treslin and
DNA replication origin firing (74). ATR phosphorylates SMARCAL1 to prevent collapse of
stalled replication forks (75). By these processes during replication stress, ATR activation
allows time for DNA repair and maintains genome integrity. ATR also plays a role in
unperturbed conditions; ATR regulates the frequency of replication origin firing in the
absence of DNA damage (76). During mitosis, ATR promotes faithful chromosome
segregation independently of DNA damage (77). Collectively, the ATR pathway plays a
major role in ensuring faithful DNA replication and maintaining genome integrity
(54,70,77).

Most cancer cells are defective in the p53 pathway that induces G4 arrest in response to
DNA damage. These p53-defective cells rely on the ATR pathway to survive DNA damage.
Thus, targeting the ATR pathway can selectively sensitize p53-defective or G; checkpoint-
defective cells to DNA damage-induced death (78-81). Paradoxically, in noncycling cells,
ATR inhibition decreases apoptosis in response to DNA damage induced by UV or UV
mimetic NV-acetoxy-2-acetylaminofluorene (AAAF), an agent that generates bulky lesions on
guanines in DNA and blocks RNA polymerase Il progression (82). This suggests that ATR
mediates pro-apoptotic signaling in noncycling cells. Thus, ATR inhibition can selectively
kill proliferating, cancerous cells while sparing nonproliferating, normal cells.

UV irradiation primarily activates the ATR pathway, but in noncycling cells, the ATM
pathway is also activated by UV. A recent study revealed a non-canonical, RNA-mediated
mechanism for the activation of the ATM pathway in noncycling cells (83) (Fig. 3B). UV-
induced DNA damage blocks transcription, leading to displacement of spliceosomes which
normally process pre-mRNA into mature transcripts. The resulting displacement of
spliceosomes facilitates formation of R-loops with pre-mRNA, i.e., the hybridization of pre-
mRNA with the template DNA strand that leaves the nontemplate strand as ssDNA. These
R-loops activate ATM, which then contribute to alternative splicing of pre-mRNA (83). As a
result, ATM significantly contributes to UV-induced gene expression changes (83).

Transcriptional changes following acute UV exposure

The gene expression profile is altered within hours after acute UV exposure. In one study of
human epidermis, 12% of 5,380 analyzed genes had at least 2-fold altered gene expression
following UV exposure: 246 upregulated and 373 downregulated (84). Among these 619
genes, 21%, 53%, and 26% of differentially expressed genes were found at 2, 24, and 72
hours after UV exposure, respectively (84). UV-upregulated genes encoded histones,
interferons, matrix metalloproteinases, glutathione peroxidases, and S100 calcium-binding
proteins. After 72 hours, half of these UV-regulated genes returned to pre-exposure baseline
expression levels, indicating the transient nature of acute responses to UV exposure (84).
Transcription recovery depends on the length of genes; after UV exposure, transcription of
long genes (>20 kb) is preferentially inhibited, and transcription recovery is delayed (85).
Thus, short genes exhibited higher levels of expression than long genes in the acute period
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after UV exposure (85). UV irradiation increases transcription of XPC, a key protein in
nucleotide excision repair (NER), in a p53-dependent manner within 24 hours (86). In
human keratinocytes, within 1 hour after UV exposure, a variety of cytokeratins were
upregulated; 6 hours after UV exposure, genes related to growth, apoptosis, DNA repair,
cytokines, and cell adhesion exhibited altered expression (87). Importantly, gene expression
of human epidermis /in vivo and that of cultured keratinocytes /n vitro are different with and
without UV exposure, reflecting differences in cellular environments (88,84).

Acute UV exposure alters expression of not only mRNA but also microRNA (miRNA; ~22
nt noncoding RNA molecules which regulate gene expression). After 5 J/em? of UVA
irradiation, expression of mMiRNAs miR-21 and miR-203 are increased; miR-21 is known to
have oncogenic properties, and miR-203 antagonizes the expression of p63, which is a
transcription factor maintaining the “stemness” of skin cells (89). However, 30 mJ/cm? of
UVB irradiation had no effect on miR-21 expression and increased miR-203 expression,
suggesting different effects of UVA and UVB on different miRNA molecules. cSCC is
associated with increased miR-21 expression, whereas miR-203 expression is decreased in
well differentiated cSCC and further decreased in moderately differentiated cSCC (89).
Further investigations are needed to elucidate the roles of these miRNAs in cSCC
pathogenesis. UV exposure also affects expression of long noncoding RNAs (IncRNA; >200
nt). A total of 660 IncRNAs were up- or downregulated by UVA and 3,559 IncRNAs by
UVB (90). Intriguingly, the majority of IncRNAs were only affected either by UVA or UVB,
and only few IncRNAs were up- or downregulated by both UVA and UVB, suggesting
differences in cellular response to UVA and UVB irradiation (90). Although the specific
roles of most of these INCRNAs have not been elucidated, IncRNAs have been broadly
implicated in disease via regulation of protein-coding genes.

Repair of UV-induced DNA lesions and the effect of chromatin state

DNA repair is essential for any organism whose genome is damaged by UV from the sun
(91). Bacteria, plants, and animals (except for placental mammals) have light-activated DNA
repair enzymes known as photolyases that repair UV-induced DNA damage, either CPD or
6-4PP, upon illumination by visible light (92). Photolyase acts very rapidly; CPD-
photolyase (also known simply as photolyase) from Escherichia coli repairs CPDs within
one nanosecond (93), and 6-4PP-photolyase (also known as (6-4) photolyase) from
Arabidopsis thaliana repairs 6-4PPs within tens of nanoseconds (94). Humans do not have
photolyases (92,95); however, humans and other organisms have the nucleotide excision
repair (NER) mechanism, which can repair UV-induced DNA damage (both CPD and 6-
4PP) without light (96,97) (Fig. 3C). NER consists of two subpathways that differ in initial
damage recognition: global genome repair (GGR) and transcription-coupled repair (TCR)
(96,98). GGR is initiated by recognition of DNA lesions throughout the genome independent
of transcription or replication, whereas TCR recognizes DNA lesions on transcribed strands
of active genes during transcription (96,98). In GGR, UV-damaged DNA-binding protein
(UV-DDB) directly binds to DNA lesions to initiate the DNA repair process. After damage
recognition in both GGR and TCR, DNA repair proteins are recruited for dual incision in the
damaged DNA strand at both sides of the lesion, creating a lesion-containing product (26-27
nt) and leaving the other strand single-stranded. To fill the single-stranded DNA (ssSDNA)
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gap, DNA polymerases /e are recruited and synthesize DNA using the intact strand as a
template in an error-free manner (96). Remodeling of chromatin assists the NER machinery
with access to lesions (96). Interestingly, RNA-binding protein DGCRS8, which is involved in
miRNA processing, has been found to facilitate TCR independently of RNA processing (99).
This novel function of DGCR8 requires UV-induced phosphorylation of DGCRS8 at Ser153
(99).

In noncycling cells, exonuclease 1 (EXO1) competes with the gap filling process of NER
and extends the NER-generated ssDNA gap, making it long enough to activate DNA damage
checkpoints (100) (Fig. 3D). When cells receive an excessive dose of UV, many DNA
lesions are generated to the extent that two DNA lesions are likely to be close to each other
and on two opposing strands (closely opposing lesions, COLs). These COLs are problematic
for NER. Removal of one of two COLs by NER leaves the second lesion in the
complementary strand in an sSDNA configuration. Because the sSDNA gap contains a
lesion, DNA polymerases &/e cannot synthesize DNA using the damaged strand as a
template, and EXOL1 starts extending the sSDNA gap. This promotes the recruitment of
specialized DNA polymerases, which can synthesize DNA across a lesion (translesion
synthesis, TLS), to the lesion-containing sSDNA gap in order to fill the gap, preventing
further action of EXOL1 (101). If TLS polymerases are deficient, EXO1 will continue to
extend the ssDNA gap while DNA polymerases &/e remain stalled, resulting in DNA
double-strand breaks and cell death (101).

Xeroderma pigmentosum (XP) and Cockayne syndrome (CS) are rare, autosomal recessive
disorders of DNA repair. XP is characterized by increased sun sensitivity and higher skin
cancer risk (98). XP is caused by mutations in the XP genes (XPA through XPG), which are
necessary for NER (98,96,102). Compared to normal cells, DNA repair deficiency by XP
mutations leads to ~4-fold higher mutation frequency after acute UV exposure (5-7 days
after one dose of 0.5 mJ/cm? UVC) (103). XP patients carry a 10,000-fold increased risk of
NMSC and may develop early-onset NMSC if their skin is not protected from the sun (98).
There is another XP subgroup, XP variant (XPV), that exhibits normal NER but defective
TLS due to lack of DNA polymerase m (104). The incidence of XP is estimated to be 1 in
22,000 in Japan, 1 in 250,000 in the U.S., and 1 in 435,000 live births in Western Europe
(105,106). However, the prevalence of XP in the U.S. may be higher than clinically reported,
and thus unsuspected XP mutations may contribute to high frequency of skin cancer in the
general U.S. population (107). An immunohistochemistry analysis of a tissue microarray
revealed that XP protein XPC, the main damage-recognition protein for GGR, is absent in
49% of invasive cSCCs from immunocompetent non-XP patients and 59% of invasive
cSCCs from immunosuppressed non-XP patients (108). This high frequency of XPC
inactivation in cSCC may be explained by a recent study demonstrating that XPC silencing
drives malignant transformation (109). Accumulation of unrepaired DNA following XPC
silencing in normal keratinocytes increases DNA-dependent protein kinase (DNA-PK)
activity, which leads to production of reactive oxygen species (ROS), alters cellular
metabolism, and drives malignant transformation (109).

CS is characterized by increased sun sensitivity, progressive neurological degeneration, and
premature aging (98,110). CS is caused by mutations in the CS genes (CSA and CSB),
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which are responsible for TCR (98,96). Intriguingly, CS is not associated with increased risk
of any cancer (110,103). Compared to normal cells, UV induces an increased number of
mutations in XP and CS cells, both of which are DNA repair-deficient (103). However, types
of mutations generated in XP and CS cells differ; UV-induced mutations in XP
predominantly have UV signature (C>T), whereas the majority of mutations in CS have
oxidative damage signature (G>T) (103). This suggests that CS proteins may be more
important for repair of oxidative DNA damage (8-hydroxy-2’-deoxyguanosine, 8-OH-dG)
than for repair of direct UV-induced DNA damage (CPD and 6-4PP).

The efficiency of NER varies throughout the genome and is affected by chromatin state (Fig.
5A). Two recent studies analyzed the kinetics of NER and its relationship with chromatin
accessibility using the novel technology ‘eXcision Repair-sequencing’ (XR-seq), which
measures repair of CPDs and 6-4PPs genome-wide at single-nucleotide resolution
(111,112). At the early time points (1-8 hours) following UV irradiation, CPDs were
repaired primarily by TCR due to the high abundance of CPDs and thus higher likelihood of
encountering CPDs during transcription (111,112). Repair of CPDs on nontranscribed
strands and intergenic regions persisted up to 48 hours after UV irradiation (112). In
contrast, 6-4PPs were repaired predominantly by GGR due to their highly DNA-distorting
nature, presumably making them easily detectable throughout the genome (111,113). Active
and open chromatin regions were repaired more rapidly than heterochromatin for both CPD
and 6-4PP lesions (112). Intriguingly, regions with delayed repair (heterochromatin) had a
higher frequency of cancer-related mutations (112). This high frequency of mutations in
heterochromatin may be attributable to slow repair in heterochromatin (112) and more
frequent generation of UV-induced DNA lesions in heterochromatin (50). Consistently,
chronic low-dose UVB (CLUV) irradiation leads to the accumulation of residual CPD
lesions that persist in heterochromatin even in DNA repair-proficient cells (114). These
residual CPDs that are refractory to repair are diluted by semiconservative DNA replication
(114).

An important question related to slow DNA repair in heterochromatin is how UV-DDB
detects occluded DNA lesions in nucleosomes to initiate GGR. A recent study determined
the mechanism by which UV-induced DNA lesions are recognized in chromatin, in which
nucleosomes restrict access to DNA (115) (Fig. 5B). Occluded nucleosomal lesions that face
the histone core become exposed and accessible to UV-DDB after slight sliding of
nucleotide positions that shifts the contacts between the histone core and occluded DNA
lesions (‘slide-assisted site exposure’). This lesion exposure process does not require histone
octamer disassembly or looping off of nucleosomal DNA.

UV-induced DNA lesions have been thought to be repaired solely by NER. However, a
recent study demonstrated the existence of an NER-independent repair mechanism for
removing UV-induced DNA damage in human cells (116). An anti-diabetic drug,
acetohexamide, was recently identified as an agent that alleviates the UV sensitivity of NER-
deficient cells. Acetohexamide inhibited expression of DNA glycosylase MUTYH, which is
known to be involved in base excision repair (BER). Surprisingly, NER-deficient (XPA-
deficient) cells treated with acetohexamide were able to repair CPDs, indicating the
existence of an NER-independent repair mechanism that is normally masked by MUTYH.
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Methylated RNA as an early responder to UV-induced DNA damage

Due to its dynamic and reversible nature, post-transcriptionally modified RNA has great
potential to participate in many non-hereditary, regulatory roles (117). AB-methyladenosine
(mBA), the most prevalent posttranscriptional modification of MRNA, is enriched around
stop codons and participates in pre-mRNA processing, MRNA nuclear export, translation,
and mRNA decay (118). One recent study uncovered a novel function of RNA méA
modification in the UV-induced DNA damage response (119). After UV irradiation, RNA
m®A modification was rapidly induced at sites of DNA damage, peaking at 2 minutes, and
decreased to background levels at 10 minutes post-UV (119). Also, DNA polymerase «,
known to be involved in NER and TLS, was rapidly recruited to DNA damage sites, and its
immediate localization required the catalytic activity of the methyltransferase METTLS.
Downregulation of METTL3 resulted in reduced m®A RNA at sites of UV-induced DNA
damage, reduced recruitment of DNA polymerase « to these sites, and delayed repair of UV-
induced CPD lesions. Rapid induction of m6A RNA was uniquely detected after UV
irradiation, but not after -y irradiation or DNA-damaging chemicals. This induction occurred
in S/G,/M-phase cells, but not in G1-phase cells. This study demonstrated that rapid
METTL3-mediated RNA m8A methylation and recruitment of DNA polymerase x facilitate
DNA repair after UV exposure (119). DNA polymerase x might act as a TLS polymerase to
facilitate lesion bypass during S phase, allowing repair of the lesion subsequently. However,
it remains to be determined how the rapid increase and decrease in RNA m8A methylation
within only 10 minutes after UV irradiation contributes to the relatively slower process of
DNA repair.

Mechanisms of UV mutagenesis

Compared to instantaneous generation of DNA lesions by sunlight, DNA repair Kinetics is
relatively slow, which may lead to cells entering S phase before completing DNA repair.
During DNA replication in the presence of UV-induced DNA lesions, mutations may be
incorporated opposite of these highly DNA-distorting lesions. Skin that is chronically sun-
exposed over decades accumulates a very large number of mutations, approaching the
mutation frequency present in cancers of internal organs (not exposed to UV) (28). The
gradual acquisition of cancer-related mutations that drive malignant transformation leads to
skin cancer.

DNA lesions generated from all three wavelength ranges of UV radiation most commonly
lead to C>T mutations at dipyrimidine sites, termed the UV signature mutation (120,36,41).
These C>T mutations occur when cells undergo error-prone DNA replication across
unrepaired DNA lesions. This process is known as error-prone translesion synthesis (TLS)
and is one mechanism of DNA damage tolerance that allows cells to bypass replication-
blocking lesions without actually removing the lesions (121) (Fig. 3E). Specifically,
replicative DNA polymerases &/e stall at a DNA-distorting, UV-induced lesion. To continue
DNA synthesis across the lesion, specialized TLS polymerases are recruited to the lesion.
These TLS polymerases are capable of accommodating bulky chemical groups (e.g., UV-
induced DNA lesions) on the template strand, allowing DNA synthesis on the lesion-
containing template strand; however, TLS polymerases have high error rates (122).
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Posttranslational modification of proliferating cell nuclear antigen (PCNA) is important for
DNA damage tolerance; PCNA normally forms a ring around double-stranded DNA and
tethers replicative DNA polymerases to their DNA template during DNA replication.
Helicase-like transcription factor (HLTF) promotes monoubiquitination of PCNA and
facilitates recruitment of TLS polymerase m) to the DNA lesion (123). A unique TLS
polymerase is also recruited to the lesion: PrimPol, which contains both DNA polymerase
and DNA primase activities (124-127). PrimPol not only performs TLS but also creates
DNA primers that are necessary for other DNA polymerases to reinitiate DNA synthesis
downstream of the lesion (124-127). TLS polymerases (error rate >10~2) have low fidelity
compared to replicative polymerases /e (error rate 10°-107) (128). TLS polymerases
occasionally incorporate incorrect nucleotides opposite of the UV-induced lesion (e.g.,
adenine opposite of a cytosine-containing lesion), leading to a mismatched base pair (Fig.
6). During the next round of DNA replication using the incorrect nucleotide-containing
strand as the template, a complementary nucleotide is incorporated opposite of the incorrect
nucleotide (T incorporated opposite of A), thus generating a mutation (net change C>T
mutation). This final step is known as mutation fixation. Another mechanism for generating
C>T mutation is mediated by deamination independently of error-prone TLS. Predominantly
at CPDs and on transcribed strands, significant proportions of cytosines are deaminated to
uracil. This uracil is complemented by adenine on the opposite strand via error-free TLS
(129,130,41). The next round of DNA replication incorporates thymine in place of uracil,
resulting in C>T mutation as the net effect.

On a per-lesion basis, 6-4PPs are more mutagenic than CPDs. To induce a 1 bp mutation in
DNA repair-proficient mammalian cells, 159 CPDs are required, whereas 53 6—4PPs are
required (131). However, CPDs are identified as the principal cause of UV-associated skin
cancer, presumably due to high abundance and slow repair. When CPDs were removed by
CPD-photolyase, skin cancer development following chronic UV irradiation was prevented
in a mouse model (132).

The advancement of massively parallel sequencing technology has revealed the mutational
landscapes of UV-associated skin cancer on a large scale. In 2007, more than 1,000 somatic
mutations were identified in the coding exons of 518 protein kinase genes in 210 diverse
human cancers (133). Mutations found in melanoma were predominantly the UV signature
(C>T) mutation, indicative of past UV exposure. In 2010, a cancer genome sequence was
reported for the first time using the patient-derived melanoma cell line COLO-829,
comprehensively cataloging somatic mutations across the genome (134). More than 33,000
somatic base substitutions were identified. Among these, 187 mutations (0.6%) were
nonsynonymous substitutions in protein-coding sequences, some of which may be cancer
driver mutations. Consistent with earlier studies, the predominant mutations detected were
the UV signature (C>T) mutation. This study also found that these C>T mutations were
more frequent on nontranscribed strands than on transcribed strands, likely due to TCR that
removes UV-induced DNA lesions only on transcribed strands.

The mutagenic nature of UV is also observed in the genome of even normal skin. A recent
study examined the mutation burden present in normal, sun-exposed epidermis (28).
Consistent with previous studies, C>T mutations were most frequent. Surprisingly, many
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cancer-associated gene mutations were present in normal, sun-exposed skin at a frequency
similar to that of internal cancers. Approximately 25% of normal skin cells harbored cancer-
causing mutations at a density of ~140 driver mutations/cm2. A major difference between
cSCC and normal, sun-exposed skin was the frequency of mutations; the number of driver
point mutations per cell was 10-fold higher in cSCC cells (average 2.7 mutations per cell)
compared to that in normal cells (average 0.27 mutations per cell). However, normal cells
could carry 2-3 driver mutations without malignant transformation, indicating that merely
having multiple driver mutations is not sufficient for acquiring malignant potential (28).
These findings suggest that malignant transformation may require specific combinations of
cancer driver mutations.

UV induces genetic heterogeneity within a single tumor, which affects the immune response
and tumor growth of melanoma /7 vivo. A recent study demonstrated that UV irradiation
increases genetic heterogeneity in a cell population from a melanoma cell line, as
determined by the variant allele frequency (135). Compared to highly heterogeneous tumors,
tumors of low heterogeneity elicited stronger immune responses and grew at a dramatically
reduced rate in mice. In humans, lower tumor heterogeneity has been linked to stronger
immune response and better patient survival (135).

UV-induced reactive oxygen species (ROS) and carcinogenesis

Reactive oxygen species (ROS) are unstable molecules that contain oxygen and readily react
with other molecules in cells. ROS are generated in cells as a result of normal cellular
metabolism, but ROS are also generated by exogeneous agents including UV irradiation
(136). Interestingly, visible light (400-700 nm wavelength) also produces ROS (137). ROS
include superoxide (O,"7), hydrogen peroxide (H,0O5), and hydroxyl radical (*OH). ROS are
eliminated by intracellular antioxidants such as glutathione (GSH) (136). UV irradiation
produces excessive amounts of ROS that overwhelm these antioxidant molecules (136). In
melanocytes, the melanosome is proposed to be a major source of ROS (138). Also, the
extracellular matrix (ECM) of skin is a potentially significant photosensitizer to produce
ROS upon UV exposure (139). When dermal fibroblasts were treated with ECM proteins
(collagen and elastin) that were pre-irradiated with UV, these cells exhibited oxidative stress
responses (139). This suggests that ECM proteins act as photosensitizers to generate ROS
upon UV irradiation in skin. These high levels of ROS contribute to abnormal cell
proliferation signaling, epigenetic alterations, and DNA lesion formation, leading to disease
states including cancer (136,138). In particular, UV-induced ROS oxidatively damage the
nucleoside 2’-deoxyguanosine, converting it to 8-hydroxy-2’-deoxyguanosine (8-OH-dG;
tautomer 8-oxo-7,8-dihydro-2’-deoxyguanosine, 8-oxo-dG) (140,41) (Fig. 6). In DNA, 8-
OH-dG lesions are repaired by base excision repair (BER), but if unrepaired, these lesions
result in G>T mutations (141,41). A carcinogenic role of ROS is demonstrated in XPC
deficiency; XPC loss causes ROS-mediated aberrations in cellular metabolism, driving
malignant transformation of keratinocytes (109).

ROS generated by UV activate a number of signaling pathways that are related to
inflammation and carcinogenesis (136). Examples of oncogenic signaling activated by UV-
induced ROS include the mitogen-activated protein kinase/extracellular signal-regulated
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kinase (MAPK/ERK) pathway (142,136), which is overactive in many cancers (143),
epidermal growth factor receptor (EGFR) (144), p38 MAPK (142), activating protein-1
(AP-1) (136), and NF-xB (136). Activation of NRF2, a transcription factor that induces
antioxidant defense, decreases ROS levels and prevents ROS-induced mutations following
UV irradiation, thereby inhibiting skin carcinogenesis (145). Although UV is a poor
activator of NRF2, the basal expression level of NRF2 is high in epidermal keratinocytes,
preventing skin from UV damage (145). Intriguingly, excessive NRF2 may be detrimental,;
in transgenic mice, overexpression of a constitutively active NRF2 mutant leads to epidermal
thickening, corneocyte fragility, impaired desquamation, and increased immune infiltration
into the skin at the early ages of 1-3 months (145).

Although mutagenic and carcinogenic roles of UV-induced ROS have been demonstrated
(41,136,109), a recent report intriguingly demonstrates that oxidative stress inhibits
metastasis of melanoma in a mouse model; in other words, reducing oxidative stress
promotes metastasis (146). In this study, melanoma cells circulating in blood or in visceral
metastatic nodules experienced high levels of ROS. Successfully metastasized melanoma
cells had increased expression of NADPH-generating enzymes that are involved in
antioxidant production. Exogenous administration of antioxidants promoted distant
metastasis of melanoma cells, whereas inhibition of NADPH-generating enzymes
suppressed metastatic dissemination. As opposed to ROS-mediated oncogenic signaling, this
study suggests that oxidative stress in melanoma cells inhibits metastasis.

Prevention and treatment of nonmelanoma skin cancer

Incidence and progression of skin cancer

All types of skin cancer are highly associated with UV exposure (17-19,3,1,20). Consistent
with high prevalence of UV exposure, skin cancer is the most common cancer in the United
States (24). Despite declining incidence and mortality of cancer in general, the incidence of
skin cancer has been escalating (147,148,24,149-151), demonstrating an urgent need for
effective and efficient strategies for prevention and treatment. The annual incidence of
nonmelanoma skin cancer (NMSC), comprising basal cell carcinoma (BCC) and cutaneous
squamous cell carcinoma (cSCC), in the United States was 3.5 million in 2006 (148) and
increased to 5.4 million in 2012 (24). This exceeds the incidence of all other cancers
combined, which is 1.8 million in 2019 (147). For cSCC, estimated new cases are 1 million
in 2012 in the United States, and estimated deaths are 15,000 (152). For melanoma,
estimated new cases are 96,480 in 2019 in the United States, and estimated deaths are 7,230
(147). Melanoma incidence is predicted to increase to 116,000 annual new cases in 2026—
2031 among U.S. whites (151).

Actinic keratosis (AK) is a precursor to cSCC. The risk of progression of AK to invasive
cSCC is ~8% per year (153). cSCC has a good prognosis if it is completely resected at an
early stage. However, one in 50 cSCCs metastasizes, resulting in limited treatment options
and poor prognosis (154,155). Notably, although blacks are 70 times less likely to develop
skin cancer than Caucasians (156), people of color often present with skin cancer at a more
advanced stage, leading to poor prognosis (157). The most common skin cancer type, BCC,
rarely metastasizes, and patients with BCC have excellent prognosis.
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UV exposure avoidance for skin cancer prevention

Avoidance of excessive UV exposure is a cornerstone of skin cancer prevention. Chronic UV
exposure from the sun is a significant risk factor for skin cancer among the general
population (19). Although UV exposure had been known to contribute to skin carcinogenesis
for decades (158), it was only in 2002 that UV exposure was first listed as a known
carcinogen by the U.S. Department of Health and Human Services (159,160). Although it is
impossible to eliminate this carcinogen for most people, UV exposure can be mitigated
sufficiently to prevent skin cancer, particularly in susceptible populations. For skin cancer
prevention, the “SunSmart” mass media campaign to “slip [on a shirt], slop [on sunscreen],
slap [on a hat], seek [shade], and slide [on sunglasses]” has been in place in Australia since
the 1980s to encourage the public to avoid excess UV exposure (161). In 2007, the slogan
was updated to add “seek [shade] and slide [on sunglasses]” to emphasize two additional sun
protection measures. This program has potentially contributed to recent declines in
melanoma incidence in Australia (151), one of the countries with the highest burdens of
melanoma and NMSC in the world (21,20). Lifetime sunlight exposures of approximately
10,000 hours and beyond 70,000 hours are associated with elevated risks of BCC and cSCC,
respectively (19). In mice, topical application of Sun Protection Factor (SPF)-15 sunscreen
before UV irradiation nearly completely protected skin from generating p53 mutations
(162). Thus, the long-term avoidance of UV exposure and the use of sunscreen are crucial
components of skin cancer prevention.

Molecular targets for skin cancer prevention

In the face of rising skin cancer incidence and the challenge of treating metastatic cancer, the
development of novel preventive and therapeutic measures against skin cancer is critically
important. Targeting UV-induced signaling may be effective in preventing skin cancer
(163,164) (Fig. 7). Common dietary compounds that can prevent skin cancer are of great
interest; caffeine in coffee and the tea polyphenol (-)-epigallocatechin-3-gallate (EGCG)
have been shown to inhibit UV-induced skin carcinogenesis (165-169).

UV-induced inflammation is important for skin carcinogenesis (8). UV-damaged epidermal
keratinocytes release high mobility group box 1 (HMGBL1), which activates Toll-like
receptor 4 (TLR4) to trigger inflammation (7,8). The TLR4 antagonist resatorvid inhibited
UV-induced AP-1 and NF-xB signaling, thereby suppressing UV-induced inflammation and
skin tumorigenesis in SKH-1 hairless mice (170). Also, UV induces autophagy in the
epidermis, and the autophagy gene Afg7 regulates UV-induced cytokine expression and
secretion. Deletion of Afg7suppressed UV-induced inflammation and skin tumorigenesis
(171). Thus, autophagy is another potential target for skin cancer prevention. Furthermore,
the apocarotenoid bixin is an FDA-approved food additive that activates NRF2, which is a
transcription factor that induces antioxidant defense. Bixin reduces oxidative damage and
inflammatory response after acute UV exposure (172), thus potentially attenuating UV-
induced skin carcinogenesis.

Caffeine and ATR inhibition for skin cancer prevention

Several epidemiological studies have reported that caffeine consumption is associated with
reduced risks of NMSC and melanoma. A large study of approximately 77,000 Caucasian
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women enrolled in the Women’s Health Initiative Observational Study reported a 10.8%
lower prevalence of NMSC in participants who consume caffeinated coffee on a daily basis,
compared with nondrinkers (173). Strikingly, caffeinated coffee consumption of =6 cups per
day was associated with a 30% reduction in prevalence of NMSC. Decaffeinated coffee had
no preventive effect. This study suggests that caffeine consumption reduces the risk of
NMSC in a dose-dependent manner. For both men and women, caffeine consumption
reduced the risk of BCC in a dose-dependent manner where approximately 600 mg of daily
caffeine consumption led to a 16% reduced risk of BCC (174). In a large study of middle-
aged and elderly Chinese in Singapore, coffee reduced the risks of both BCC and ¢cSCC in a
dose-dependent manner; coffee consumption of =3 cups per day led to a 46% reduced risk of
BCC and a 67% reduced risk of cSCC (175). Caffeinated coffee consumption of =4 cups per
day demonstrated a 25% reduction in the risk of melanoma in non-Hispanic whites (176).

In parallel to human epidemiological studies, mouse experiments have been performed to
investigate the preventive effect of caffeine on UV-induced skin carcinogenesis, elucidate
molecular mechanisms by which caffeine prevents skin cancer, and identify targets for skin
cancer prevention (169,167). Topical application and oral administration of caffeine
following chronic UV exposure have been shown to augment apoptosis (166,169), diminish
photodamage (177), and suppress the onset of UV-induced skin cancer in mice
(178,166,169). Caffeine has multiple molecular targets and is a nonspecific inhibitor of ATR
kinase (179), which is activated in response to UV to induce cell cycle arrest. Because ATR
is crucial to UV-induced DNA damage responses, studies have been performed to investigate
whether ATR is the relevant target of caffeine for preventing UV-induced skin cancer. In
primary human keratinocytes, caffeine augmented UV-induced apoptosis by more than 2-
fold; ATR inhibition via siRNA increased UV-induced apoptosis to the same degree, but
addition of caffeine to these cells had no additive effect on apoptosis (180). These findings
suggest that caffeine augments UV-induced apoptosis via ATR inhibition. This augmentation
of apoptosis may contribute to elimination of UV-damaged cells that are at increased risk of
malignant transformation, thereby inhibiting skin cancer development (Fig. 8A). Indeed,
mice with genetic inhibition of ATR in skin exhibited augmented UV-induced apoptosis and
reduced incidence of UV-induced skin cancer (181).

Human cancers frequently harbor mutations in 7P53, which encodes the p53 tumor
suppressor, leading to the loss of wild-type p53 functions and conferring resistance to
apoptosis (182-184). 7P53 mutations are found in 94.9% of aggressive cSCCs (185) and
even in 4% of normal, sun-exposed epidermal cells (28,186). Apoptosis-resistant, p53-
deficient cells can be sensitized by caffeine or ATR inhibition to DNA damage-induced
death, including death induced by UV and chemotherapeutic drugs (187,79). This finding
suggests that ATR inhibition and loss of p53 function lead to synthetic lethality in the
presence of DNA damage (Fig. 8B). Taken together, these studies support a model in which
ATR inhibition or caffeine sensitizes UV-damaged, premalignant cells to death, thereby
preventing and suppressing UV-induced skin carcinogenesis.
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Conventional treatments for NMSCs

As is true in general for cancer therapy, treatment of NMSCs depends on the clinical stages
of cancers (188,189). Complete surgical excision, destruction with cryotherapy, or topical
agent is the first-line treatment for skin cancer when a lesion has not yet invaded deeper
structures (/in sitd) (190). Alternatively, radiotherapy may be used for cSCCs when surgery is
contraindicated, when cSCC is metastasized, or when surgical excision was unable to
completely clear marginal tissue of carcinoma (190). However, radiotherapy is
contraindicated when cSCC is found at a previously irradiated, traumatized, or poorly
vascularized site, or when advanced lesions invade bones, joints, or tendons (190). When
cSCC is contraindicated for surgery or radiotherapy or is unresolved after surgery or
radiotherapy, chemotherapy may be indicated. 5-fluorouracil (5-FU) has been used with
some success in topical and oral forms (190).

Molecularly targeted therapies for skin cancer

Molecularly targeted therapies are a current topic of investigation for NMSCs as single
agents, combination therapy, and adjuvant and neoadjuvant treatments (191,192). For locally
advanced or metastatic BCCs, targeted inhibition of the Hedgehog pathway is approved for
clinical use (vismodegib and sonidegib) (193-195). Molecularly targeted therapies have
been explored in small-scale trials for advanced cSCC (191). In one clinical trial of patients
with unresectable cSCC, cetuximab, a monoclonal antibody that inhibits EGFR, was tested
as a first-line single-drug therapy and achieved 69% disease control rate (196). However,
more patient participation in clinical trials is needed to recommend EGFR inhibitors for
treatment of advanced cSCC. Also, inhibition of the oncogenic Wnt/p-catenin pathway has
been proposed as a therapeutic strategy for cSCC (197).

The MAPK (RAS-RAF-MEK-ERK) pathway plays a key role in cell proliferation and
survival and is an important target for melanoma treatment (Fig. 9). RAF inhibitors are
effective against melanomas with BRAFV800E mutations but may induce cSCCs in these
melanoma patients. Intriguingly, two studies identified KAS mutations in cSCCs that
developed in melanoma patients treated with RAF inhibitors (vemurafenib or sorafenib)
(198,199). These therapy-induced cSCCs harbored activating HRAS mutations. This may be
explained by that BRAF inhibitors paradoxically activate the MAPK pathway and accelerate
the progression of preexisting RAS-mutant lesions (198). Thus, simultaneously inhibiting
multiple targets in the signaling network essential for cancer may eradicate cancer
effectively (200). Indeed, patients with BRAF~mutated melanoma benefit from combination
therapy with BRAF inhibitor (dabrafenib) and MEK inhibitor (trametinib); cSCC occurred
in 1% of melanoma patients treated with this combination therapy, compared to 18% of
those treated with BRAF inhibitor monotherapy (201).

Many of the cancer-driving pathways in cSCC and melanoma are commonly altered in
cancers of other organ systems (202,185). These commonalities may allow for targeted
therapies developed for other cancers to be applied to skin cancer, and vice versa. The
molecular profile of cSCC is similar to that found in other carcinogen-driven SCCs (i.e.,
alcohol- or tobacco-driven), especially head and neck SCC, although virus-driven SCC (i.e.,
human papillomavirus-driven cervical SCC) is dissimilar to cSCC (203,185). Thus,
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treatments for these carcinogen-driven SCCs may be developed using cSCC, which is the
most common SCC and an accessible model (203).

Immunotherapy for cSCC with immune checkpoint inhibition

Concurrently with the evolution of molecularly targeted therapies, immunotherapy has
rapidly advanced and is now being applied to melanoma and cSCC (204-206). Immune
checkpoints are inhibitory pathways that normally maintain self-tolerance but are
dysregulated in tumors, resulting in resistance to the anticancer immune response. The
interaction between PD-1 in T cells and PD-L1 in cancer cells elicits immune checkpoints,
suppressing T cell-mediated cytotoxicity against cancer cells. Thus, immune checkpoint
blockade (e.g., via inhibitors of PD-1 and CTLA-4) has been an attractive strategy to combat
cancer. UV radiation influences immune checkpoints; UV radiation upregulates PD-L1 via
HMGB1-activated IRF3 and NF-xB, contributing to UV-induced immunosuppression in the
skin (15) (Fig. 7). For immunotherapy for advanced cSCC, the PD-1 inhibitor cemiplimab is
the first FDA-approved drug (approved in September 2018). Cemiplimab induces a
therapeutic response in approximately half of patients with advanced cSCC (207). Other
PD-1 inhibitors and CTLA-4 inhibitors have also shown promise, although they are not yet
approved for cSCC (208). Although immunotherapy is effective for some patients, this
treatment strategy is not suitable for all skin cancer patients. With cemiplimab treatment,
half of advanced cSCC patients still do not benefit from immunotherapy. Furthermore, organ
transplant patients, who have a 100-fold higher risk of developing cSCC (209), pose special
challenges because immune activation by PD-1 blockade has been shown to trigger allograft
rejection (210). Combining multiple therapies (e.g., immunotherapy and molecularly
targeted therapy) may improve the efficacy of these drugs (211).

Photodynamic therapy for treatment of skin cancer

Photodynamic therapy (PDT) is a form of minimally invasive treatment that uses visible
light to selectively kill cells that contain an introduced photosensitizer — a nontoxic small-
molecule compound that becomes toxic when it is excited by light (Fig. 10). After absorbing
light, this photosensitizer produces ROS, leading to apoptosis, necrosis, autophagy,
inflammation, and a systemic immune response against tumor tissues (212—214). This ROS-
based tumor destruction mechanism is similar to the mechanism of action of widely used
chemotherapeutics such as bleomycin (215). PDT also leads to destruction of tumor
vasculature, causing persistent tumor hypoxia and contributing to long-term tumor control
(214). Widely used prodrugs for PDT are 5-aminolevulinic acid (5-ALA) and its relatively
lipophilic derivative methyl aminolevulinate (MAL). These prodrugs are metabolized into
the photosensitizer protoporphyrin IX (PplX) and can be preferentially distributed to tumors
(216,214). The mechanisms involved in the preferential distribution of photosensitizers in
tumors are not fully understood. Research in PDT continues to develop novel
photosensitizers for improved tissue selectivity and light absorbance (214,217).

PDT has been trialed or implemented for a variety of cancers including NMSCs (218). In
1975, Dr. Thomas J. Dougherty at the Roswell Park Memorial Institute (now Roswell Park
Comprehensive Cancer Center) showed for the first time that PDT can selectively treat
tumors in mouse and rat models (219). Three years later, he demonstrated the efficacy of
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PDT for tumors in humans (220). In 1994, PDT was FDA-approved for the first time for
esophageal cancer. PDT with blue light and 5-ALA was FDA-approved to treat non-
hyperkeratotic, mild- and moderate-thickness AKs of the face and scalp in 1999. PDT with
blue light is also approved for BCC and cSCC /n situ (Bowen’s disease) in Europe.
Assessment of PDT for these diseases continue; PDT has been shown to be effective in
treatment of BCC, AK, Bowen’s disease, and invasive cSCC (217,213,221,214). PDT has
also been used for treating cancers of the lung, gastrointestinal tract, and genitourinary tract
(214,222). For melanoma, PDT has had limited success, and resistance to PDT has been
observed (223). A recent study demonstrated that flavin mononucleotide, which is a water-
soluble form of riboflavin (vitamin B,), selectively accumulated in melanoma cells and
suppressed tumor growth in a mouse xenograft model (224).

To increase the efficacy of PDT, efforts are being made to enhance light and drug penetration
into deeper tissue and energy absorption by photosensitizers (225). Typically, PDT has been
used with one wavelength of either 400 nm (blue light) or 635 nm (red light) to excite a
photosensitizer. To determine the optimal wavelength for treating a tumor, the characteristics
of different wavelengths must be considered. Compared to shorter wavelengths, longer
wavelengths may have greater penetration into deeply invaded tumors but have less efficient
light absorption by photosensitizers. The widely used photosensitizer PplX, which is
metabolized from a prodrug such as 5-ALA, has five absorption peaks at 410 nm, 510 nm,
545 nm, 580 nm, and 630 nm, some of which may be simultaneously targeted for more
energy absorption. Indeed, a combination of 405 nm and 505 nm wavelengths generated
more ROS than 405 nm alone in cells treated with 5-ALA (226). In a mouse xenograft
model, this dual-wavelength PDT suppressed tumor growth more effectively than 405 nm
single-wavelength PDT (226).

Discussion and future directions

UV radiation has a profound impact on the biology of skin, including photoaging and
carcinogenesis. Although the reasons behind the increasing incidence of skin cancer remain
unclear, genetic alterations following UV exposure have been extensively studied in order to
understand the evolution of UV-exposed normal skin into cancer. Genome-wide mapping of
UV-induced DNA lesions and NER revealed how chromatin state affects lesion formation
and repair. Lesions are generated more frequently and repaired more slowly in
heterochromatin, likely contributing to cancer development. Error-prone TLS is a DNA
damage tolerance process that allows for cell survival under genotoxic stress, but it enables
the survival of both normal and cancer cells. The question of how to target this mechanism
to selectively kill cancer cells while sparing normal cells should be investigated. Given the
abundance of UV-induced mutations even in normal skin, identifying critical cancer driver
mutations may pose a challenge, particularly when these driver mutations occur in
noncoding genomic regions. For cancer prevention, ATR is an attractive target because ATR
inhibition selectively sensitizes p53-deficient cells to genotoxic agents including UV. This is
consistent with human epidemiological studies that demonstrate decreased skin cancer risk
with consumption of caffeine, a nonspecific ATR inhibitor. As our understanding of
molecular mechanisms of UV-induced phenomena becomes more precise and
comprehensive, approaches in preventing and treating skin cancer will be increasingly
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driven by identifying and utilizing specific molecular targets such as ATR. With the
development of targeted strategies for precision medicine, cancer therapy will likely be more
effective, selective, and durable. Over the past several decades, photodynamic therapy has
shown benefit in a wide variety of cancer types, although with limited penetration into
tumors. Further improvement of photosensitizers and light penetration holds promise for
application of photodynamic therapy to larger, more aggressive tumors.
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Figurel.

Time course of UV-induced responses in the skin and skin cancer evolution. UV irradiation
instantaneously generates DNA lesions that are potentially mutagenic and carcinogenic. To
survive UV damage, cells cope with these deleterious lesions by activating a variety of
signaling pathways including ATR (DNA damage response). UV also generates reactive
oxygen species (ROS) that promote inflammation and carcinogenesis. Translesion synthesis
enables DNA synthesis in the presence of UV-induced DNA lesions but may incorporate
mutations. In the days and weeks following UV exposure, the skin exhibits tissue-level
responses such as erythema, tanning, angiogenesis, epidermal hyperplasia, and
immunosuppression. Chronic UV exposure leads to accumulation of genetic and epigenetic
alterations. As a result, aberrant cell signaling drives transformation of normal skin cells to
premalignant lesions (e.g., actinic keratosis (AK) or benign melanocytic nevi). With further
increase in the burden of genetic and epigenetic alterations, cells may evolve into invasive
and metastatic skin cancer. Chronic UV irradiation also promotes premature skin aging
(photoaging), characterized by wrinkle formation and reduced elasticity.
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Figure 2.
UV-induced DNA lesion formation affected by nucleotide positioning in nucleosome.

Within an individual nucleosome, due to the rotation of nucleotides within the DNA double
helix, nucleotides are periodically positioned close to (‘inner’) or far from (‘outer’) the
histone core every ~10 bp. Compared to the ‘outer’ positions, nucleotides at the ‘inner’
positions have constrained flexibility. Thus, UV induces dimer formation more frequently at
‘outer’ dipyrimidines where DNA bending is more flexible.
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Figure 3.

UV-induced DNA damage responses to maintain genome integrity. (A) ATR activation by
replication blockage. During DNA replication, DNA polymerase stalls at UV-induced DNA
lesions while MCM helicase continues to unwind duplex DNA. This uncoupling of helicase
and polymerase activities generates a long stretch of single-stranded DNA (ssDNA) that is
rapidly coated with RPA. RPA-coated ssDNA recruits the ATR-ATRIP complex, TopBP1,
RHINO, and ETAAL, resulting in ATR activation. ATR phosphorylates many downstream
targets to induce cell cycle arrest, inhibit DNA replication origin firing, and prevent
replication fork collapse. (B) ATM activation by transcription blockage. In noncycling cells,
UV-induced DNA lesions stall transcription and displace spliceosomes. This leads to
hybridization of pre-mRNA with the template DNA strand, leaving the nontemplate strand
as ssDNA and forming an R-loop structure that recruits ATM. Subsequently, ATM induces
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alternative splicing of pre-mRNA, leading to altered gene expression in UV-irradiated cells.
(C) Nucleotide excision repair (NER) for UV-induced DNA lesions. NER consists of global
genome repair (GGR), which recognizes lesions throughout the genome independently of
transcription or replication, and transcription-coupled repair (TCR), which recognizes DNA
lesions on transcribed strands of active genes during transcription. In both GGR and TCR,
the damaged DNA strand is cleaved at both sides of the DNA lesion, generating a lesion-
containing product (~30 nt). The resulting sSDNA gap is filled by DNA polymerases &/e.
(D) EXO1-mediated ATR activation and response to excessive lesions. In noncycling cells,
EXO1 competes with NER and extends the NER-generated ssSDNA gap, making it long
enough to activate the DNA damage checkpoint. Compared to low doses, high doses of UV
irradiation generate lesions more frequently, and thus there is a greater chance that two DNA
lesions are closely positioned on opposing strands (closely opposing lesions, COLS). One
lesion is removed by NER, but the other lesion remains in the resulting sSDNA gap. NER
gap filling by DNA polymerases &/e stalls at this lesion, and EXO1 extends the ssDNA gap.
Translesion synthesis (TLS) polymerases fill the lesion-containing gap and displace EXOL1.
If TLS polymerases are deficient, EXO1 will continue to extend the ssDNA gap, leading to
double-strand breaks and cell death. (E) Translesion synthesis (TLS) as DNA damage
tolerance. When cells enter S phase with UV-induced DNA lesions, replicative DNA
polymerases stall at the lesion. To resume DNA replication, repriming occurs downstream of
the lesion. The resulting ssDNA gap will be filled by TLS polymerases that can synthesize
DNA across the lesion but may incorporate mutations. TLS occurs in an error-free or error-
prone manner.
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Figure 4.
Cell cycle checkpoints elicited by UV-induced ATR activation. G1-S checkpoint: Following

UV-induced DNA damage in G; phase, activated ATR phosphorylates p53 at Ser15 and
CHKT1 at Ser345. Phospho-CHK1 inactivates CDC25A, preventing dephosphorylation of
CDK?2 and inducing G arrest. The p53-p21 pathway also inhibits CDK2. Intra-S
checkpoint: UV activates the ATR-CHKZ1 pathway in S phase, decreasing the function of
CDK. DNA replication origin firing requires phosphorylation of Treslin by CDK, and thus it
is plausible that replication stress prevents origin firing via inhibiting Treslin
phosphorylation. S-G, checkpoint: ATR senses ongoing DNA replication during
unperturbed S phase, inhibiting CDK1 activity and preventing cell cycle progression to G,
phase. When DNA replication is completed, ATR activity is diminished, allowing CDK1 to
phosphorylate FOXM1 for S-G, transition. Go-M checkpoint: UV-induced ATR-CHK1
activation inhibits CDC25C and CDK1 activities, preventing G,-M transition. WEE1
phosphorylates and inhibits CDKZ1, also inducing G, arrest.

Photochem Photobiol. Author manuscript; available in PMC 2021 May 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leeetal. Page 38

A UV 1 h = 100,000 lesions
6 CPD : 1 6-4PP

CPD

*t12=33 h
*Repair by TCR

*tir=2h

2+ Rapidly repaired

}47" +Repair by GGR

7 +Highly distorting

*Less abundant

* Highly mutagenic
if unrepaired

6-4PP
Mj zGGR- ;ij/
[ TF ]
@ (.
TFBS CPD
Heterochromatin Euchromatin
(Closed chromatin) (Open chromatin)
*More lesions * Fewer lesions
* Slow repair * Fast repair
» Cancer-relevant (except for TFBS)
genes * High mutation rate
at TFBS

B
UV-DDB .
Lesion
Lesion % \ transiently
occluded Slight sliding of

exposed
nucleotide positions

>
>

&
<

N N —

UV-DDB binding to DNA lesion
with slide-assisted site exposure

Figure5.
Repair of UV-induced DNA lesions depends on chromatin state and sliding of nucleotide

positions. (A) UV irradiation forms dimers at dipyrimidine sites on the same strand,
distorting the DNA double helix. The two major types of DNA lesions are cyclobutane
pyrimidine dimers (CPDs) and 6—4 photoproducts (6—4PPs), which differ in terms of their
abundance, degree of DNA distortion, and the primary mode of repair (global genome repair
(GGR) or transcription-coupled repair (TCR)). Chromatin state influences formation and
repair of UV-induced DNA lesion; lesions form more frequently and are repaired more
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slowly in heterochromatin than in euchromatin. Transcription factor binding sites (TFBS)
have variable frequency of lesion formation and slow lesion repair that leads to high
mutation rate. The structures of DNA double helix with CPD and 6-4PP lesions are adapted
with permission from Rastogi, R. P. et al. J Mucleic Acids (2010) 2010:592980. (B) UV-
induced DNA lesions that are occluded within a nucleosome undergo ‘slide-assisted site
exposure’: slight sliding of nucleotide positions relative to the histone core, without affecting
the overall nucleosome architecture. This process transiently exposes occluded lesions to
UV-damaged DNA-binding protein (UV-DDB), which recognizes UV damage and initiates
global genome repair (GGR).
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Figure 6.
Chemical structures of UV-induced DNA lesions and mechanisms of UV-induced

mutagenesis. (A) Cyclobutane pyrimidine dimer (CPD) and 6-4 photoproduct (6—4PP)
lesions are UV-induced dimers formed at dipyrimidine sites, e.g., two adjacent thymines
(TpT). CPDs are generated by UV from simulated sunlight 6 times more frequently than 6—
4PPs. (B) Oxidative stress can be induced by UVA rather than UVB and damages 2’-
deoxyguanosine, converting it into the DNA lesion 8-hydroxy-2’-deoxyguanosine (8-OH-
dG). (C) Cytosine and 5-methylcytosine (5-mC) can be deaminated into uracil and thymine,
respectively. Deamination occurs more frequently when cytosine or 5-mcC is part of a CPD
on a transcribed strand. (D) UVA and UVB compose 95% and 5% of UV radiation from
terrestrial sunlight, respectively. UVA and UVB irradiation generate 8-OH-dG, CPD, and 6-
4PP DNA lesions. Deamination may occur at CPDs. During the first round of DNA
replication after lesion formation, correct or incorrect nucleotides are incorporated opposite
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of the lesion via different mechanisms including misincorporation and error-free and error-
prone translesion synthesis (TLS). During the second round of DNA replication,
complementary nucleotides are incorporated opposite of the correct or incorrect nucleotides
that were from the first round. This results in mutation fixation. Due to the abundance and
slow repair of CPDs, the resulting C>T mutations are the most prevalent UV-induced
mutations and are known as UV signature mutations. Thickness of each arrow leading from
UVA and UVB to DNA lesion types in the panel indicates the relative contributions of UVA
and UVB to formation of each lesion type.
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Figure7.

Targeting UV-induced signaling pathways to suppress skin carcinogenesis. UV-induced
DNA lesions stall DNA replication forks and activate the ATR pathway. The ATR pathway
maintains genome integrity, allowing cells to survive UV-induced DNA damage but possibly
with unrepaired lesions that become mutations (“mutagenic survival’). Thus, chronic UV
exposure will increase mutation burden, accumulating cancer driver mutations that may
promote skin cancer development. UV-induced p53 upregulates XPC, which facilitates DNA
repair and prevents metabolic alterations that drive cancer. UV-induced reactive oxygen
species (ROS) activate the EGFR and p38 MAPK pathways, contributing to skin cancer
development. HMGBL released from UV-damaged keratinocytes activates the TLR4
pathway, which can drive skin cancer via inflammation and immunosuppression. Inhibiting
ATR (via caffeine), ROS (via the tea polyphenol EGCG), or TLR4 (via resatorvid) has been
demonstrated to prevent UV-induced skin carcinogenesis /n vivo.
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Targeting the ATR pathway to prevent cancer development. (A) ATR inhibition prevents UV-
induced skin cancer development. After UV exposure, ATR induces cell cycle arrest that
allows time for DNA repair, resulting in limited apoptosis. However, when DNA replication

is ongoing before completion of DNA repair, mutations may be incorporated via DNA

damage tolerance mechanisms (‘mutagenic survival’), leading to skin cancer development.
In contrast, inhibition of the ATR pathway that is essential for surviving UV damage leads to
augmented apoptosis. This contributes to elimination of DNA-damaged cells that are at
increased risk of malignant transformation, thereby inhibiting skin cancer development. (B)
ATR inhibition sensitizes p53-defective cells to DNA-damaging agents. Normal cells have
two major pathways that respond to DNA damage: the ATM-CHK2-p53 and ATR-CHK1
pathways, which induce cell cycle arrest and DNA repair. However, precancerous cells are
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often defective in p53 and thus rely on the ATR-CHKZ1 pathway to survive DNA damage.
When p53-defective precancerous cells are treated with an ATR inhibitor in the presence of
a DNA-damaging agent (e.g., UV or chemotherapeutic drug), these cells will have no intact
DNA damage response pathway to survive the DNA damage (synthetic lethality of defective
p53 and ATR inhibition). As a result, precancerous cells will undergo apoptosis, and cancer
development will be suppressed. This synthetic lethality provides the molecular basis for the
use of ATR inhibitors to prevent cancer development from p53-defective cells.
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Targeting oncogenic MAPK and PI3K pathways in skin cancer. Receptor tyrosine kinases
(RTKSs) activate the mitogen-activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK) pathway and the phosphoinositide 3-kinase (PI3K) pathway, which are
frequently aberrant in skin cancer. MAPK/ERK phosphorylates transcription factors and
upregulates expression of genes important for cell proliferation and survival. The
mammalian target of rapamycin (MTOR) upregulates mRNA translation of these genes.
Aberrant activation of these pathways (e.g., activating BRAFYS9F mutation) leads to
increased proliferation and survival. RAF inhibitors, such as vemurafenib, sorafenib, and
dabrafenib, and the MEK inhibitor trametinib are currently used in melanoma treatment.
However, RAF inhibitor monotherapy for melanoma can accelerate the progression of
preexisting RAS-mutant skin lesions into cutaneous squamous cell carcinoma (cSCC).
Combination therapy with dabrafenib and trametinib, each targeting a different kinase within
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the MAPK pathway, reduces the incidence of cSCC in melanoma patients treated with a
RAF inhibitor.
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Figure 10.
Mechanism of photodynamic therapy (PDT) for cancer. The prodrug 5-aminolevulinic acid

(5-ALA) is preferentially distributed to tumor tissue in a patient. Tumor cells metabolize 5-
ALA into the photosensitizer protoporphyrin IX (PplX). Subsequently, target cells are
exposed to visible light (either 400 nm or 635 nm) that is absorbed by PpIX. Excited PpIX
generates reactive oxygen species (ROS) that lead to tumor cell death, anticancer immune
response, and destruction of tumor vasculature. Visible light illumination and the prodrug 5-
ALA have limited penetration into deeper tumor tissue, reducing the efficacy of PDT for
larger tumors.
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