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The most prevalent human carcinogen is sunlight-associated UV, a physiologic dose of which
generates thousands of DNA lesions per cell, mostly of two types: cyclobutane pyrimidine
dimers (CPDs) and 6-4 photoproducts (6-4PPs). To cope with these lesions that are DNA-
distorting and mutagenic, cells trigger ATR-mediated checkpoint signaling to regulate diverse
processes including cell cycle arrest, DNA replication, DNA repair, and apoptosis. These ATR-
mediated processes determine the mutagenic outcomes of UV-damaged cells. Thus, elucidating
the fundamental mechanism by which cells sense UV lesions and activate DNA damage
response pathways would be important for our understanding and control of UV carcinogenesis.
Although it is known that UV generates distinct types of lesions and triggers DNA damage
responses, it remains unclear whether and how these two structurally distinct types of UV
lesions are different in their abilities to activate ATR. We hypothesized that there are striking
differences in the mechanisms and impact of these two lesion types on DNA replication and
DNA damage responses. To determine the individual contributions of CPD and 6-4PP to ATR
activation (Aim 1), we generated cells with a single type of lesion (using photolyases that
selectively repair either CPD or 6-4PP) and evaluated lesion-specific ATR activation by
multiparameter flow cytometry. Strikingly, we found that the ATR-Chk1 pathway is potently
activated by 6-4PP, but not by CPD lesions. To investigate the mechanism by which only 6-4PP
activates ATR (Aim 2), we examined the effect of each lesion type on replication progression.

Using microfluidic-assisted replication track analysis (maRTA), we found that 6-4PPs, but not



CPDs, markedly impede DNA replication across the genome. Moreover, we demonstrated that
only 6-4PPs preferentially become surrounded by single-stranded DNA in S phase, indicating
selective and prolonged replication blockage at 6-4PPs. Taken together, 6-4PPs, although 8-
fold fewer in number than CPDs, are critical for replication blockage and activation of the UV-
induced ATR-Chk1 pathway. This study identifying the respective roles of CPD and 6-4PP
lesions that occur at dipyrimidine sites provides a molecular basis for their remarkably distinct

effects on DNA damage responses and insight into the mechanisms of UV carcinogenesis.
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Chapter 1

Chapter 1. Ultraviolet-induced DNA damage and responses

1.1 Ultraviolet (UV) irradiation induces DNA damage

Solar UV irradiation

Ultraviolet (UV) irradiation is the most prevalent carcinogen in humans, leading to
diverse skin malignancies that outnumber all other cancers combined (1-3). The UV spectrum
has been classified into UVA (320-400 nm), UVB (280-320 nm), and UVC (< 280 nm) (Figure
1.1). UVC and the majority of the UVB fraction of sunlight are absorbed by the stratospheric
ozone layer in the Earth’s atmosphere. Thus, the solar UV spectrum that reaches the surface of
the earth includes mostly UVA and a small fraction of UVB, which comprise 95% and 5%,
respectively, of terrestrial sunlight. The genotoxic effects of sunlight are likely attributed to the
fraction of UVB rather than UVA (4-6), because UVB is more absorbed by DNA than UVA.
However, UVA induces oxidative DNA damage and also plays a role in the pathogenesis of

certain cutaneous malignancies including melanoma (7).

CPD and 6-4PP are the two major types of UV-induced DNA lesions

UV often damages DNA through dimerization at dipyrimidine sites (two pyrimidine bases
juxtaposed in tandem in the nucleotide sequence) (Figure 1.2). The two major types of UV-
induced DNA lesions are cyclobutane pyrimidine dimer (CPD) and pyrimidine (6-4) pyrimidone
photoproduct (6-4PP) (8). Formation of these lesions is UV wavelength-dependent: longer
wavelengths generate smaller number of lesions (9). Although UVB and UVC efficiently
generate both types of lesions, UVA generates only small quantities of CPD lesions and is
nearly incapable of inducing 6-4PP lesions (10, 11). Compared to CPD, 6-4PP lesions are 8-fold

less frequently generated by the physiologically relevant spectrum UVB or 4-fold less frequently
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generated by high-energy UVC (8). Upon further irradiation with wavelengths longer than 290
nm, 6-4PP lesions can be converted via the photoisomerization reaction into Dewar valence
isomers (12, 13). Structurally, CPD lesions arise from the formation of a four-membered ring
involving Cs and C¢ of two adjacent pyrimidine bases, whereas 6-4PP lesions are formed by a
covalent bond between Cg of one pyrimidine and C, of the adjacent pyrimidine (Figure 1.3).
Due to the distinct pattern of dimerization, CPD and 6-4PP differentially distort the DNA helix: 6-
4PP is more DNA-distorting (44° bending of DNA helix) than CPD (9° helix bending) (14, 15)

(Figure 1.4).

CPD and 6-4PP exhibit distinct biological effects

CPD and 6-4PP lesions are simultaneously and instantaneously generated upon UV
irradiation. Interestingly, these two major types of UV lesion exhibit distinct biological effects in
several regards. Although both types of UV lesion block replicative polymerases and hence
require specialized polymerases to bypass, the bypass process is less efficient and more error-
prone for 6-4PP than CPD (16, 17). Moreover, while both types of UV lesions are associated
with UV-induced apoptosis, 6-4PP lesions are more apoptotic than CPD on a per-lesion basis
(18). To date, whether CPD and 6-4PP have differential contributions to UV-associated DNA
damage response has not been investigated. A study to determine the respective effects of
CPD and 6-4PP on DNA damage response pathways would provide insight into the
fundamental mechanism by which cells sense UV lesions and in turn determine the balance of

cellular outcomes, such as DNA repair, mutation incorporation, and cell death.
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1.2 Repair of UV-induced DNA lesions: nucleotide excision repair (NER) and photorepair

NER is the primary DNA repair mechanism of UV lesions in humans

Nucleotide excision repair (NER) is an important mechanism for repair of a variety of
bulky DNA lesions generated by environmental carcinogens including UV (19-21). In humans,
UV-induced DNA lesions are primarily removed by NER. NER is composed of two subpathways:
global genome NER (GG-NER) and transcription-coupled NER (TC-NER), which repair DNA
lesions on nontranscribed and transcribed portions of the genome, respectively. Both GG-NER
and TC-NER are multistep processes involving a recognition step that leads to partial unwinding
of DNA surrounding the lesion, an excision step in which a lesion-containing oligonucleotide is
removed, and gap-filling and ligation steps (Figure 1.5). While sharing many common factors,
these two subpathways differ in their initial damage recognition steps. Specifically, GG-NER
recognizes the DNA lesion through the XPC-RAD23B and UV-DDB/XPE protein complexes,
whereas TC-NER is initiated by CSA and CSB upon blockage of RNA polymerase. Following
the initial lesion recognition, the two subpathways are common in subsequent steps: The XPB
and XPD helicases unwind the DNA duplex around the lesion, followed by the binding of RPA
and XPA that facilitates the recruitment of other NER components. Next, the XPF and XPG
endonucleases create dual incisions a few nucleotides away from the lesion to excise the
lesion-containing oligonucleotide (~30 nt in length). The resulting single-stranded DNA (ssDNA)
gap is then filled, using the undamaged strand as a template, by DNA polymerases 9, ¢, and «
in mammalian cells (22-24). Notably, although NER repairs both CPD and 6-4PP lesions, the
kinetics of GG-NER for CPD and 6-4PP are not identical. Indeed, although the underlying
mechanism is unclear, the repair of 6-4PP by GG-NER is much faster than that of CPD lesions
(2 hr half-life for 6-4PP versus 33 hr for CPD) (25). It is plausible that the greater speed of repair
of 6-4PP lesions is due to its more pronounced distortion of the DNA helix, and hence more

rapid recognition by the XPC protein (21).
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Genetic disorders caused by defective NER

The clinical relevance of NER components is highlighted by DNA repair disorders in
humans: xeroderma pigmentosum (XP), Cockayne syndrome (CS), and trichothiodystrophy
(TTD) (26). XP is an autosomal recessive disorder characterized by hypersensitivity to UV-
induced DNA lesions and high frequency of skin carcinogenesis. Patients with XP are classified
into eight genetic complementation groups (XP-A to XP-G and XP-Variant (XP-V)), based on
defects in eight different genes that encode proteins involved in NER. Notably, XP-V is not
defective in NER but is abnormal in the ability to continue replication following UV-induced DNA
damage. In contrast to XP, neither Cockayne syndrome nor trichothiodystrophy patients are
predisposed to skin cancer development, perhaps in part because they typically do not survive
long enough to be at risk for skin cancer development (27). CS is related to mutations in CSA
and CSB genes, leading to a defective TC-NER subpathway, neurological/developmental
abnormalities, and a severely reduced lifespan. Patients with TTD (caused by mutations in XPB,

XPD, and TTD genes) are characterized by short, brittle hair and developmental defects.

Photorepair — a UV lesion-specific repair system

Many organisms are equipped with another repair system — photorepair — to eliminate
UV-induced DNA lesions (28, 29). In contrast to the complexity of the NER pathway, photorepair
is mediated by a single enzyme, a “photolyase”, which directly converts UV lesions back to the
original structure, in the process using visible light as an energy source (Figure 1.6). Notably,
photolyases exhibit substrate specificities to either CPD lesions (CPD-photolyase) or 6-4PP
lesions (6-4PP-photolyase), and so far, no photolyase has been shown to repair both types of
lesion. Photolyases are employed in bacteria, lower eukaryotes, plants, and some animals
including marsupials. However, this repair system is absent in human and other placental

mammals (e.g., mice), implying that photolyase genes have been lost during evolution. Although
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it is unclear why photolyases would have been lost evolutionarily, NER could be more
advantageous than photolyases in lesion repair because NER-mediated repair does not require

the energy of light and hence is not limited to times when daylight is available.
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1.3 DNA damage checkpoints

DNA damage checkpoints are mechanisms by which cells sense and cope with various
types of DNA damage, coordinating cellular processes such as cell cycle arrest, DNA repair,
and apoptosis (30). Ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-
related (ATR) are key regulators that are activated by DNA damage and initiate signal
transduction pathways for the DNA damage checkpoints. Both ATM and ATR are
phosphoinositide 3-kinase (PI3K)-related protein kinases (PIKKs), exhibiting a similar overall
structural organization (31) and a preference for phosphorylating Ser or Thr residues followed
by GIn (the minimum ATM/R phosphorylation motif SQ or TQ) (32). These two kinases are
activated by different types of DNA damage: ATM is activated primarily by DNA double-strand
breaks, whereas ATR is activated by stalled DNA replication (33). Given the fact that ATR plays
a critical role in coping with aberrant DNA replication blockage that may otherwise lead to
genomic instability, elucidating the mechanism of ATR activation is of considerable importance

in cancer prevention and therapy.

ATR activation

The initial step of ATR activation is the formation of single-stranded DNA (ssDNA)
following DNA damage such as UV irradiation (30) (Figure 1.7). Specifically, UV irradiation
induces DNA lesions that block replicative polymerases but not MCM (minichromosome
maintenance) helicases. Uncoupling of DNA unwinding (by MCM helicases) from DNA
synthesis (by replicative polymerase) generates long stretches of ssDNA that are then bound by
replication protein A (RPA), an ssDNA-binding protein. This RPA-coated ssDNA recruits ATR
kinase through its functional partner, ATR-interacting protein (ATRIP), thereby enabling the
ATR-ATRIP complex to localize to the sites of DNA damage. The localization of ATR-ATRIP to

the DNA damage sites, however, is not sufficient to fully activate the ATR kinase. Instead, it
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requires the recruitment of additional mediator proteins, including Rad17-RFC complex, the
Rad9-Rad1-Hus1 (9-1-1) complex, and TopBP1. Rad17-RFC complex facilitates the binding of
9-1-1 to DNA (34), leading to the recruitment of TopBP1 in proximity to the ATR-ATRIP complex
at a stalled replication fork (35-38). TopBP1 then stimulates the kinase activity of ATR for full

activation (39-41) and facilitates ATR to interact with its substrates (42).

Essential functions of ATR

Once the ATR activation complex has been assembled in response to replication
stalling, ATR phosphorylates its downstream targets, including Chk1 and p53 that are
transiently localized to sites of DNA damage on chromatin (30, 43, 44). Phosphorylated Chk1 is
then released from chromatin and diffuses globally throughout the nucleus to transmit
checkpoint signaling (45-47). Notably, ATR phosphorylates Chk1 at Ser345 (48, 49), which is
required for robust activation of the Chk1 kinase (50). A key target of the Chk1 kinase is CDC25,
a phosphatase that promotes cell cycle transition into mitotic (M) phase by dephosphorylating
cyclin-dependent kinases (51). Phosphorylation of CDC25 inhibits its phosphatase activity,
leading to G, arrest (52-54). Therefore, the ATR-Chk1 pathway is critical for preventing mitotic
entry following DNA damage (48, 55). ATR is also required to inhibit new origin firing (56),
thereby ensuring a sufficient quantity of available RPA to bind ssDNA (57) and stabilizing stalled
replication forks (58). Inhibition of ATR in cells with DNA damage results in premature chromatin
condensation, a hallmark of premature entry into mitosis before completion of DNA replication
(59). Thus, the ATR pathway plays an important role in ensuring DNA replication after genotoxic

stress (33).

ATR inhibition suppresses UV carcinogenesis
Although ATR has been thought to play a role in the maintenance of genomic integrity,

surprisingly, several lines of evidence suggest that ATR inhibition could suppress UV
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carcinogenesis. Indeed, previous studies showed that oral intake or topical application of
caffeine (a nonspecific ATR inhibitor) reduces the incidence of UV-induced skin cancer
development in mice (60, 61). In addition, with chronic UV treatment, transgenic mice
expressing a kinase-inactive form of ATR in skin had 69% fewer tumors, compared to littermate
controls with normal ATR function (62). In parallel, multiple human epidemiological studies have
revealed that coffee or tea intake decreases the risk of UV-associated nonmelanoma skin
cancers (63-67). Most importantly, consumption of caffeinated coffee (but not decaffeinated
coffee) is associated with a dose-dependent decrease in the risk of developing nonmelanoma
skin cancers (65, 67). The cancer-preventive effect of caffeinated beverage intake is likely due
to ATR inhibition. Mechanistically, caffeine or ATR inhibition can augment UV-induced apoptosis
(68-70), eliminating DNA-damaged cells and reducing the likelihood of these cells to develop
into cancer. A better understanding of the mechanism by which UV activates ATR thus has

implications for the prevention of UV-induced skin cancers.
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1.4 Mechanisms to cope with unrepaired DNA damage: translesion synthesis (TLS) and

repriming

DNA replication carried out by replicative polymerases (polymerase ¢ and d) in a highly
accurate manner is of upmost importance to cells. However, these high-fidelity polymerases are
intolerant to any alteration of nucleotides in the template DNA. The presence of an altered base,
if not repaired, causes stalling of replication forks, increasing the possibility of fork collapse and
cell death. To cope with these DNA lesions, cells mainly rely on two mechanisms — translesion
synthesis and repriming — to ensure the completion of replication (Figure 1.8). For translesion
synthesis, the replicative polymerases are replaced by specialized polymerases to continue
DNA synthesis past the damaged nucleotides. For repriming, DNA synthesis restarts
downstream of the DNA lesions, leaving an ssDNA gap that is then filled subsequently through
a separate process. These two mechanisms may promote cell survival by facilitating completion
of DNA replication; however, mutations may be incorporated because low-fidelity polymerases

are involved in these processes.

Translesion synthesis (TLS)

Translesion synthesis (TLS) is an evolutionarily conserved process that allows
replication across DNA lesions using specialized polymerases. In eukaryotes, DNA
polymerases (Pol) specialized in TLS are Pol v, Pol k, Pol \, and Rev1 in the Y-family, and Pol €
in the B-family of the DNA polymerases (71). Replicative and TLS polymerases possess the
same basic structure consisting of “fingers”, “thumb”, and “palm” domains. However, “fingers”
and “thumb” domains of TLS polymerases are small, thereby creating additional flexibility to
accommodate a distorted DNA template (72-74) (Figure 1.9). Because of this property, it is

generally supposed that TLS polymerases could replicate across lesions by relaxing the
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Watson-Crick base pairing between an incoming dNTP and the distorted DNA template. In
addition, unlike replicative polymerases, TLS polymerases lack 3’-to-5’ exonuclease
proofreading activity (75, 76). These features of TLS polymerases may decrease the fidelity of
DNA replication and, hence, TLS is often considered to be error-prone. Indeed, compared to
replicative polymerases with error rates of 107° to 107 (77), TLS polymerases insert
approximately one incorrect nucleotide for every 10 to 10° bases replicated (75, 77, 78).
Notably, TLS polymerases have different substrate specificities and, in some circumstances,
could be relatively error-free, depending on the DNA lesion and the TLS polymerases used. For
example, Pol n reliably and accurately incorporates two adenines opposite a thymine-thymine
CPD (TT-CPD) (79). Underscoring the significance of pol n, mutations in the POLH gene
encoding Pol n in humans result in the variant form of xeroderma pigmentosum (XP-V) (80, 81).
Importantly, although XP-V patients have normal DNA repair capacity, defective Pol ) results in

predisposition to UV-associated skin cancers (26, 82).

How does TLS work?

TLS requires stepwise polymerase switches between replicative (high-fidelity) and TLS
(low-fidelity) polymerases (75, 83, 84) (Figure 1.10). Specifically, stalled replicative
polymerases are exchanged with TLS polymerases to insert a nucleotide opposite a DNA-
distorting lesion in an error-prone manner and extend from the mismatched base pair (85). After
TLS polymerases synthesize a short stretch of nucleotides beyond the lesion (typically 5 to 60
nt; 20 nt on average) (86), a further polymerase switch occurs to reinstate the replicative DNA
polymerases and resume accurate DNA synthesis. These stepwise polymerase switches
ensure that low-fidelity TLS polymerases are employed only for a short stretch of nucleotides

beyond the DNA-distorting lesion, minimizing the likelihood of mutation incorporation.

10
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How is TLS regulated?

The regulation of TLS is coordinated by PCNA (proliferating cell nuclear antigen), a
homotrimeric protein complex that encircles double-stranded DNA and functions as a DNA
sliding clamp to strengthen the interaction between DNA template and polymerase and promote
the processivity of replicative DNA polymerases. In response to DNA damage, PCNA is mono-
ubiquitinated by Rad6-Rad18 to facilitate the recruitment of TLS polymerases that contain
evolutionarily conserved ubiquitin-binding domains (UBM and UBZ) (87, 88). Interestingly,
several studies suggest that ATR may also be involved in the recruitment of certain TLS
polymerases to sites of DNA damage. It has been shown that ATR-mediated phosphorylation of
polymerase r facilitates its intracellular translocation to stalled replication fork (89), which is
seen as formation of foci in the nucleus, and is necessary for efficient bypass of UV lesions (90).
In addition, Mec1 (homolog of mammalian ATR) kinase activity promotes the recruitment of the
polymerase T-Rev1 complex to DNA double-strand breaks (91). Although a regulator role of
ATR in TLS has been suggested, whether ATR promotes bypass of a specific type of UV lesion

awaits further investigation.

Repriming

In addition to TLS that enables DNA synthesis opposite UV lesions, stalled DNA
replication can be resolved by repriming. In the repriming model, a new primer is synthesized
downstream of a replication-blocking lesion, leaving a small ssDNA gap, to resume DNA
replication (Figure 1.8). This model is supported by previous findings: discontinuous elongation
of replication forks (92) and accumulation of ssDNA gaps along UV-damaged replicated
duplexes (93).

Repriming requires a primase activity to synthesize a new primer downstream of a DNA

lesion. It has been shown that the DNA polymerase a-primase complex initiates DNA synthesis

11
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of the leading strand at each origin and synthesis of each Okazaki fragment in the lagging
strand by synthesizing a short RNA primer (8—12 ribonucleotides) extended by the addition of
~20 deoxyribonucleotides (94); however, it remained elusive whether the DNA polymerase o-
primase complex is responsible for repriming following UV irradiation. Recently, PrimPol was
identified as an enzyme that has primase and TLS polymerase activities and promotes
repriming following UV (95, 96). The primase activity of PrimPol preferentially uses
deoxyribonucleotides, unlike conventional RNA primases that use ribonucleotides, and thus
PrimPol is well suited for repriming as it minimizes the need for RNA processing (97).

Repriming and TLS are not mutually exclusive, and these two processes likely cooperate
to complete DNA replication in the presence of DNA lesions (92, 98). Upon replication blockage,
DNA replication can efficiently resume downstream of a DNA lesion via repriming. This leaves a
small ssDNA gap, but the gap could be filled by TLS after completion of bulk replication. Indeed,
it has been shown that TLS operates effectively after chromosomal replication, outside S phase

(99).

12
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1.5 UV mutagenesis and carcinogenesis

UV signature mutation and carcinogenesis

UV-induced DNA lesions are normally removed by nucleotide excision repair, preventing
mutation incorporation. Unrepaired DNA lesions lead to genetic mutations through deamination
or error-prone translesion synthesis (Figure 1.11). Unrepaired cytosine-containing CPDs
contribute to characteristic "UV signature mutation": cytosine (C) to thymine (T) (or CC to TT)
transition at dipyrimidine sites. UV signature mutations in the p53 gene are found in over 50% of
the most common types of skin cancer (basal cell carcinoma (BCC) and squamous cell
carcinoma (SCC)) (100, 101) as well as in actinic keratosis, a precursor for SCC (102). These
"UV signature" mutations occur most frequently at nine mutation hotspots in important functional
regions of the p53 gene (100).

Mutations in the p53 tumor suppressor gene play a critical role in UV carcinogenesis.
Sunlight mutates p53 early; Normal sun-exposed skin carries clonal patches of p53-mutated
keratinocytes, 60—3,000 cells in size (103). These clones are present at frequencies exceeding
40 cells per cm? (as much as 4% of the epidermis). Mutations in genes responsible for
carcinogenesis (e.g., p53) confer mutator phenotype including resistance to apoptosis. Once a
p53 mutation arises, subsequent UV exposures eliminate UV-damaged normal cells but spare
apoptosis-resistant p53 mutants (104, 105), and thus, sunlight is a key driver of clonal
expansion of p53 mutants. Although clonal expansion of mutant cells increases opportunities to
receive additional mutations for tumor development, UV carcinogenesis is a long process
requiring many hours of UV irradiation. The cumulative dose of sunlight required to cause BCC
or SCC in adults is fairly large, approximately 10,000 and 70,000 hours of exposure,
respectively (106). Compared with the general population, xeroderma pigmentosum patients

(deficient in repair of UV-induced DNA lesions) under the age of 20 years have a 10,000-fold
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increase in the frequency of UV-associated skin cancers, highlighting the importance of DNA

repair in cancer prevention (26).

Mutagenicity of CPD

CPD is considered to be the major mutagenic lesion because CPD is the most abundant
type of UV-induced DNA lesions and is slowly repaired by NER. Bypass of CPD is preferentially
mediated by Pol n) in a relatively accurate manner (107, 108). In the absence of Pol n (as in XP-
V patients), mutation frequency is significantly increased, suggesting that Pol ) plays a pivotal
role in minimizing mutagenesis (107, 108). Although TLS by Pol v is relatively error-free, Pol
1 could be involved in UV mutagenesis (Figure 1.11). Spontaneous deamination of cytosine (C)
or 5-methylcytosine (mC) base within a CPD lesion converts these bases to a uracil (U) or
thymine (T), respectively (109-112). Error-free TLS of a deaminated CPD by Pol v correctly
inserts an adenine (A) opposite the U or T base (113, 114). At the next round of replication,
replicative polymerase correctly inserts a thymine opposite an adenine, finally leading to the C-
to-T UV signature mutation. Notably, CPD can be bypassed by error-prone TLS: Pol « frequently
misinserts a nucleotide opposite a CPD lesion (115, 116). Also, Pol x and Pol T can facilitate

mutagenic bypass of CPD by extending from the mismatched base pair (108, 117).

Mutagenicity of 6-4PP

Due to the fact that 6-4PP lesions are less frequently generated and are more rapidly
repaired, the contribution of 6-4PP lesions to UV mutagenesis has been thought to be less
significant than CPD lesions. However, if not repaired, bypass of 6-4PP lesions is highly
mutagenic (16), because there is no TLS polymerase capable of 6-4PP bypass in an error-free
manner. TLS of 6-4PP is more complicated and inefficient than that of CPD. The TLS of 6-4PP

requires two polymerases that sequentially act as an inserter and as an extender (117). Pol v,
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Pol \, and unexpectedly Pol & often misinsert a nucleotide opposite a 6-4PP lesion (the insertion
step) but cannot extend from the inserted nucleotide (115, 118, 119). The extension step

essentially requires pol € (117, 120). Therefore, 6-4PP bypass is slow and mutagenic (16).
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Figure 1.1 The subdivisions of the solar UV spectrum.
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Shorter UV wavelengths are blocked by stratospheric ozone. Terrestrial sunlight contains UVA

and UVB components at wavelengths of ~300 nm and longer.
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Figure 1.2 UV generates DNA lesions at dipyrimidine sites.
UV lesions (pyrimidine dimers) are formed through a photochemical reaction at dipyrimidine

sites, where two pyrimidine bases (two thymines are shown as an example) are juxtaposed in

tandem in the nucleotide sequence of DNA, following direct UV energy absorption by DNA

bases.
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Figure 1.3 UV generates distinct pyrimidine photoproducts.

Cyclobutane pyrimidine dimer (CPD) corresponds to the formation of a four-membered ring
involving C5 and C6 of adjacent pyrimidine bases. Pyrimidine (6-4) pyrimidone photoproduct (6-
4PP) is formed by a noncyclic bond between C6 and C4 of adjacent pyrimidine bases. Upon
exposure to long-wavelength UV irradiation, 6-4PP is further converted to Dewar valence

isomer.
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Figure 1.4 UV-induced DNA lesions distort DNA helix.

A 6-4PP lesion (right) distorts the DNA helix severely, whereas a CPD lesion (left) distorts DNA
more mildly. Adapted with permission from Rastogi RP, et al. J Nucleic Acids (2010)
2010:592980.
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Figure 1.5 Nucleotide excision repair (NER).

In the global genome NER (GG-NER; top left) subpathway, the damage sensor complex XPC-
RAD23B, with the help of UV-DDB/XPE, recognizes the UV lesions. In the transcription-coupled
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NER (TC-NER; top right) subpathway, UV lesions are sensed during transcript elongation by the
stalling of RNA polymerase, leading to the binding of CSA and CSB that initiate the repair
process. After lesion recognition, the DNA duplex surrounding the lesion is unwound by XPB
and XPD helicases. Unwound strands are stabilized by replication protein A (RPA), and XPA
binds to altered nucleotides on ssDNA. XPA then recruits XPF and XPG to make dual incisions
5" and 3’ to the lesion. The lesion-containing oligonucleotide (22-30 nt) is excised, resulting in an
ssDNA gap that is subsequently filled by DNA polymerases. The NER is completed after ligation
of the nick following gap filling. Modified from Marteijn JA, et al. Nat Rev Mol Cell Biol (2014)
15:465.
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Figure 1.6 Light-dependent, lesion-specific photorepair.
Photorepair mediated by photolyases directly converts CPD or 6-4PP to its original undamaged
structure using the energy of visible light (hv). This photorepair does not involve damage

excision or DNA synthesis.
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Figure 1.7 Model of ATR activation.

UV lesions block replicative polymerase, while replicative helicase continues unwinding the
DNA duplex. Uncoupling of helicase and DNA polymerase generates long stretches of single-
stranded DNA (ssDNA) that recruits ATR and promotes the assembly of relevant complex

proteins (not shown). Activated ATR phosphorylates Chk1 and other substrates.
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Figure 1.8 Model of DNA damage tolerance by two distinct mechanisms.

Following replication blockage at a UV lesion (depicted on the leading strand), DNA replication
can continue by translesion synthesis (TLS) that inserts nucleotides opposite a lesion (left).
Alternatively, a new primer can be synthesized downstream of a lesion, leaving a small ssDNA

gap, to resume DNA replication (right).
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Figure 1.9 Structures of a high-fidelity replicative DNA polymerase and a low-fidelity TLS
polymerase.

Compared to replicative polymerase (left), TLS polymerase (right) has unusually small “fingers”
domain and “thumb” domain, resulting in a relaxed catalytic site (right black arrow). This highly
accessible site accommodates mismatched base pairs as well as various DNA lesions. Adapted
with permission from Friedberg EC. Nat Rev Mol Cell Biol (2005) 6:943. Error rates are taken
from Kunkel TA. J Biol Chem (2004) 279:16895.
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Figure 1.10 Stepwise polymerase switches during translesion synthesis (TLS).

When a replicative DNA polymerase (green) stalls at a UV lesion (red bracket), DNA
polymerase is switched to TLS polymerase (purple). The TLS polymerase then inserts
nucleotides opposite the DNA-distorting UV lesion but is error-prone. After passing the lesion,
the second polymerase switch restores the replicative polymerase to the DNA template, and the

high-fidelity DNA synthesis resumes.
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Figure 1.11 Multiple mechanisms by which CPD is bypassed with or without mutation
incorporation.

(Left: Error-free TLS) CPD (red bracket) can be bypassed by Pol ny which is relatively error-free.
(Middle: Deamination + Error-free TLS) Cytosine or 5-methylcytosine within a CPD lesion is
prone to spontaneous deamination, resulting in uracil or thymine, respectively. Bypass of
deaminated CPD by “error-free” Pol 1 leads to “mutation” incorporation.

(Right: Error-prone TLS) CPD bypass by other TLS polymerases (such as Pol , k, or €) could

be error-prone.
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Chapter 2. How might cells sense UV-DNA lesions for DNA damage response

activation?

2.1 Single-stranded DNA is essential for ATR activation

The mechanism of ATR activation has been extensively studied due to its critical role as
a master regulator of cellular responses to DNA damage. Activation of ATR is triggered by
single-stranded DNA (ssDNA), which is generated by uncoupling of helicases from DNA
polymerases that are blocked at replication-stalling lesions. The critical role of ssDNA in ATR
activation has been demonstrated in studies using purified human proteins (121), human cell-
free extracts (122), and Xenopus egg extracts (123). Specifically, the size of ssDNA gap
(flanked by double-stranded DNA) determines the level of ATR activation (123), and
approximately 70 nt of ssDNA segment is required for the recruitment of ATR-ATRIP complex to
ssDNA (121) and for ATR-mediated Chk1 phosphorylation (122). Thus, the ability of DNA lesion
to block replication and subsequently generate ssDNA gap may determine the level of ATR
activation. Thus far, it remains unclear whether the two major types of UV lesion (CPD and 6-

4PP) are different in their abilities to induce ssDNA and activate the ATR pathway.
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2.2 Efficiencies of translesion synthesis across CPD and 6-4PP are different

Replication stalling could be overcome by translesion synthesis (TLS), a process that
employs specialized polymerases for nucleotide insertion opposite DNA lesions. Therefore, the
efficiencies of TLS across distinct UV lesions may determine the ability of each lesion type to
induce ssDNA formation and ATR activation. TLS efficiency across specific types of lesion has
been investigated in cells using double-stranded plasmids with a single ssDNA gap opposite to
either a CPD or 6-4PP lesion (16). In this system, filling of 6-4PP-containing ssDNA gaps is less
efficient than that of CPD-containing gaps. This difference in TLS across CPD and 6-4PP is
likely due to differential processivity of TLS polymerases for distinct lesion types. Indeed, it has
been shown that polymerase v is sufficient for replication across CPD (124), whereas
replication across 6-4PP requires a more complex mechanism often involving polymerases n
and € (85). In this two-polymerase mechanism, polymerase v first inserts a nucleotide opposite
the 3’-base of a 6-4PP, which is then extended by polymerase T to complete TLS across 6-4PP.
Because polymerase r (the inserter polymerase) is particularly inefficient in nucleotide insertion
opposite 6-4PP (85), the completion of TLS across 6-4PP may be delayed. As a consequence,
ssDNA generated at 6-4PP lesions may persist, whereas ssDNA generated at CPD lesions
could be short-lived. Although these previous studies indicate that TLS across 6-4PP lesions on
plasmids or oligonucleotides is delayed (16, 85), it remains elusive whether or not DNA
replication across the genome in the presence of 6-4PP is delayed.

Replication stalling can also be resolved by repriming, which is de novo primer synthesis
downstream of a lesion to resume DNA replication. Efficient repriming may minimize the
uncoupling of helicases and DNA polymerases, thereby reducing ssDNA formation and ATR
activation. However, no prior study has determined whether repriming downstream of a CPD or

6-4PP lesion could occur with the same efficiency.
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2.3 Outstanding question in the field of UV-induced DNA damage responses

The outstanding question, which is the main focus of the present study, is how cells
sense UV-induced DNA lesions and activate DNA damage response pathways that control the
balance of cellular outcomes between cell cycle checkpoint, lesion repair, mutation
incorporation, and cell death. Two structurally distinct types of UV-induced DNA lesions (CPD
and 6-4PP) may have different abilities to block DNA replication and activate the DNA damage
response pathway. However, no prior studies have demonstrated the individual effect of each
lesion type on the DNA damage signaling including the ATR-Chk1 pathway. Carrying out such
studies has been difficult because thousands of CPD and 6-4PP lesions are instantaneously
generated in cells, and because the ATR-Chk1 pathway is typically activated within minutes
following UV irradiation. Cells with a specific type of UV lesion could be generated by using
photolyases, which specifically eliminate either CPD or 6-4PP, in combination with NER
deficiency that well preserves both types of lesion long after UV exposure (Figure 2.1).
Dissection of the respective roles of CPD and 6-4PP in DNA damage responses will provide

mechanistic insight into how cells sense UV lesions for diverse cellular outcomes.
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2.4 Hypothesis and specific aims

Hypothesis
We hypothesize that two structurally distinct types of UV-induced DNA lesions (CPD and 6-4PP)

have different abilities to block DNA replication and activate the ATR-Chk1 pathway.

Specific aims

In Aim 1, we will determine the individual contributions of two major types of UV lesions (CPD
and 6-4PP) to activation of the ATR-Chk1 pathway.

In Aim 2, we will determine the mechanism by which one or more type(s) of UV-induced DNA

lesions (CPD and 6-4PP) activate the ATR-Chk1 pathway.
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Figure 2.1 Generation of cells with a single type of UV lesion by combining NER

deficiency and photolyases.

NER-proficient cells efficiently repair 6-4PP (2 h half-life for 6-4PP versus 33 h for CPD). NER-
deficient cells (e.g., XP-C cells) are unable to repair both types of lesion. CPD-photolyase
(CPD-PL) and 6-4PP-photolyase (6-4PP-PL) with visible light illumination specifically repair

CPD or 6-4PP, respectively. By combining NER-deficient cells and transfection of lesion-specific

photolyases, cells with a single type of UV lesion can be generated.
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3.1 Summary

The most prevalent human carcinogen is sunlight-associated UV, a physiologic dose of which
generates thousands of DNA lesions per cell, mostly of two types: cyclobutane pyrimidine
dimers (CPDs) and 6-4 photoproducts (6-4PPs). It has been difficult to determine the respective
contributions of these two lesion types to the signaling events that regulate cell cycle
progression, DNA replication, and cell death. Here we coupled multiparameter flow cytometry
with lesion-specific photolyases that eliminate either CPDs or 6-4PPs and determined their roles
in DNA damage responses. Strikingly, only 6-4PP lesions activated the ATR-Chk1 DNA
damage pathway. Mechanistically, 6-4PPs, but not CPDs, impeded DNA replication across the
genome as revealed by microfluidic-assisted replication track analysis. Furthermore, single-
stranded DNA accumulated preferentially at 6-4PPs during DNA replication, indicating selective
and prolonged replication blockage at 6-4PPs. These findings suggest that 6-4PPs, although 8-

fold fewer in number than CPDs, are the major trigger for UV-induced DNA damage responses.
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3.2 Introduction

Ultraviolet (UV) irradiation is the most prevalent carcinogen in humans, leading to
diverse skin malignancies that outhnumber all other cancers combined (2). UV often damages
DNA by forming dimers at dipyrimidine sites, and approximately 100,000—-200,000 DNA lesions
are generated per diploid cell in human skin by a moderate dose of UV (1 hr of sunlight;
equivalent to ~30 mJ/cm? UVB (280-320 nm)) (30, 125). UV-induced DNA lesions are critical in
the pathogenesis of UV-induced skin cancer (126), and these DNA lesions are typically
removed through the nucleotide excision repair (NER) pathway (127). NER is defective in
xeroderma pigmentosum (XP), a genetic disorder characterized by UV hypersensitivity and
predisposition to UV-induced skin cancer (26). UV generates two major types of DNA lesions:
cyclobutane pyrimidine dimer (CPD) and pyrimidine (6-4) pyrimidone photoproduct (6-4PP).
These two lesions are structurally distinct: 6-4PP is more DNA-distorting (44° bend of DNA
helix) than CPD (9° helix bend) (15). Compared to CPDs, 6-4PPs are 8-fold less frequently
generated by the cancer-relevant UVB spectrum (8) and are much more efficiently repaired by
NER (2 hr half-life for 6-4PP versus 33 hr for CPD) (25).

In response to UV damage, cells activate DNA damage response pathways that elicit
cell cycle checkpoints and DNA repair processes to maintain genomic integrity (30). During S
phase, UV-damaged DNA causes replication fork stalling (128) that triggers activation of the
ATR (ataxia telangiectasia and Rad3-related) kinase (129). Specifically, UV irradiation causes
helicase-polymerase uncoupling: the replicative DNA polymerase stalls at a DNA lesion while
the MCM (minichromosome maintenance) replicative helicase continues unwinding the DNA
duplex (129). This uncoupling leads to generation of long stretches of single-stranded DNA
(ssDNA) (93) that are then bound by replication protein A (RPA) (130). The RPA-coated ssDNA
recruits ATR kinase through its functional partner, ATR-interacting protein (ATRIP), to sites of

DNA damage (121, 131). Remarkably, more than 10 mediator proteins are recruited to the site
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of DNA damage for full activation of the ATR pathway (132). Once the ATR activation complex
has assembled in response to DNA damage, ATR activates downstream effectors by
phosphorylating numerous targets including Chk1 and p53 (30, 43). ATR-mediated
phosphorylation of the Chk1 kinase at Ser345 is critical for Chk1 activation (50) and preventing
mitotic entry (48, 55). ATR is also required to inhibit new origin firing (56), thereby ensuring a
sufficient quantity of available RPA to bind ssDNA and stabilizing stalled replication forks (57).
Inhibition of ATR in cells with DNA damage results in premature chromatin condensation, a
hallmark of premature entry into mitosis before completion of DNA replication (59). Thus, the
ATR pathway plays an important role in ensuring DNA replication after genotoxic stress.

Although ATR promotes survival of cells after UV irradiation (68), such cells may be at
high risk for incorporating DNA mutations. Thus, targeting ATR may be beneficial to prevent UV
carcinogenesis. Remarkably, our prior study showed that skin-targeted genetic inhibition of ATR
indeed suppresses UV-induced skin cancer development (62). These results suggest that UV-
damaged cells, which have mutagenic lesions and thus have the potential to develop into
cancer, may preferentially require ATR for survival. Compared to CPD, 6-4PP is more
mutagenic (16, 133) and is more potent in inducing apoptosis on a per-lesion basis (18),
implying that these two lesions are fundamentally different in triggering DNA damage
responses. However, it remains unclear whether CPD and 6-4PP have distinct effects on
activation of the ATR-Chk1 pathway that is a central regulator of cellular responses to UV
irradiation. Understanding the precise signal for triggering the DNA damage response from each
lesion type that has distinct mutagenic properties may provide the molecular basis for novel
approaches to prevent UV carcinogenesis.

In the present study, we investigated the respective roles of CPD and 6-4PP in ATR
activation by generating cells with only one major type of UV lesion. We employed CPD- and 6-
4PP-specific photolyases, the enzymes that can specifically repair either type of lesion using the

energy of visible light to convert a pyrimidine dimer in DNA back to its original structure (18, 29).
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Surprisingly, we found that 6-4PP potently activates the ATR-Chk1 pathway, whereas cells with
CPD lesions alone showed no evidence of ATR pathway activation. We also determined that
only 6-4PP markedly blocks replication progression, a plausible mechanism for robust ATR
activation mediated by this UV lesion type. Taken together, these findings provide mechanistic
insight into how two structurally distinct UV lesions have remarkably different effects on cellular

DNA damage responses.
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3.3 Results

UV activates the ATR-Chk1 pathway exclusively in S phase

Phosphorylation of Chk1 at Ser345 by the ATR kinase is the hallmark indicator of ATR
activation following UV irradiation (48, 49). To characterize the effect of UV lesions on the ATR
pathway, we investigated the cell cycle-specific induction of Chk1 phosphorylation in cells that
could or could not efficiently remove UV-induced DNA lesions by nucleotide excision repair
(NER). Flow cytometry was used because of its capability to simultaneously assess multiple
parameters including cell cycle status on a per-cell basis. In cells that are proficient in NER
(HCT116: human colon carcinoma cell line with wild-type p53) (134, 135), UV-induced
phosphorylation of Chk1 was detected exclusively in S phase, as assessed by multiparameter
flow cytometry (Figure 3.1A). Similarly, NER-deficient cells (XP-C: immortalized fibroblasts
derived from xeroderma pigmentosum complementation group C patient with no expression of
XPC protein) (136) also exhibited strong correlation of Chk1 phosphorylation with S phase
(Figure 3.1B). Thus, the specificity of Chk1 phosphorylation for S phase is not affected by the
ability of cells to repair UV-induced DNA damage.

The S phase-specific induction of Chk1 phosphorylation was also examined through
labeling replicating cells by incorporation of EdU, a thymidine analog. Indeed, Chk1 was
phosphorylated exclusively in cells that were synthesizing DNA (EdU-incorporating), but not in
non-S phase (EdU-negative) cells after UV irradiation (Figure 3.1C). Phosphorylation of Chk1
following UV was further examined by precisely discriminating cell cycle status based on a
combination of EdU incorporation and DNA content (Figure 3.1D). Among five subpopulations
based on cell cycle status (G4, early S, S, early G,, and G,/M), UV-induced Chk1
phosphorylation was restricted to early S phase and S phase (Figure 3.1E). Importantly,

phosphorylated Chk1 was entirely absent in G phase (Figure 3.1E).
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To determine the kinetics of Chk1 phosphorylation after UV irradiation, NER-proficient
(HCT116) and NER-deficient (XP-C) cells were UV-irradiated and harvested at different time
points up to 10 hr post-UV. Phosphorylation of Chk1 was rapidly induced by UV (within 30 min)
in S phase in both cell types (Figure 3.S1). After peak induction, UV-induced phosphorylation of
Chk1 declined in HCT116 cells (Figure 3.S1A) but was sustained in XP-C cells (Figure 3.S1B).
Taken together, phosphorylation of Chk1 is induced rapidly and exclusively in S phase in both
NER-proficient and NER-deficient cells. However, persistence of phosphorylated Chk1 following

UV may be associated with the continued presence of UV lesions in cells.

Development of a flow cytometry assay that allows detection of both phosphoproteins
and UV lesions

To dissect the role of each type of UV lesion in phosphorylation-mediated ATR signaling,
an assay that allows detection of both phosphoproteins and UV-induced DNA lesions is needed.
For UV lesion detection, antibodies that specifically recognize CPD or 6-4PP have been widely
used. Anti-CPD (clone TDM-2) and anti-6-4PP (clone 64M-2) antibodies were established using
UV-irradiated, heat-denatured single-stranded DNA (ssDNA) as the immunogen (137). This
approach ultimately led to distinct mouse monoclonal antibodies that specifically recognize a
single lesion type. Because these epitopes (CPD and 6-4PP) are likely obscured in double-
stranded DNA (dsDNA), detection of UV lesions by these antibodies may require DNA
denaturation. Hydrochloric acid (HCI) has been previously used to denature DNA prior to
detection of UV lesions by flow cytometry (135), and we also observed that HCI allowed
detection of the UV lesion signal (Figure 3.S2A). However, this strong acid treatment eliminated
our ability to detect phosphorylated Chk1 (Figure 3.S2B). Because DNase | is an endonuclease
that introduces random single-stranded nicks and can facilitate formation of ssDNA (138), we
tested whether DNase | could be used to expose UV lesions to antibodies without destroying

phosphoproteins. Indeed, DNase treatment enabled UV lesions to be efficiently detected
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(Figure 3.S2A) while also preserving the ability to detect Chk1 phosphorylation (Figure 3.S2B).
Therefore, this DNase-based flow cytometry assay represents a useful tool to investigate

interactions between UV lesions and phosphorylation-associated signaling pathways.

Identification of cells expressing photolyase by flow cytometry

To determine the individual effect of CPD and 6-4PP lesions on ATR activation, it was
necessary to generate cells that had a single type of UV lesion. Because NER has higher
efficiency for 6-4PP than CPD, 6-4PP lesions are far more transient than CPD lesions in repair-
competent cells (25). Thus, to retain both types of UV lesions for investigation, an NER-deficient
XP-C cell line (GM15983) (136) was selected for this study. We also made use of lesion-specific
photolyases, which are not present in humans, to selectively repair a single type of lesion (either
CPD or 6-4PP) using the energy of visible light (18, 29). To identify the subpopulation of cells
that express photolyase after transfection to human cell lines, CPD-photolyase (CPD-PL) or 6-
4PP-photolyase (6-4PP-PL) cDNA was subcloned into a polyhistidine (His)-tagged mammalian
expression vector.

In XP-C cells transfected with control vector (empty vector without photolyase), both
CPD and 6-4PP persisted 2 hr after UV irradiation in the presence or absence of visible light
(Figure 3.2A, first row). This validates the NER deficiency of this cell type and ensures that
illuminating cells with visible light does not affect the levels of CPD and 6-4PP. After transfection
of the relevant photolyase vector, cells expressing His-tagged CPD-PL or 6-4PP-PL (Figure
3.2A, left) were identified by flow cytometry for subsequent analysis. As expected, repair of
each lesion type was restricted to cells that expressed the corresponding photolyase and were
also exposed to visible light (Figure 3.2A, second and third rows). This light-dependent,
lesion-specific repair (photorepair) occurred with the same efficiency regardless of cell cycle

phase (DNA content) (Figure 3.2A). Notably, the difference in 6-4PP signals between sham and
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UV was smaller than that of CPD, likely because 6-4PP lesions are known to be generated less
frequently than CPD by the same dose of UV irradiation (8-fold less by UVB (8)).

To determine the duration of visible light illumination required for sufficient photorepair,
the kinetics of photorepair were investigated. Sufficient photorepair of CPD or 6-4PP lesions
generated by 30 mJ/cm? UVB irradiation required 1-2 hr exposure of visible light (Figure 3.2B).
By combining flow cytometry with lesion-specific photolyase transfection in NER-deficient cells
as well as sufficient visible light illumination, we were able to select cells carrying only a single

major type of UV lesion (CPD or 6-4PP).

6-4PP, but not CPD, potently activates the ATR-Chk1 pathway

Although photolyases can selectively eliminate either CPD or 6-4PP, the specific role of
each lesion type in DNA damage responses still cannot be determined if these responses had
already been induced before lesion-specific photorepair was complete. To circumvent this
problem, we designed a system in which CPD or 6-4PP lesions were eliminated in cells that had
not yet entered S phase. After lesion-specific photorepair is complete in non-S phase cells, if
these cells subsequently enter S phase, the effect of a single major type of UV lesion on ATR-
Chk1 activation can be determined. Specifically, photolyase-transfected cells were labeled with
EdU prior to UV irradiation to mark cells that were irradiated in S phase (Figure 3.3A).
Immediately following UV irradiation, cells were illuminated with visible light for 2 hr to
sufficiently photorepair the desired type(s) of lesion. Cells were then incubated in the dark for 7
hr to allow cell cycle progression and subsequently labeled with BrdU to identify cells that were
in S phase at the time of harvest. In this experimental setting, EAU(-)BrdU(+) cells should
represent the desired population: cells that were UV-irradiated outside S phase, underwent
photorepair, and subsequently entered S phase with only the desired type(s) of UV lesion

present.
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To experimentally determine whether the EAU(-)BrdU(+) population was composed of
cells that newly entered S phase after UV, cells were stained with propidium iodide (PI) to
assess their cell cycle profile. The cell cycle status of non-replicating cells (EdU(—)BrdU(-))
showed DNA content equivalent to G4 phase (Figure 3.3B, blue line), suggesting that this
double negative population was likely in G4 at the time of irradiation and remained in G, phase
at harvest. In contrast, the EAU(-)BrdU(+) population had a cell cycle profile that was right-
shifted toward higher DNA content (Figure 3.3B, red line) compared to that of EdU(-)BrdU(-),
indicating that, as expected, this population was composed of cells that had newly entered S
phase after UV.

The respective effects of CPD and 6-4PP on ATR-Chk1 activation could then be
determined in cells that newly entered S phase with the desired lesion type (Figure 3.3C). In
UV-irradiated cells that carried both CPD and 6-4PP (control), phosphorylation of Chk1 was
robustly induced upon S phase entry (Figure 3.3C, black bar). In cells in which CPD was
repaired but 6-4PP remained (CPD-PL), phosphorylation of Chk1 was induced to a level similar
to UV-irradiated cells that still had both CPD and 6-4PP (Figure 3.3C, gray bar). In contrast, in
cells that had newly entered S phase with only CPD remaining (6-4PP-PL), phosphorylation of
Chk1 was not induced and stayed at the basal level equivalent to sham-irradiated control cells
(Figure 3.3C, hatched bar). In cells that had neither CPD nor 6-4PP (CPD-PL + 6-4PP-PL),
phosphorylation of Chk1 remained at a level equivalent to sham-irradiated control cells (Figure
3.3C, white bar). These results demonstrate that 6-4PP, but not CPD, has a potent ability to
induce phosphorylation of Chk1. The same results were obtained from a separate XP-C cell line
(GM16093) that is derived from a different XP-C patient (139) (Figure 3.S3), suggesting that the
predominance of 6-4PP in inducing phosphorylation of Chk1 was not limited to a particular cell
line. This striking difference in the abilities of CPD and 6-4PP to induce phosphorylation of Chk1
suggests that 6-4PP is the lesion responsible for UV-induced ATR activation, and that CPD

does not have a role in activating the ATR-Chk1 pathway in S phase.
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6-4PP lesions, but not CPD, delay DNA replication progression

Because 6-4PP is the main lesion type for activating the ATR-Chk1 pathway (Figure
3.3C), we hypothesized that 6-4PP may selectively block DNA replication progression. To
assess replication progression in cells with a specific type of lesion, photolyase-transfected cells
were pulse-labeled with two thymidine analogs (IdU and EdU) separately for 1 hr each and
analyzed with microfluidic-assisted replication track analysis (maRTA) (140) (Figure 3.4A).
Specifically, as an internal control for unperturbed DNA replication, cells were first labeled with
IdU prior to UV (or sham) irradiation. Immediately following UV (or sham) irradiation,
photolyase-transfected cells were illuminated with visible light for photorepair and were
subsequently labeled with EJU to assess replication progression across a single major type of
UV lesion. After harvest, cells expressing His-tagged photolyase were collected by flow sorting
for subsequent analysis. DNA was then extracted from these sorted cells for quantitative
analysis of replication progression in the presence of a specific type of lesion using maRTA. In
this technique, pulse-labeled DNA is aligned on a glass slide using laminar flow through
microchannels and is subsequently visualized by immunostaining for IdU and EdU. The length
of each labeled DNA segment (replication track) was measured at the single molecule level for
analysis. Because the same period of time (1 hr) was used for both labels, shorter track lengths
of the 2nd label (after UV) compared to the 1st label (prior to UV) reflect delayed replication
progression following UV.

Immuno-slot blot analysis using extracted DNA showed that each lesion type was
repaired consistent with the expression of the relevant photolyase, validating lesion-specific
photorepair in cells collected by flow sorting (Figure 3.4B). To assess replication progression in
the presence of a specific type of lesion, replication track lengths of the 1st (pre-UV) and 2nd
(post-UV and photorepair) labels were compared (Figure 3.4C). The lengths of replication

tracks were not altered after sham irradiation and exposure to visible light, indicating that these
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treatments had no effect on replication (Figure 3.4C, upper panel). In UV-irradiated cells with
both CPD and 6-4PP remaining, track lengths of post-UV replication (2nd label, red) were
shorter than those of pre-UV replication (1st label, green), indicating that replication is slowed by
UV lesions (Figure 3.4C, control vector, UVB). Similarly, in UV-irradiated cells that had only 6-
4PP remaining, track lengths were shorter in post-UV replication than in pre-UV replication,
indicating that 6-4PP lesions potently slow replication progression (Figure 3.4C, CPD-PL,
UVB). In contrast, in UV-irradiated cells that had only CPD remaining, track lengths of pre-UV
and post-UV replication were essentially identical (Figure 3.4C, 6-4PP-PL, UVB). This indicates
that CPD has no effect on replication progression, and that 6-4PP is critical for slowing
replication. Consistently, in cells that had neither CPD nor 6-4PP, no difference of track lengths
was observed between pre-UV and post-UV replication (Figure 3.4C, CPD-PL + 6-4PP-PL,
UVB). Taken together, a combination of photolyase, flow sorting, and maRTA enabled the
analysis of replication progression in cells with a single major type of lesion. Strikingly, we found
that 6-4PP, but not CPD, is the critical type of lesion that effectively slows replication

progression.

6-4PP lesions preferentially become surrounded by ssDNA during post-UV replication
Upon DNA replication blockage, ssDNA is typically generated adjacent to replication-
blocking lesions after replicative helicases are uncoupled from stalled DNA polymerases (93,
129). If the antibodies used for detection of either CPD or 6-4PP are specific to lesions on
ssDNA, replication-blocking lesions would thus be preferentially detected. Lesions that are
unable to block DNA replication as well as those that have not encountered replication forks
would reside in dsDNA, and UV lesions on dsDNA would therefore not be efficiently detected by
such antibodies. To validate the specificity of the available antibodies (anti-CPD (TDM-2) and
anti-6-4PP (64M-2)) (137) for their respective epitopes on ssDNA (but not on dsDNA), we

compared lesion detection using DNA that was heat-denatured or left unheated. Genomic DNA
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samples were prepared in two ways regarding the order of DNA extraction and UV irradiation: (i)
genomic DNA was extracted from sham- or UV-irradiated cells (“in cells” irradiation), or (ii)
genomic DNA was extracted from unirradiated cells and was then sham- or UV-irradiated
outside of cells (“in vitro” irradiation). These two types of DNA samples were then left unheated
or heated at 100°C for denaturation. Immuno-slot blot analysis using an anti-ssDNA antibody
showed strong signals in heat-denatured DNA receiving sham or UV irradiation (Figure 3.5A,
left). This finding indicates that 10 min of 100°C heat treatment is sufficient to generate ssDNA
for antibody recognition. In these heat-denatured samples, CPD and 6-4PP were detected in
UV-irradiated DNAs using the relevant antibody (Figure 3.5A, middle and right). In contrast,
ssDNA was not detected in unheated samples, indicating that DNA remained double-stranded
(Figure 3.5A, left). In these unheated samples that persisted as dsDNA, essentially no signals
of CPD or 6-4PP were detected using lesion-specific antibodies even when DNAs were UV-
irradiated (Figure 3.5A, middle and right). These results demonstrate that lesion-specific
antibodies preferentially recognize CPD or 6-4PP lesions that are on ssDNA, but not on dsDNA.
Because ssDNA is generated adjacent to UV lesions that block DNA replication, the
presence of ssDNA-surrounded lesions may reflect the level of replication blockage at each
major type of UV lesion (133). Using the validated lesion-specific antibodies under non-
denaturing conditions, we detected replication-blocking lesions that are left on ssDNA (Figure
3.5B). As a positive control, we treated fixed cells with DNase to detect UV lesions regardless of
whether or not lesions were surrounded by ssDNA. In cells treated with DNase, CPD and 6-4PP
were detected immediately after irradiation (Figure 3.5B, blue population, UVB 0 hr) and
remained at a high level 10 hr post-irradiation (Figure 3.5B, blue population, UVB 10 hr) due
to the deficiency of NER in XP-C cells. In contrast, in UV-irradiated cells without subsequent
DNase treatment, both types of lesion were minimally detected immediately after UV irradiation
(Figure 3.5B, red population, UVB 0 hr), as opposed to DNase-treated cells (Figure 3.5B,

blue population, UVB 0 hr). This indicates that UV lesions were not surrounded by ssDNA
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immediately after irradiation and therefore not accessible to the antibodies, likely because
replication across UV lesions had not yet occurred. However, CPD and 6-4PP were partially
detected only in S phase 10 hr after UV irradiation in cells without DNase treatment (Figure
3.5B, red population, UVB 10 hr). Because lesion detection under non-denaturing conditions
was limited to S phase, it is likely that this signal resulted from replication blockage that
generated ssDNA at these lesions.

To characterize the kinetics of replication blockage at CPD and 6-4PP, signals from
ssDNA-surrounded CPD and 6-4PP were evaluated in cells harvested at different time points
after UV irradiation. Signal intensities of CPD and 6-4PP were normalized relative to baseline
(‘zero’; sham irradiation at 0 hr) and 1.0’ (UVB 30 mJ/cm? at 0 hr with DNase treatment). In S
phase, the signal of ssDNA-surrounded CPD increased slightly after UV but remained at a low
level for the duration of the experiment (Figure 3.5C, left, DNase(-)). Our finding that CPD
lesions only very minimally became surrounded by ssDNA suggests that CPD lesions do not
prolong replication blockage. In contrast, the 6-4PP signal markedly and continuously increased
(Figure 3.5C, right, DNase(-)), indicating that 6-4PP preferentially became surrounded by
ssDNA. This striking time-dependent increase in the signal of ssDNA-surrounded 6-4PP
suggests that DNA synthesis across 6-4PP is impeded and that replication blockage at 6-4PP is

prolonged.
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3.4 Discussion

UV irradiation provokes diverse cellular responses to cope with DNA damage, most
prominently via the ATR-Chk1 pathway (30). However, no prior studies have revealed the
molecular mechanism by which one or more type(s) of UV-induced DNA lesion (CPD or 6-4PP)
activates this pathway. Carrying out such a study has proven elusive because thousands of
both types of lesion are instantaneously generated in UV-irradiated cells, and activation of the
ATR-Chk1 pathway is rapidly initiated after UV (within 3 minutes) in S phase cells. Although
photolyases are capable of selectively removing a specific type of UV-induced DNA lesion,
photolyase-mediated repair requires more than an hour of visible light illumination for near-
complete repair. We overcame these issues by combining photolyases, NER-deficient cells, cell
cycle tracking, and multiparameter flow cytometry optimized to detect UV lesions, thymidine
analogs, and phosphoproteins. This approach revealed the surprising finding that 6-4PPs,
although fewer in number than CPDs, are the critical lesion type for activating the ATR-Chk1
pathway during S phase. In support of the specificity of this effect, we found that only 6-4PPs
impede DNA replication and prolong replication blockage.

The finding that 6-4PPs mediate ATR-Chk1 activation is supported by independent
experiments that compare cells that differ in UV lesion repair (NER proficient versus deficient).
Specifically, as shown in Figure 3.81A and in previous studies (68, 141), UV-induced Chk1
phosphorylation begins to decrease by 1-2 hr after irradiation in NER-proficient cells, coinciding
with rapid repair of 6-4PP lesions (25, 134). In contrast, in NER-deficient cells in which neither
CPDs nor 6-4PPs are repaired, phosphorylation of Chk1 after UV was sustained for at least 10
hr (Figure 3.81B). Due to the fact that 6-4PP lesions have a half-life of 2 hr (versus 33 hr for
CPD) in NER-proficient cells (25), the presence of unrepaired 6-4PP lesions is the major
difference between NER-proficient and NER-deficient cells during this time frame. Thus, the

striking difference in the kinetics of UV-induced Chk1 phosphorylation between these two cell
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types supports the notion that 6-4PP is the pivotal lesion type required for the ATR-Chk1
pathway activation.

Our finding that replication tracks were unaffected by CPDs yet were strikingly shortened
by 6-4PPs suggests that only the latter perturb replication fork progression following UV. This
raises the question of how DNA replication proceeds essentially unimpeded in the presence of
CPD, whereas 6-4PP lesions are strongly inhibitory to replication progression. Prior studies
suggest that there are two major mechanisms by which DNA replication can continue following
replicative polymerase blockage: direct bypass across a lesion via translesion synthesis (TLS)
(16, 75), or replication restart downstream of a lesion via repriming (92). Therefore, a plausible
explanation for our findings is that TLS and/or replication restart is very efficient at CPD lesions
but is delayed at 6-4PP lesions. Thus far, it remains unclear whether and how cells
preferentially employ TLS or replication restart for a specific type of lesion. Replication restart
occurs downstream of a lesion, leaving an ssDNA gap that could span 400 nucleotides (93). Of
note, these ssDNA gaps are too short to be reliably detected in the maRTA assay we used
(detection limit is 3 uym, equivalent to 12 kb). However, ssDNA gaps of this size are more than
sufficient to be identified by lesion-specific antibodies that can recognize either CPD or 6-4PP
contained within only 8 bases of ssDNA (137). After verifying the ssDNA-specificity of these
antibodies, we found that CPD lesions developed a stable, low-level ‘signal’ of ssDNA
surrounding them exclusively in S phase. In contrast, the signal of 6-4PP lesions surrounded by
ssDNA continuously increased over several hours to nearly 10-fold above the level detected
shortly after UV (Figure 3.5C). A plausible model is that DNA replication promptly resumes
downstream of a CPD lesion through repriming, initially generating an ssDNA gap (transiently
detectable by the antibody) that is soon filled by TLS. In this model, an ssDNA gap at a CPD
lesion is transient, and new short-lived gaps are created as DNA replication progresses without
significant slowing. In contrast, 6-4PP lesions persistently block DNA replication, perhaps

because TLS and/or replication restart is persistently impeded at 6-4PP lesions. This prolonged
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replication blockage corresponds to the ability of 6-4PP to activate the ATR-Chk1 pathway,
presumably by recruiting RPA to regions of persistent ssDNA surrounding 6-4PP lesions.

Although this study allowed the determination of the relative effects of these UV lesions
on DNA damage responses, this experimental setting has certain limitations. The use of NER-
deficient cell lines was crucial to retain and identify the respective role of each UV-induced
lesion because 6-4PP lesions in particular are normally rapidly removed by NER. Among the
different types of NER deficiency, xeroderma pigmentosum complementation groups A and C
(XP-A and XP-C) are deficient in repair of both CPD and 6-4PP lesions, whereas XP
complementation groups D and E are only partially defective in repair of 6-4PP, meaning that
the latter two types are not suitable for such studies (136, 142, 143). Because XP-A cells (but
not XP-C cells) are compromised in their ability to activate ATR in response to UV (141), only
XP-C cells are suitable for studying the effects of UV-induced DNA lesions on the ATR-Chk1
pathway. Notably, because ATR activation is limited to S phase, cells must be dividing
frequently in order to have sufficient S phase cells for analysis. For this reason, some portions
of the present study required SV40-transformed XP-C cells that were actively growing and
transfectable. However, because SV40 large T antigen accelerates cell cycle progression (144)
and may subsequently increase replication stress, this raises a concern that SV40
transformation could affect ATR-mediated signaling. A prior study showed that SV40 large T
antigen expression induces a low level of Chk1 phosphorylation (Ser317) even in the absence
of DNA damage (145). However, in SV40-transformed XP-C cells that we used, Chk1
phosphorylation (Ser345) was not increased without damage but was robustly induced in
response to UV (Figure 3.1 and (141)). This suggests that damage-induced activation of the
ATR-Chk1 pathway is not compromised or dysregulated in this transformed cell line.

In conclusion, we identified 6-4PP as the critical lesion that causes replication blockage
and activation of the ATR-Chk1 pathway in S phase. The inability of CPD lesions to activate the

ATR-Chk1 pathway is likely due to its efficient bypass in cells that have intact TLS polymerases.
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Indeed, in cells that are unable to bypass CPD lesions (XP-Variant cells with defective DNA
polymerase 1), ATR pathway activation is markedly augmented and prolonged (141, 146). This
suggests that when they cannot be bypassed, CPD lesions can activate the ATR pathway
similarly to 6-4PP lesions which are typically difficult to bypass.

Activation of the ATR-Chk1 pathway by replication-blocking lesions promotes survival of
DNA-damaged cells; however, it also likely increases mutation incorporation. Indeed, previous
mouse studies showed that genetic or pharmacological inhibition of ATR suppresses UV
carcinogenesis (62, 147). In parallel, multiple human epidemiological studies have shown that
intake of caffeine (a nonspecific ATR inhibitor) is associated with decreased risk of developing
UV-induced keratinocyte-derived skin cancers (65, 67). The cancer-preventive effect of ATR
inhibition is likely due in part to increased UV-induced apoptosis (68), which eliminates
damaged skin cells that are prone to incorporating DNA mutations and subsequent malignancy.
In addition, ATR inhibition may directly prevent error-prone TLS that ultimately contributes to
skin cancer development. This notion is supported by a prior study showing that caffeine
abolishes TLS mediated by Rev3 (148), a catalytic subunit of DNA polymerase T that promotes
error-prone bypass across 6-4PP. Because TLS across 6-4PP lesions is a highly mutagenic
process, it will be relevant to determine whether ATR is required for this process. This study
identifying the respective roles of the two major types of UV lesion provides a molecular basis
for their distinct effects on DNA damage responses and insight into the mechanisms of UV

carcinogenesis.
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3.5 Methods

Cell lines and culture conditions

SV40-transformed, human XP-C fibroblast cell lines derived from two different patients
(GM15983 (Line: XP4PA-SV-EB) (136, 149) and GM16093 (Line: XP14BRneo17) (139, 150))
were purchased from Coriell Cell Repositories (Camden, NJ) and were grown in Dulbecco’s
Modified Eagle Medium (DMEM; #11995-040, Life Technologies) supplemented with 10% Fetal
Bovine Serum (FBS; #10438-026, Life Technologies) and 1% Penicillin-Streptomycin (#¥15140-
122, Life Technologies). HCT116 p53** cell line was a kind gift from Dr. Bert Vogelstein (Johns
Hopkins University) and was grown in McCoy’s 5A Medium (#16600-082, Life Technologies)
supplemented with 10% FBS and 1% Penicillin-Streptomycin. All cells were cultured at 37°C in
a humidified atmosphere of 5% CO,. Cells were harvested by trypsinization using 0.05%

Trypsin-EDTA (#25300, Life Technologies) for passage and for experiments.

Construction and transfection of lesion-specific photolyase plasmids

cDNAs of marsupial Potorous tridactylus CPD-photolyase (CPD-PL) (GenBank
Accession No. D26020) and the plant Arabidopsis thaliana 6-4PP-photolyase (6-4PP-PL)
(GenBank Accession No. NM_112432) were kind gifts from Dr. Carlos F. M. Menck (University
of Sao Paulo) (18, 151). Photolyase cDNA was subcloned into pcDNAG/myc-His B mammalian
expression vector with human cytomegalovirus promoter (V221-20, Life Technologies) to fuse
with a polyhistidine tag (6x His) at the C-terminus of photolyase. Specifically, for constructing a
plasmid encoding His-tagged CPD-PL, Xhol site at 5’ and Sacll site at 3’ were used to insert
cDNA of CPD-PL into the expression vector. To construct a plasmid encoding His-tagged 6-
4PP-PL, cDNA of 6-4PP-PL was first amplified by PCR using the following primers to add
restriction sites: forward 5-ACTCGAGACCATGCAACGATTCTGCGTCTG-3’ (Xhol site);

reverse 5’-ATATCCGCGGTTTGAGTTTTGGTCGTTGG-3’ (Sacll site). The amplified product

52



Chapter 3

was then subcloned into pcDNA6/myc-His B mammalian expression vector using Xhol site at &’
and Sacll site at 3’. pcDNA6/myc-His B mammalian expression vector without insert was used
as a control vector.

Transfection experiments were performed using FUGENE HD Transfection Reagent
(E231, Promega; F500, Switchgear Genomics) according to the manufacturer’s instructions. For
transfection of human XP-C fibroblast cell lines, 3 x 10° cells were plated on a 35-mm dish and
allowed to grow at 37°C in a humidified atmosphere of 5% CO, for 16 hr. Prior to transfection,
cultured medium was removed, and fresh medium was then added to cells. Transfection mixture
in final volume of 100 pl per 35-mm dish was prepared by diluting 2 pug plasmid DNA and 7 pl
FuGENE HD in Opti-MEM | Reduced Serum Medium (#11058-021, Life Technologies) that was
prewarmed to room temperature. For double transfection of CPD-PL and 6-4PP-PL, 1 ug
plasmid DNA of each photolyase was mixed. The transfection mixture was incubated at room
temperature for 15 min and then added to cells in a drop-wise manner. Cells were incubated at
37°C in a humidified atmosphere of 5% CO, for 48 hr for subsequent experiments (UV

irradiation followed by flow cytometry or replication track analysis).

UV irradiation and photorepair

Ultraviolet B (UVB) irradiation was performed using a panel of four UVB bulbs (RPR-
3000, Southern New England Ultraviolet, Branford, CT) emitting radiation centered about 311
nm. UVB bulbs were covered by a Kodacel filter (K6808, Eastman Kodak, Rochester, NY) to
eliminate any ultraviolet C (UVC) irradiation (<290 nm). UVB dose was monitored while
irradiating cells using a Photolight IL400A radiometer equipped with a SEL240/UVB detector
(International Light Technologies, Peabody, MA), and 30 mJ/cm? UVB irradiation typically
required 40 sec. Prior to UVB irradiation, cells were rinsed once with warm Hank’s Balanced
Salt Solution without phenol red (HBSS; #14025-092, Life Technologies). Immediately after

HBSS was removed, cells on a cell culture dish were placed under UVB bulbs without a dish lid
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and were irradiated with UVB. Sham-irradiated cells were treated exactly the same way, except
that cells were not exposed to UV irradiation. For experiments without photorepair, 2 ml of fresh
medium was added to a 35-mm dish immediately after UV irradiation, and cells were incubated
at 37°C in the dark. For photorepair by visible light illumination, 2 ml of warm HBSS without
phenol red was added to a 35-mm dish immediately following UV irradiation. The dish of cell
culture was then illuminated by visible light from the bottom by placing a dish on a 3-mm thick
glass surface sitting 6 mm above one fluorescent lamp (F13T5/WW, warm white, 766 lumens
(mean), Sylvania) at room temperature for 2 hr for photorepair. For mock photorepair control
(“Dark”), dishes were wrapped with aluminum foil and were placed on the glass above a

fluorescent lamp same as visible light-illuminated samples (“Light”).

Thymidine analog preparation

For stock solution, 5-bromo-2’-deoxyuridine (BrdU; B5002, Sigma; 15 mM), 5-iodo-2’-
deoxyuridine (IdU; [7125, Sigma; 2 mM), and 5-ethynyl-2’-deoxyuridine (EdU; A10044, Life
Technologies; 15 mM) were dissolved in Dulbecco's Phosphate-Buffered Saline (PBS; #14190-
250, Life Technologies) at the indicated concentrations and stored at —20°C. Stock solutions
were diluted with cell culture medium to have final concentrations: 15 yM EdU and 20 uM BrdU
for identifying replicating cells (flow cytometry analysis); 50 uM IdU and 10 uM EdU for labeling

DNA (replication track analysis).

Flow cytometry analyses

For experiments determining the effect of each lesion type in activating the ATR-Chk1
pathway (Figure 3.3), XP-C cells (GM15983) were transfected with photolyase plasmids (or
control vector) 48 hr prior to UV irradiation. Cell culture medium was replaced with 15 yM EdU-
containing medium 1 hr prior to UV irradiation (47 hr after transfection), and cells were

incubated at 37°C for 1 hr. UVB irradiation (48 hr after transfection) and subsequent photorepair
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were performed as described above. After 2 hr of visible light illumination for photorepair, HBSS
was replaced with warm cell culture medium, and cells were incubated at 37°C for 7 hr without
light illumination. Cell culture medium was then replaced with 20 yM BrdU-containing medium
for subsequent 1 hr incubation at 37°C. After 1 hr incubation with BrdU (total 10 hr post-UV),
cells on a 35-mm dish were harvested by trypsinization. Cell suspension was centrifuged at 200
x g for 5 min at 4°C, and cells were resuspended in 1 ml of cold PBS. To fix cells in 2%
formaldehyde, 143 pl of 16% paraformaldehyde (formaldehyde) aqueous solution (#15710,
Electron Microscopy Sciences) was added into 1 ml of cell suspension, followed by incubation
of cells in a 37°C water bath for 10 min. Fixed cells were centrifuged at 700 x g for 5 min at 4°C
and were washed with 1 ml of cold PBS. Cells were pelleted by centrifugation at 700 x g for 10
min at 4°C and then resuspended in ice-cold 90% methanol and incubated at —20°C overnight
for permeabilization. Next, cells were centrifuged at 700 x g for 5 min at 4°C (this centrifugation
speed and time was used hereafter), washed with 500 pl PBS, and then incubated with 125 pl
of DNase reaction buffer containing 12.5 units of RQ1 RNase-free DNase (M6101, Promega) at
37°C for 1 hr. DNase-treated cells were centrifuged and washed with 1 ml of 1% bovine serum
albumin (BSA; A9647, Sigma) in PBS, and cells were incubated in 200 pl of 1% BSA in PBS at
room temperature for 10 min for blocking. Each sample was split into three aliquots for different
staining patterns: (i) Pacific Blue (PB) for EdU, Phycoerythrin (PE) for His tag, and Alexa Fluor
647 for CPD:; (ii) PB for EdU, PE for His tag, and Alexa Fluor 647 for 6-4PP; and (iii) PB for
EdU, PE for His tag, Alexa Fluor 647 for BrdU, and Alexa Fluor 488 for phosphorylation of Chk1
at Ser345. Each split sample (equivalent to half of the cells from a 35-mm dish) was stained with
100 pl of antibody dilution buffer (0.25% Tween-20-containing 1% BSA in PBS) containing the
following primary antibodies at the indicated dilutions: anti-CPD mouse monoclonal 1gGza«
(1:1000, clone TDM-2, CAC-NM-DND-001, Cosmo Bio), anti-6-4PP mouse monoclonal IgGza«
(1:1000, clone 64M-2, CAC-NM-DND-002, Cosmo Bio), anti-BrdU mouse monoclonal (1:25,

clone MoBU-1, B35141, Life Technologies), or anti-phospho-Chk1 (Ser345) (133D3) rabbit
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monoclonal (1:100, #2348, Cell Signaling Technology) antibodies. After overnight incubation
with primary antibodies at 4°C, cells were centrifuged and washed twice with 1 ml wash buffer
(0.05% Tween-20-containing 1% BSA in PBS). For EdU detection, Pacific Blue azide was
conjugated to EdU via CuSO4-mediated Click chemistry reaction for 30 min at room temperature
using Click-iT EdU Pacific Blue Flow Cytometry Assay Kit (C10418, Life Technologies; 250 pl
reaction volume for one sample). After washing cells twice with 1 ml wash buffer, cells were
resuspended in 100 pl of antibody dilution buffer containing the following secondary antibodies
at the indicated dilutions and incubated for 30 min at room temperature in the dark: Alexa Fluor
647-conjugated donkey anti-mouse IgG (H+L) (1:800, A31571, Life Technologies) for staining
patterns (i) and (ii); or Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) (1:200, A11034,
Life Technologies) and Alexa Fluor 647-conjugated donkey anti-mouse 1gG (H+L) (1:200,
A31571, Life Technologies) for staining pattern (iii). Cells were washed twice with 1 ml wash
buffer, and the expression of His-tagged photolyase was detected by incubating cells in 100 pl
of antibody dilution buffer containing anti-His-tag mouse monoclonal antibody (1:2000, clone
OGHis, D291-3, 19G2a, 1 pug/ul, MBL) that was conjugated with R-phycoerythrin (R-PE) using
Zenon R-PE Mouse IgG,, Labeling Kit (225155, Life Technologies) at a Fab:antibody molar
ratio of 3:1. Following 1 hr incubation at room temperature in the dark, cells were washed twice
and resuspended in 200 pl PBS. Cells were analyzed on a FACSCanto Il Flow Cytometer (BD
Biosciences), and the acquired data were analyzed using FlowdJo version 9 (Tree Star). For
DNA content analysis of cells that were labeled with EAU and BrdU (Figure 3.3B), EdU was
conjugated to Pacific Blue azide, and BrdU was detected by mouse anti-BrdU antibody with
Alexa Fluor 647 anti-mouse antibody. Cells were resuspended in 200 pl of PBS containing 2 ug
propidium iodide (PI; P4170, Sigma) and 100 ug RNase A (#19101, Qiagen). A separate XP-C
cell line (GM16093) was also tested (Figure 3.S3) using the same methods as used for the
GM15983 cell line (Figure 3.3), except for the following three conditions: (i) 25% of the cells

from a 60-mm dish were incubated with 15.6 pl of DNase reaction buffer containing 1.56 units of
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RQ1 RNase-free DNase at 37°C for 1 hr; (ii) Click chemistry reaction was performed with 62.5
pl reaction mixture for one sample; and (iii) cells were incubated with primary antibodies at room
temperature for 1 hr.

For an experiment evaluating Chk1 phosphorylation as a function of cell cycle phases
using thymidine analog incorporation (Figures 3.1B-3.1E), XP-C cells (GM15983) were
incubated with 15 yM EdU-containing medium at 37°C for 1 hr prior to UV irradiation. Cells were
then UV-irradiated and incubated in fresh culture medium without EdU at 37°C for 1 hr. Cells
were harvested by trypsinization, fixed by 2% formaldehyde, permeabilized by 90% methanol,
and blocked with 1% BSA in PBS, as described above. Each sample (equivalent to half of the
cells from a 35-mm dish) was stained with 100 pl of antibody dilution buffer containing 1:100
dilution of anti-phospho-Chk1 (Ser345) (133D3) rabbit monoclonal antibody. After overnight
incubation with primary antibody at 4°C, cells were centrifuged and washed with 1 ml wash
buffer. Pacific Blue azide was conjugated to EdU using 250 pl reaction mixture from Click-iT
EdU Pacific Blue Flow Cytometry Assay Kit. Cells were then washed twice and resuspended in
100 pl of antibody dilution buffer containing 1:200 dilution of Alexa Fluor 488-conjugated goat
anti-rabbit IgG (H+L) for incubation at room temperature for 30 min in the dark. Cells were
washed twice with 1 ml wash buffer and resuspended in 200 pl of PBS containing 2 ug Pl and
100 pg RNase A, followed by flow cytometry analysis.

For experiments determining the kinetics of phosphorylation of Chk1 following UV
irradiation (Figure 3.81) and an experiment evaluating Chk1 phosphorylation as a function of
cell cycle phases (Figure 3.1A), HCT116 and XP-C (GM15983) cells were UV-irradiated and
then incubated in culture medium at 37°C in the dark until harvest. HCT116 cells were
harvested by trypsinization immediately after sham or UV irradiation (0 hr), or 0.5, 1, 2, 4, 6, 8 hr
after UV. XP-C cells were harvested by trypsinization immediately after sham or UV irradiation
(0 hr), or 0.05, 0.5, 2, 4, 7, 10 hr after UV. Cells were then fixed in 2% formaldehyde,

permeabilized by 90% methanol, and blocked with 1% BSA in PBS, as described above. Each
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HCT116 sample (equivalent to 12.5% of the cells from a 35-mm dish) was stained with 100 pl of
antibody dilution buffer containing 1:100 dilution of anti-phospho-Chk1 (Ser345) (133D3) rabbit
monoclonal antibody at room temperature for 1 hr. Each XP-C sample (equivalent to 25% of the
cells from a 60-mm dish) was stained with 100 pl of antibody dilution buffer containing 1:100
dilution of anti-phospho-Chk1 (Ser345) antibody at 4°C overnight. Next, cells were washed
twice and resuspended in 100 pl of antibody dilution buffer containing 1:200 dilution of Alexa
Fluor 488-conjugated goat anti-rabbit IgG (H+L) for incubation at room temperature for 30 min in
the dark. After washing twice, HCT116 cells were resuspended in 75 ul PBS containing 0.375
pg of FxCycle Violet Stain (F10347, Life Technologies), and XP-C cells were resuspended in
150 pl of PBS containing 1.5 pg Pl and 75 ug RNase A, followed by flow cytometry analysis. For
the kinetic analysis of phospho-Chk1 induction in S phase following UV irradiation (Figure
3.81), fluorescence signals of phospho-Chk1 were measured in S phase cells that were defined
as 2N < DNA content (FxCycle Violet or PI) < 4N.

For evaluating two different DNA treatments (HCI or DNase) for their abilities to
simultaneously detect UV lesions and phosphoproteins (Figure 3.82), XP-C (GM15983) cells
were irradiated with 30 mJ/cm? UVB (or sham-irradiated) and were harvested immediately (0 hr)
or 1 hr after irradiation. For DNase treatment, cells were fixed in 2% formaldehyde and
permeabilized by overnight incubation in 90% methanol at —20°C. Cells from a 35-mm dish were
then treated with 31.25 ul of DNase reaction buffer containing 3.125 units of RQ1 RNase-free
DNase (M6101, Promega) at 37°C for 1 hr. For HCI treatment, harvested cells were directly
incubated in 90% methanol at —20°C overnight. Cells from a 35-mm dish were then
resuspended in 100 ul of 2 N HCI diluted in water from 12 N HCI. After incubation of cells with
HCI at room temperature for 10 min, cells were centrifuged and incubated in 100 pl of 0.1 M
sodium tetraborate decahydrate (S248, Fisher Scientific) at room temperature for 5 min, and
were resuspended in 500 pl PBS. DNase-treated or HCI-denatured cells were washed and

blocked with 1% BSA in PBS. Each sample (equivalent to half of the cells from a 35-mm dish)
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was stained with 100 pl of antibody dilution buffer containing 1:100 dilution of anti-phospho-
Chk1 (Ser345) (133D3) rabbit monoclonal and 1:1000 dilution of anti-CPD mouse monoclonal
antibodies at room temperature for 1 hr. Cells were washed twice and resuspended in 100 pl of
antibody dilution buffer containing 1:200 dilution of Alexa Fluor 488-conjugated goat anti-rabbit
IgG (H+L) and 1:800 dilution of Alexa Fluor 647-conjugated donkey anti-mouse IgG (H+L) for
incubation at room temperature for 30 min in the dark. After washing twice, cells were
resuspended in 150 ul PBS containing 0.75 pg of FxCycle Violet Stain (F10347, Life
Technologies), followed by flow cytometry analysis.

For experiments validating lesion-specific photorepair of UV lesions in cells expressing
polyhistidine (His)-tagged photolyase (Figure 3.2), 3 x 10°> XP-C cells (GM15983) plated on a
35-mm dish were incubated at 37°C for 16 hr and then transfected with His-tagged photolyase
plasmid (or control vector). After 48 hr, cells were irradiated with 30 mJ/cm? UVB. For “0 hr”
sample, cells were harvested immediately after UV (or sham) irradiation. For photorepair, 2 ml
of HBSS was added to a 35-mm dish, and the dish of cell culture was illuminated at room
temperature for 0.5, 1, 2, or 4 hr until harvest. After harvest, cells were fixed by 2%
formaldehyde and permeabilized by 90% methanol incubation at —20°C overnight. Next, cells
were treated with 31.25 pl of DNase reaction buffer containing 3.125 units of RQ1 RNase-free
DNase at 37°C for 1 hr. After blocking, each sample (equivalent to half of the cells from a 35-
mm dish) was stained with 100 pl of antibody dilution buffer containing 1:1000 dilution of anti-
CPD or anti-6-4PP mouse monoclonal antibodies at room temperature for 1 hr. Cells were then
washed twice and resuspended in 100 ul of antibody dilution buffer containing 1:800 dilution of
Alexa Fluor 647-conjugated donkey anti-mouse IgG (H+L) for incubation at room temperature
for 30 min in the dark. After washing twice, cells were resuspended and incubated at room
temperature for 1 hrin 100 pl of antibody dilution buffer containing R-PE-conjugated anti-His-tag
(clone OGHis) mouse monoclonal antibody (1:2000) that was conjugated with R-PE using

Zenon R-PE Mouse 1gG,, Labeling Kit. Cells were washed twice and resuspended in 150 pl of
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PBS containing 0.75 ug of FxCycle Violet Stain, followed by flow cytometry analysis.

For experiments detecting UV lesions that were surrounded by ssDNA (Figures 3.5B
and 3.5C), 1 x 10° XP-C cells (GM15983) plated on a 60-mm dish were incubated at 37°C for
17 hr. Cells were UV-irradiated and incubated in culture medium at 37°C in the dark until
harvest. Cells were harvested by trypsinization immediately (0 hr), 0.05, 0.5, 2, 4, 7, or 10 hr
after UV irradiation, or immediately (O hr) after sham irradiation. After harvest, cells were fixed in
2% formaldehyde and permeabilized by 90% methanol incubation at —20°C overnight. Cells
were split into two samples, which were subsequently treated with or without DNase. For DNase
treatment, cells (equivalent to a half of 60-mm culture) were treated with 125 ul of DNase
reaction buffer containing 12.5 units of RQ1 RNase-free DNase at 37°C for 1 hr, followed by
blocking in 1% BSA in PBS. For samples without DNase treatment, cells (equivalent to half of a
60-mm culture) were incubated in 1% BSA in PBS for blocking. Each sample (DNase-treated or
untreated) was further split into two for subsequent immunostaining. Cells (equivalent to 25% of
the cells from a 60-mm dish) were resuspended in 100 ul of antibody dilution buffer containing
1:1000 dilution of anti-CPD or anti-6-4PP mouse monoclonal antibodies at 4°C overnight. Next,
cells were washed twice and resuspended in 100 pl of antibody dilution buffer containing 1:800
dilution of Alexa Fluor 647-conjugated donkey anti-mouse IgG (H+L) for incubation at room
temperature for 30 min in the dark. After washing twice, cells were resuspended in 200 pul of
PBS containing 2 ug Pl and 100 ug RNase A, followed by flow cytometry analysis. For the
kinetics of lesion signals in S phase following UV irradiation (Figure 3.5C), fluorescence signals
of CPD and 6-4PP were measured in S phase cells that were defined as 2N < DNA content (PI)

< 4N.

Replication track analysis combined with flow sorting
For experiments quantitating DNA replication progression in cells before and after UV

irradiation and photorepair (Figure 3.4), XP-C cells (GM15983) were transfected with
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photolyase plasmids (or control vector) 48 hr prior to UV irradiation. Thirty-four hours after
transfection, cell culture medium was replaced with fresh medium to increase viability of
transfected cells. Cell culture medium was replaced with 50 pM IdU-containing medium 1.5 hr
prior to UV irradiation (46.5 hr after transfection) and incubated at 37°C for 1 hr. Cells were then
rinsed with fresh medium twice and incubated in fresh medium without thymidine analogs for 30
min at 37°C. UVB irradiation and subsequent photorepair were performed as mentioned above.
Following 2 hr of visible light illumination, HBSS was replaced with 10 uM EdU-containing
medium. After 1 hr incubation with EdU at 37°C, cells were rinsed with fresh medium twice and
incubated in fresh medium without thymidine analogs for 30 min at 37°C. Cells were then
harvested by trypsinization (3.5 hr after UV irradiation). In this experimental design, 30-minute
incubation in fresh medium without thymidine analogs prior to sham or UV irradiation was critical
to eliminate a potential discrepancy in lengths of labeled DNA between UV and sham samples
in the 1st labeling, because incorporation of thymidine analogs that were already in cells may be
inhibited immediately after UV irradiation but not after sham irradiation. In addition, to have a
consistent labeling schedule between the 1st (pre-sham/UV) and 2nd (post-sham/UV) labeling
periods, another 30-minute incubation without thymidine analogs was included immediately
before harvest. After harvest, cells were fixed in 2% formaldehyde and permeabilized by
overnight incubation in 90% methanol at —20°C as described above. After blocking with 1% BSA
in PBS at room temperature for 10 min, the expression of His-tagged protein was detected by
incubating cells (from a 35-mm dish) in 200 yl of antibody dilution buffer containing anti-His-tag
mouse monoclonal antibody (1:2000, clone OGHis, D291-3, 1gG24, 1 pg/pl, MBL) that was
conjugated with R-phycoerythrin (R-PE) using Zenon R-PE Mouse IgG,, Labeling Kit (225155,
Life Technologies) at a Fab:antibody molar ratio of 3:1. Following 1 hr incubation at room
temperature in the dark, cells were washed and resuspended in 100 ul of 1% BSA in PBS and
were sorted using a FACSAria Flow Sorter (BD Biosciences). Approximately 1 x 10° single cells

that showed high signals of His tag (photolyase-expressing cells) were collected via flow sorting.
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Cells transfected with control vector (no photolyase) were collected without flow sorting. Flow-
sorted (photolyase-expressing) and unsorted (control vector-transfected) cells were centrifuged
at 700 x g for 5 min and washed with 500 pl agarose insert buffer (10 mM Tris pH 7.5, 20 mM
NaCl, 50 mM EDTA solution in water). Cells were centrifuged again and resuspended in 30 pl
agarose insert buffer. To embed cells in agarose, an equal amount of melted 2% low-gelling-
temperature (LGT) DNase-free agarose was added to the cell suspension, and the mixed
solution was immediately transferred into an agarose insert mold and incubated at 4°C for 1 hr.
After solidification, the agarose gel insert was stored in agarose insert buffer in a 2-ml tube at
4°C until use. To release genomic DNA from embedded cells, the agarose gel insert was
incubated in 500 pl lysis buffer (100 mM EDTA pH 8.0, 0.2% sodium deoxycholate, 2% sodium
lauryl sarcosine, 1 mg/ml proteinase K in water) at 55°C overnight. After 55°C incubation,
agarose gel insert was kept at room temperature for 5 min to harden the gel. Agarose gel insert
was washed four times at room temperature in 1 ml 1x TE buffer (10 mM Tris, 1 mM EDTA, pH
8.0) for 30 min each on a rocking platform. To release DNA from agarose gel insert, 300 pl 1x B-
Agarase | Reaction Buffer (B0392S, New England Biolabs) was added to agarose gel insert,
which was then melted by heating at 71°C for 10 min. Melted agarose was digested by adding 3
pl of B-Agarase | (1000 units/ml, M0392L, New England Biolabs) and incubating at 42°C for 20
hr. After digestion of agarose, 30 ul of 10x TE buffer (pH 8.0) was added to agarose-digested
DNA solution to neutralize B-Agarase buffer (pH 6.5). Final volume of DNA solution was
approximately 393 ul (30 ul agarose insert buffer, 30 yl 2% agarose, 300 yl 1x B-Agarase |
Reaction Buffer, 3 pl B-Agarase I, 30 yl 10x TE buffer), and this DNA solution was used for
microfluidic-assisted replication track analysis (maRTA) and immuno-slot blot. To align DNA
fibers on glass coverslips using microfluidics, maRTA was performed as previously described
(140), with modifications. Specifically, an oxygen plasma-treated PDMS (polydimethyl siloxane)
patch with a series of microchannels (50—450 ym wide, 3-5 pm height) was laid on a silanized

glass coverslip, and 1 ul of DNA solution was loaded at the edge of the PDMS patch. DNA
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solution went through microchannels by capillary tension, and DNA fibers were aligned and
bound to silanized coverslips. The PDMS patch was then separated from the coverslip.
Coverslips onto which DNA was aligned and bound were air-dried overnight for subsequent
immunostaining. Next, the coverslip was placed in a well of a 6-well plate and treated with 1.5
ml of 2.5 N HCI for 45 min on a rocking platform to denature DNA. HCI was removed and
neutralized by rinsing with 2 ml of 0.1 M sodium borate (pH 8.5) and then 2 ml PBS, and
coverslip was rinsed with 1 ml of 3% BSA in PBS. IdU and EdU signals were detected by the
following sequential staining: (i) for 1st label (IdU, green signal): anti-ldU (mouse) and Alexa
Fluor 488-conjugated anti-mouse antibodies; (ii) for 2nd label (EdU, red signal): biotin azide,
Texas Red-NeutrAvidin, anti-avidin antibody (biotinylated), and Texas Red-NeutrAvidin. For
EdU detection, 50 ul per coverslip of Click chemistry reaction mixture containing 20 yM biotin
azide (B10184, Life Technologies), 11 mM sodium L-ascorbate (A4034, Sigma), and 2.2 mM
CuSO0, (C489, Fisher Scientific) was prepared in PBS immediately prior to use. EdU was
conjugated with biotin azide via Click chemistry reaction for 30 min at room temperature. The
coverslip was then rinsed twice with 1 ml of 3% BSA in PBS and was blocked in 1 ml blocking
buffer (10% normal goat serum (ACL1200-100, Accurate Chemical), 5% BSA, 0.5% Tween-20
in PBS) at room temperature for 20 min. Biotin azide was then bound to NeutrAvidin through
incubating the coverslip at room temperature for 1 hr with 20 pl of blocking buffer containing
Texas Red-conjugated NeutrAvidin biotin-binding protein (1:15, A2665, Life Technologies). The
coverslip was then washed three times with 1 ml of wash buffer (1% BSA, 0.1% Tween-20 in
PBS) for 5 min each on a rocking platform. Next, DNA was stained with 20 ul of blocking buffer
containing anti-BrdU/IdU mouse (clone B44) antibody (1:6, #347580, BD Biosciences) and
biotinylated anti-avidin goat antibody (1:30, BA-0300, Vector Laboratories) at room temperature
for 1 hr. After washing with 1 ml wash buffer for 5 min three times, DNA was stained with 20 pl
of blocking buffer containing Alexa Fluor 488-conjugated goat anti-mouse 1gG (H+L) (1:1000,

A11001, Life Technologies) and Texas Red-NeutrAvidin (1:15, A2665, Life Technologies).

63



Chapter 3

Following staining, the coverslip was washed with 1 ml wash buffer for 5 min three times, rinsed
with 1 ml of water, and air-dried. The stained coverslip was mounted face down on a
microscope slide and affixed with nail hardener at four corners of the coverslip, without the use
of mounting medium.

Immunofluorescent images of labeled DNA were captured through GFP (green signal for
IdU) and Texas Red (red signal for EdU) filter sets using a Zeiss Axiovert microscope with an
oil-immersion 40x objective. The filter set corresponding to the 1st label (IdU; as the pre-
sham/UV control) was used to select areas with adequate density of DNA fiber for image
acquisition, and immunofluorescent images of two labels were acquired in each field
(approximately 30-50 fields per coverslip). Track lengths of both labels (IdU, pre-sham/UV;
EdU, post-sham/UV) in acquired immunofluorescent images were measured using the Zeiss
AxioVision software. DNA fibers that were thick, faint, wavy, crossed, overlapped, truncated at
the edge of an image, or shorter than 3 ym (indistinguishable from nonspecific dots) were
excluded from measurement. A separate experiment using EdU as 1st label and IdU as 2nd
label was performed to avoid detection bias against two different fluorescent signals, and this
approach yielded a result highly analogous to the experiment using 1dU as 1st label and EdU as
2nd label. To analyze track length data from two independent experiments, 250 track length
values of each label were randomly selected from each experiment and were combined from
two experiments (total 500 tracks of each label for each UV/transfection condition). Combined
track length data were plotted as binned, cumulative distributions of track lengths (bins were in
4-um increments). Statistical significance between track length distributions of 1st and 2nd

labels was determined by Mann-Whitney test using Prism 5 (GraphPad Software).

Immuno-slot blot assay
For experiments validating the antibody specificity for UV lesions on ssDNA (Figure

3.5A), UV-irradiated DNA was prepared using two different methods. For “in cells” UV irradiation
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samples, XP-C cells (GM15983) were irradiated with UVB 30 mJ/cm? as described above and
then harvested by scraping immediately after irradiation. Genomic DNA was extracted from
these UV-irradiated cells using QlAamp DNA Blood Mini Kit (#51104, Qiagen) and RNase A
(#19101, Qiagen), and DNA concentrations were measured using NanoDrop 1000 UV-Vis
spectrophotometer (Thermo Scientific). Next, DNA solutions were prepared in 100 ul of PBS per
sample to have 120 ng (for ssDNA detection), 200 ng (for CPD detection), or 800 ng (for 6-4PP
detection) of genomic DNA. For “in vitro” UV irradiation samples, genomic DNA was extracted
from unirradiated XP-C cells (GM15983) using QlAamp DNA Blood Mini Kit and RNase A, and
100 pl of PBS containing the above-mentioned amount of extracted DNA was placed on a dish
lid and was irradiated with UVB 30 mJ/cm?. For heat denaturation, DNA solutions of "in vitro"
and "in cells" UV irradiation samples in 1.5-ml tubes were boiled in 100°C water for 10 min and
rapidly chilled on ice for 15 min. Heat-denatured or non-denatured DNA solutions were spotted
onto Hybond-N+ positively charged nylon membrane (RPN1210B, GE Healthcare) using
Minifold Il slot-blot system (SRC 072/0, Schleicher & Schuell, Inc.) under vacuum, and 100 pl of
Milli-Q water was used to rinse each slot after loading DNA. Membranes were kept in the slot-
blot system under vacuum for 10 min and then were baked at 80°C using a gel dryer (Savant
SGD4050) for 2 hr for DNA immobilization. After baking, membranes were incubated in blocking
buffer (5% dry milk (#170-6404, Bio-Rad), 0.1% sodium azide (S2002, Sigma-Aldrich), 0.1%
Tween-20 in PBS) on a shaker at room temperature for 30 min. Each membrane was then
incubated in 3 ml of buffer (5% dry milk, 0.1% Tween-20 in PBS) containing mouse monoclonal
antibodies against ssDNA (1:150, clone F7-26, IgM, MAB3299, Millipore), CPD (1:2000, TDM-2,
1gG2ak, Cosmo Bio), or 6-4PP (1:500, 64M-2, 19G,.«, Cosmo Bio) on a shaker at 4°C overnight.
After three times of washing (1 min each) using wash buffer (0.1% Tween-20-containing PBS),
membranes were incubated in 15 ml of buffer (1% dry milk, 0.1% Tween-20 in PBS) containing
horseradish peroxidase (HRP)-linked goat anti-mouse IgM antibody (1:1500, sc-2973, Santa

Cruz Biotechnology) or HRP-linked whole antibody against mouse IgG (from sheep) (1:2500,
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NA931, GE Healthcare) at room temperature for 30 min. Membranes were washed three times
(15 min each), and chemiluminescence was assessed using 2 ml of Amersham ECL Western
Blotting Detection Reagent (RPN2209, GE Healthcare) or 1 ml of Luminata Forte Western HRP
Substrate (WBLUFO0100, Millipore). Membranes were then exposed to Kodak BioMax XAR Film
(#165-1454, Carestream Health) for chemiluminescence detection. For total DNA (including
dsDNA and ssDNA) detection as loading control, membranes were subsequently washed with
wash buffer for 1 min three times, rinsed with PBS, and incubated with 1x SYBR Gold Nucleic
Acid Gel Stain (S11494, Life Technologies) that was diluted in PBS on a shaker at room
temperature for 10 min. Membranes were then washed with wash buffer for 1 min three times,
and SYBR Gold signals were detected by FluorChem Q Imaging System (ProteinSimple) with
475 nm excitation channel and 537 nm emission filter.

For validation of lesion-specific photorepair in flow-sorted cells (Figure 3.4B), DNA
prepared for maRTA was used for immuno-slot blot assay. DNA concentrations were
determined by interpolating from logarithmic trendline of band intensities of standard DNA in
agarose gel electrophoresis. DNA isolated from sorted cells was diluted in 100 pl of PBS to
have 30 ng (for CPD detection) or 120 ng (for 6-4PP detection) of DNA. DNA solutions were
boiled, rapidly chilled, and spotted onto Hybond-N+ positively charged nylon membrane.
Subsequent steps of immuno-slot blot assay and SYBR Gold staining were performed as

described above.
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Figure 3.1 UV-induced phosphorylation of Chk1 is strictly limited to S phase as revealed
by flow cytometry.
Cell cycle-specific induction of Chk1 phosphorylation in an unsynchronized population was

assessed on a single cell basis by flow cytometry.
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(A) HCT116 cells were sham- (left panel) or UVB- (right panel) irradiated and harvested after 1
h. Phosphorylation of Chk1 at Ser345 (pChk1) was evaluated as a function of DNA content to
assess cell cycle-dependent pChk1 status. Percentage of pChk1(+) cells is shown in red.
(B—E) XP-C cells (GM15983) were pulse-labeled with EdU for 1 h, followed by sham (left
panels) or UVB irradiation (right panels), and harvested 1 h after irradiation.

(B) Phosphorylation of Chk1 at Ser345 (pChk1) was evaluated as a function of DNA content.
Percentage of pChk1(+) cells is shown in red.

(C) UV-induced pChk1 strongly correlates with EdU incorporation. Percentage of EdU(+)
pChk1(+) cells is shown in red.

(D) EdU incorporation and DNA content were used to identify five cell cycle subpopulations (Gy,
early S, S, early G, and G,/M phases; pink boxes identify gates used).

(E) pChk1 was evaluated for the cell cycle subpopulations defined in panel D.
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Figure 3.2 Selection of cells with a single type of UV lesion using photolyase and flow
cytometry.

(A) Flow cytometry identifies photolyase-expressing cells that exhibit light-dependent, lesion-
specific repair (photorepair) in all cell cycle phases. XP-C cells (GM15983) transfected with
control vector, His-tagged CPD-photolyase (CPD-PL), or His-tagged 6-4PP-photolyase (6-4PP-
PL) were sham- or UV-irradiated, and were harvested immediately (O h) or after 2 h with (Light)
or without (Dark) visible light illumination. Fixed cells were subjected to DNase treatment for
lesion detection. Expression of photolyase was evaluated by level of His tag, and cell cycle
phases were assessed by DNA content staining using FxCycle Violet dye. Left panels show
histogram of His tag signal. Control vector-transfected cells (whole population including His(+)
and His(-)) or photolyase-expressing cells (His(+)) were selected for lesion detection (as

indicated in blue in histogram with percentage). Middle and right panels show the levels of CPD
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or 6-4PP as a function of DNA content from these selected populations. CPD(+), 6-4PP(+), and
lesion-negative populations are indicated in red, green, and black, respectively.

(B) Time course of CPD and 6-4PP photorepair by lesion-specific photolyase. XP-C cells were
transfected with CPD-PL (closed circles) or 6-4PP-PL (open squares). Cells were sham- or
UVB-irradiated (30 mJ/cm?) and were subsequently illuminated with visible light until harvest at
the indicated time points. Remaining lesions in photolyase-expressing cells (His tag-positive)
were assessed by flow cytometry as in (A). Background signal (based on sham-treated cells)

was subtracted, and lesion signal at 0 h (immediately after UV) was set to 100%.
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Figure 3.3 6-4PP, but not CPD, potently induces phosphorylation of Chk1.

(A) Experimental design for analyzing cells that enter S phase with a specific type of lesion. XP-
C cells (GM15983) transfected with control vector (Ctrl), CPD-photolyase (CPD-PL), and/or 6-
4PP-photolyase (64PP-PL) were labeled with EAU prior to UV. Following UVB 30 mJ/cm?
irradiation, cells were illuminated with visible light for photorepair. Cells were labeled with BrdU
prior to harvest. EQU(-)BrdU(+) population represents cells that were UV-irradiated outside S
phase, photorepaired, and then entered S phase with specific type(s) of lesion. Photolyase-
expressing cells (His tag-positive) were analyzed for levels of CPD, 6-4PP, and Chk1
phosphorylation at Ser345 (pChk1) in EAU(—)BrdU(+) population.

(B) EdU(-)BrdU(+) population of UV-irradiated cells is in early S phase. UV-irradiated, control
vector-transfected cells were stained with propidium iodide for DNA content. Cell cycle profiles
of whole population (gray) and its subpopulations of EAU(-)BrdU(-) (blue) and EdU(-)BrdU(+)
(red) are shown.

(C) Phosphorylation of Chk1 is potently induced in cells with 6-4PP, but not in cells with CPD,
upon S phase entry. The levels of CPD, 6-4PP, and pChk1 (Ser345) in cells that newly entered
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S phase (EdU(-)BrdU(+) population) were evaluated using antibody-based flow cytometry

assay. The mean + SEM (four independent experiments) of fluorescence signals (arbitrary

units) are shown. Statistical significance was determined by t-test. *, P < 0.05; **, P < 0.01.
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Figure 3.4 DNA replication is slowed by 6-4PP, but not CPD lesions.

(A) Experimental design to quantitate DNA replication progression in cells with specific type(s)
of lesion(s). XP-C cells (GM15983) transfected with control vector, CPD-photolyase (PL), 6-
4PP-PL, or both photolyases were labeled with IdU prior to sham or UVB 30 mJ/cm?. Following
sham or UV irradiation, cells were exposed to visible light for photorepair and were then labeled
with EdU prior to harvest. Photolyase-expressing cells (His tag-positive population) were
collected by flow sorting. Genomic DNA extracted from sorted (photolyase-expressing cells) or
unsorted (for control vector) cells were subjected to immuno-slot blot or microfluidic-assisted
replication track analysis (maRTA; a representative image of segments of labeled DNA (‘tracks’)
is shown).

(B) Slot-blot validation of lesion-specific photorepair of DNA used for maRTA. Extracted
genomic DNA was heat-denatured and then spotted onto membranes. Membranes were probed
with anti-CPD or anti-6-4PP antibodies and were subsequently stained with SYBR Gold for total
DNA detection.
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(C) Replication is slowed on DNA with 6-4PP, but not on DNA with CPD. Genomic DNA was
aligned through microchannels using microfluidics and stained for IdU and EdU (maRTA).
Replication track lengths of 1st (IdU; pre-sham/UV) and 2nd (EdU; post-sham/UV) labels were
measured in two independent experiments, and combined data are shown as cumulative
distributions (n = 500 tracks for each label). The remaining lesion type(s) (as validated in (B))
are indicated in parentheses above each UV graph. Statistical significance was determined by

Mann-Whitney test. Two conditions showed P < 0.0001 as indicated.
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Figure 3.5 6-4PP lesions preferentially become surrounded by ssDNA.
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Chapter 3

(A) Lesion-specific antibodies recognize CPD or 6-4PP on ssDNA, but not on dsDNA. For “in

vitro” UV irradiation samples, genomic DNA was extracted from unirradiated cells and

subsequently irradiated with UVB 30 mJ/cm? in vitro. For “in cells” irradiation samples, genomic

DNA was extracted from cells that were irradiated with UVB 30 mJ/cm?. DNA was left untreated

or heat-denatured at 100°C for 10 min, and was spotted onto membranes for immuno-slot blot

using antibodies specific for ssDNA, CPD, or 6-4PP. The same membranes were stained with

SYBR Gold for total DNA detection.
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(B) UV lesions on ssDNA under non-DNase condition become detectable in S phase long after
UV, but not immediately after UV. XP-C cells (GM15983) were harvested immediately (0 h) or
10 h after sham or UVB 30 mJ/cm?. Fixed cells were left untreated or treated with DNase. CPD
and 6-4PP were detected using lesion-specific antibodies validated in panel A to only recognize
the lesions when on ssDNA. DNA content was assessed using propidium iodide (PI). Flow
cytometry data from two samples (DNase(+) and DNase(-)) were overlaid on each plot.

(C) In S phase cells, 6-4PP lesions are increasingly surrounded by ssDNA. Signal intensities of
CPD and 6-4PP in S phase at various time points following UV were measured using the same
flow cytometry assay as in panel B. Relative signal intensities of CPD or 6-4PP in S phase were
calculated relative to 0 (sham irradiation at 0 h) and 1 (UVB 30 mJ/cm? at O h with DNase

treatment).
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Figure 3.S1 Rapid induction and differential persistence of Chk1 phosphorylation
following UV in NER-proficient and NER-deficient cells.

NER-proficient HCT116 (A) and NER-deficient XP-C (GM15983) (B) cells were irradiated with
UVB 30 mJ/cm? and then harvested at various time points after UV. Sham samples were mock-
irradiated (no UV) and harvested immediately (0 h). The level of Chk1 phosphorylation at
Ser345 (pChk1) was measured in S phase cells using flow cytometry. Horizontal dotted line

indicates the level of pChk1 that was detected in sham-treated cells harvested at O h.
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Figure 3.S2 Development of a flow cytometry assay allowing detection of UV lesions and
phosphoproteins.

(A and B) DNase allows detection of both UV lesions and phosphoproteins. XP-C cells
(GM15983) were harvested immediately (0 h) or 1 h after sham or UVB 30 mJ/cm? irradiation.
After fixation, cells were treated with HCI or DNase, or left untreated (No Tx). Cells were stained
with anti-CPD (A) or anti-phosphorylated Chk1 (Ser345) (B), in addition to staining of FxCycle
Violet for DNA content. Percentage of CPD(+) cells and pChk1(+) cells are shown in panel A

and B, respectively.
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Figure 3.83 Phosphorylation of Chk1 is potently induced by 6-4PP, but not CPD, in a
separate XP-C cell line.

An XP-C cell line (GM16093) derived from a different patient was analyzed using the same
experimental design as used for the GM15983 cell line in Figure 3.3A. The levels of CPD, 6-
4PP, and phosphorylation of Chk1 at Ser345 (pChk1) in EAU(-)BrdU(+) cells (UV-irradiated
outside S phase, underwent photorepair, and then entered S phase) were evaluated in control
vector-transfected cells (Ctrl; black) and in cells expressing CPD-photolyase (CPD-PL; gray), 6-
4PP-photolyase (64PP-PL; hatched), or both photolyases (white). Fluorescence signals

detected by flow cytometry using the indicated antibodies are shown (arbitrary units; n = 1).
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Chapter 4. Summary and future directions

4.1 Proposed model of lesion-specific ATR activation

UV irradiation generates two major types of DNA lesions (CPD and 6-4PP) that could
eventually lead to development of skin cancer, the most prevalent cancer in humans. In
response to UV, cells activate the ATR signaling pathway to survive DNA damage. We
hypothesized that two structurally distinct types of UV-induced DNA lesions (CPD and 6-4PP)
have different abilities to block DNA replication and activate the ATR-Chk1 pathway (Chapter 2).
In the present study, by generating cells with a single type of UV lesions, we found that UV-
induced replication blockage and ATR activation are mediated by 6-4PP, but not CPD (Chapter
3). Based on these findings, we propose a model for how 6-4PP lesions (but not CPD lesions)
impede DNA replication, leading to ATR activation (Figure 4.1). In this model, stalled DNA
replication promptly restarts downstream of CPD lesions, and the resulting ssDNA gaps are
efficiently filled by TLS. As a result, ssDNA generated at CPD lesions may be short in length
and transient in appearance and thus, not sufficient for ATR activation. In contrast, repriming
downstream of 6-4PP lesions may be delayed or inhibited, and TLS across 6-4PP is profoundly
blocked. Extensive and persistent ssDNA may therefore be preferentially generated at 6-4PP
lesions, leading to potent ATR activation.

Although our data suggest that repriming could promptly occur at CPD lesions but tends
to be delayed or blocked at 6-4PP lesions, it is unclear how repriming is differentially initiated at
distinct types of lesions. One possibility is that efficient TLS may facilitate repriming so that TLS
and repriming are both efficient at CPD, but not at 6-4PP lesions. This could be tested using

XP-V cells with only CPD lesions: determine whether deficiency in Pol ) impedes not only TLS
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across CPD but also repriming downstream of CPD. TLS and repriming could be assessed by
maRTA (as used for Figure 3.4) and lesion-specific antibodies that recognize lesions on ssDNA
(as used for Figure 3.5). If inefficient TLS blocks repriming, delayed repriming downstream of 6-
4PP lesions is likely a consequence of inefficient TLS across 6-4PP. Elucidating the interplay
between TLS and repriming will provide insight into how cells tolerate DNA-distorting lesions

during replication.
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4.2 Significance: implications of our findings for mysteries in the field

While UV carcinogenesis has been extensively studied, the basis for some prior findings
on mutagenic outcomes of UV-damaged cells remains elusive. Specifically, how the two major
types of UV lesions differentially contribute to UV carcinogenesis remains unclear. Moreover,
how UV exposure at varying wavelengths leads to differential mutagenicity is not well
understood. It is possible that the status of ATR activation is critical in determining the
contribution of UV lesions to induce mutations and cause cancers, due to the extensive
involvement of ATR in replication progression, cell cycle transition, and DNA repair. Based on
our findings of distinct roles of CPD and 6-4PP in ATR activation, we propose the following
models that may explain differential mutagenic outcomes, depending on types of UV lesions
and ATR activation status (Figure 4.2). In cells with both types of UV lesions, ATR is activated,
leading to inhibition of new origin firing (Figure 4.2A). This decreases the likelihood of UV
lesions being encountered by replicative polymerases and thus, reduces the need for TLS (a
process that is inherently mutagenic). If ATR is inhibited in cells with both types of UV lesions,
origin firing and mitotic entry would not be suppressed (Figure 4.2B). Under such
circumstances, replicative polymerases more frequently encounter UV lesions. While cell cycle
progression is not inhibited, 6-4PP lesions may prolong replication blockage, leading to
premature mitotic entry without completion of DNA replication. In contrast, when CPD is the only
major type of UV lesion present in cells, ATR is not activated, and DNA replication could be
completed via TLS across CPD, a process that could increase a mutation burden (Figure 4.2C).
These models may provide a plausible basis for two prior observations that remained mysteries

in the field.

Why does 6-4PP photorepair in mice have no protective effect on UV tumorigenesis?

A prior study using photolyase transgenic mice demonstrated that while CPD
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photorepair in skin decreased the incidence of skin tumor formation following chronic UV
irradiation, photorepair of 6-4PP lesions had no effect on suppressing UV tumorigenesis (126).
This is surprising because studies with UV-irradiated plasmids had shown that both CPD and 6-
4PP lesions are mutagenic, with 6-4PP being even more mutagenic than CPD on a per-lesion
basis (16, 133). The lack of an effect of 6-4PP photorepair on suppressing UV tumorigenesis in
mice could be due to rapid NER of 6-4PP lesions. Because 6-4PP lesions are rapidly removed
by NER (half-life of ~2 h), additional repair of 6-4PP via 6-4PP-photolyase would not be
effective in suppressing UV tumorigenesis when NER is proficient. Notably, our findings may
provide an alternative explanation for the observation that 6-4PP photorepair has no cancer-
preventive effect. Because ATR activation is 6-4PP-dependent, photorepair of 6-4PP in UV-
irradiated transgenic mice may significantly reduce ATR activation (Figure 4.2C). As a
consequence, new replication origin firing, which is normally inhibited by ATR upon DNA
damage, may occur. This facilitates DNA replication in the presence of CPD, an inherently error-
prone process. Therefore, although 6-4PP photorepair may reduce 6-4PP-derived mutations,
this effect may be offset by a greater increase in mutation incorporation resulted from TLS

across the far more abundant CPD lesions, if ATR is not activated.

Why does UV mutagenesis peak at UVA-UVB border wavelengths?

Although the wavelength-dependent formation of UV-induced DNA lesions has been
investigated (8, 9, 152), the relationship between UV wavelengths and mutagenicity is less well
understood. While it has been known that more DNA lesions are generated at shorter
wavelengths (9), mutagenicity does not consistently increase as wavelengths shorten. In fact,
UV mutagenicity peaks at around 315 nm, the border between UVA and UVB (153). To date, it
is not clear why these border wavelengths, rather than shorter wavelengths which generate
more DNA lesions, show the highest mutagenicity. A noteworthy difference between UVA and

UVB irradiation, which could be relevant to the highest mutagenicity at the border wavelengths,
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is that 6-4PP can be generated by UVB, but not by UVA (9). Because our findings suggest that
ATR activation is 6-4PP-dependent, it is likely that UVA does not activate ATR. Therefore, UVA-
UVB border wavelengths would generate a substantial number of UV lesions (predominantly
CPD lesions) without activating ATR. Consequently, new replication origin firing could occur
even though a considerable number of CPD lesions are present. This increases TLS across
CPD lesions, leading to high mutation frequency (Figure 4.2C). Further investigation is needed
to test whether lack of ATR activation in cells with CPD lesions leads to high mutation frequency

or not.
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4.3 Future directions

Human epidemiological studies and mouse in vivo data demonstrate that intake of
caffeine (a nonspecific ATR inhibitor) prevents UV-associated skin cancers. The cancer-
preventive effect of caffeine is likely associated with ATR inhibition because genetic inhibition of
ATR in mouse skin also prevents UV-induced carcinogenesis (69% fewer tumors), compared to
littermate controls with normal ATR function (62). Enhanced apoptosis of UV-irradiated skin
cells has been suggested as a mechanism by which caffeine protects skin from UV-induced
cancer development (Figure 4.2B). Increased apoptosis by ATR inhibition could be due to
prolonged replication blockage at 6-4PP lesions and would not occur in the absence of 6-4PP
[following UVA irradiation (no 6-4PP generated) or after selective 6-4PP photorepair]. However,
it remains unclear how ATR inhibition preferentially eliminates DNA-damaged cells that are
particularly at risk of developing into cancers. Moreover, it has not been investigated whether
there is a separate mechanism by which ATR inhibition could suppress UV carcinogenesis.
Translationally, it would be important to determine the most effective timing (immediately or long
after UV) for ATR inhibition to prevent skin carcinogenesis. These unanswered questions will
broaden our understanding of UV-induced DNA damage responses, connecting checkpoint

signaling with TLS, mutagenesis, and carcinogenesis.

Does ATR regulate TLS?

Translesion synthesis (TLS) is an important process for cells to cope with UV-induced
replication blockage. TLS employs low-fidelity DNA polymerases to replicate across DNA
lesions in a relatively error-prone manner. TLS needs to be tightly regulated because of its
mutagenic potential. Regulation of TLS involves PCNA mono-ubiquitination, which in turn
recruits TLS polymerases to the sites of DNA damage. Interestingly, growing evidence implies

that ATR may also play a role in regulating TLS particularly for 6-4PP lesions. Indeed, a recent
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study showed that caffeine (a nonspecific ATR inhibitor) abolishes TLS mediated by Rev3 (148),
the catalytic subunit of polymerase C that has been implicated in 6-4PP bypass. Therefore, it is
likely that caffeine could inhibit TLS across 6-4PP lesions. However, because caffeine targets
multiple enzymes besides ATR, it is unclear whether ATR is indeed involved in highly mutagenic
6-4PP bypass. This could be tested by determining whether ATR inhibition preferentially
increases the amount of 6-4PP lesions surrounded by ssDNA, using the experimental setting as
described in Figure 3.5. An increase in ssDNA-surrounded 6-4PP lesions after ATR inhibition
would suggest that ATR plays a role in TLS across 6-4PP. If ATR facilitates error-prone TLS,
this could be another mechanism by which ATR inhibition suppresses UV carcinogenesis, in

addition to sensitizing DNA-damaged cells to apoptosis.

Does ATR activation promote UV mutagenesis?

Upon replication stress, ATR regulates diverse cellular processes. The respective roles
of ATR produce possibly conflicting effects on UV mutagenesis (Figure 4.2A). After UV
irradiation, DNA-damaged cells in epidermis could be persistently arrested in S phase and are
removed by outward transit from the basal layer of the epidermis and subsequent shedding from
skin (154). In parallel, ATR inhibits new origin firing and arrests the cell cycle, allowing time for
NER to remove UV lesions. Thus, ATR activation has been thought to have a protective effect
on UV mutagenesis. However, a prior study that quantitated mutation frequency at the HPRT
gene locus showed that depletion of ATR or Chk1 did not increase the UV-induced mutation
frequency (155). These findings question the idea that UV-induced ATR activation protects cells
from incorporating mutations. Instead, an intriguing hypothesis is that ATR activation promotes
UV mutagenesis under some circumstances. This hypothesis is based on prior findings that
ATR activation prevents breakage of stalled replication forks (57) and allows the recruitment of
TLS polymerases to stalled replication forks (89). Thus, ATR may promote TLS across UV

lesions and cell survival, but mutations may be incorporated during TLS. These surviving DNA-
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damaged cells are at risk of developing into cancers. It would be relevant to investigate whether
ATR activation is particularly important for cells to survive 6-4PP lesions, which are highly

mutagenic, thereby increasing UV mutagenesis and subsequent malignant transformation.

When should ATR be inhibited to prevent UV carcinogenesis: immediately versus long
after UV?

While ATR inhibition that sensitizes DNA-damaged cells to apoptosis has been
considered as a promising strategy to prevent UV carcinogenesis, the optimal timing of ATR
inhibition for cancer prevention has not been determined. Moreover, it is unknown whether ATR
inhibition is effective for preventing either UVA- or UVB-induced carcinogenesis or both. The
present study has implications for these translationally significant questions. Because we found
that the ATR-Chk1 pathway is activated predominantly by 6-4PP lesions (half-life of ~2 h), the
effective window for ATR inhibition to prevent UV carcinogenesis might be within the first
several hours following UV exposure. Moreover, as we showed that CPD lesions have no effect
on replication blockage and ATR activation, it is likely that ATR inhibition would not be effective
in cells with only CPD lesions (such as exposure to UVA). To test these hypotheses, an in vivo
study could be designed, comparing the cancer-protective effect of caffeine that is applied

immediately or long after UVA or UVB irradiation.

In conclusion, our study dissecting the individual roles of two major UV-induced DNA
lesions in ATR activation and replication blockage advances the current understanding of UV-
associated DNA damage responses. However, it remains to be determined whether ATR is
involved in error-prone translesion synthesis and whether ATR promotes mutation incorporation.
Further investigation will enable us to better harness the ATR pathway for preventive as well as

therapeutic strategies for UV-induced skin malignancies.
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Figure 4.1 Proposed model depicting how 6-4PP lesions (but not CPD) impede DNA
replication and activate the ATR-Chk1 pathway.

(Left) CPD lesions can be efficiently bypassed via translesion synthesis (TLS) and repriming.
ATR is not activated due to lack of persistent single-stranded DNA (ssDNA).

(Right) TLS and repriming may be delayed or not occur at 6-4PP lesions, leading to generation

of long ssDNA and activation of the ATR pathway.
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Figure 4.2 Proposed models for differential mutagenic outcomes, depending on types of
UV lesions and ATR activation status.
(A) ATR activation in the presence of both CPD and 6-4PP lesions may moderately increase

mutation frequency. ATR could reduce mutation incorporation by stabilizing stalled replication
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forks for DNA repair, or by persistent S-phase arrest of DNA-damaged cells that are shed from
skin. Conversely, ATR-mediated fork stabilization may enable inherently mutagenic translesion
synthesis (TLS) to occur. Collectively, the net result of ATR activation in cells with both CPD
and 6-4PP may be moderately increased mutation frequency.

(B) ATR inhibition in the presence of both CPD and 6-4PP lesions could reduce the mutation
frequency. UV-irradiated cells in which ATR is inhibited (e.g., by caffeine) may be prone to
replication fork collapse and premature mitotic entry, resulting in apoptosis of DNA-damaged
cells and reduced mutation frequency.

(C) Cells with only CPD present may have high mutation frequency due to lack of ATR
activation. New origin firing is not inhibited in UV-irradiated cells in which CPD is the only major
type of lesions and ATR is thus not activated. Continued origin firing may facilitate DNA

replication via TLS across CPD; however, the TLS process increases the mutation frequency.
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