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Abstract

The cryptochrome/photolyase family (CPF) is a group of highly conserved flavoproteins
that harness sunlight to enable various biological processes including photoreception,
DNA damage repair and circadian clock entrainment. Photoreactivation, one of the
principal DNA repair systems is catalysed by the flavoprotein enzymes called
photolyases. These use light as a driving force to repair UV-induced DNA damage and
are encountered in almost all prokaryotes and eukaryotes with the notable, strange
exception of placental mammals. The Foulkes lab’s previous work has demonstrated
that the Somalian cavefish, Phreatichthys andruzzii, which has evolved in a perpetually
dark subterranean environment for millions of years, has greatly attenuated
photoreactivation as the result of accumulating truncation mutations in the 6-4 and
DASH photolyase genes. However, the CPD photolyase gene remains intact and
encodes a protein that can still catalyze DNA repair. Is there selective pressure acting
to maintain CPD photolyase function despite the complete absence of sunlight? Here
| have used a comparative approach involving photolyase mutant lines generated in
medaka as well as zebrafish and cavefish, to reveal that CPD photolyase confers
increased cell survival and enhanced DNA repair capacity upon exposure of cells to
oxidative stress. Furthermore, | demonstrate that light does not influence CPD
photolyase-induced protection against ROS-induced mortality. Interestingly, in the
absence of light, ROS can induce limited CPD production however, it remains unclear
whether CPD photolyase may be able to catalyze the repair of this DNA damage under
constant darkness. My results may account for why the CPD photolyase gene is
conserved in the Somalian cavefish. Furthermore, this may provide clues as to how

and why photolyase genes have been lost during placental mammal evolution.

It has been documented that in various organisms, many CPF flavoproteins possess a
bifunctional property, specifically being not only implicated in DNA repair but also
serving as circadian clock components. In this study, | have shown that the loss of 6-4

photolyase function disrupts rhythmic expression of certain clock genes in a gene- and
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tissue-specific manner. Furthermore, | have shown that 6-4 photolyase participates in
the transcription control of circadian clock genes via repression of transactivation of
the CLOCK-BMAL complex occurring at E-box enhancer elements and via enhancing
TEF transactivation at light-responsive D-box enhancer elements. However, the precise
nature of the physical interaction between 6-4 photolyase and the CLOCK-BMAL
heterodimer and the TEF protein remains unclear. My discovery provides new insight
into the basis of the divergent function of CPF members in vertebrates. Furthermore,
more generally the results obtained in this project reveal how the evolution of the CPF
family of flavoproteins may have been shaped by adaptation to extreme

environmental conditions.

Keywords: photolyase, photoreactivation, oxidative stress, cryptochrome, circadian

clock, cavefish, evolution
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Zusammenfassung

Die Cryptochrom-/Photolyase-Familie (CPF) ist eine Gruppe hochkonservierter
Flavoproteine, die Sonnenlicht nutzen, um verschiedene biologische Prozesse zu
ermoglichen. Dies beinhaltet Photorezeption, die Reparatur von DNA-Schaden und
Entrainment der circadianen Uhr. Die Photoreaktivierung, eines der wichtigsten DNA-
Reparatursysteme, wird durch Flavoprotein-Enzyme, die Photolyasen genannt werden,
katalysiert. Diese verwenden Licht als treibende Kraft, um UV-induzierte DNA-Schaden
zu reparieren. Sie kommen in fast allen Prokaryoten und Eukaryoten vor. Eine
bemerkenswerte Ausnahme sind hierbei die Plazentasauger. Vorausgehende Arbeit
des Foulkes-Labors hat gezeigt, dass beim somalische Hohlenfisch, Phreatichthys
andruzzii, der sich seit Millionen von Jahren in einer dauerhaft dunklen unterirdischen
Umgebung entwickelt hat, die Photoreaktivierung durch Anhdufung von
Trunkierungsmutationen in 6-4- und DASH-Photolyase-Genen stark abgeschwacht
vorliegt. Das CPD-Photolyase-Gen ist jedoch intakt geblieben und codiert ein Protein,
das weiterhin die DNA-Reparatur katalysieren kann. Gibt es einen selektiven Druck,
um die CPD-Photolyase-Funktion trotz voélliger Abwesenheit von Sonnenlicht
aufrechtzuerhalten? Hier habe ich einen vergleichenden Ansatz zwischen Medaka-
Photolyase-Mutationslinien, Zebrafischen und Ho6hlenfischen verwendet, um
aufzuzeigen, dass die CPD-Photolyase ein erhohtes Zellliberleben und eine verbesserte
DNA-Reparaturkapazitat bewirkt, wenn Zellen oxidativen DNA-Schaden ausgesetzt
werden. Darlber hinaus zeige ich, dass der CPD-Photolyase-induzierte Schutz vor ROS-
induzierter Mortalitat nicht von Licht beeinflusst wird. Interessanterweise kann ROS in
Abwesenheit von Licht die CPD-Produktion veranlassen. Es bleibt jedoch unklar, ob die
CPD-Photolyase in der Lage sein konnte, die Reparatur dieses DNA-Schadens bei
konstanter Dunkelheit zu katalysieren. Diese Ergebnisse kdnnten erklaren, warum das
CPD-Gen im somalischen Hoéhlenfisch trotz Millionen von Jahren der Evolution in
ewiger Dunkelheit konserviert ist. AuRerdem kann dies Hinweise darauf liefern, wie
und warum Photolyase-Gene wahrend der Evolution von Plazenta-Saugern verloren

gegangen sind.
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Es wurde demonstriert, dass viele Vertreter der CPF in unterschiedlichen Organismen
eine bifunktionelle Eigenschaft besitzen und somit nicht nur mit der DNA-Reparatur
verknipft sind, sondern auch als Komponenten der circadianen Uhr dienen. In dieser
Studie habe ich gezeigt, dass der Verlust der 6-4 Photolyase-Funktion die rhythmische
Expression von uhrregulierten Core-Clock-Genen auf gen- und gewebespezifische
Weise stort. Darliber hinaus habe ich gezeigt, dass 6-4 Photolyase an der
Transkriptionskontrolle von circadianen Uhrgenen {iber die Repression der
Transaktivierung des CLOCK-BMAL-Komplexes an E-Box-Enhancer-Elementen und tber
die Verstarkung der TEF-Transaktivierung an lichtempfindlichen D-Box-Enhancer-
Elementen beteiligt ist. Die genaue Art der physikalischen Wechselwirkung zwischen
6-4 Photolyase und dem CLOCK-BMAL-Heterodimer und dem TEF-Protein bleibt
jedoch unklar. Diese Entdeckung liefert neue Einblicke in die Grundlage der
divergierenden Funktion von CPF-Photolyase-Vertretern in Wirbeltieren. Dariliber
hinaus zeigen die in diesem Projekt erzielten Ergebnisse ganz allgemein, wie die
Evolution der CPF-Familie von Flavoproteinen durch die Anpassung an extreme

Umweltbedingungen gepragt worden sein konnte.

Stichworter: Photolyase, Photoreaktivierung, oxidativer Stress, Kryptochrom,

zirkadiane Uhr, Hohlenfisch, Evolution
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1. Introduction

1.1 Sunlight: a key environmental factor

Sunlight represents a dominating environmental factor for most organisms on earth.
Animals and plants have evolved different strategies to perceive sunlight and to
effectively mobilize it as a primary source of energy. For example, plants harness light
energy to generate sugar from carbon dioxide and water by the process of
photosynthesis, while via their visual systems, animals sense light to distinguish their
orientation in the environment, locate their food and escape from predators.
Furthermore, the daily variation in sunlight contributes to a crucial timing system for
the optimum temporal organization of activity and physiology. Specifically, numerous
biochemical, physiological, and behavioural processes are controlled by the so-called
circadian clock, which is present in most organisms ranging from bacteria to humans®2.
The term “Circadian” refers to their property that under constant conditions, this clock
generates a rhythm that is approximately (Circa) one day (diem) in length. This rhythm
enables organisms to anticipate the progression of the day-night cycle and so have
sufficient time to make appropriate adaptations to meet the changing challenges of
their environment according to the time of day. In order to synchronize this clock with
the environmental 24 hours day-night cycle, organisms perceive daily changes in the
intensity and spectrum of sunlight via dedicated photoreceptors and thereby reset the

phase of the clock according to the time of day.

Sunlight also represents an environmental stressor. Exposure to ultraviolet (UV)
radiation from sunlight can have deleterious effects on organisms, since it elicits the
formation of genotoxic, mutagenic as well as carcinogenic DNA lesions®*. These
predominantly include cyclobutane pyrimidine dimers (CPDs) and (6-4) photoproducts
of pyrimidine dimers (6-4PPs). In order to survive these genetic changes, organisms
have evolved a self-defense system termed photoreactivation, a DNA repair system

that specifically removes UV-induced DNA lesions. Photoreactivation is a light-
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dependent process that is mediated by enzymes termed DNA photolyases>®. These
harvest blue light energy to catalyse the repair of UV-induced DNA damage’. The
photolyases belong to a large family of highly conserved flavoproteins, the
cryptochrome/photolyase family (CPF) which includes cryptochromes. Cryptochromes
represent central components of the circadian clock mechanism which are involved in
the light-dependent and light-independent modulation of circadian clock function.
Exposure to sunlight can also induce the production of reactive oxygen species (ROS),
which can result in oxidative damage of macromolecules, including DNA. Apart from
having these deleterious effects, ROS can also potentially function as a "second
messenger" involved in signaling pathways which participate in the regulation of cell

growth, proliferation and apoptosis®.

Although sunlight dominates life on earth, there are many organisms which inhabit
extreme, constant dark environments such as subterranean caves or abyssal regions
of oceans. Such environments are extremely challenging for sustaining life since they
cannot support photosynthesis or complex plant-based ecosystems. Therefore, they
are frequently nutrient poor environments which pose particular challenges for
animals to navigate, feed and reproduce. One classical example of animals that have
adapted to life in the complete absence of sunlight are species of cavefish, which have
evolved in perpetually dark, subterranean aquatic habitats in some cases for millions

of years.

20



1.2 DNA damage and repair

1.2.1 UV-induced DNA damage
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Figure 1.1 Ultraviolet (UV) irradiation from sunlight induces DNA damage and
predominantly produces cyclobutane pyrimidine dimers (CPDs) and (6-4)
photoproducts of pyrimidine dimers (6-4PPs)°.

The ultraviolet wavelengths of sunlight represent an important source of
macromolecular damage, notably inducing mutations in DNA. Exposure to UV-C (200-
280nm) and UV-B (280-320nm) is able to convert two adjacent pyrimidines (thymines
and cytosines), to cyclobutane pyrimidine dimers (CPDs), (6-4) photoproducts of
pyrimidine dimers (6-4PPs) and Dewar valence isomers, the photo isomerisation
product of (6-4) photoproducts formed after 6-4PPs formation® (Figure 1.1). CPDs
represent the most abundant photoproducts arising from sunlight exposure (70-80%),
while 6—-4PPs are responsible for 20—-30% of UV-induced DNA damage and the most
cytotoxic lesionst!!2, These lesions result in distortion of the DNA double helix and
thereby influence DNA replication as well as transcription resulting in mutations which

can ultimately lead to carcinogenesis and cell death?3.

1.2.2 Photoreactivation and photolyases

To preserve genome integrity, organisms have developed a battery of DNA repair
pathways to detect different types of damage and initiate appropriate repair. One of

them is photoreactivation, referring to the utilization of light as a source of energy to
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repair ultraviolet-damaged DNA under the action of photolyases®. Three main classes
of photolyase have been identified, CPD photolyase, 6-4 photolyase and Cry-DASH
photolyase, which repair distinct types of UV-induced DNA damage®#*5, Specifically,
CPD photolyase is involved in repairing the CPD photoproduct in the context of double-
strand DNA, while 6-4 photolyase is engaged in repairing (6-4) photoproducts within
double-strand DNA. Cry-DASH photolyase instead shows a high degree of specificity
for repairing CPD photoproducts in single-strand DNA'® and it has also been reported
that in the fungus Mucor circinelloides, Cry-DASH photolyase is able to repair CPD

photoproducts in double-strand DNA, thereby acting like CPD photolyase®’.

The structure of all photolyases incorporates two chromophores which absorb blue
light, named flavin adenine dinucleotide (FAD) and methenyltetrahydrofolate (MTHF)
or 8-hydroxy-5-deazaflavin (8-HDF)*®1°, The chromophores enable the photolyases to
harvest light energy which is required to break the two abnormal bonds cross-linking
the thymines in the various UV-induced photoproducts and consequently convert the

pyrimidine dimers back to two separate canonical pyrimidines?°.

~
¥ I’/mm[rhsz

Figure 1.2 Reaction mechanism of photolyase. Photolyase recognizes and binds to the
phosphate residues of the damaged DNA strand and flips out the thymine dimer
dinucleotide into the active site cavity. Thereafter, photoactivation is initiated by the
reduction of FADH? to catalytically competent FADH" by effectively accepting a photon
and concomitantly, electron transfer from FADH* to the pyrimidine dimers in order to
separate them to reform two canonical thymines. The inset indicates the distances
between the represented atoms of FADH™ and the cyclobutane pyrimidine dimer
(CPD)ZI'ZZ.
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Generally, photoreactivation consists of three main steps?%?3725: recognition,
photoactivation and photorepair. For the first step, due to the distortion of the DNA
backbone caused by the pyrimidine dimers, photolyases are able to efficiently
recognize and bind to DNA which incorporates abnormal photo-crosslinked
pyrimidines. Following binding to the damage sites, photolyases flip the
photoproducts out from within the helix and bury them in the core active site of the
photolyase according to ionic interactions between the positively charged groove on
the photolyase protein surface and the negatively charged DNA phosphodiester
backbone. Thereafter, the pyrimidine dimers are connected with the FADH° molecule
by Van der Waals's forces. This binding between photolyase and damaged DNA is not
light-dependent and can occur under darkness®. In the subsequent photoactivation
step, semi-reduced flavin (FADH?) is reduced to catalytically competent FADH™ by
effectively accepting a photon in 2 alternative ways. The first way is via the blue light-
absorbing antenna molecule, MTHF or 8-HDF, which upon absorbing a photon,
transfers the excitation energy to semi-reduced flavin (FADH®) by Forster resonance
energy transfer (FRET) and thereby reduces it to FADH%Y22, The second way is that
FADH° can receive a photon from the Three Tryptophan Electron Transfer Chain
resulting in it achieving a fully reduced state. This triad of highly conserved Tryptophan
residues within the photolyase active site can also harvest photons and thus transfer
an electron to FADH®°, which will be discussed in detail later. The final process is
photorepair, involving the complete reduction step from FADH to FADH* by accepting
a 300-500 nm photon, and electron transfer from FADH™* to the pyrimidine dimers,
which results in them being separated into two canonical pyrimidines. After splitting
of the pyrimidine dimers, electron transfer is reversed back to FADH", and afterwards
the photolyase dissociates from DNA, which closes the catalytic cycle. Subsequently
the photolyase protein can continue searching for other DNA damage and implement
the entire photoreactivation process once again (Figure 1.2)%®. It has been elucidated
that based on the determination of the rates of energy transfer from chromophore to
FADHe®, electron transfer from photoexcited FADH * to pyrimidine dimers, C5-C5' and

C6-C6' bond cleavage, bond formation and electron return to the transiently formed
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flavin radical FADH? in real-time and with picosecond resolution92172327-29 the whole
catalytic cycle is accomplished in 1.2 ns, and the photolyases repair pyrimidine dimers

with a quantum yield of 0.921232°,

1.2.3 Photoreactivation of UV-induced CPD photoproducts
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Figure 1.3 Dynamic repair mechanism of CPD and 6-4pp by CPD photolyase and 6-4
photolyase, respectively. The left panel denotes repair kinetics of CPD photoproduct??,
while the right panel indicates the dynamic repair of the 6-4pp photoproduct®. All of
the fundamental processes in photoreactivation are represented together with the
reaction times.

The UV-induced CPD photoproduct is repaired by CPD photolyase under a cyclic
electron-transfer radical mechanism, consisting of electron-tunneling pathways and
cyclobutane ring splitting. Specifically, FADH" is fully reduced to FADH* by accepting
excitation energy from MTHF (or 8-HDF) or the Three Tryptophan Electron Transfer
Chain, and then FADH* donates an electron to the CPD photoproduct with an
intervening adenine moiety to result in a FADH® + T<>T" state. Subsequently, the C5-
C5' bond is cleaved and then there are two possible outcomes: in the first scenario
(without repair functionality), the electron transfers back to FADHe® (back electron
transfer, BET) to permit FADH to stay in a fully reduced FADH" state to complete
photoreactivation at other DNA damage sites; while in the other scenario (related to

repair capacity), the C6-C6' bond is split as a result of electron transfer and thereafter,
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the electron returns to FADH® which is reduced to FADH". During the entire process,
the electron from FADH™* tunnels through the adenine moiety of FAD to the CPD
photoproduct and the adenine moiety of FADH™ plays a crucial role in modulating
forward electron transfer toward the 5' side of the CPD photoproduct and dictates the

rate of electron transfer through a super exchange mechanism (Figure 1.3)6222831-35,

1.2.4 Photoreactivation of UV-induced 6-4pp photoproduct

In E.coli, the process of photoreactivation of the 6-4pp photoproduct encompasses
forward electron transfer, proton transfer, bond rearrangement and proton and
electron return. Specifically, FADH" receives excitation energy (a photon) and is fully
reduced to FADH™*, donating an electron to the 6-4pp photoproduct. Thereafter, the
photo induced electron transfer activates the catalytic and neighbouring proton
transfer between the Histidine 364 residue in the active site of the 6-4 photolyase and
6-4pp photoproduct. This essential proton transfer step is a key step in the repair
photocycle, which is stimulated by the initial electron transfer step, strongly competes
with the back electron transfer from the 6-4pp photoproduct and assists the
photoreaction repair to proceed effectively. After protonation and a battery of atomic
rearrangements with bond cleavage and formation, the proton reversely transfers
back to the Histidine 364 residue located in the active site of the 6-4 photolyase and
the electron returns back to FADH?, reconstituting the 6-4 photolyase into its active
state and converting the 6-4pp photoproduct into two canonical pyrimidines. The

entire process is quite rapid, taking approximately ten nanoseconds (Figure

1.3)6,28,30,36—39.
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1.2.5 Triple Tryptophan Electron Transfer Chain (TTETC)
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Figure 1.4 Photoactivation by E. coli photolyase. Major electron and proton transfer
reactions in the enzyme are denoted by solid arrows, minor reactions by broken
arrows. TrpH TrpH TrpH stands for W382 W359 W306. The H in TrpH indicates the
proton of tryptophan?®.

As described previously, the FAD binding domain of photolyase can accept an electron
from the Three Tryptophan Electron Transfer Chain (TTETC) to be converted into a fully
reduced state FADH™* from a semi-reduced state FADH™ and then to transfer the
electron from FADH* to the pyrimidine dimer in order to split it?>. Specifically, the
electron chain plays a key role in electron transfer from the photolyase protein surface
to the FAD binding domain and is primarily constituted by 3 highly conserved
tryptophan residues positioned between the protein surface and the active site within
the context of the 3D structure of the protein. It is well documented that in Escherichia
coli, Tryptophan 306 (W306) locating on the surface of photolyase is able to harvest a
photon from light and concomitantly transfer an electron to FADH" via Tryptophan 359
and 382 (W359 and W382)232>4041 |n addition, it has been revealed that persistent
FADH® photoreduction requires that the secondary electron donor W359 and the
electron transfer from W382 to FADH is limited in velocity by oxidation of W359 and
probably even W306. In short, this Tryptophan triad is an integral platform for light
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harvesting and electron transfer during photoactivation (Figure 1.4).

1.2.6 NER repairs UV-induced DNA damage in mammals

In addition to photoreactivation, organisms possess other, highly conserved DNA
repair pathways for the repair of various other types of DNA damage induced by
sunlight exposure, such as Nucleotide Excision Repair (NER), Base Excision Repair (BER).
Strikingly, while photoreactivation is encountered in most organisms ranging from
bacteria, fungi, plants to higher vertebrates, placental mammals lack photolyase genes
and the function of the efficient photoreactivation pathway. Instead, placental
mammals employ the versatile, evolutionary highly conserved and more complex NER
DNA repair pathway to repair UV-induced DNA damage, indicating that during
evolution of mammalian ancestors, selective pressure operated to eliminate light-

dependent photolyase function.

The NER system incorporates 2 subpathways named global genome NER (GG-NER) and
transcription-coupled repair (TC-NER). GG-NER provides whole genome-wide
surveillance for a range of different types of DNA damage, but repairs certain types of
DNA damage with reduced efficiency. TC-NER represents a complementary NER
pathway which detects stalled RNA polymerases on the template strand of actively
transcribed DNA, stalling that is associated with the presence of pyrimidine dimers
along the DNA strand. Both NER subpathways represent complex multi-step processes
that require a battery of concerted procedures involving approximately 30 proteins to
sequentially implement damage recognition, chromatin remodeling, damage site

excision, gap-filling DNA synthesis, and strand ligation142-%°,
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Figure 1.5 Reaction mechanism of the nucleotide excision repair system. The
recognition of and binding of particular recognition factors (e.g. XPC) to DNA lesions
triggers NER. Following the unwinding of the DNA double helix at the lesion region,
short oligonucleotides are removed. Ultimately, DNA replication seals the gap, and
DNA ligase ligates the nicks?°.

More specifically, for the GG-NER pathway, the DDB1-DDB2 complex (DDB2 is also
known as XPE) is able to recognize DNA lesions and kinked damaged DNA directly to
enable recognition by XPC. Afterwards, XPC recognizes helix-distorting DNA lesions
and recruits the TFIIH complex, which contains the XPB and XPD helicase subunits
which facilitate the opening of the damaged DNA. In contrast, in the case of TC-NER,
CSB (ERCC6) recognizes the damage-stalled RNA polymerase and stimulates forward
movement of this polymerase. In turn, the CSA (ERCC8), UVSSA and USP7 proteins are
involved in regulating this process. Subsequently, the mechanisms of DNA incision and
gap filling for both GG-NER and TC-NER are identical. The endonuclease XPF-ERCC1
heterodimer recruited by XPA cleaves the DNA at a position 5' of the lesion, while XPG
recruited by XPA cleaves 3' of the lesion. Thereafter, DNA polymerase s and ¢ convert
the ssDNA gap to form double stranded DNA and the final nicks in both DNA strands

are sealed by DNA ligase 1 (Figure 1.5)204647,
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1.2.7 Oxidative DNA damage

ROS

guanine

/N—H

Figure 1.6 8-oxo-7,8-Dihydroguanine (8-0x0G). 8-0xoG is produced when reactive
oxygen species (ROS) alters guanine under oxidative stress*.

Besides UV-induced DNA damage, there exist many other types of DNA damage in
organisms that can be induced upon prolonged exposure to sunlight. One of them is
oxidative DNA damage, arising from elevated production of reactive oxygen species
(ROS), comprising peroxides (e.g., H20z), superoxide (02°7), hydroxyl radicals (*OH) and
singlet oxygen (10,)*. These can originate from a variety of external and internal
sources, including endogenous chemical activity through the cells' own metabolism
and enzymatic activity®®, inflammatory disorders®>*?, toxins®3, or radiation>*=®,
Exposure to UV can also induce cellular oxidative stress and consequent DNA damage
in addition to the direct effects of UV on pyrimidine dimer formation. If left unrepaired,
ROS-induced oxidative DNA damage can trigger the disruption of cellular function,
mutations and ultimately cell death. The oxygen free radicals give rise to a variety of
DNA lesions, incorporating oxidized bases, abasic (AP) sites, and DNA double strand
breaks. Notably, one major site which is sensitive to oxidative reactions is the 8
position of guanine which when oxidized results in the formation of 7,8-dihydro-8-
oxoguanine (8-oxoG) (Figure 1.6)°"°8, 8-oxoG has the propensity to mispair with A
residues, giving rise to an increased frequency of spontaneous transversion mutations
from G'C to T-A in repair-deficient organisms>%0, 8-oxoG is able to disrupt intracellular

functionality through two main routes. It can disrupt the binding between DNA and
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proteins to consequently hinder®¥® or stimulate®”~"! transcription. 8-oxoG can also
alter the secondary structure of DNA and lead to dysfunctional genomic maintenance
by influencing telomere length and genome instability’?~’°> and may also contribute to
interfering with base lesion clusters at the replication fork’®, which potentially

contributes to extra genome stability.

1.2.8 BER repairs oxidative DNA damage

To repair DNA damage which involves 8-oxoG base modifications, the Base Excision
Repair (BER) pathway plays a pivotal role. At the onset, 8-oxoG is excised by 8-
oxoguanine DNA glycosylase (0GG1) and consequently leaves an apurinic site (AP site).
At this site, the DNA backbone is cleaved by AP-endonuclease 1 (APE1). Afterwards,
for long patch base excision repair, the polymerase s and ¢ as well as proliferating cell
nuclear antigen (PCNA) are involved in converting the resulting single stranded portion
into double stranded DNA, and then the old strand is removed by Flap-endonuclease
1 (FEN1) and sequentially the ligase I (Lig I ) ligates the DNA backbone together.
Meanwhile, for short patch base excision repair, polymerase B replaces the single
missing base, ligase Il (Lig Ill) ligates the DNA backbone back together and X-ray repair
cross-complementing protein 1 (XRCC1) promotes the process and acts as a scaffold

for additional components*®”7 (Figure 1.7).
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Figure 1.7 Base excision repair (BER) of 8-oxo-7,8-dihydroguanine (8-oxoG). Base
excision repair (BER) uses a number of repair intermediates to remove oxidative DNA
damage. It is possible to create a reactive apurinic site (AP site) by removing the
oxidised base. A single strand break is formed by breaking the strand, and the damaged
area is subsequently repaired using either a short or long patch BER*®,
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1.2.9 Dark CPD

Based on our current understanding of the chemistry of UV-induced DNA damage, it
would seem a reasonable prediction that upon elimination of UV exposure, CPD
generation would be halted. However, it has been revealed that for several hours
following UV exposure, CPD continues to be produced even in complete darkness, and
this has been termed "dark CPD" (dCPD)’%. For example, in hairless albino mouse
epidermis, the level of production of CPD at 2-4h in darkness following UV exposure is
much higher than the CPD levels measured immediately following irradiation with UV
light”®. Another study revealed that in human unstimulated lymphocytes, the CPD
content shows a maximum level at 4h after UV exposure®. Additionally, the kinetics
of dCPD formation in mouse melanocytes have been assayed. The production of CPD
increases with time and reaches a peak at 3h after the completion of UV exposure and
then the CPD content decreases to a relatively low level at 5h following the UV pulse’®.
While thymine-thymine dimers (T<>T) represent the most prevalent type of CPD
generated during UV light exposure, thymine-thymine dimers (T<>T) constitute
approximately 70% of dCPD, the remaining 30% consisting of cytosine-containing CPD,

namely cytosine-thymine (C<>T) and thymine-cytosine (T<>C)’8.

There has been much speculation about how UV radiation may indirectly contribute
to dCPD formation. As previously mentioned, UV irradiation also results in an increase
in ROS levels. ROS can obstruct NF-kB signaling pathways, which increases pro-
inflammatory cytokines and lowers levels of cytoprotective proteins and antioxidants.
This exaggerates the oxidative stress and concomitantly leads to increased levels of
oxidatively generated modifications of DNA, protein and lipids®~%°, It is conceivable
that UV-induced oxidative stress is a contributing factor to the production of dCPD.
Furthermore, a "melanin chemiexcitation" theory has been proposed to account for
the continued production of dCPD in the absence of UV radiation. Specifically, UV
irradiation is able to activate nitric oxide synthase (NOS), NADPH oxidase (NOX) and

melanin synthase and thereby induces the production of nitric oxide (NO®) and
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superoxide (0;°7). Reaction of these radicals results in the release of the oxidant
peroxynitrite (ONOO™). Peroxynitrite degrades melanin into fragments and through an
excited triplet state, melanin-carbonyls produce dCPD in the absence of UV light
exposure’®. Nevertheless, some studies have reported that even in the absence of
melanin, cells still produced CPD, indicating that other mechanisms may be

responsible for the generation of dCPD (Figure 1.8)%687,

To cope with dCPD DNA damage, it has been reported that cells show different repair
mechanisms, not involving light or photoreactivation repair®®. Specifically, in mammals,
while the NER pathway participates in repairing incident CPD (iCPD) with a reduced

repair efficiency®®, dCPD is repaired by the NER pathway with rapid kinetics®.
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Figure 1.8 Melanin chemiexcitation. A mechanistic framework whereby melanin plays
a key role in the chemiexcitation-induced production of dark CPD in melanocytes’s.
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1.3. The circadian clock

1.3.1 Overview of the circadian clock

The spinning of our planet on its axis results in the 24 hours day-night cycle that
dominates life on earth. In order to adapt to the day-night cycle, organisms have
evolved a highly conserved mechanism to anticipate the associated regular
environmental challenges. A key element of this mechanism is an endogenous timing
system, termed the circadian clock, that enables organisms to optimally coordinate
their physiology and behaviour to match their changing needs according to the time
of day®°. The circadian clock mechanism is highly conserved among organisms, ranging
from unicellular organisms and fungi to plants and animals®’. Characteristically, even
under constant darkness, the circadian clock mechanism still continues to function,
generating a rhythmic output with a period of approximately 24 hours. Therefore,
another vital property of the clock is that it is reset on a daily basis by environmental
signals, primarily light, which are indicative of the time of day (named "zeitgebers" or
time givers), so that the clock can remain synchronized with the 24 hours day-night
cycle®?%3, The pathways that relay zeitgeber information to the core clock are termed
“Input” pathways. In turn, the clock mechanism communicates with physiological and
behavioural control systems by a range of different pathways, termed “Output”
pathways®*°>(Figure 1.9). Circadian clocks are present in most cell types and represent
cell autonomous mechanisms based on interacting dynamic networks of clock genes
and their clock protein products, that generate circadian rhythms. At the organismal
level the circadian clock is characterized by a hierarchical organization. Certain clocks
termed “Central” or “Master” pacemakers are located in specialized tissues and
coordinate the function of the clocks which are located in other cells and tissues, the
so-called “peripheral” clocks. The links between the central pacemakers and the
peripheral clocks are formed by a complicated battery of cycling systemic signals®®°’.
In mammals, the suprachiasmatic nucleus (SCN) of the hypothalamus acts as a central

circadian pacemaker, while in fish, reptiles, amphibia and birds, the pineal gland plays
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Figure 1.9 Schematic representation of input and output pathways of the circadian
clock. The circadian clock system in organisms receives inputs (zeitgebers), such as
light to synchronize the circadian clock, which regulates rhythmic outputs including
gene expression and other cellular and molecular processes.

Given the central role played by the circadian clock in coordinating physiology, regular
disruption of clock function has been associated with increased incidence of complex
pathologies such as cardiovascular diseases, neurodegenerative diseases and
cancer®1%!, Furthermore, the circadian clock system is tightly interconnected with
metabolism and the disruption of daily circadian rhythms is now widely recognized to
be linked with various metabolic disorders. For example, diabetes and
hypoinsulinaemia are associated with the disruption of the core clock components:
CLOCK and BMAL11%2, Additionally, the loss of CLOCK protein leads to metabolic

syndrome and obesity%3,
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1.3.2 Molecular circadian clock mechanism
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Figure 1.10 Molecular circadian clock mechanism (Transcription-translation
feedback loop) in zebrafish. CLOCK and BMAL proteins can form a heterodimer and
thereby bind directly to the E-Box enhancer in the promoters of the per and cry clock
genes as well as, more generally, other clock control genes (CCGs) to activate
transcription. PERIOD (PER) and CRYPTOCHROME (CRY) proteins translocate into the
nucleus and interact physically with the CLOCK-BMAL heterodimer to inhibit the
transactivation of CLOCK-BMAL complex. As a consequence, the levels of the PER and
CRY proteins decrease until a critical threshold when the CLOCK-BMAL heterodimer is
able once again to activate transcription. This entire process takes approximately 24
hours to complete one cycle. In the case of the zebrafish, light regulates and
synchronizes the endogenous circadian clock at the molecular level through directing
transcriptional activation via the D-box enhancer located in the promoters of light
inducible genes, which include a subset of per and cry genes 194,

Much of what is currently understood about the molecular mechanism of the
vertebrate circadian clock has been learned from forward genetic analysis in the
mouse and comparison with clock mechanisms in other genetic models notably, the

well-studied Drosophila clock. In vertebrates, at the molecular level, the core of the
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circadian clock is constituted by a transcription-translation negative feedback loop
(TTFL)>, Specifically, 2 critical circadian clock components: the CLOCK and BMAL
proteins, belonging to the bHLH PAS (basic helix-loop-helix PER-ARNT-SIM) family of
transcription factors, form a heterodimer through interactions between their PER-
ARNT-SIM (PAS) domains and bind directly to the E-Box enhancer thereby activating
transcription. E-boxes are located in the promoters of two other types of clock gene
which serve as negative elements within the clock machinery, namely the period (per)
and cryptochrome (cry) genes. Upon activation of their transcription by the CLOCK-
BMAL heterodimer, the PER and CRY proteins accumulate in the cytoplasm and then
translocate into the nucleus and interact physically with the CLOCK-BMAL heterodimer
to repress the transactivation of this complex. This results in a reduction in the levels
of expression of PER and CRY, and as a result, a reduction in the negative regulation of
the CLOCK-BMAL complex. At a certain critical threshold, the CLOCK-BMAL is released
to once again activate per and cry transcription and the cycle restarts. This regulatory
cycle takes approximately 24 hours to be completed and is the origin of circadian
rhythmicity. Certain key steps in this cycle, such as the rate of translocation of PER and
CRY into the nucleus as well as tightly controlled stability of the various protein
complexes, confers the relatively long duration of this feedback loop and ensures the

stability of its timing function!®*(Figure 1.10).

Regarding the physical interaction between CRY and CLOCK-BMAL in the regulation of
the circadian clock, it has already been shown that in mammals CRY1 can interact
physically with the C-terminus of BMAL in the CLOCK-BMAL heterodimer
complex19197 and potently suppress the activity of the CLOCK-BMAL heterodimer in
the absence of PER9%199 Meanwhile, in zebrafish, it has been demonstrated that
CLOCK and BMAL can form a heterodimer via the basic helix-loop-helix (bHLH) and PAS
B domains, with little or no interaction between the two PAS A domains, and
sequentially, CRY1a is able to bind tightly to the PAS B domain of CLOCK and multiple
domains of BMAL, containing the bHLH, PAS B and C-terminus domains to block the

formation of the CLOCK-BMAL heterodimer!? (Figure 1.11). The inhibition by CRY1a
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of E-box-driven CLOCK-BMAL transactivation of clock controlled genes in zebrafish
operates in 2 ways: the first way is to suppress the transactivation of CLOCK-BMAL
heterodimer directly by interaction with the C-terminus of BMAL, and the second way
is that CRY1a is able to competitively bind to the bHLH and PAS B domains of BMAL
and the PAS B domain of CLOCK, where CLOCK and BMAL themselves interact directly

to form an active heterodimer.

Consistent with the widespread presence of circadian clocks, clock genes are
expressed with characteristic circadian rhythms of mRNA and protein in most cell
types and tissues. Interestingly, for the clock genes constituting the transcription-
translation feedback loop, namely clock, bmal, per and cry, each gene is represented
by several copies in mammals and fish and each copy has distinct oscillation rhythms
in different tissues!''. For example, in zebrafish, the expressed peak of cry2 gene
appears in the early morning, while the cry1 and cry3 genes display highest expression
levels at midday**2. In addition, the expression of clock and bmal genes peaks at dusk
and the early part of the night'*31%4, while the peak of per2 gene expression occurs in
the morning or around midday'*>. The functional significance of the gene copy-specific
differences in the timing of rhythmic expression remains poorly understood. However,

it is tempting to speculate that they may confer diversity in clock regulatory function.

CRY1a
CLOCK ~ NLS = bHLH = PASA  PASB  C-terminal

BMAL  NLS  bHLH  PASA  PASB  C-terminal
CRY1la CRYla CRY1a

Figure 1.11 Schematic representation of light-induced interactions between CRY1a
and the CLOCK-BMAL heterodimer in zebrafish. CRY1a is able to interact directly with
the PAS B domain of CLOCK1 and the bHLH, PAS B, and C-terminal domains of

BMAL10,
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1.3.3 Light input to the clock in vertebrates.

CNS clocks

1 SCN

Neural
hormonal
behavioral

Figure 1. 12 The central circadian pacemaker in mammals. The central circadian
pacemaker located in the SCN is entrained by the external light—dark cycle through
light input signals from the retina transmitted through the RHT*6,

The mechanisms whereby light exposure regulates the circadian clock has been
studied extensively in mammals. Specifically, the suprachiasmatic nuclei (SCN) of the
hypothalamus play a central role in the generation and maintenance of circadian
rhythms in mammals, and the loss of the SCN gives rise to behavioural

arrhythmicity17-119

. It has been demonstrated that light signals from the environment
regulates the SCN clock via the retina to set its phase so that it remains synchronized
with the 24 hours environmental day-night cycle — a biological process named
photoentrainment!?%-122, Dedicated photoreceptor cells in the retina transmit photic
signals as nerve impulses to the master circadian pacemaker in SCN through the
retinohypothalamic tract (RHT). Specifically, retinal photoreceptors including
photosensitive rods, cones and intrinsically photosensitive retinal ganglion cells
(ipRGCs)123124 gre able to detect light and relay this information to the SCN clock.
ipPRGCs express melanopsin as their photopigment and thereby mediate a wide range
of non-image-forming response to light'>>=2’. Melanopsin is encoded by the Opn4

128

gene*“°and appears to serve as the primary photoreceptor in the nonvisual, circadian
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clock response to light of ipRGCs*2”129, |Its synthesis in the ipRGCs is under the control
of a circadian oscillator, which results in elevated synthesis during the night and
reduced expression during the day. Stimulation of the melanopsin photopigment by
light causes the downstream activation of a membrane-bound signaling cascade®3°-132,
Although ipRGCs are intrinsically photosensitive, they also accept input from rods and
cones via the bipolar cells and amacrine cells of the retina. Thereby, they serve as a
conduit for conveying rod and cone signals to the SCN33. Despite the fact that
melanopsin, rod, and cone-driven signals can all induce entrainment on their own, it
appears that each of them is specialized to detect and encode different aspects of the

134-

light signal, enabling a robust and flexible detection of daily light levels'3413¢(Figure

1.12).

Glutamate and PACAP*37:138 the principal neurotransmitters of the RHT, have the cap
acity to activate a variety of kinase-based signaling pathways in the SCN**°. The CREB
(cAMP response element binding protein) transcription factor represents a
convergence point for these signaling pathways; upon phosphorylation at Ser133 and
Ser142, CREB binds to cAMP response elements (CRE) in the promoter of light
responsive genes such as the mammalian perl and per2 genes'#®!4l, The CREB-
mediated activation of per gene transcription is clock phase-dependent and
consequently, the ensuing alterations in PER proteins change the phase of the
circadian clock!*2. Therefore, in mammals, light indirectly regulates the circadian

timing system via anatomically distinct, specialized photoreceptive structures.

In contrast, in fish such as the zebrafish, light is able to regulate the clock at a cell
autonomous level. Specifically, direct exposure of peripheral clocks to light results in
entrainment of the clock*3144, This predicts the widespread expression of
photoreceptors that are connected with circadian clock in fish tissues. Consistently, 42
opsin light genes have been described in zebrafish which are expressed in a wide range
of tissues outside the retina, with the brain itself expressing more than 20 nonvisual
opsins#. Since most of them have been revealed to possess a photoreceptive function,

they seem to be a good source of candidates for the function of peripheral
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photoreceptors. Furthermore, a key step in entrainment is the light induced expression
of a subset of period and cryptochrome clock genes and notably the two clock genes:
period2 (per2) and cryptochromela (cryla)'*¢'#4’. CRYla is known as a potent
repressor of CLOCK-BMAL heterodimer activation!'® and PER2 serves as either a
transcriptional activator or corepressor depending upon its transcriptional regulatory
targets#®. The induction of PER2 and CRY1a by light is assumed to elicit resetting of
the phase of the clock. Particularly, it has been demonstrated that in the promoter
regions of these light-regulated genes of zebrafish, there is an enrichment of the D-

146,147 and the integrity of the D-box enhancer is crucial for

box enhancer sequence
light-regulated gene expression*®1>C, Interestingly, in the per2 promoter the D-box is
situated near an E-box enhancer, and both D- and E-boxes are critical for light-induced
gene expression'#?, In addition, light exposure can also induce the production of ROS,
which has been implicated in directing the activation of clock gene expression in
zebrafish cells through the activation of the MAPK pathway. Furthermore, ROS has a
regulatory impact on the immediate early transcriptional factors c-Fos and c-Jun, and
thus on the regulation of genes which are controlled by AP1 enhancer function®>'. The
D-box enhancer also activates transcription in response to elevated levels of ROS as
well as upon exposure to UV>2, Therefore, the D-box represents a convergence point
for transcriptional regulation in response to the direct and indirect effects of sunlight

exposu r-e150,152—155.

Interestingly, in the mammalian clock mechanism the D-box enhancer element serves
as a key clock output target and is encountered in the promoters of clock genes as well
as various clock-controlled genes. In the mouse, the D-box serves to relay timing
information from the circadian clock to generate rhythms of transcription in output
genes. Therefore, it appears that during vertebrate evolution, the function of the
D-box enhancer has altered considerably according to its function within the circadian

timing system.
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1.3.4 PAR and E4BP4 bZip transcription factors and circadian clock

regulation.
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Figure 1.13 Primary structure of the zebrafish PAR subfamily and E4BP4 bZip
transcription factors®°®.

D-box regulated transcriptional activation is mediated by a group of so-called PAR
(proline and acidic amino acid-rich) transcription factors, TEF (thyrotroph embryonic
factor), HLF (hepatic leukemia factor-1) and DBP (D-box-binding protein) which
specifically bind to D-box elements in homo and heterodimeric combinations.
Interestingly, according to studies of DBP-deficient mice, TEF and HLF accumulate to a
lesser extent in hepatocyte nuclei of DBP-deficient animals than in those of wild-type
mice’®’, suggesting that heterodimerization of TEF and HLF with DBP is central to PAR
factor regulation of the D-box!8. A second group of transcription factors termed NFIL3
(also known as E4BP4, E4-binding protein 4) is involved in repressing D-box regulated

transcription.

The D-box binding, PAR family of transcription factors belong to the large group of
basic Leucine Zipper transcription factors which all share a protein-protein interaction
domain that includes a leucine zipper. This consists of an amphipathic alpha-helix
distinguished by a periodic repeat of leucine residues, which generates coiled-coil

domains with hydrophobic surfaces that allow dimerization'>1€°, The leucine zipper
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in turn maintains the correct orientation of an adjacent domain rich in basic amino
acids which directly contact the DNA helix. The bZip family, based on DNA binding
specificity and similarities of amino acid sequences principally in the bZip domain, is
comprised of 6 conserved subfamilies termed ATF/CREB (activating transcription
factors/cAMP responsive element-binding proteins), AP-1 (activating protein-1), C/EBP
(CAAT/enhancer-binding protein), NF-E2 (nuclear factor erythroid-derived 2), Maf
(musculoaponeurotic fibrosarcoma oncogene) and the PAR (proline and acidic amino

acid-rich) subfamily!>#161

. The PAR subfamily is also characterized by a proline and
acidic amino acid-reach region, positioned adjacent to the basic region, which is
involved in protein-protein interactions and transcriptional activation6263, While the
E4BP4 transcription factors share the conserved basic and leucine zipper domains of
the PAR factor family, they lack the PAR domain (Figure 1.13). Both groups of

transcription factors are able to competitively bind to the D-box element of clock-

controlled genes' promoters to regulate transcription®>®.

The PAR factor genes are rhythmically expressed as the result of regulation by the
CLOCK-BMAL heterodimer via E-box mediated activation!®*. Subsequently, the
circadian expression of downstream genes is controlled by these clock-controlled
transcription factors, affecting a variety of physiological processes. E4BP4 factors are
involved in complementing the PAR factors' modulation of clock genes in a
reciprocating process, which means that E4BP4 factors inhibit the transcription of
target genes through physical interaction with D-boxes, while PAR proteins compete

for the same binding sites to activate them at different times of the day!®>16°,

Analysis of mice carrying loss of function mutations in TEF, DBP and HLF have revealed
a key role for these factors in the regulation of metabolism of vitamin B6, which has
an effect on the balance of neurotransmitters in the brain, and the loss of PAR activity
results in spontaneous and sound-induced epilepsies that normally lead to death!>*.
Moreover, it has been reported that in the liver and kidney of mice, PAR factors are
also able to activate the expression of genes that are implicated in detoxification and

drug metabolism, for example carboxylesterases, cytochrome P450 enzymes and
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constitutive androstane receptor (CAR). Mice carrying loss of function mutations for
all three PAR factors are more hypersensitive to and deficient in xenobiotic
detoxification, possibly contributing to the high morbidity, premature death, and

accelerated aging observed in these animals*®”.

In addition to functioning as clock output factors, these factors are also able to feed
back on the core clock through binding to the D-box of clock genes. For example, DBP
contributes to an additional accessory loop by activating the perl promoter in the
mouse’®®. Meanwhile, E4BP4 factors have also been implicated in regulating
expression of per2, the core clock gene, and the light entrainment of circadian

C|0Ck166’169

While in mouse, there are single genes for each type of PAR factor, in zebrafish, there
are multiple gene orthologs. Specifically, the zebrafish PAR subfamily consists of tef-1,
tef-2, hif-1, hif-2, dbp-1 and dbp-2, (Figure 1.13). Interestingly, phylogenetic analysis
points to a higher conservation between tef and hlf orthologs, while dbp displays less
sequence conservation owing to its later emergence during evolution®>*. Furthermore,
there are 6 E4BP4 homologs in zebrafish suggesting additional complexity in E4ABP4
function in these species, which not only enables competitive binding to the D-box
elements of clock-controlled gene promoters to regulate transcription®®, but also acts
as a survival factor in heart which is critical for normal embryonic heart
development!’917! |n the case of fish, exposure of cells to light regulates the
endogenous circadian clock at the molecular level by activating the transcription of a
subset of negatively-acting clock genes via D-box enhancers. Light-regulated gene
expression mediated by D-boxes is also observed in other classes of gene such as many
DNA damage repair genes as well as many genes involved in mitochondrial
function!4®1%’ Therefore, light induced, D-box mediated gene expression represents

part of a broader cellular strategy to survive the effects of sunlight.
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1.4 Links between DNA repair and circadian clocks

There is considerable evidence for tight interconnections between the circadian clock
and DNA repair systems. Indeed, it has been speculated that one of the selective
pressures that led to the evolution of the circadian clock was to ensure optimization
of the timing of DNA damage repair to match the changing conditions of the day-night
cycle 172173 'Indeed, there are many known links between the circadian clock and key
DNA repair elements. For example, in mice, the CRYs which serve as core circadian
clock components regulate the rhythmic expression of the xpa gene, a recognition
factor for the NER repair pathway. This periodically modulates the activity of the entire
excision repair system, an important step in avoiding the development of invasive skin
carcinoma in mice 72173, Therefore, the CRY proteins which are closely associated with
circadian clock function, also have a prominent impact on the regulation of DNA repair
systems. Other evidence for links between clocks and DNA repair comes from the
presence of proteins or groups of proteins which share functions of both DNA repair
and the circadian clock. One key example is the group of cryptochrome and photolyase

flavoproteins.

1.4.1 Cryptochrome/photolyase family (CPF)

As discussed previously, the photolyases utilize light to repair UV-induced DNA damage,
while cryptochromes act as circadian clock components. They physically interact with
and thereby inhibit transactivation by the CLOCK-BMAL heterodimer which binds to E-
box elements in the promoters of clock-controlled genes. Cryptochromes are regarded
as photolyase-like proteins which lack DNA photolyase activity. Photolyases and
cryptochromes both share a conserved FAD binding domain, which is crucial for
harvesting light energy. Therefore, photolyases and cryptochromes both exhibit the
structural features of blue light photoreceptors’t’41’7, The animal and plant

175

cryptochrome genes are not close relatives’> and from phylogenetic analysis, plant

cryptochromes exhibit a higher degree of sequence similarity with CPD photolyase’8,
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while animal cryptochromes are more closely related to 6-4 photolyase!’®*8° (Figure

1.14).

6-4 Photolyases
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Figure 1.14 A phylogenetic tree of the cryptochrome/photolyase family as well as
subfamilies indicated on the right. Abbreviations: A, archaea; B, bacteria; F, fungi; I,
insects; P, plants; S, sponges; V, vertebrates 174,

In animals, cryptochromes regulate the circadian clock in a light-dependent and light-
independent manner. Specifically, it has been reported that in cultured Drosophila S2
cells, CRY is able to inhibit the repression of PER and TIM, negative regulators of the
central oscillator in a light-dependent manner'8?, In addition, in mouse, CRY1 and CRY2
proteins are able to interact physically with PER proteins and translocate to the nucleus
to repress the transcription of clock-controlled genes driven by the CLOCK-BMAL
complex via direct binding to the CLOCK-BMAL heterodimer. This negative regulation
by CRY is light independent!®2, On the contrary, in Arabidopsis, CRY1 and CRY2 as well
as phytochromes have been demonstrated to play a crucial role in circadian
entrainment!®, Specifically, the C-terminal domain of CRYs can interact with COP1,
functioning as a component of an E3 ubiquitin ligase, in a light-dependent manner and

then COP is able to interact physically with the HY5 protein, a bZIP transcription factor
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that regulates the promoters of multiple genes that are expressed during
photomorphogenesis. In darkness, the physical interaction between COP1 and HY5
stimulates proteasome-regulated degradation of HY5, whereas CRY inhibits the
ubiquitin ligase activity of COP1 by harvesting light energy and sequentially, the
proteasome-regulated degradation of HY5 is suppressed and HY5 content increases.
Consequently, there exists a CRY-COP1-HY5 heterotrimeric complex involved in the
modulation of photomorphogenesis and within this context, CRY acts as a
photoreceptor'®+18> Moreover, in plants, CRYs are implicated in the modulation of

seedling growth, flowering, and development!8-188,

1.4.2 Bifunctional CPF members
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Figure 1.15 Potorous tridactylus CPD photolyase rescues circadian clock function in
the liver of CRY-deficient mice!®°.

Certain CPF members have evolved functionalities involving both DNA repair and
circadian clock regulation. Specifically, in the marine diatom, Phaeodactylum

tricornutum, a member of the CPF family termed PtCPF1, exhibits DNA repair activity
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for 6-4 photoproducts, but not CPD photoproducts and furthermore, this protein
represses transactivation of CLOCK-BMAL heterodimer in the context of the circadian
clock!®. In addition, in the green alga, Ostreococcus tauri, two members of the CPF
family, called OtCPF1 and OtCPF2 also exhibit dual functions. Specifically, OtCPF2
possesses photolyase activity for repairing CPD photoproducts, while OtCPF1 repairs
6-4 photoproducts. OtCPD1 is also implicated in circadian clock function by mediating
the CLOCK-BMAL-activated transcription at the E-box enhancer located in the

191 There is also evidence for bifunctional CPF

promoter of clock-controlled genes
family members in mammals. Ectopic expression of the marsupial Potorous tridactylus
PtCPD (Potorous tridactylus CPD) is able to restore circadian rhythmicity in the liver of
CRY1/CRY2-deficient mice during a period in constant darkness, indicating that

rhythmically expressed photolyase can functionally substitute for CRY proteins in the

mammalian circadian oscillator!® (Figure 1.15).

It has been widely assumed that DNA photolyase was the common ancestor for the
animal and plant cryptochromes. However, in Synechocystis the redox-regulated
transcriptional regulator CRY appears to have evolved from a photolyase. This
observation raises the possibility of a light-dependent redox reaction mediated by an
ancestral flavoprotein that did not involve photolyase activity. Therefore, ancestral
cryptochrome-like proteins may represent the evolutionary forerunners of both

cryptochromes and photolyases!®?.

1.4.3 Nocturnal bottleneck theory

One of the most curious observations regarding the cryptochrome/photolyase family
is that although these proteins are widely encountered throughout prokaryotes and
eukaryotes, the only species that lack photolyase genes belong to the small group of
placental mammals. This result has led to much speculation about the evolutionary
selective pressure that resulted in the eventual loss of these key light-dependent DNA

repair enzymes in such a well-defined phylogenetic group.
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Figure 1.16 A summary list demonstrating the existence of opsin orthologs in
contemporary members of the major vertebrate classes, from bony fish to mammals.
It displays whether a specific opsin class is present (yes, Y, green shading) or absent
(no, N, red shading), with a vertical red line denoting the boundary between reptiles
and mammals. The nocturnal bottleneck hypothesis accounts for the significant loss
of opsin genes during vertebrate evolution®®3.

One popular theory to explain this pattern of evolution is the so-called "nocturnal
bottleneck theory" which was originally based on a comparison of opsin
photoreceptors of birds, reptiles and all three extant taxa of the mammalian lineage,
containing the monotremes, marsupials and placentals (included in the eutherians).
This theory accounts for an apparent reduction in opsin gene diversity during early
mammalian evolution and predicts that in order to avoid predation by dinosaurs, the
dominant taxon at that time, the ancestors of placental mammals became
predominantly nocturnal animals, possibly sleeping in underground burrows during
the day when dinosaurs are predicted to have been predominantly active®*. This
nocturnal lifestyle led to various adaptations which limited the animals need to expose
themselves fully at the surface to be able to sense environmental lighting conditions
for setting the phase of their clocks. One such adaptation included changes to eye

function and a restriction of circadian photoreceptors to the retina rather than being
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widely expressed throughout the body. Specifically, the peripheral clocks of mammals
could only be synchronized by light via the central clock of the suprachiasmatic nucleus
(SCN) in the hypothalamus since tissues and cells from mammals were no longer light
responsive. However, these peripheral clocks could still be entrained by systemic
timing signals originating from the hypothalamus including acute changes in
temperature and serum composition to enable communication between the central

and peripheral clocks9>71%7

. This ultimately led to a reduction in the number of opsin
genes, even though all the 5 subtypes of opsin genes were still represented!®®1%°

(Figure 1.16).

Can the nocturnal bottleneck theory explain the loss of photolyase function in
placental mammal ancestors after the divergence of marsupials and placental
mammals?2%%201 This question is particularly relevant given that photoreactivation
DNA repair represents the most efficient mechanism for the repair of UV-induced DNA
damage. Indeed, ectopic expression of marsupial CPD photolyase in transgenic mice
resulted in the transgenic cells exhibiting improved resistance to UV-induced
damage?*?2%2, |n the context of the nocturnal bottleneck theory, if placental mammal
ancestors were exclusively nocturnal animals and possibly also occupying a
subterranean niche, then they would not normally experience significant levels of UV
radiation and also they would not experience sufficient visible light to drive the
photoreactivation reaction catalyzed by the photolyases. For this reason, there might
be only weak selective pressure to maintain photoreactivation as well as photolyase

genes.

Although an attractive theory, there is currently limited evidence to support it. One
valuable strategy to test the merits of this theory would be to examine photolyase
function and evolution in extant species inhabiting extreme photic environments
completely lacking sunlight. In this regard, comparing photolyase function in species
of blind cavefish with related surface-dwelling fish would potentially be of great

interest.
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1.5 Comparative fish models for studying the circadian clock

and DNA repair.

Danio rerio Phreatichthys andruzzii Oryzias latipes

Figure 1.17 Fish models for studying the DNA repair and circadian clock mechanisms.
Zebrafish (Danio rerio), Somalian cavefish (Phreatichthys andruzzii) and medaka
(Oryzias latipes).

In this project, | have followed a comparative approach involving a set of fish models,
specifically zebrafish (Danio rerio), medaka (Oryzias latipes), and the blind Somalian
cavefish (Phreatichthys andruzzii), to investigate the biological mechanisms underlying
DNA repair and the circadian clock and how these two key processes have been shaped
by the photic environment (Figure 1.17). Both zebrafish and medaka provide a large
repertoire of genetic and screening tools for functional investigation of DNA repair and
circadian clock. Furthermore, they possess all of the normal DNA repair systems,
including photoreactivation. In addition, besides their eyes and visual functions,
zebrafish and medaka have a photosensitive pineal gland, deep brain photoreceptors
and light-responsive dermal melanophores to sense light2%3, The peripheral clocks of
tissues of zebrafish and medaka are also entrained by direct exposure to light?%*, which
contrasts with mammals where circadian clock photoreceptors are restricted to the

retina.

Teleosts represent the largest and most diverse group of vertebrates, inhabiting a
broad range of aquatic environments. The ambient illumination conditions in each of
these habitats can vary dramatically. For example, day length, optical properties of the
water, as well as the wavelengths and intensity of light that fish are exposed to can all

vary and have a substantial impact on fish biology?°>. Extreme examples are perpetual
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dark fresh water and marine aquatic environments such as subterranean caves or
abyssal ocean habitats, which represent uniquely challenging habitats for fish species.
Fish which have evolved in these environments exhibit dramatic changes in anatomy

and physiology with a classical example of this being species of blind cavefish.

Cavefish, so-called hypogean fish, represent a group of fish inhabiting subterranean
environments, typically living in freshwater aquifers such as phreatic layers, cave
waters and wells, and including approximately 200 species worldwide?%. They exhibit
a set of particular phenotypes known as “Troglomorphisms”, consisting of regressive
and constructive traits. Regressive features include eye loss (anophtalmia) and
depigmentation, while constructive traits include enhanced longevity and non-visual
sensory systems and tolerance of starvation to adapt to the typically nutrient-poor
environments which are unable to support photosynthesis??’2%°, The selective
pressure underlying eye loss in cavefish has been a subject of great debate over many
years. One theory proposes the “energy-saving” advantages of an eyeless phenotype,
since generally, the maintenance of eyes has been considered as a phenotype that is

highly energy demanding.

Importantly, two species of cavefish have received significant attention: the Somalian
cavefish, Phreatichthys andruzzii and the Mexican tetra, Astyanax mexicanus.
P.andruzzii is remarkable in that it possess one of the more extreme troglomorphic
phenotypes. Indeed, this species has been completely isolated in constant dark
phreatic layers deep beneath the Somalian desert for millions of years, and there are
no surface-dwelling forms. On the contrary, A. mexicanus inhabits cave systems in the
mountainous regions of Northeastern part of Mexico. This species is represented by
many isolated populations which can be separated into 2 types: surface fish which do
not show troglomorphisms and blind cavefish which inhabit particular caves and
exhibit troglomorphisms?1°, However, these adaptations are less extreme than those
in P. andruzzii since the fish are frequently not completely isolated from surface
populations and have not been isolated for as long as P. andruzzii. Importantly these

different A. mexicanus populations all represent a single species and so are able to
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mate with each other to produce fertile F1 offspring. They can also be maintained in
the laboratory and so have been used for various advanced genetic studies to explore

the mechanisms underlying troglomorphisms?20.

Itis logical to assume that since the cavefish P. andruzzii has been exposed to perpetual
darkness over the course of millions of years in a relatively constant environment,
there would be no selective pressure to maintain a functional circadian clock,
photoreceptors or light dependent DNA damage repair mechanisms in this species.
Indeed, in P. andruzzii, central and peripheral tissues as well as a primary cell line
derived from fin clips show arrhythmic locomotor activity and clock gene expression
when exposed to artificial LD cycles?!!. However, P. andruzzii cell lines do still possess
peripheral circadian clocks although they tick with an aberrant 40 hours, infradian

211 Moreover, at the molecular level, the “blindness” of the circadian clocks of

rhythm
these cavefish is attributed to loss of function mutations in 2 nonvisual opsins, the
melanopsin homolog (Opn4m?2) and the teleost multiple tissue (TMT) opsin that are
both broadly expressed in fish tissues?'1212, Interestingly, while light-entrained
circadian oscillation in P. andruzzii has been lost they do retain a normal food-
entrained circadian oscillator (FEQO), which is entrained by the periodic availability of
food and which directs a feeding activity rhythm, where the fish become generally
more active just before the arrival of food, thereby enabling them to more efficiently

exploit the limited food supply?*®.

In the case of A. mexicanus, while the surface fish show light-induced expression of
per2 and cryla genes, the cave strains exhibit remarkably reduced light induction of
these clock genes but with much higher basal expression levels?'?2, Moreover, while
the surface fish in the field display similar perl oscillations to those in the lab, the
cavefish in the wild show inhibition of clock function which may result from the
elevated expression levels of per2 and cry1a?°. Hence, being arrhythmic rather than
having daily rhythms of activity and metabolic processes may provide some selective

advantage for cavefish.
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Figure 1.18 Astyanax mexicanus cavefish show enhanced DNA repair gene
expression and activity in the dark. (a) Adult fish were entrained to a LD cycle and
given a 3-hour light pulse at ZT16. CPD photolyase expression levels were measured in
light-pulsed and dark control fin samples by gqPCR. (b, d) mRNA levels of CPD
photolyase in Astyanax mexicanus surface and cavefish were measured by qPCR. (f)
CPD remaining in genomic DNA extracted from adult fins after a UV light pulse 2%,

Additionally, it is critical to note that the cave environment is complex and not merely
characterized by an absence of light. Each subterranean habitat is unique in terms of
geology, water properties and connection with surface water. One potentially
important factor is hypoxia of the water supply, which may induce oxidative DNA
damage as well as affecting dCPD production. Interestingly, it has been revealed that
comparing A. mexicanus surface fish, the cave forms (Pacho n and Chica) have notably
elevated basal levels of CPD photolyase (Figure 1.18 b, d). Although the expression of
CPD photolyase in cavefish is induced by light, this occurs with a lower magnitude than
the light induced expression of CPD photolyase observed in surface fish (Figure 1.18
a). Moreover, ELISA analysis of A. mexicanus revealed that compared with surface fish,
the cavefish display substantially lower DNA damage and therefore higher DNA repair
activity even in darkness, indicating that the elevated levels of CPD photolyase gene
expression in cavefish is associated with an enhanced capacity to repair DNA

damage?!° (Figure 1.18 f).
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Figure 1.19 Comparison of the photolyase genes between zebrafish and Somalian
cavefish. The C-terminal FAD binding domain is shaded pink while the conserved N-
terminal photolyase domain is yellow. Red boxes signify premature termination
codons®>?,

The Foulkes lab's previous work has documented that P. andruzzii has lost
photoreactivation DNA repair function and this loss partly derives from loss of function
mutations of DASH and 6-4 photolyase DNA repair genes. Specifically, in P. andruzzii,
C-terminal truncations of the DASH and 6-4 photolyase proteins restrict these proteins
to the cytoplasm and are predicted to interfere with protein binding to the Flavin co-
factor. Surprisingly, the comparison of photolyase genes between zebrafish and
cavefish indicates that P. andruzzii still possesses a normal CPD photolyase gene which
shares high similarity with zebrafish CPD photolyase and furthermore, the encoded

protein is able to perform normal photoreactivation in an in vitro assay*>? (Figure 1.19).

Together, the results and findings related to CPD photolyase in these two species of
cavefish might seem rather counterintuitive. Classically, photolyases employ light as a
source of energy to repair UV-induced DNA damage but light is completely absent in
the cave environment. Furthermore, the fish in the cave environment will not be
exposed to UV damage and so levels of UV-induced CPD photoproducts should be
extremely low. However, the conservation and elevated expression of CPD photolyase
suggests there is some selection for maintaining its function, even in the absence of

sunlight.
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1.6 Aims

The overarching aim of this thesis is to provide new insight into how DNA repair
function of photolyases in vertebrates has been shaped over the course of evolution.
This project is divided into two main sections. Firstly, | address the observation that in
P. andruzzii, while the 6-4 and DASH photolyase genes exhibit multiple loss of function
mutations, CPD photolyase is highly conserved. | aim to explore how vertebrate
photolyase structure and function has changed during evolution in an extreme,
perpetually dark environment. Specifically, | hypothesize that CPD photolyase has a
light-independent DNA repair function that would account for it being conserved in an
animal that has not been exposed to sunlight for millions of years. In the second
section of this project, as described in the previous sections of this Introduction,
photolyases and cryptochromes are close relatives, and it has been established that
cryptochromes are essential circadian clock components but can also share photolyase
DNA repair function. Therefore, my aim is to explore whether photolyases are able to

serve as circadian clock regulatory elements in fish.
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Figure 1.20 Genes for CPD photolyase, 6-4 photolyase, and Cry-DASH photolyase
were mutated in medaka by CRISPR/Cas9. The upper portion of each panel displays
the exon-intron structure of the CPD photolyase, 6-4 photolyase, and Cry-DASH
photolyase genes. The nucleotide sequences, translated amino acid sequences, and
acquired deletion mutations of the CRISPR target site are displayed in the lower
section of each pane 231,

In order to tackle these projects, | initially studied cell lines derived from medaka and
made available to me by the Todo lab (Osaka University, Japan), that via CRISPR/Cas9-
induced mutagenesis carry loss of function mutations in the CPD photolyase, 6-4
photolyase, and Cry-DASH photolyase genes?!? (Figure 1.20). These mutants show a
significant impairment of photoreactivation DNA repair even under light-dark cycle (LD)
conditions?!3. | then used a series of gain and loss of function cell culture systems as
well as the fish from which the cell lines were derived, to study in depth the

functionality of CPD photolyase that is independent of light exposure.
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2. Materials and Methods

2.1 Medaka fish maintenance and dissection of tissues

Wild type (iCab) and photolyase mutant medaka (Oryzias latipes) were maintained in
the fish facility of the Institute of Biological and Chemical Systems, Biological
Information Processing (IBCS-BIP) at the Karlsruhe Institute for Technology (KIT). The
mutant fish generated by CRISPR-Cas9 were a kind gift from Takeshi Todo's lab (Osaka
University, Japan)?3. All fish were reared in a water circulation system at 26°C under a
14 hours light and 10 hours dark cycle and fed manually twice per day. Fish were
crossed in a circulating water tank holding 5 females and 1 male and the eggs were
collected from the female fish's belly. The experiments using fish were all conducted
according to European Legislation for the Protection of Animals used for Scientific

Purposes (Directive 2010/63/EU) and the German animal protection standards.

For fin clip experiments in medaka, fish were anesthetized in 0.02% Tricaine (Sigma
Aldrich) for 2-3 minutes, and then a small part of the fin was cut using a scalpel. For
recovery, the fish were transferred to ERM medium containing methylene blue. The
cut fin segments were washed in 1 X PBS and Leibovitz's L-15 medium 3 times,

separately, and afterwards, treated following the experimental design.

For the dissection of multiple tissues (eye, brain, heart, liver, muscle, skin, fin clip)
medaka were incubated in ice water until they were dead, and the various tissues were
dissected and frozen in liquid nitrogen immediately and then stored at -80°C until

further treatment.

2.2 Fish and mammalian cell culture and transfection

The cell line derived from 36 hours old zebrafish embryos (PAC-2), medaka wild type
and mutant cell lines derived from medaka embryos (CPD/DASH/6-4 WT/KO) and
cavefish cell lines derived from P. andruzzii embryos (EPA) were cultured in Leibovitz's

L-15 medium (Gibco) supplemented with 15% (zebrafish cells) or 20% (medaka and
58



cavefish cells) Fetal Bovine Serum (FBS) (Gibco), 100 units/ml penicillin, 100 pg/ml
streptomycin and 100 pg/ml gentamicin (Gibco). All these cell lines were incubated in

an atmospheric CO,, non-humidified cell culture incubator at 26°C.

The mouse cell line (NIH 3T3) and the stably transfected, photolyase-expressing cell
lines (3T3 CPD/DASH/6-4pp) were cultured in DMEM medium (Gibco) supplemented
with 10% Fetal Bovine Serum (FBS) (Gibco), 100 units/ml penicillin, 100 pg/ml
streptomycin (NIH 3T3 cells) or 250 pg/ml neomycin (stable 3T3 lines expressing
photolyases ) (Gibco). Mammalian cells were maintained in a 5% CO,, humidified cell

culture incubator at 37°C

All of these cell lines were transfected in accordance with the manufacturer's
instructions using FuGene HD transfection reagent (Promega). The ratio of FuGene (ul)
and plasmid DNA (ug) was 4:1, and cells were incubated with the FuGene / DNA

mixture overnight at 26°C (Fish cells) or 37°C (3T3 cells).

2.3 Light sources, UV radiation and H,0, treatment

All light exposure experiments were conducted by using one of the following light
sources at a constant temperature of 26°C (fish cells) or 37°C (mammalian cells).

® Laboratory UV-C light (VETTER GmBH, 254nm)

® White light emitting diodes (LED, Kopa, 440 nm-690 nm)

® Monochromatic red light emitting diodes (LED, Kopa, 665 nm)

® Monochromatic blue-light-emitting diodes (LED, Kopa, 468 nm)

All UV treatments were carried out using UV-C, which is commonly applied in
laboratory research due to its maximum absorption by DNA and more effective
photoproduct formation than UVA or UVB radiation. Due to the weak penetration of
UVC, medium was removed from the plate before UV-C treatment and immediately

after UV-C pulse exposure, the medium was replaced.
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Hydrogen peroxide (H20,, Sigma Aldrich) treatment was carried out according to the
manufacturer's instructions, by simply adding H,0; to the medium in the wells and
incubating at various times depending on the experimental design. Subsequently, the

H,0; containing medium was discarded and replaced by fresh medium for recovery.

2.4 Cell viability assay

2.4.1 MTT assay

The MTT (3(4,5dimethylthiazol-2yl)2,5diphenyltetrazolium bromide, Sigma Aldrich)
assay was employed to determine cell viability as previously described?*. Specifically,
wildtype and photolyase mutant medaka cells were planted at a density of 3 x 10*
cells/well in 96-well plates and maintained until confluency for two days in the dark.
Subsequently, cells were treated with various concentrations of H,0, for a certain time
and then the H,0; containing medium was replaced with fresh medium. After
discarding the medium, 0.5 mg/ml MTT dissolved in L-15 medium was added for 4
hours at 26°C or 37°C. After removing the MTT medium, DMSO was applied to dissolve
the purple formazan crystals. Subsequently, the plate was measured using a test
wavelength of 590 nm and a reference wavelength of 620 nm on a SpectraMax iD3

Microplate Reader.

2.4.2 AHM assay

This assay was initially established in the lab of Dr. Carsten Weiss at IBCS-BIP and the
lab members initially guided me in the practical use of the automated microscopy set-
up and the methods used for the analysis of data. 8 x 103 cells (medaka cells) or 1.5 x
103 cells (mammalian cells) were plated per well of a 96 well plate for automated high-
throughput microscopy (AHM) measurement of cell number and the proportion of
living and dead cells. The cells were incubated in darkness for 2 days and then treated
with various doses of H,0; or UV-C pulse exposure. After that, the cell medium was

refreshed for recovery for 1 or 2 days. Following recovery, analysis was performed
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according to a previously described protocol?'>216, Cells were stained with Hoechst
33342 and propidium iodide (PI) at 0.3 g/mL and 0.5 g/mL, respectively. Bright field
(BF) and fluorescence pictures were acquired from four areas of each well using an
automated Olympus IX81 fluorescence microscope and a 10-objective lens after 30
minutes incubation in the dark (Olympus, Hamburg, Germany). Excitation and
emission wavelengths of 350 and 450 nm, respectively, were used to detect the
Hoechst dye. At 488 nm and 590 nm, respectively, Pl dye was identified. As previously
reported?!>2%€ the acquired images were processed by using scan”R analysis software
(version 2.7.3, Olympus, Hamburg, Germany) to identify the number of living or

dead cells (combination of Hoechst and Pl channel).

2.5 Immunofluorescence assay

2.5.1 Immunofluorescence assay in cells

Immunofluorescence assays were performed as previously described?!” with some
modifications. Cells were seeded at a density of 1 x 10° per well in a 24-well plate and
incubated in the dark for 2 days. Following treatment, cells were fixed by the addition
of 4% PFA in PBS for 20 minutes and washed with PBS 3 times (5 minutes each wash)
and with PBST (1x PBS + 0.1% Tween) 2 times (10 minutes each wash). Cells were
permeabilized by treatment with 0.5% Triton X100 in PBS for 5-10 minutes with slow
tilting agitation of the plate. Subsequently, cells were blocked by exposure to PBS +
0.1% Tween +1% BSA for at least 1 hour at room temperature and incubated with
primary antibody diluted in blocking buffer overnight at 4°C. The primary antibody
used was the Phospho-Histone H2A.X (Ser 139) (20E3) Rabbit monoclonal antibody
(Cell Signaling). The following day, cells were washed 3 times with PBST (5 minutes
each wash) rinsed briefly with blocking buffer and then incubated with the secondary
fluorescent antibody diluted in blocking buffer for 1 hour at room temperature. After
incubation, cells were washed with PBST and PBS separately 3 times (10 minutes each

wash) and then stained with DAPI for 5 minutes. Finally, samples were mounted in
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mounting medium (Dako, fluorescent mounting medium S$3023) and imaged by

scanning using a laser scanning confocal microscope (Leica TCS SP5).

2.5.2 Immunofluorescence assay in fish fin clips

Medaka fin clips were cut gently from fish and washed with PBS and Leibovitz's L-15
medium (20% FBS supplemented) (Gibco) several times. Samples were incubated in
darkness for a few hours and then treated with hydrogen peroxide according to the
experimental design. The fins were fixed with 1ml Carnoy's solution at 4°C overnight.
Carnoy's solution is a fixative incorporating 60% ethanol, 30% chloroform and 10%
acetic acid. On the next day, fin clips were washed 3 times with 100% methanol and
hydrated in 5 minutes series: 75% methanol + 25% PBTX (1 x PBS + 0.3% Triton X100),
50% methanol + 50% PBTX and 25% methanol +75% PBTX. Following 2 brief rinses with
PBTX, fin clips were blocked by incubation in blocking buffer (PBTX + 0.25% BSA) for 4
hours and then treated in darkness with the primary antibody at 4°C overnight on a
rotator. The primary antibody used was the Phospho-Histone H2A.X (Ser 139) (20E3)
Rabbit monoclonal antibody (Cell Signaling). On the 3™ day, samples were washed 4
times, each wash for 25 minutes with PBTX (then a last wash in blocking buffer) and
then incubated with the secondary antibody at 4 °C overnight on a rotator.
Subsequently, following 3 x 20 minutes washes with PBTX, fin clips were stained with
DAPI for 10 minutes and washed 3 x 10 minutes in PBTX. Eventually, samples were
washed in 5 minutes series: 33% glycerin + 67% PBTX, 66% glycerin + 33% PBTX and
86% glycerin and then coated on microscopy slides with the mounting medium (Dako,
fluorescent mounting medium S$3023). Samples were imaged using a confocal

microscope (Leica TCS SP5).

2.5.3 Image analysis

In order to quantify the degree of DNA damage caused by oxidative stress, the confocal

images obtained from the immunofluorescence analysis with the Phospho-Histone
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H2A.X (Ser 139) antibody were processed by Fiji/Image) software and for
quantification, the cell number and fluorescence intensity of H2A.X were counted and

calculated.

2.6 ELISA assay

ELISA (Enzyme-Linked ImmunoSorbent Assay) assays were employed to directly
measure the levels of DNA damage and the progress of repair following UV-C light and
oxidative stress exposure. The ELISA kits used in this project were OxiSelect™ UV-
Induced DNA Damage ELISA Kit (CPD Quantitation) and OxiSelect Oxidative DNA
Damage ELISA Kit (8-OHdG Quantitation) (Cell Biolabs) in order to quantify the content
of CPD and 8-OHdG respectively. Cells were plated at a density of 6 x 10° cells/well
(CPD Quantitation) in a 6-well plate or 2 x 10° cells/dish (8-OHdG Quantitation) in a 10
cm petridish and cultured in darkness for 2 days. Samples were then treated according
to the experimental design. Following treatment, cells were harvested and genomic
DNA was extracted using a GeneJET Genomic DNA Purification Kit (Thermo Fisher). In
the case of 8-OHdG Quantitation, samples were completely digested to nucleotides by
nuclease P1 and dephosphorylated by alkaline phosphatase. Subsequently, samples
were applied to a plate supplied with the kit that was coated with a specific conjugate
by the manufacturers and then finally the treated plate was scanned on a SpectraMax

iD3 Microplate Reader at a wavelength of 450 nm.

2.7 Construction and expression of gain of function mammalian

cell lines

2.7.1 Establishment of gain-of-photolyase-function 3T3 cells

Mammalian cells were planted at a density of 4 x 10° cells/well in a 6-well plate and
on the next day were co-transfected with expression vectors for wild type CPD

photolyase or CPD photolyase carrying specific amino acid substitution mutations and

63



an empty pcDNA vector carrying a neomycin resistance cassette. After 2 days
incubation, the culture medium was replaced with fresh medium supplemented with
neomycin to select for stably transfected cells and after around 1 week, all the control
cells (without transfection) were dead. The remaining viable cells were trypsinized, the
cell density was measured and then the cells were aliquoted into individual wells of a
96 well plate, to ensure that each well of the 96-well plate carried only 1 cell. Eventually,
after several weeks, multiple single clone cell lines expressing various amounts of
photolyase proteins were obtained and levels of ectopic photolyase expression were

guantified in each clone by western blot assay using an anti-Myc epitope tag antibody.

2.7.2 Site-directed mutagenesis

In order to explore whether key amino acids in catalyzing the photoreactivation
reaction might also contribute to the CPD photolyase "dark" DNA repair function, |
chose to generate the following mutations: W310F and W400F (disrupting the Three
Tryptophan Electron Transfer Chain) in zebrafish CPD photolyase by using the Q5 Site-
Directed Mutagenesis Kit (New England Biolabs) precisely according to the
manufacturer's instructions The primers and mutated plasmids used for the

mutagenesis reactions are presented in the following table (Table 2.1).

Table 2.1 Primers used for mutagenesis of the Three Tryptophan Electron Transfer

Chain of zebrafish CPD photolyase

Plasmid name Primers

F: CCTCTCCCCATTCATTCATGCTGG

zf CPD photolyase W310F mutation
R: TGGCTAACGGCGTCAGAG

F: TGACCAATTGTTTAATGCTGCACAGC
zf CPD photolyase W400F mutation R: TGAGTTTCGGCGCTCTCC

2.7.3 Western Blotting (WB) analysis

Cells were seeded in a 6-well plate at a density of 4 x 10° cells per well. After 2 days
incubation, culture medium was discarded and cells were washed twice with cold 1 x
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PBS. Then 200 pl 1 x Laemmli (6% SDS, 20% glycerol, 0.01% bromophenol blue and 125
mM Tris, pH = 6.8 and 0.1 M DTT) was added to the wells in order to lyse the cells
which were then harvested by scraping after 2 minutes incubation in the 1 x Laemmli
buffer at room temperature. A Bio-Rad mini-protean 3 chamber equipment was used
for SDS-PAGE (Sodium dodecyl-sulfate polyacrylamide gel electrophoresis) and then
the gel was prepared for transfer of the proteins to an ImmunBlot PVDF membrane
(Millipore) by electroblotting. After primary and secondary antibody incubation and
washing, the Clarity Western ECL substrate (Bio-Rad) was applied to the PVDF
membrane and the membrane was visualized using the ChemiDoc™ Imaging System
(Bio-Rad). The primary antibody used was the mouse Anti-Myc Tag monoclonal
antibody (Millipore), while the second antibody was a Goat Anti-mouse polyclonal
antibody (Cell Signaling). Images were viewed and evaluated using the ImageLab™

software (Bio-Rad).

2.8 Coding sequence characterization and cloning

2.8.1 Alignment of coding sequences

The alignment of CPD photolyase coding sequence among zebrafish, cavefish and
medaka fish was conducted by using DNAMAN software 7 (Lynnon Corporation). The
following table (Table 2.2) presents the Genbank accession numbers for the CPD

photolyase protein sequences of these 3 species.

Table 2.2 Genbank accession number of CPD photolyase sequences

Genes Accession No.

zebrafish CPD photolyase NP_957358.1
cavefish CPD photolyase AYN44215.1
Medaka CPD photolyase NP_001098271.1
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2.8.2 Plasmid cloning

All the plasmids employed this project were from the Foulkes lab's plasmids collection
and were re-transformed for further use. All of the freshly re-transformed plasmids
were tested by appropriate restriction enzyme from mini preparation (QIAGEN)
samples and sequenced from midi or maxi preparation (QIAGEN) samples by a
commercial supplier (Microsynth Seq Lab). The NanoDrop Spectrophotometer

(PeglLab) was used to determine the concentration and purity of all the plasmids.

2.9 Gene expression analysis

2.9.1 RNA extraction

Medaka wild type and photolyase-mutant fish were dissected to acquire multiple
tissues (eye, liver, brain, heart, muscle, skin, fin clips) and these tissues were lysed by
addition of 500 pl Trizol Reagent (Invitrogen) and homogenous grinding using a
micropestle. Afterwards, these samples were kept at -80°C until RNA extraction. Cell
cultures were seeded at a density of 1 X 108 cells in a 10 cm petri dish and maintained
under LD (12 hours light and 12 hours dark) cycle conditions for 4 days. Subsequently,
250 ul Trizol Reagent (Invitrogen) was added to the cell layer for lysis, then the lysate
was recovered with the help of a cell scraper, transferred to 1.5ml Eppendorf tubes

before freezing the samples at -80°C until further use.

Both tissue samples and cell samples were homogenized by sucking at least 10 times
through a 1 ml single-use syringe with a 24 G (cells) or 26 G (tissue) needle. After
addition of Chloroform (at 1/5 of the Trizol volume), the samples were mixed by rapid
inversion, incubated on ice for 3 minutes and then centrifuged for 15 minutes at 12000
rpm at 4°C. Afterwards, the aqueous phase was transferred to a new eppendorf tube,
Isopropanol was added (at 1/2 of the Trizol volume), mixed well by inversion and
incubated on ice for 10 minutes. After centrifugation for 15 minutes at 12000 rpm at

4°C for the precipitation of RNA, the supernatant was discarded carefully and 100ul
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80% Ethanol was added for washing. Later, after centrifugation for 5 minutes at 12000
rom at 4°C, all the liquid was removed and the pellet was dried briefly at room
temperature for approximately 10 minutes until the pellet became transparent.
Thereafter, the pellet was dissolved in nuclease-free water (Promega) and the RNA
concentration was quantified using a NanoDrop ND-100 Spectrophotometer (PeqlLab).
The integrity of the ribosomal 28S, 18S and 5S RNA bands was examined by
electrophoresis on a 1% agarose gel to evaluate the quality and quantity of the total

RNA.

2.9.2 Reverse transcription (cDNA synthesis) and control PCR

1 ug of total RNA was used for synthesis of cDNA and digested with 1 ul RQ1 DNase
supplemented with 1 ul RQ1 10X DNase buffer and 0.25 pl RNase Inhibitor to remove
contaminating genomic DNA. After incubation for 30 minutes at 37°C, 1 ul RQ1 DNase
Stop Solution was applied for inactivation of DNase and incubated at 65°C for 10
minutes. Then, 1 ul Random Primer solution was added to the mixture and incubated
for 5 minutes at 70°C. Subsequently, 10 pl of PCR master mix (3 pl nuclease-free water
+4 ul 5 X RT Buffer + 2 ul 10mM dNTPs + 1 pl RevertAid RT Enzyme) was prepared and
added to the 12 pl cDNA mixture and then incubated according to the following
program: 25°C 10 minutes, 42°C 60 minutes and 70°C 15 minutes. Finally, cDONA was

diluted 1:10 by adding 200 pl nuclease-free water and stored at -20°C.

In order to evaluate the quality of synthesized cDNA, a control PCR was prepared and

the regents and cycling conditions are presented below:
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Reagents

20ul reaction

cDNA aul
Taq DNA Polymerase 0.25ul
10uM B-actin forward + reverse primer 2ul
10mM dNTPs 0.5ul
5X Taq DNA Polymerase Buffer 4ul
Nuclease-free water 9.25ul

Step Temp Time

Initial Denaturation 95°C 2 minutes

95°C 1 minute

54°C 30 seconds

25 Cycles

72°C 30 seconds
Final Extension 72°C 5 minutes
Hold 4°C

A 1% agarose gel was prepared for electrophoresis and 10 ul of each PCR reaction was

loaded. The cDNA should have one distinct band on the gel per sample.
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2.9.3 Real-time PCR (qRT PCR)

The quantitative Real-time PCR was performed using the StepOnePlus™ Real-Time

PCR System (Thermo Fisher) following the manufacturer's instructions and the

reactions were prepared as summarized below:

Reagents 25ul reaction
cDNA 4ul

2 X SYBR Green 10ul

10uM forward + reverse primer 2ul
Nuclease- free water oul

The primer sequences used for qRT PCR are listed on Table 2.3

Table 2.3 Primers for qRT-PCR

Medaka Gene

Primer sequence

perlb F: GGGGAGAGTCGTGTACGTGT
R: TGCTGCTGTAGAAGGTGCTG
per2 F: CACGAGGATGTAGAGATGG
R: TGAGACTGACTGCTGGAA
per3 F: CGGTGCTCCTTTATCTTTTACTACA
R: CTTTCAGAGTGGTTGAGTCCAGT
cryla F: CTGCCGCCTCTTTTACTTCA
R: GCTCTCCATCTTGTCGAAGC
cry5 F: TTAGTTCTCTTCAAGACCTGG
R: ATGGGAGATTTTGTAGATGAC
clock1b F: AGGCTATCTACCATTTGAGGTTCTT

R: AGATCCACTGTTGACCTTTTGTTAG

Mitochondrial ribosomal protein S18B

F: TCCCCGAGAAATTCCAGCAT
R: CTCCTCCGTTAGCTCTCCAG

B-actin

F: GAAGATCTGGCACCACACCTTCTACAATGAG
R: GGGCGACGTAGCACAGCTTCTCCTTGATGTC

Medaka mitochondrial ribosomal protein S18B or R-actin mRNA expression was
employed as a normalization to calculate the relative mRNA expression levels of

interested genes by the 22T method.
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2.10 Luciferase reporter gene assay

2.10.1 In vitro luciferase assay

Cells were plated in a 24-well plate at a density of 1 X 10° (fish cells) or 5 X 10*
(mammalian cells) per well and on the following day were transfected with various
plasmids of interest by FuGene HD transfection reagent (Promega). 250 ng of the
luciferase reporter plasmid, 50 ng R-galactosidase expression vector (pcDNA3.1/Myc-
His/lacZ, Invitrogen), and a variable quantity of transcription factor expression
plasmids were employed for each single well transfection. The final DNA quantity was
adjusted by the addition of varying amounts of empty pCS2-MTK or pcDNA 3.1
plasmids to ensure equal amounts of total DNA were included in each transfection
sample. After 1 or 2 days incubation in darkness, cells were washed by 1 X PBS twice
and lysed by the addition of 70 pl 1 X firefly luciferase lysis buffer (0.1 M Tris acetate
(pH=7.5), 2 mM EDTA, 1% Triton X 100). The plate was held on a vortexer for a
maximum of 2 minutes and then a scraper was used to scrape the remaining cells off
the surface of the plate and the resulting cell lysate was transferred to a pre-cooled
eppendorf tube on ice. Thereafter, the samples were centrifuged 5 minutes at 12000
rpm at 4°C and the supernatant was transferred to a new pre-cooled tube on ice. The

lysate was kept at -80°C until used for in vitro luciferase assay and 3-galactosidase assay.

For the in vitro luciferase assay, 2 pump solutions were prepared according to the
manufacturer's instruction. The firefly solution contained 2 mM ATP, 1 mM DTT and
Gly Gly -/- solution, while the substrate was prepared with luciferin and Gly Gly -/- at
a volume ratio of 1:4. Afterwards, 70 pl firefly solution and 20 pl substrate were
applied to 20 pl lysate in each well of a 96-well plate and the plate was scanned by a

Victor Light Luminescence Plate Reader (Perkin Elmer).

For the R-galactosidase assay, 3 solutions (Solution A, B, C) were prepared according
to the manufacturer's instructions. Solution A consisted of 0.2 M Na;HPO4, 0.2 M
NaH;PO4 and water, while Solution B was 4 mg/ml ONPG dissolved in 0.1 M NaHPO4
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(pH=7.5). Solution C contained 1 M MgCl,, 14 M R-mercaptoethanol and water. All 3
solutions were mixed and added to 20 pul lysate in each well of the 96-well plate and
the plate was incubated at 37°C in an incubator until the mixture turned light yellow.
Subsequently, the plate was measured on a SpectraMax iD3 Microplate Reader at a

wavelength of 420 nm.

2.10.2 In vivo luciferase assay (Real-time bioluminescence assay)

Zebrafish or medaka cells were seeded at a density of 3 X 10 cells/well in a 96-well
plate (Perkin EImer) and incubated in darkness for 24 hours. For transfection, the cells
were transfected with different plasmids of interest using FuGene HD transfection
reagent (Promega) according to the manufacturer's instructions and cultured in
darkness for 1 day. Subsequently, 80 ng of the luciferase reporter plasmid and 25 ng
of expression vector plasmids (if necessary) were added for each well. Thereafter, the
transfection medium was replaced by luciferin medium including 0.5 mM beetle
luciferin potassium salt solution (Promega) (luciferin:medium = 1:250) and the plate
was sealed with plastic sealing foil and a barcode was added on the right side of the
plate. The plates were then transferred to a plate stacker unit and the real-time
bioluminescence values were detected by a Topcount NXT automatic scintillation
counter (Perkin Elmer) for several days under different lighting conditions (light/dark
cycle or constant darkness). The data was analyzed by the I-and-A Excel plug-in (S. Kay,

Scripps Research Institute).

2.10.3 Luciferase assay plasmids

All the plasmids used for the luciferase assays are listed on Table 2.4
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Table 2.4 Plasmids used for luciferase assay

Insert Vector

15XD-b0Xcry10-Luc pTAL/pLuc
4XE-bOXpers-Luc pLUC MCS
zf perlb promoter-Luc pGL3 basic
zf clock1 pcDNA 3.1

zf bmall pcDNA 3.1

zf 6-4 photolyase pCS2-MTK
zf CPD photolyase pCS2-MTK
zf DASH photolyase pCS2-MTK
zf cryla pCS2-MTK

zf tef-1 pCS2-MTK

Zf tef-2 pCS2-MTK

zf hif-1 pCS2-MTK

zf hif-2 pCS2-MTK

zf dbp-1 pCS2-MTK

zf dbp-2 pCS2-MTK

zf edbp4-1 pCS2-MTK

zf e4bp4-2 pCS2-MTK

zf e4bp4-3 pCS2-MTK

zf e4bp4-4 pCS2-MTK

zf e4bp4-5 pCS2-MTK

zf e4bp4-6 pCS2-MTK

2.11 Statistical analysis

All the data were calculated and represented as mean + SEM. In addition, all data were

plotted by using GraphPad Prism 5 (GraphPad Software Inc.) and analyzed by SPSS

Statistics 19.0 (IBM). To identify statistically significant differences, either a Student's

t-test or an analysis of variance (ANOVA) was used, and thereafter applied Sidak's

multiple comparison post-test. Statistics were considered to be significant when the p

value was less than 0.05 and the statistical differences of p< 0.05, p< 0.01, p< 0.001

are denoted by *, ** or ***, respectively.
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3.Results

3.1 Loss of function of CPD photolyase

While in Somalian cavefish, 6-4 and DASH photolyase function is being lost as a result
of accumulating several loss-of-function mutations in these two cavefish genes, CPD
photolyase is highly conserved 2. Does CPD photolyase have a light-independent DNA
repair function that would account for it being conserved in a species that has been
evolving for millions of years isolated from sunlight? A critical consideration is that
even in the absence of sunlight, there are still many potential sources of DNA damage
in cave and subterranean environments. One example is oxidative stress, that
originates from exposure to the hypoxic conditions which have been well documented
to characterize the water in many cave environments?!®, Therefore, | decided to
initially focus on exploring whether there were any links between CPD photolyases and

the repair of oxidative damaged DNA under constant darkness.

To initially address this issue, | examined the phenotype of a unique set of 3 medaka
CRISPR-Cas9-generated mutants which carry loss of function mutations in each of the
three photolyase genes that were generated in the laboratory of Takeshi Todo (Osaka
University, Japan)?3. Specifically, | studied cell lines derived from these mutants as well
as 3 corresponding wild type control lines. My initial phylogenetic analysis of medaka
photolyase genes revealed that they share high sequence similarity with zebrafish
photolyase genes and for certain functional domains, they are close to 100% identical

(Table 3.1 and Figure 3.1).
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CPD phr protein Protein sequence similarity

zebrafish and medaka 62.48%
zebrafish and cavefish 84.50%
cavefish and medaka 64.99%

zebrafish, cavefish and medaka 80.92%

Table 3.1 Protein sequence comparison of CPD photolyase among zebrafish (Danio
rerio), Somalian cavefish (Phreatichthys andruzzii) and medaka (Oryzias latipes).
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Figure 3.1 Alignment of CPD photolyase amino acid sequences from zebrafish (Danio
rerio), Somalian cavefish (Phreatichthys andruzzii) and medaka (Oryzias latipes).
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3.1.1 CPD photolyase function and oxidative stress

3.1.1.1 Increased DNA damage upon loss of CPD photolyase function.

In order to explore the levels of DNA damage induced by oxidative stress, | initially
exposed cells to hydrogen peroxide in order to elevate intracellular ROS levels and then
performed an immunofluorescence assay using a Phospho-Histone H2A.X (Ser139)
monoclonal antibody (Cell Signaling) to detect the endogenous levels of
phosphorylated H2A.X. H2A.X is a histone H2A variant that is rapidly phosphorylated
at Ser139 by PI3K-like kinases at sites of DNA damage resulted from UV-light, ionizing
radiation, or radiomimetic agents and therefore represents an indirect indicator or
proxy of DNA damage. | exposed fully confluent cell cultures of the mutant cell lines as
well as wild type controls to a range of hydrogen peroxide concentrations for 1 hour
and thereafter refreshed the medium for recovery for 1 hour. | performed all the steps
in darkness in order to avoid photoreactivation function. Subsequently, | fixed cells

with 4% PFA, and then examined them by confocal microscopy.
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Figure 3.2 Cell signaling from DNA damage induced by oxidative stress in medaka WT
and photolyase mutant cell lines. (A) Schematic representation of experimental
design for immunofluorescence assay. (B) Medaka wild type (WT) and photolyase

75



mutant (KO) cells were treated with various hydrogen peroxide concentrations ( & M)
indicated on the x-axes, and then recovered in darkness. H2A.X fluorescence intensity
is plotted on the y-axes. Data represents the mean £ SEM (n=4) and each WT and
photolyase mutated cell lines were conducted independently at least 3 times.
Fluorescence intensity was compared between WT and mutant groups by using
Student's t-test (unpaired, two tailed) and statistical differences of p< 0.05, p< 0.01, p<
0.001 are represented by *, ** or ***, respectively.

My results show that there are no prominent differences between wild type and loss
of function DASH and 6-4 photolyases cell lines, whereas there is a significant increase

in H20; induced H2A.X levels in the CPD photolyase mutant cell line (Figure 3.2).

3.1.1.2 Cellular DNA damage upon oxidative stress in vivo

In order to confirm these initial in vitro results | next tested whether explanted cultures
of fin clips from adult photolyase mutant fish would also show elevated levels of
phosphorylated H2A.X compared with wild type controls when exposed to H,0;. |
excised the medaka WT and photolyase-mutant fish fin clips and incubated them in
darkness for 3 hours. Then, | treated these clips with 1mM hydrogen peroxide for 1
hour in an analogous approach to that used in the previous cell culture assays and
allowed them to recover in fresh medium for 1 hour followed by fixation. | finally
stained the fin clips with the Phospho-Histone H2A.X (Ser139) antibody to detect
endogenous levels of phosphorylated H2A.X in the medaka fish fin clips. Consistent
with the previous cell culture results, | observed a substantial increase in H,0; induced
H2A.X levels in the CPD knockout fin clips compared with wild type fins. Furthermore,
in DASH and 6-4 mutant fins wild type levels of H2A.X staining were obtained (Figure

3.3).
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Figure 3.3 DNA damage induced by oxidative stress in medaka WT and photolyase
mutant fish fin clips. (A) Schematic representation of experimental design for
immunofluorescence assay. (B) Wild type medaka (iCab) and photolyase mutant (KO)
fish fin clips were treated with 1mM hydrogen peroxide as indicated on the x-axis, and
then recovered in darkness. H2A.X fluorescence intensity per cell is plotted on the y-
axis. Data represents the mean =+ SEM (n=4) and each WT and photolyase mutated
fish fin clips were repeated independently at least 3 times. Fluorescence intensity was
compared between WT and mutant groups by using Student's t-test (unpaired, two
tailed) and statistical differences of p>0.05, p< 0.05, p<0.01, p< 0.001 are represented
by ns, *, ** or *** respectively. (C) Representative images from immunofluorescence
assay of H2A.X following exposure of medaka WT and photolyase mutant fish fin clips
to 1ImM hydrogen peroxide. Nuclear staining (DAPI, Blue), H2A.X staining (Red) and
the merged images of DAPI and H2A.X staining are indicated.
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3.1.2 Cell viability in response to oxidative stress
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Figure 3.4 Cell viability assay of photolyase WT and mutant cell lines following
oxidative stress. (A) Schematic representation of experimental design for cell lines
shown in panel B. (B) Medaka wild type (WT) and photolyase mutant cell lines (KO)
were exposed to a range of concentrations of hydrogen peroxide, and then recovered
by changing with fresh medium and kept in constant darkness. Percentage of mean
& SEM (n=8) in cell viability with respect to untreated cells are indicated on y-axes,
while hydrogen peroxide concentrations (from 200 & M to 3000 1 M) are denoted on
x-axes. Each WT and photolyase mutated cell lines were repeated independently at
least 3 times. Cell viability was compared between WT and mutant groups by using
Two-way ANOVA followed by Sidak's multiple comparisons tests and statistical
differences of p< 0.05, p< 0.01, p< 0.001 are represented by *, ** or *** respectively.

In order to confirm the elevated levels of DNA damage induced by H,0; in the CPD
photolyase mutant cell line, | next tested for effects on cell viability which might be
predicted to decline in response to elevated DNA damage. To test this in the cell
cultures, | used staining with MTT as an assay for cell viability. MTT is a type of yellow
dye which is reduced to purple formazan in the mitochondria of living cells by
mitochondrial reductase enzymes. Therefore, the amount of purple formazan is
proportional to the number of living, metabolically active cells. For this assay, |
incubated the cells in dark conditions for 2 days and then exposed them to various

hydrogen peroxide concentrations. Thereafter, | replaced the medium with fresh
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medium and allowed the cells to recover for 1 day. Subsequently, | added MTT solution
and measured the plate using a test wavelength of 590 nm on a Microplate
Spectrophotometer. My results demonstrate that compared with the DASH and 6-4
photolyase mutants, the viability of the CPD photolyase mutant cells was significantly

reduced upon hydrogen peroxide treatment (Figure 3.4)

In order to confirm this result, following initial technical training by the Carsten Weiss
lab at IBCS-BIP, | next used an automated high-throughput microscopy (AHM) assay to
measure the viability of WT and photolyase mutant cells following oxidative stress. In
the AHM assay, cells are scored as belonging to distinct stages, specifically living cells,
early-apoptotic cells, late-apoptotic cells or necrotic cells based on their staining with
Hoechst and Pl staining dye and morphology. The intensity and cell status were

determined automatically using Scan”R analysis software.

| seeded medaka WT and CPD photolyase mutant cells in 96-well plates and
subsequently, incubated them in darkness for 2 days. Thereafter, | treated the cells
with a range of H,0; concentrations for 1 hour and replaced the old culture medium
with fresh medium for 1 day. Subsequently, | stained the cells with Hoechst and Pl and
then analysed them by automated Olympus IX81 fluorescence microscopy. My results
confirmed the findings from the MTT assays. Specifically, that compared with wild type
cells, the CPD photolyase mutant cells have reduced cell survival upon elevated

oxidative stress (Figure 3.5).
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Figure 3.5 Automated microscopy assay of cell survival in medaka WT and
photolyase mutant cell lines upon oxidative stress. (A) Schematic representation of
experimental design. (B) Medaka wild type (CPD WT) and CPD photolyase mutant (CPD
KO) cell lines were exposed to different concentrations of hydrogen peroxide, and then
the medium was refreshed and the cells kept in constant darkness. Total cell number
of mean & SEM (n=8) in relation to untreated cells are indicated on y-axes, while
hydrogen peroxide concentrations (from 200 1 M to 3000 1 M) are indicated on the x-
axes. This experiment was repeated independently at least 3 times. Cell survival was

compared between WT and CPD photolyase mutant groups by using Two-way ANOVA
followed by Sidak's multiple comparisons tests and statistical differences of p< 0.05,
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p< 0.01, p< 0.001 are represented by *, ** or ***, respectively. (C) Representative
images from the automated high-throughput microscopy (AHM) assay following
exposure of medaka cell lines to various concentrations of hydrogen peroxide. Bright
field (BF) channel, Hoechst staining, and Propidium lodide (Pl) staining are represented.

3.2 Gain of CPD photolyase function in mammalian cells

3.2.1 Establishing a 3T3 cell line ectopically expressing CPD

photolyase

It has been well established that no photolyase genes are present in the genome of
placental mammals and that there is no evidence for the presence of
photoreactivation DNA repair in these species. Therefore, mammalian cell lines
represent useful models to study CPD photolyase DNA repair functionality in gain of
function experiments. Specifically, as well as conferring photoreactivation DNA repair
functionality on mammalian cells, would ectopic expression of zebrafish CPD
photolyase influence the resistance of these cells to oxidative stress-induced DNA
damage? Therefore, | next aimed to stably transfect 3T3 mouse cell lines with an

expression vector stably expressing zebrafish CPD photolyase.

Initially, 1 cloned the cDNA encoding zebrafish CPD photolyase into the eukaryotic
expression vector, pCS2-MTK. This vector has been routinely used in the Foulkes lab to
ectopically express a range of different proteins in fish cell lines. | then seeded 3T3 cells
in a 6-well plate and the next day | transfected them with the zebrafish CPD photolyase
expression vector mixed with an empty pcDNA vector carrying a neomycin resistance
cassette. After 2 days, | replaced the medium with fresh medium supplemented with
neomycin to select for stably transfected cells and incubated the cells for about 1 week
until all mock-transfected cells were dead and so no longer attached to the culture
surface. | then detached the remaining viable cells from the culture plate in the stably
transfected samples by trypsinization, counted the cell number and concomitantly

aliquoted the cell suspension into individual wells of a 96 well plate to ensure that
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each well of 96-well plate carried only 1 cell. | then maintained the culture for several
weeks until the single cells had proliferated and each well had a confluent cell layer. |
passaged cells into larger plates and prepared whole protein extracts from aliquots of
the cells for each original clone. | assessed photolyase expression by Western Blot
assay using an anti-Myc epitope tag antibody (Figure 3.6 A). My results revealed that
multiple clones displayed expression of an immunoreactive band of the predicted
molecular weight. Interestingly, there was a broad range of expression levels. | selected
one of these clones (CPD single clone 8) for further analysis and cryopreserved aliquots
to secure the line. | next performed a functional analysis of DNA damage repair in
these 3T3 cell lines. Specifically, | tested whether the stable cell line ectopically
expressing CPD photolyase had also acquired photoreactivation of UV-induced DNA

damage.

3.2.2 Cell viability response to UV-C exposure in 3T3 cell lines.
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Figure 3.6 Zebrafish CPD photolyase single clone cell line establishment, expression
and verification. (A) The expression of a myc tagged zebrafish CPD photolyase in
mammalian cells by Western Blot. An expression vector for zebrafish CPD photolyase
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was stably transfected into mammalian cells which were then selected for Neomycin
resistance. Non-transfected 3T3 cells were employed as a negative control. (B)
Schematic representation of the experimental design for testing photoreactivation
function in the mammalian cell lines. (C-D) Cell viability assay to test whether ectopic-
expression of CPD photolyase in mammalian cells confers photoreactivation upon UV-
C exposure. 3T3 cells and 3T3-derived cell lines ectopically expressing CPD photolyase
(3T3 CPD) were exposed to various doses of UV-C light and then transferred to constant
darkness or light-dark cycle conditions. Percentage of mean £ SEM (n=8) in cell
viability with respect to untreated cells are indicated on the y-axes, while UV-C light
doses (from 20 J/m? to 100J/m?) are indicated on the x-axes. This assay of each cell
line was repeated independently at least 3 times. Cell viability was compared between
LD and DD groups by using Two-way ANOVA followed by Sidak's multiple comparisons
tests and statistical differences of p> 0.05, p< 0.05, p< 0.01, p< 0.001 are represented
by ns, *, ** or *** respectively.

To test for photoreactivation upon UV-C exposure, | incubated the CPD 3T3 cells as well
as nontransfected 3T3 cells in constant darkness for 2 days. After exposure to various
doses of UV-C light, | returned the cells to darkness (DD) or light-dark (LD) cycle
conditions for 2 days before adding MTT solution to assay for cell viability. Upon
recovery in LD conditions, 3T3 CPD cells showed a notable increase in cell viability
compared with cells maintained in constant darkness. In contrast, in 3T3 cells, the
lighting conditions after UV exposure had no significant effect on the levels of cell
survival. My results are consistent with ectopic-expression of CPD photolyase in

mammalian cells conferring photoreactivation upon UV-C exposure (Figure 3.6 B-D).

3.2.3 Cellular DNA damage upon oxidative stress in 3T3 cells

| next explored the consequence of ectopic CPD photolyase expression on the DNA
repair response of 3T3 cells to oxidative stress. | initially performed a H2A.X assay in
these 2 cell lines to more directly test the levels of DNA damage in 3T3 CPD cells upon
oxidative stress. | seeded both 3T3 CPD cells and 3T3 control cells in 24-well plates and
incubated them in darkness for 2 days. Before fixation, | exposed cells to various
concentrations of H,0; for 1 hour and then allowed them to recover by refreshing the
medium and exposing the cells for 1 hour to constant darkness conditions (DD).

Compared with 3T3 cells, 3T3 CPD cells showed lower H2A.X staining levels when
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exposed to a range of hydrogen peroxide concentrations (Figure 3.7).
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Figure 3.7 Ectopic expression of CPD photolyase reduces H2A.X levels in ROS-treated
mammalian cells. (A) Schematic representation of experimental design. (B) 3T3
control cells and 3T3 cells ectopically expressing CPD photolyase (3T3 CPD) were
treated with various concentrations of hydrogen peroxide indicated on the x-axis, and
then incubated under dark conditions. H2A.X fluorescence intensity is plotted on the
y-axis. Data represents the mean =& SEM (n=6) and this experiment was repeated
independently at least 3 times. Fluorescence intensity was compared between 3T3 and
3T3 CPD groups by using Student's t-test (unpaired, two tailed) and statistical
differences of p< 0.05, p< 0.01, p< 0.001 are represented by *, ** or ***, respectively.
(C) Representative images from immunofluorescence assay of H2A.X upon exposure
of 3T3 and 3T3 CPD cell lines to different concentrations of hydrogen peroxide. Nuclear
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staining (DAPI, Blue), H2A X staining (Red) and the merged images of DAPI and H2A.X
staining are indicated.

3.2.4 3T3 CPD cell viability response to oxidative stress
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Figure 3.8 Ectopic-expression of CPD photolyase in mammalian cells increases
viability upon oxidative stress. (A) Schematic representation of experimental design
for cell lines shown in panel B. (B) 3T3 cells and 3T3 cells ectopically expressing CPD
photolyase (3T3 CPD) were exposed to different concentrations of hydrogen peroxide,
and the medium was refreshed and then the cells were transferred to darkness.
Percentage of mean =& SEM (n=8) in cell viability with respect to untreated cells are
indicated on the y-axes, while hydrogen peroxide concentrations (from 200 1 M to
3000 1 M) are indicated on the x-axes. This experiment was repeated independently 3
times. Cell viability was compared between 3T3 and 3T3 CPD groups by using Two-way
ANOVA followed by Sidak's multiple comparisons tests and statistical differences of p<
0.05, p< 0.01, p< 0.001 are represented by *, ** or ***, respectively.

| then explored the effect of ectopic expression of CPD photolyase in 3T3 cells upon
oxidative stress by cell viability assay. | exposed 3T3 and 3T3 CPD cells to a range of
H,0, concentrations, then, after changing the culture medium with fresh medium, |
exposed the cell lines to constant darkness (DD) conditions for 1 day. My results

indicate that ectopic expression of CPD photolyase in mammalian cells enhances cell
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survival following oxidative stress (Figure 3.8).
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Figure 3.9 Ectopic expression of CPD photolyase increases cell viability following
H0, treatment. (A) Schematic representation of experimental design (B) 3T3 cells and
3T3 cells ectopically expressing CPD photolyase (3T3 CPD) were exposed to lower
levels of hydrogen peroxide than those employed for the MTT assay, at various
concentrations, and then the medium was refreshed and the cells incubated in
constant darkness. Total cell number of mean = SEM (n=8) in relation to untreated
cells are indicated on the y-axis, while hydrogen peroxide concentrations (from 10 u
M to 50 1 M) are denoted on the x-axis. This experiment was repeated independently
at least 3 times. Cell survival was compared between 3T3 control cells and 3T3 cells
ectopically expressing CPD photolyase by using Two-way ANOVA followed by Sidak's
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multiple comparisons tests and statistical differences of p< 0.05, p< 0.01, p< 0.001 are
represented by *, ** or *** respectively. (C) Representative images from the
automated high-throughput microscopy (AHM) assay following exposure of 3T3 and
3T3 CPD cell lines to different concentrations of hydrogen peroxide. Bright field (BF)
channel, Hoechst staining, and Propidium lodide (PI) staining are represented.

| next validated these results by comparing survival of 3T3 and 3T3 CPD cells under
constant darkness by our automated microscopy assay following H;0, treatment.
Specifically, | plated 3T3 and 3T3 CPD cells in 96-well plates and kept them in constant
darkness for 2 days. Subsequently, | treated these cells with lower concentrations of
H,0; than for the previous MTT assay for 1 hour and exchanged the medium with fresh
medium followed by recovery for 1 day in constant darkness. Then | stained the cells
with Hoechst and Pl staining dyes and after half hour incubation, scanned images of
the plates by automated Olympus 1X81 fluorescence microscopy which | analyzed by
Scan”R analysis software. My results confirm that ectopic expression of CPD
photolyase in mammalian cells enhances viability following H,0; treatment and that

cell survival is H,0, dose-dependent (Figure 3.9).
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3.3 Impact of light on ROS-induced DNA damage repair

The structure and function of photolyases are very much centered on the harvesting
of photons and light energy and then relaying this to enhance the catalysis of DNA
repair. Indeed, this represents the mechanistic basis of photoreactivation DNA repair.
Given my results which implicate CPD photolyase in the cellular response to oxidative
stress, it is therefore relevant to consider whether light might also influence the
observed DNA damage repair and cell survival following exposure to oxidative stress.
Indeed, by exploring this question in more detail, | may gain more insight into the

mechanisms that are involved in this potentially novel property of CPD photolyase.

3.3.1 Impact of light on cellular DNA damage repair upon oxidative

stress
A 400uM H,0,
s
DD
2 days DD 1h DD LD
12h 24h 36h 4gh
B C

>

G 400 uM H,0, Without H,0,

‘q:.l 50000+ ns 200001 O ctl
c ns ns 1on
— 400004 — 150004 —_— ]

g ns ns m 24h
& 30000 B 36h
s 10000+ 48h
g 20000+

S 4 ns

T 10000 5000 ns —=

x

I o o

* NN R R OF ISP O O

Figure 3.10 Light has no significant effect on the repair of ROS-induced DNA damage
in medaka WT cells. (A) Schematic representation of experimental design. (B-C)
Medaka WT cells were exposed to 400 1 M H,0; (together with non-treated controls:
Without H,0;) and later the medium was replaced with fresh medium for recovery.
The recovery conditions under a light-dark cycle or constant darkness are indicated on
the x-axes and cells were fixed at various timepoints as indicated by the shading of the
bars. H2A.X fluorescence intensity is plotted on the y-axis. Data represents the mean
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+ SEM (n=4) and this experiment was repeated independently at least 3 times.
Fluorescence intensity was compared between LD and DD groups at the identical
timepoint by using Student's t-test (unpaired, two tailed) and statistical differences of
p> 0.05, p< 0.05, p< 0.01, p< 0.001 are represented by ns, *, ** or ***, respectively.
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Figure 3.11 Representative images from immunofluorescence assay of H2A.X upon
exposure of the medaka WT cell line to 400 1 M hydrogen peroxide (with non-treated
controls) and recovery was under DD or LD conditions with cells being sampled at
different timepoints as indicated on the left hand side adjacent to each set of images.
Nuclear staining (DAPI, Blue), H2A.X staining (Red) and the merged images of DAPI and
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H2A.X staining are shown.

To investigate the effects of visible light on the DNA repair which follows oxidative
stress exposure, | next performed a H2A.X assay to study the changes in histone
phosphorylation following oxidative stress under different lighting conditions in wild
type medaka cell lines. Specifically, | treated WT medaka cells with 400 1 M H,0; for 1
hour, then replaced the medium with fresh medium and left the cells to recover under
either DD or LD conditions before fixation at various timepoints. A control group of WT
medaka cells without hydrogen peroxide treatment still exposed to DD or LD
conditions and sampling at the identical timepoints, | compared with the treated group.
Following staining with the H2A.X antibody and then confocal microscopy, my results
revealed that upon treatment with H202, H2A.X staining levels increase in a time-
dependent manner, however, there were no significant differences between the cells
exposed to DD and LD conditions at the various timepoints (Figure 3.10 and 3.11).
Interestingly, there is also a modest increase in H2A.X staining in the untreated group
at later time points possibly connected with the effects of handling the cells and the
medium change however, there was no difference in staining between the DD and LD
treated groups (Figure 3.10). Therefore, my results are consistent with light having no

significant effect on ROS-induced DNA repair (Figure 3.10).

3.3.2 Impact of light on cell viability upon oxidative stress in

medaka cells

| next explored whether light has an impact on cell viability following ROS exposure. |
performed a MTT cell viability assay in medaka WT cells following exposure to ROS and
recovery under either DD or LD conditions. As previously documented, exposure to
increasing levels of H;0; resulted in a dose-dependent decrease in cell viability.
However, no significant difference of cell viability was observed between the cells
recovering under DD and LD conditions following exposure to oxidative stress. My

findings are consistent with light having no significant effect on cell survival upon ROS-
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induced cellular damage (Figure 3.12 B).
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Figure 3.12 No significant effect of light on CPD photolyase-induced protection
against ROS-induced mortality in medaka and mammalian cells. (A) Schematic
representation of experimental design (B-D) Medaka wild type (WT) cells, 3T3 cells and
3T3 cells ectopically expressing CPD photolyase (3T3 CPD) were exposed to various
concentrations of hydrogen peroxide, then the culture medium was refreshed to
remove the hydrogen peroxide and the cells recovered under DD or LD conditions. Cell
viability was then assayed using MTT assays. Percentage of mean =+ SEM (n=8) in cell
viability with respect to untreated cells are showed on the y-axes, while hydrogen
peroxide concentrations (from 200 1 M to 3000 1 M) are shown on the x-axes. This
experiment was repeated independently 3 times. Cell viability was compared between
LD and DD groups of multiple cell lines by using Two-way ANOVA followed by Sidak's
multiple comparisons tests and statistical differences of p> 0.05, p< 0.05, p< 0.01, p<
0.001 are represented by ns, *, ** or *** respectively.

| next investigated whether light has any impact on the survival of mammalian cells
ectopically expressing CPD photolyase following exposure to hydrogen peroxide.
Therefore, | grew 3T3 CPD cells together with non-transfected 3T3 cells in 96-well
plates. After treatment with a range of H,0; concentrations, the cells recovered under
either DD or LD conditions following removal of the H,0; by replacement with fresh

medium. | tested cell viability as described previously using an MTT assay. For all the
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cell lines | tested, light had no significant effect on the levels of ROS-induced mortality

(Figure 3.12 C-D).

| also performed our automated high throughput microscopy assay to measure the
effects of light upon cell viability in 3T3 and 3T3 CPD cells following H,0; treatment.
Cells were exposed to lower concentrations of H,0, compared with the MTT assay and
allowed to recover in DD or LD conditions for 1 day. My results revealed that cell
survival decreases in a H,0, dose-dependent fashion but that light has no significant
effect on survival following oxidative stress in 3T3 or 3T3 CPD cells (Figure 3.13 and
3.14). Therefore, these AHM-derived findings are consistent with my MTT assay results
and point to the conclusion that light has no apparent protective effect on the survival

of cells exposed to oxidative stress.
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Figure 3.13 Light has no effect on cell viability following oxidative stress in 3T3 cells
and 3T3 cells ectopically expressing CPD photolyase. (A) Schematic representation of
experimental design. (B) 3T3 cells and 3T3 CPD cells were exposed to various
concentrations of hydrogen peroxide, and then allowed to recover by refreshing the
medium and subsequently incubation in constant darkness or a light-dark cycle. Mean
of the total cell number & SEM (n=8) in relation to untreated cells are indicated on
the y-axes, while hydrogen peroxide concentrations (from 10 1 M to 50 1 M) are
denoted on the x-axis. This experiment was repeated independently at least 3 times.
Cell survival was compared between DD and LD groups of each cell line by using Two-
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way ANOVA followed by Sidak's multiple comparisons tests and statistical differences
of p>0.05, p< 0.05, p< 0.01, p< 0.001 are represented by ns, *, ** or *** respectively.
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Figure 3.14 Representative images from automated high-throughput microscopy
(AHM) assay following exposure of 3T3 and 3T3 CPD cell lines to different
concentrations of hydrogen peroxide and then recovery under constant darkness or
light-dark cycle. Bright field (BF) channel, Hoechst staining, and Propidium lodide (PI)
staining are represented.
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My results reported so far point to CPD photolyase playing a role in DNA damage repair
that is induced following oxidative stress. Consequently, loss of CPD photolyase
function is associated with increased levels of DNA damage following ROS exposure as
visualized by phosphorylated H2A.X assay. Consistently, CPD Photolyase seems to play
a role of enhancing survival following exposure to oxidative stress, as shown by MTT
assays and AHM assays. Therefore, loss of CPD photolyase function results in elevated
levels of cell mortality following oxidative stress while gain of CPD photolyase function
reduces cell mortality upon oxidative stress. Importantly, in contrast to the role played
by CPD photolyase in the repair of UV damaged DNA in photoreactivation, these
functions of CPD photolyase are independent of visible light. These results are difficult
to rationalize within the context of the classical view of CPD photolyase serving as a
light-dependent enzyme catalyzing the repair of UV damaged DNA. Interestingly, it has
been reported that photolyases can bind to sites of DNA damage and thereby recruit
other DNA repair pathways elements to target DNA repair capacity. Interestingly, the
latter system does not require light but the underlying repair mechanism remains

completely unclear®.

Consequently, regarding my observations linking CPD photolyase with oxidative stress

responses, | propose 2 alternative hypotheses to explain these results.

[) It has been reported that CPD photoproducts can be formed hours after UV
exposure’8, in complete darkness and so have been termed “dark CPD” (see section
1.2.9). Since UV exposure also can induce ROS production, this implicates ROS itself in
CPD formation in the absence of light. Furthermore, | hypothesize that ROS might
reduce the CPD photolyase FAD domain to a reduced state which in the absence of
light might enable the normal catalytic function of this enzyme. Thereby, the activated

CPD photolyase would bind to the dark CPD damage sites and repair them.

2) ROS exposure gives rise to several types of oxidative DNA damage, a notable
example being 8-OHdG. Previous studies have revealed that prokaryotic photolyase
proteins have the capacity to bind to DNA damage sites. Hence, CPD photolyase may

be able to recognize and bind to this non-CPD DNA damage, thereby acting as a tag to
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recruit other factors of other DNA repair systems, such as NER or BER pathway proteins,

to repair these types of damage.

Both hypotheses would account for why CPD photolyase has been highly conserved in
the Somalian cavefish despite experiencing a complete lack of sunlight for millions of

years.

In order to test these alternative hypotheses, | have focused on exploring the types
and dynamics of DNA damage formation associated with CPD photolyase function as

well as the mechanism of CPD photolyase action in the absence of light.

3.4 Kinetics of DNA damage and repair

Inhabiting the dark cave environment can result in the production of multiple types of
DNA damage, such as dark CPD and 8-0x0G, both potentially connected with elevated
levels of ROS. Hence, | explored the dynamics of oxidative DNA damage formation and

repair in the context of CPD photolyase function in constant dark conditions.

3.4.1 Kinetics of UV-induced DNA damage and repair

As a control for the efficiency of our ELISA kit to assay the production and repair of
CPD photoproducts, | initially performed control experiments using UV radiation to
induce DNA damage in these fish cell lines. Specifically, | tested the kinetics of UV-
induced DNA damage and repair in zebrafish and medaka cell lines using an ELISA assay
to quantify UV-induced CPD photoproduct production in genomic DNA extracts. It has
been demonstrated that CPD photoproducts can be produced in picoseconds following
UV exposure, thus the content of CPD photoproducts can be used to quantify DNA
damage caused by UV-C light and the kinetics of photoreactivation. Specifically, |
exposed zebrafish and medaka WT and CPD photolyase mutant medaka cell lines to
20 J/m? UV-C light and then transferred them to darkness or blue light for recovery
and extracted genomic DNA at different timepoints. In addition, | pre-illuminated the

blue light exposure samples of the WT and CPD mutant medaka cell lines, with blue
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light for 12 hours before UV-C exposure in order to accumulate sufficient photolyase
for photoreactivation. The timepoints | chose were Control (untreated sample), Oh,
which denotes the timing for sampling immediately after the completion of UV-C
exposure and 3h, 9h, 12h, which represent increasing recovery times following UV-C
exposure. My results demonstrate that in zebrafish and medaka cells, compared with
DD conditions, the cells recovered under blue light have substantially decreased CPD
photoproduct remaining after UV-C light exposure. In contrast, and consistent with the
enabling role of CPD photolyase in the photoreactivation process, blue light had no

significant effect on the levels of CPD in medaka CPD mutant cells (Figure 3.15).
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Figure 3.15 Visible light confers photoreactivation in zebrafish and medaka cell lines,
but not in medaka CPD photolyase mutants upon UV-C light exposure. (A) Schematic
representation of experimental design. (B-D) Wild type zebrafish (PAC-2) and medaka
(CPD WT) cell lines as well as CPD photolyase mutant (CPD KO) cell lines were exposed
to 20 J/m? UV-C light and then transferred to constant darkness or blue light conditions.
Specifically, for blue light exposure of the medaka wild type (WT) and CPD mutant (KO)
cell lines, they were pre-illuminated with blue light for 12 hours before UV-C exposure
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to accumulate sufficient photolyase for photoreactivation. The percentage of CPD
photoproduct remaining calculated from the mean values £ SEM (n=3) is plotted on
the y-axes against recovery time on the x-axes. This assay was repeated independently
3 times. The quantity of CPD photoproduct remaining was compared between DD and
blue light exposure groups of each cell line at identical recovery timepoints by using
Student’s t-test (unpaired, two tailed) and statistical differences of p> 0.05, p< 0.05,
p< 0.01, p< 0.001 are represented by ns, *, ** or ***, respectively.

3.4.2 Kinetics of ROS-induced DNA damage and repair

Can ROS exposure induce CPD photoproduct production in the CPD photolyase mutant
medaka cell line under constant darkness and subsequently, what is the effect of
exposure to blue light or constant darkness on levels of this ROS-induced CPD? To
address these questions, | used the ELISA CPD assay to quantify the CPD photoproduct
induced by ROS. Previous work from the Foulkes lab (Cristina Pagano’s PhD thesis)
revealed that when zebrafish PAC-2 cells were exposed to white light for 2 hours, there
was a clear increase in ROS levels. In addition, in melanocytes, CPDs continue to be
produced after UV exposure, reaching a peak at 3h post UV exposure, and then levels
decrease to basal levels at 5h after UV exposure, probably the result of DNA repair’®.
Hence, | chose the sampling timepoints of this ELISA assay as Ctrl, Te 3h (H;0;
treatment for 3 hours), Re 3h Re 6h and Re 9h (3, 6 and 9 hours recovery with fresh

medium respectively).

Specifically, | seeded wild type medaka and CPD mutant cell lines in a 6-well plate and
grew them to confluence under darkness. Following treatment with 1mM H,0, for 3
hours, | replaced the medium with fresh medium and then maintained the cells either
in constant darkness or illuminated using blue light, with sampling at various
timepoints for the extraction of genomic DNA. In addition, before incubation with
1mM hydrogen peroxide, the cells that would ultimately be exposed to blue light, |
pre-illuminated with blue light for 12 hours to accumulate sufficient photolyase

protein.
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Figure 3.16 CPD production following H;O, treatment in medaka WT and CPD
photolyase mutant cell lines. (A) Schematic representation of experimental design.
(B-C) Wild type medaka (CPD WT) and CPD photolyase mutant cell lines (CPD KO) were
exposed to 1ImM hydrogen peroxide and then recovered under constant darkness (DD)
or blue light illumination (Blue light). The cells that were exposed to blue light were
pre-illuminated with blue light for 12 hours before hydrogen peroxide treatment to
ensure the expression of sufficient photolyase protein. The percentage of CPD
photoproduct remaining calculated from the mean values = SEM (n=3) is plotted on
the y-axes against recovery time on the x-axes. This assay was repeated independently
3 times. The CPD photoproduct remaining was compared between the DD and Blue
light groups of the CPD WT cell line at identical recovery timepoints by using Student's
t-test (unpaired, two tailed), while the amount of remaining CPD photoproduct was
compared between Control and various recovery timepoints by using Student's t-test
(unpaired, two tailed) as well. Statistical differences of p> 0.05, p< 0.05, p< 0.01, p<
0.001 are represented by ns, *, ** or *** respectively.

My ELISA assay results imply that after treating with H,0, for 3 hours, CPD content
does increase significantly, suggesting that despite a complete lack of UV exposure,
ROS exposure is able to induce CPD photoproduct production, although clearly at
significantly lower levels than are observed following UV exposure. Consistent with the
expression of light-inducible CPD photolyase activity in the wild type medaka cells,
exposure to blue light following the treatment with hydrogen peroxide results in no
increase in CPD levels, presumably the result of photoreactivation DNA repair in these

cells efficiently removing the ROS-induced CPD (Figure 3.16). Interestingly, the peak of
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CPD levels observed in the constant dark wild type medaka cells is not observed
immediately at the end of the hydrogen peroxide incubation step, but actually appears
later, at a time point 3 hours after the hydrogen peroxide has been removed from the
culture medium. These results potentially reveal complexity in the biochemical
mechanism that generates CPD in the absence of UV exposure. A significant increase
in CPD levels is also observed in the CPD photolyase mutant cells, although the
amplitude of this increase is lower than for the wild type cells. In the context of the
absence of functional CPD photolyase in these cells, this is an unexpected result.
Furthermore, the peak of CPD levels occurs immediately after hydrogen peroxide

treatment in this mutant cell line.

3.4.3 ROS-induced 8-OHdG DNA damage and repair

Besides CPD photoproducts, ROS exposure can also elicit other types of oxidative DNA
damage, one example is the formation of 8-hydroxydeoxy-guanosine (8-OHdG), a
commonly used marker of oxidative stress. | employed an ELISA assay to quantify 8-
OHdG levels in genomic DNA extracts of hydrogen peroxide-treated cells. Specifically,
| seeded wild type and CPD mutant medaka cells on 10 cm petri dishes in darkness for
2 days, then treated with 1mM hydrogen peroxide for 3 hours, the medium was
exchanged for fresh medium and finally | harvested the cells and extracted genomic
DNA at various timepoints to perform an ELISA assay. The timepoints | chose were Oh,
which represents the time immediately before the 1mM hydrogen peroxide was added
to the cells, 3 hours after the onset of hydrogen peroxide treatment and then 3 hours,
6 hours and 12 hours after adding fresh medium for recovery. My results demonstrate
that loss of CPD photolyase function cells have higher basal and induced 8-OHdG levels

(Figure 3.17).

Therefore, in summary it appears that the loss of CPD (but not 6-4 or DASH) photolyase
results in an increase of ROS-induced DNA damage and reduced cell survival following

oxidative stress.
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Figure 3.17 8-OHdG accumulation following H,0, treatment in medaka WT and CPD
photolyase mutant cells. (A) Schematic representation of experimental design. (B)
Medaka WT and CPD photolyase mutant cell lines were exposed to 1mM hydrogen
peroxide and then left to recover under constant darkness. The content of 8-OHdG
calculated as mean £ SEM (n=3)is plotted on the y-axis against recovery time on the
x-axis. This assay was repeated independently 3 times. 8-OHdG content was compared
between WT and CPD KO groups at identical recovery timepoints by using Student's t-
test (unpaired, two tailed) and statistical differences of p> 0.05, p< 0.05, p< 0.01,
p< 0.001 are represented by ns, *, ** or ***, respectively.
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3.5 Gain of function with CPD photolyase mutants

| next chose to investigate the role of the CPD photolyase photoreactivation enzymatic
mechanism in ROS-induced DNA damage repair. There is a considerable amount of
knowledge about the mechanism whereby photolyases catalyse photoreactivation
DNA repair. Does the same mechanism contribute to how CPD photolyase enhances
DNA repair and survival during oxidative stress under complete darkness? To address
this question, | generated mutations in the zebrafish CPD photolyase by site-directed
mutagenesis to inactivate photoreactivation. Specifically, | substituted 2 of the key
Tryptophan residues of the Three Tryptophan Electron Transfer Chain involved in
harvesting photons from sunlight and then transferring an electron from the protein
surface to the FAD domain, which plays a crucial role in photorepair. The 2 Tryptophan
residues were substituted for Phenylalanines, one at a position proximal to the FAD
binding site (W310F) and the other one on the surface of CPD photolyase protein

(W400F) as indicated on Figure 3.18.

> Zebrafish CPD photolyase

1 MSANKNNLKR QMKSTISAGG KQPKLTGEKG KESGWLLKEV
41 AELRRAAQGC EFNKKRLRYL SDTQKVKQSS QGVLYWMSRD
81 QRIQDNWALI YSQQLALAEK LPLHICFCLV PKFLDATYRQ
121 YAFMLKGLQE VVKECKSLDI EFHLLSGEPV HNLPAFVKSW
161 NIGAVVIDFN PLRISLQOWID TVKKHLPSDI PFIQVDAHNV
201 VPCWEASTKL EYGARTIRGK ITKHLQEFLT DMPLVDTHPY
241 CASRAAKIID WEEVLSSLEV DHNVCEVEWA QPGTITGGMFM
281 LESFIDQRLH IFATHRNNPN SDAVSHLS@ IHAGQLSAQR
321 VVMQVKRKKN ASESVASFIE EIVVRRELAD NFCFYNQNYD
361 NISGAYDWAK KTLQEHAKDR RQYLYTKKEL ESAETHDQI.@
401 NAAQRQLLLE GKMHGFLRMY WAKKILEWTA SPEEALSIAI
441 YLNDRLSLDG CDPNGYVGCM WSICGIHDQG WAERPIFGKI
481 RYMNYAGCKR KFDVEQFERK YAAIKKNPNL NAKISV

Figure 3.18 Zebrafish CPD photolyase protein sequence. The red rectangles indicate
the Tryptophan amino acids that were mutated by site-directed mutagenesis for
investigating the underlying molecular mechanism of "dark" DNA repair functionality
of CPD photolyase.
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3.5.1 Construction of mammalian cell lines expressing CPD

photolyase mutants

Again profiting from the lack of photoreactivation repair in mammalian cell lines, |
generated stable 3T3 cell lines (mouse cells) ectopically expressing zebrafish CPD
photolyase carrying the W310 or W400 mutations. | performed mutagenesis using the
Q5 Site-Directed Mutagenesis Kit (New England Biolabs). Next, | seeded 3T3 cells on a
6-well plate as previously described, and the following day co-transfected with a
pcDNA-based expression vector for zebrafish CPD photolyase containing the W310 or
W400 mutation as well as an empty pcDNA vector carrying a neomycin resistance
cassette. After 2 days incubation, | replaced the medium with fresh medium that
included neomycin to select for cells that had been successfully transfected.
Afterwards, | seeded single surviving cells in individual wells of a 96-well plate. After
expanding the single clones, | tested ectopic photolyase expression in each clone by
western blotting using an anti-myc antibody to detect the epitope-tagged zebrafish

protein (Figure 3.19 A).

3.5.2 Validating loss of photoreactivation of UV-damaged DNA

Initially, as a control, | validated that the Tryptophan mutants had lost
photoreactivation function following exposure to UV light by using a cell viability assay.
Specifically, | exposed cells to a range of UV-C pulses and then allowed them to recover
under either DD or LD conditions for 2 days. In contrast to my previous results obtained
with 3T3 CPD cells which express the wild type CPD photolyase protein (Figure 3.6),
my two 3T3 CPD mutants did not exhibit an increase in cell survival when recovering
under LD conditions, which is consistent with the loss of the three Tryptophan Electron
Transfer Chain in CPD photolyase, resulting in the absence of photoreactivation (Figure

3.19 C-E).
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Figure 3.19 Establishing 3T3 stable clones expressing mutated versions of zebrafish
CPD photolyase. (A) Expression of myc eptope-tagged, wild type (3T3 CPD) and mutant
(3T3 CPD W310 and 3T3 CPD W400) zebrafish CPD photolyase protein detected by
Western Blot assay. The zebrafish CPD photolyase gene was mutated by site-directed
mutagenesis in the context of a pcDNA-based expression vector and then stably
transfected into mammalian cells. Non-transfected 3T3 cell extracts (3T3) were
analysed as a negative control and zebrafish B-actin was detected as a loading control.
(B) Schematic representation of experimental design for the cell viability assays
represented in panels C-E. (C-E) MTT cell viability assay of the 3T3 cell lines exposed
to a range of UV-C light levels and then transferred to constant darkness (DD) or light-
dark cycles (LD). Percentage calculated from means £ SEM (n=8) in cell viability with
respect to untreated cells is indicated on the y-axes, while UV-C light doses (from 20
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J/m?t0 100J/m?) are indicated on the x-axes. Each cell line was analysed independently
at least 3 times. Cell viability was compared between DD and LD groups by using Two-
way ANOVA followed by Sidak's multiple comparisons tests and statistical differences
of p>0.05, p< 0.05, p< 0.01, p< 0.001 are represented by ns, *, ** or *** respectively.

3.5.3 Cell viability response to oxidative stress
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Figure 3.20 Loss of Three Tryptophan Electron Transfer Chain in CPD photolyase
results in loss of protection against ROS-induced mortality in mammalian cells. (A)
Schematic representation of experimental design for the analysis shown in panels B-C.
(B) The various 3T3 cell clones (see Figure 3.19) were exposed to a range of hydrogen
peroxide concentrations, allowed to recover with fresh medium and then transferred
to darkness (DD) or light dark cycle conditions (LD) before performing a MTT cell
viability assay. Percentage calculated from the mean & SEM (n=8) in cell viability
with respect to untreated cells are indicated on the y-axes, while hydrogen peroxide
concentrations (from 200 1 M to 3000 1 M) are indicated on the x-axes. This
experiment was repeated independently 3 times. Cell viability was compared between
3T3 CPD and 3T3 CPD mutant groups by using Two-way ANOVA followed by Sidak's
multiple comparisons tests and statistical differences of p< 0.05, p< 0.01, p< 0.001 are
represented by *, ** or *** respectively.
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| next investigated whether ectopic expression of the Tryptophan mutant CPD
photolyases influenced the survival of mammalian cells upon exposure to oxidative
stress compared with cells expressing wild type CPD photolyase. Furthermore, | also
wished to test whether light exposure influenced survival of the various 3T3 cell clones.
| exposed the 3T3 cell lines to various doses of H,0; and then allowed them to recover
with fresh medium under DD or LD conditions for 1 day before performing an MTT cell
viability assay. My results revealed that, compared with 3T3 CPD cells, the CPD
mutants showed reduced viability under both DD and LD conditions, indicating that
loss of the Three Tryptophan Electron Transfer Chain function in CPD photolyase

results in reduced protection against ROS-induced cell mortality (Figure 3.20).

To confirm these MTT assay results, | next tested the effects of hydrogen peroxide
exposure on cell viability using the AHM automated microscopy assay. | again exposed
the 3T3, 3T3 CPD WT and 3T3 CPD mutant cell lines to a range of hydrogen peroxide
concentrations and then refreshed the medium and transferred the cells to constant
darkness for 1 day. Following staining with Hoechst and PI, | assessed cell viability by
automated microscopy. Cells were scanned and imaged using an automated Olympus
IX81 fluorescence microscope. Consistent with my previous results and compared with
3T3 cells, 3T3 CPD cells displayed increased cell survival following oxidative stress
(Figure 3.21 and 3.22). However, contrary to the results of the previous MTT cell
viability assay, my results with the 3T3 CPD mutant clones revealed that compared
with 3T3 CPD cells, both CPD mutant cell lines did not exhibit a significant reduction in
cell survival upon oxidative stress. However, the lower concentrations of hydrogen
peroxide used in the AHM assay may explain this discrepancy, since under similar
conditions in the MTT assay, there were no significant differences in cell survival

between the 3T3 CPD and 3T3 CPD mutant clones.
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Figure 3.21 Effects of loss of the Three Tryptophan Electron Transfer Chain in CPD
photolyase on cell viability using AHM assay. (A) Schematic representation of
experimental design for the experiments shown in panel B. (B) The various 3T3 cell
clones (see Figure 3.19) were exposed to lower concentrations of hydrogen peroxide
than those used in Figure 3.20, and then the culture medium was refreshed and the
cells were transferred to constant darkness before staining and automated
microscopy analysis. Total cell number calculated as mean + SEM (n=8) in relation
to untreated cells are indicated on the y-axes, while hydrogen peroxide
concentrations (from 10 1 M to 50 1 M) are showed on the x-axis. Viable cell number
was compared between 3T3 CPD and 3T3 CPD mutant groups by using Two-way
ANOVA followed by Sidak's multiple comparisons tests and statistical differences of
p> 0.05, p< 0.05, p< 0.01, p< 0.001 are represented by ns, *, ** or *** respectively.
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Figure 3.22 Representative images from automated high-throughput microscopy
(AHM) assay following exposure of 3T3 and 3T3 CPD and 3T3 CPD mutant cell lines to
various concentrations of hydrogen peroxide and then recovery under constant
darkness. Bright field (BF) channel, Hoechst staining, and Propidium lodide (PI) staining

are represented.
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3.6 Circadian clock gene expression upon loss of photolyase

function

The cryptochrome/photolyase superfamily constitutes a group of highly conserved,
homologous proteins involved in DNA repair as well as circadian clock-related
functions. Cryptochromes represent circadian clock components while classically, the
photolyases are dedicated to DNA repair. However, all share a FAD chromophore which
is central for the harvesting of blue light and both the DNA photolyase domain and the
FAD binding domain are quite conserved in cryptochromes and are essential for
photolyase function. This raises a potentially important question concerning potential
overlap between the functions of cryptochromes and photolyases and more
specifically, can photolyases also contribute to circadian clock function? Previous
published results have reported that marsupial CPD photolyase can rescue loss of CRY
function and that rhythmically expressed Potorous CPD photolyase can functionally
substitute for CRY proteins in the mammalian circadian oscillator. Might this
functionality be restricted to marsupial photolyase or could it reflect a more general
photolyase property? To address this question, | chose to explore whether there was
any evidence for abnormalities of clock function in the loss-of-function medaka cell

lines.

3.6.1 Circadian clock gene expression in loss of photolyase

function cell lines.

To identify whether photolyase may act as a circadian clock component by regulating
circadian clock gene expression, | examined rhythmic clock gene expression in the
CRISPR-Cas9 generated KO medaka cell lines. | placed all three photolyase mutant cells
(6-4, CPD and DASH photolyase) together with the corresponding wild type control
lines under LD conditions for 4 days to entrain their circadian clock function and then

extracted RNA at different timepoints through a complete light dark cycle and the start
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of the subsequent cycle and reverse transcribed this into cDNA. Afterwards, |
performed gPCR to quantify the expression levels of a set of representative circadian
clock genes. | employed medaka mitochondrial ribosomal protein S18B as an internal

control for normalization.

In both CPD and DASH photolyase mutant cells, robust rhythms in the expression of 5
clock genes were detected which closely matched the expression patterns observed in
the wild type controls. per2, cryla and cry5 are predominantly light-driven clock genes,
with their transcription being activated by light exposure via the effects of D-box
enhancer elements. Consequently, highest levels of expression are observed during
the light period. Similarly, perlb and per3 expression also peaks early during the light
period, however both genes are clock regulated via E-box enhancer promoter
elements. My results from the loss of photolyase function mutants indicate that CPD
and DASH photolyase function is dispensable for normal clock function under LD cycles

(Figure 3.23).

| also analysed expression of these same 5 clock genes in 6-4 WT and mutant cells.
While a rhythmic expression pattern of the two cry genes (cryla and cry5) was
observed in both wild type and mutant cell lines, there was a notable disruption of
rhythmic expression for the per clock genes (perlb, per2 and per3). While in 6-4 WT
cells, the per genes showed a normal clock or light-driven expression pattern, in the
mutant cells, basal expression levels were relatively low and the only shallow rhythms
of expression were visible. These qPCR results demonstrate that the loss of 6-4
photolyase function in the medaka cell line disrupts clock- and potentially light-

regulated per clock gene expression in cell lines (Figure 3.23).
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Figure 3.23 Light-driven and clock-regulated clock gene expression in medaka wild
type and mutant cell lines. Medaka WT and photolyase mutant cell lines were
incubated under LD conditions (12 hours light and 12 hours dark) for 4 days to entrain
their circadian clocks and then sampled at regular timepoints through a complete light-
dark cycle. The mRNA expression levels of light-driven genes cryla, cry5 and per2 as
well as the clock-regulated genes perlb, and per3 were analysed by qPCR. Relative
mRNA expression calculated as mean & SEM (n=3) is plotted on the y-axes, while
Zeitgeber (zt) sampling time is plotted on the x-axes. The analysis of each clock gene
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in each cell line was repeated independently at least 3 times. White and black bars
below each panel indicate the light and dark periods, respectively.

3.6.2 Circadian clock gene expression in loss of photolyase

function mutant fish.

| next wished to determine whether these cell line results were representative of clock
gene expression patterns in various tissues in vivo. | therefore raised medaka in
breeding tanks in the IBCS-BIP fish facility where they were exposed to LD conditions
(14 hours light and 10 hours dark) for several months. | then sacrificed adult fish at
regular time points through a complete light dark cycle and the start of the subsequent
cycle and then dissected eye, brain, heart, liver, muscle, skin and fins for RNA
extraction and gPCR analysis. The same set of clock genes that was analyzed in the cell
lines, | then studied in the various tissue extracts. | used medaka mitochondrial

ribosomal protein S18B was used as an internal control to normalize expression levels.

Interestingly, my results revealed tissue and gene-specific differences in rhythmic clock
gene expression between the wild type and 6-4 mutant fish. For example, in the case
of the eye and brain, cryla showed a lower amplitude of rhythmic expression while in
the muscle, a phase shift was observed in the 6-4 mutant compared with the wild type
fish. In the case of per3, low amplitude expression was observed in the brain, heart
and fin in the mutant compared with wild type tissues. Furthermore, cry5 showed
lower amplitude rhythms in the mutant in the heart, muscle, skin and fin of the mutant
fish compared with wild type controls (Figure 3.24 and Figure 3.25). Combined with
my results obtained from the cell lines, these findings point to a tissue-specific role for

6-4 photolyase in circadian clock function under light-dark cycle conditions.
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Figure 3.24 Clock gene expression in eye, brain and heart tissues of medaka WT and
6-4 photolyase mutant fish. Medaka WT and 6-4 photolyase mutant fish were
maintained under LD conditions (14 hours light and 10 hours dark) to entrain the
circadian clock and then were sacrificed at regular time points and various tissues were
dissected for RNA extraction followed by qPCR analysis. Relative mRNA expression
calculated as the mean + SEM (n=3) is plotted on the y-axes, while dissection time
(as zeitgeber time, ZT) is plotted on the x-axes. The qPCR analysis of each clock gene
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in each tissue was repeated independently at least 3 times. White and black bars
below each panel indicate the light and dark periods, respectively.
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Figure 3.25 Clock gene expression in liver, muscle, skin, fin tissues of medaka WT and
6-4 photolyase mutant fish. Medaka WT and 6-4 photolyase mutant fish were kept
under LD conditions (14 hours light and 10 hours dark) to entrain the circadian clock
and then were sacrificed at regular timepoints, and various tissues were dissected for
RNA extraction followed by qPCR analysis. Relative mRNA expression calculated as the
mean =+ SEM (n=3) is plotted on the y-axes, while dissection time (as zeitgeber time,
ZT) is plotted on the x-axes. Each clock gene in each tissue was repeated independently
at least 3 times. White and black bars below each panel indicate the light and dark
periods, respectively.
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3.7 Circadian clock gene regulation by 6-4 photolyase

3.7.1 Circadian oscillation of perlb upon loss of 6-4 photolyase

function.

The above gPCR results suggest that 6-4 photolyase may indeed be involved in core
clock function. To explore further the potential role of 6-4 photolyase in core circadian
clock function, | next wished to test the contribution of 6-4 photolyase to the circadian
clock-regulated, rhythmic transcription of perib. | transfected medaka 6-4 photolyase
mutant cells and wild type control cells with a luciferase reporter driven by the
zebrafish perlb promoter. After adding luciferin to the culture medium, | placed the
cultures on a bioluminescence detector and exposed them to LD conditions to entrain
the circadian clock for 3 days followed by incubation under constant darkness in free-
running conditions for 2 days. Consistent with my results documenting endogenous
perlb mRNA expression in wild type and 6-4 mutant medaka cell lines, there was a
remarkable attenuation of clock-regulated rhythmic gene expression. This supports a
conclusion that 6-4 photolyase plays a role in core circadian clock function in the

medaka cell lines which regulates per1b transcription (Figure 3.26 A).

3.7.2 Light impact on D-box in loss of 6-4 photolyase mutants

Light-driven transcription of a subset of cry and per clock genes, mediated via the D-
box enhancer is a key element in the entrainment of the clock mechanism in response
to lighting conditions. Abnormal expression patterns of light-regulated clock genes
were also observed in the 6-4 photolyase mutant cell lines and certain tissues (Figures.
23-25). | therefore also wished to investigate how 6-4 photolyase influences the
response of the D-box enhancer to induce clock gene transcription in response to light.
| transfected our medaka mutant and wild type cell lines with a luciferase reporter
containing 15 tandemly repeated copies of the D-box enhancer derived from the

zebrafish cryla promoter. | exposed the transfected cells to visible light for 15 hours
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and maintained a control set of cells in constant darkness. | then lysed the cells,
prepared extracts and employed a R-galactosidase assay to normalize luciferase assay
values. Comparing the bioluminescence levels of 6-4 photolyase mutant cells with wild
type cells upon light exposure, revealed a considerably stronger induction of D-box-
driven luciferase reporter gene expression in the wild type cells following light
exposure, indicating that 6-4 photolyase may also be involved in the mechanism

responsible for D-box-regulated clock gene transcription (Figure 3.26 B).
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Figure 3.26 Abnormal circadian clock gene regulation in loss of 6-4 photolyase
function medaka cells. (A) In vivo luciferase assay of medaka 6-4 wild type (black trace)
and mutant (red trace) cell lines transfected with a luciferase reporter carrying the
zebrafish clock-regulated perlb promoter. This assay was repeated independently at
least 3 times. Bioluminescence (cps) values are plotted on the y-axis against time (hrs)
on the x-axis. Each timepoint represents the mean of at least eight independently
transfected wells = SEM. White and black horizontal bars along the x-axis indicate
the light and dark periods, respectively. (B) In vitro luciferase assay of medaka 6-4 wild
type (black) and mutant (grey) cells transfected with a luciferase reporter construct
containing 15 tandemly repeated copies of the D-box sequence derived from the
zebrafish cryla gene promoter and exposed to visible light or maintained in constant
darkness. The fold induction of relative bioluminescence values is plotted on the y-axis
against exposure conditions on the x-axis. The results are presented as mean + SEM
(n=3) and repeated 3 times. A -galactosidase assay was employed to standardize for
transfection efficiency.
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3.8 Regulation of the E-box enhancer by 6-4 photolyase.

The Foulkes group has previously demonstrated that per1b in zebrafish is rhythmically
expressed as the result of CLOCK and BMAL heterodimers binding to multiple E-box
enhancers located in the perlb gene promoter which activate clock gene
transcription'**, In turn, PER and CRY proteins interact physically with the CLOCK-BMAL
heterodimer and repress the transactivation of CLOCK-BMAL as part of the core
transcription-translation feedback loop in the clock mechanism. Since photolyases and
cryptochromes are close relatives, | wondered whether photolyase can also act as a

negative regulator of CLOCK-BMAL-mediated transactivation.

To test whether 6-4 photolyase can down-regulate transactivation mediated by the
CLOCK-BMAL heterodimer, | transfected the zebrafish PAC-2 cell line with a luciferase
reporter under the transcriptional control of a minimal promoter carrying 4 tandemly
repeated copies of a canonical E-box element originating from the zebrafish perib
promoter. | also cotransfected the cells with expression vectors for zebrafish CLOCK1
and BMAL1 as well as zebrafish 6-4 photolyase, CPD photolyase or CRY1a. CRY1a has
already been demonstrated to prevent the formation of CLOCK-BMAL heterodimers
and so repress E-box driven clock gene transcription 1°¢1%7 and so serves as a negative
control in this experiment. The results of this in vitro luciferase assay confirm that
CRY1a indeed serves as a potent repressor of the transactivating function of CLOCK-
BMAL on the E-box (Figure 3.27). Interestingly, coexpression of CPD photolyase does
not result in any significant repression of the CLOCK-BMAL transactivation, however in
contrast, coexpression of 6-4 photolyase results in a clear, dose-dependent repression
of CLOCK-BMAL activity (Figure 3.27 A). Comparable results were obtained by
transfecting the same expression constructs into the murine 3T3 cell line. These
findings are consistent with 6-4 photolyase, but not CPD photolyase, sharing a CLOCK-

BMAL repression function with cryptochromes (Figure 3.27 A and B).
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Figure 3.27 6-4 photolyase acts as a repressor of CLOCK-BMAL-mediated
transactivation in fish and mammalian cells. In vitro luciferase assay of zebrafish PAC-
2 (A) and mammalian 3T3 (B) cells co-transfected with an E-box luciferase reporter
construct containing 4 tandemly multimerized copies of the E-box sequence derived
from the zebrafish perlb gene promoter and expression vectors for zebrafish CLOCK1
and BMAL1, 6-4 photolyase, CPD photolyase and CRY1a expression constructs (from
50 ng to 150 ng). The expression plasmids included in each transfection are indicated
below each graph. Fold induction of relative bioluminescence values is plotted on the
y-axis. The result is reported as the mean * SEM (n=3) and performed at least 3
times. A 3-galactosidase assay was employed to standardize for transfection efficiency.
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3.9 Regulation of the D-box enhancer by 6-4 photolyase.
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Figure 3.28 6-4 photolyase acts as an activator of TEF-2-regulated transactivation in
zebrafish cells. (A-B) In vitro luciferase assay of zebrafish PAC-2 cells co-transfected
with a D-box reporter construct containing 15 tandemly multimerized copies of the D-
box sequence derived from the zebrafish cryla gene promoter together with
expression vectors for the 6 PAR factors and 6 E4BP4 factors (25 ng) as well as zebrafish
6-4 photolyase (30 ng). (C-E) In vitro luciferase assay of zebrafish PAC-2 cells co-
transfected with the D-box reporter construct and expression vectors for zebrafish
tef-2 (25 ng) together with increasing amounts of expression vectors for 6-4
photolyase, cryla or CPD photolyase (from 1 ng to 40 ng). The fold induction of relative
bioluminescence values is plotted on the y-axis. The result is indicated as mean =+
SEM (n=3) and performed at least 3 times. The B-galactosidase assay was used to
standardize for transfection efficiency. (F) Western Blot assay of zebrafish PAC-2 cells
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co-transfected with the D-box reporter construct and expression constructs for
zebrafish tef-2 (25 ng) together with 6-4 photolyase (30 ng or 60 ng). Zebrafish R-actin
was used as a loading control. The plasmids included in each transfection are indicated
below each graph.

The similarity between photolyases and cryptochromes and the well-documented role
of cryptochromes as negative regulators in the core clock seems to be consistent with
the negative regulation of CLOCK-BMAL transactivation by 6-4 photolyase. However,
there have been no previous reports of D-box regulatory factors interacting with
cryptochrome or photolyase proteins. | therefore wished to explore in more detail the
mechanism whereby 6-4 photolyase can influence D-box enhancer-mediated
transactivation function. 6 PAR bZip transcription factors (TEF-1, TEF-2, HLF-1, HLF-2,
DBP-1 and DBP-2) and 6 E4BP4 family members (E4BP4 1-6) are recognized as D-box
binding bZip transcription factors. | therefore tested the possible functional interaction
between 6-4 photolyase and these 12 transcription factors by performing in vitro
luciferase assays in the zebrafish PAC-2 cell line. Specifically, | cotransfected PAC-2 cells
with the D-box luciferase reporter construct together with expression vectors for each
of these 12 transcription factors as well as 6-4 photolyase and then measured
bioluminescence levels in an in vitro assay. My results demonstrate that in zebrafish,
while all 6 PAR factors activate transcription of the D-box reporter construct,
cotransfection of expression vectors for tef-1, tef-2 and dbp-2 together with 6-4
photolyase led to a significantly elevated activation compared with that observed for
cotransfection of the expression vectors for tef-1, tef-2 and dbp-2 alone. In the case of
the co-expressed E4BP4 factors, levels of D-box reporter expression were at a relatively
low level and were not significantly affected upon cotransfection with the 6-4

photolyase expression vector.

Given the strong effect of 6-4 photolyase expression on transactivation by TEF-2, |
chose to focus more attention on the effects of 6-4 photolyase on this particular D-box
binding transcription factor (Figure 3.28 A and B). To validate my initial results, |

systematically cotransfected increasing quantities of the 6-4 photolyase expression
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vector with a fixed amount of the tef-2 expression vector and the D-box reporter. My
results revealed a dose dependent increase in TEF-2 transactivation with increasing
levels of the photolyase expression vector (Figure 3.28 C). | next performed a
comparable experiment to test the effect of cotransfecting increasing amounts of CPD
photolyase or cryla expression vectors. The results once again confirmed my initial
experiments, showing that there was no notable effect of CPD photolyase or cryla on
the TEF-2 activation of D-box reporter transcription in zebrafish cells (Figure 3.28 D-E).
| next repeated these experiments in mouse 3T3 cells as well as the EPA cell line
derived from the Somalian cavefish, P. andruzzii. In both cell lines, | observed a
comparable, dose-dependent increase in TEF-2 — driven activation of D-box reporter
transcription with increasing levels of cotransfected 6-4 photolyase expression vector

(Figure 3.29).
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Figure 3.29 6-4 photolyase acts as an activator of TEF-2-regulated transactivation in
cavefish P. andruzzii and mammalian cells. In vitro luciferase assay of cavefish EPA (A)
and mammalian 3T3 (B) cells co-transfected with reporter construct containing 15
copies of the D-box derived from the zebrafish cryla gene promoter together with an
expression vector for zebrafish tef-2 (25 ng) together with increasing amounts of
6-4 photolyase expression vector (EPA: from 1 ng to 40 ng, 3T3: from 1 ng to 150 ng).
Fold induction of relative bioluminescence values is plotted on the y-axis. The result is
indicated as mean + SEM (n=3) and performed at least 3 times. The expression
plasmids employed are showed below each graph. A R-galactosidase assay was
employed to standardize for transfection efficiency.
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These results could be interpreted in two ways: The coexpression of 6-4 photolyase
might result in a decrease in the protein levels of TEF-2 or alternatively this photolyase
might alter the function of TEF-2 without affecting the protein levels. To distinguish
between these two possibilities, | performed a Western Blot to investigate the levels
of 6-4 photolyase and TEF-2 expression in my cotransfection experiment at the protein
level. Levels of the TEF-2 and 6-4 photolyase proteins were measured using epitope
tag-specific antibodies while Western Blot analysis with a B-actin antibody was used
as a loading control. Thus, | cotransfected zebrafish PAC-2 cells with a fixed amount of
tef-2 as performed previously together with 30 ng or 60 ng of 6-4 photolyase
expression vector and incubated the cells for 24 hours or 48 hours before protein
extraction. My results confirmed that with increasing amounts of cotransfected 6-4
photolyase expression vector, increasing levels of 6-4 photolyase protein were
detected. However, increasing levels of TEF-2 protein were also observed for both
incubation times, even though identical amounts of tef-2 expression vector were
included in each sample. These results indicate that 6-4 photolyase indeed influences
the functionality of TEF-2 by increasing basal levels of the TEF-2 protein, possibly by

increasing its stability (Figure 3.28 F).
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4. Discussion

My project was initiated based on the observation that while 6-4 and DASH photolyase
have accumulated loss of function mutations in the blind cavefish, P. andruzzii, CPD
photolyase is still highly conserved. This suggests given the complete absence of
sunlight in the cavefish environment as well as the essential links between
photoreactivation repair and sunlight, that there must be some selective pressure
operating in this perpetually dark cave environment specifically maintaining CPD
photolyase function. By studying a unique collection of medaka CRISPR-generated
mutant lines where each of the three photolyase genes has been targeted by loss-of-
function mutations, | have revealed that loss of CPD photolyase function is associated
with an increase in DNA damage and a decrease in cell survival upon exposure to
elevated levels of ROS. Consistently, heterologous expression of CPD photolyase in cell
lines from mice, which characteristically lack photolyase genes and photoreactivation
function, confers photoreactivation as well as enhanced cell survival upon oxidative
stress and mitigated levels of DNA damage. Moreover, my results demonstrate that
light has no prominent impact on the levels of ROS-induced DNA damage or on CPD
phr-induced protection against ROS-induced mortality. Interestingly, my data indicate
that even in constant darkness, ROS exposure is able to induce CPD photoproduct
production. Furthermore, loss of the Three Tryptophan Electron Transfer Chain in
ectopically expressed CPD photolyase as well as not conferring photoreactivation DNA

repair function, also fails to protect mammalian cells from ROS-induced mortality.

The similarities between cryptochromes and, in particular 6-4 photolyase, have been
used as an argument that there may be overlap of function between the two classes
of protein. Indeed, according to my qPCR data from WT and photolyase mutant
medaka fish cell lines, the loss of 6-4 photolyase function but not that of CPD or DASH
photolyase disrupts clock regulated core clock gene expression in a gene- and tissue-
specific fashion. Specifically, 6-4 photolyase acts as a repressor of transcriptional

transactivation by the E-box enhancer by repressing CLOCK-BMAL heterodimer
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activation. Furthermore, | also implicate 6-4 photolyase in the transcriptional
regulation of D-box-driven clock genes via enhancing the activation of the PAR

transcription factors, notably TEF.

4.1 Activator for CPD photolyase "dark" DNA repair function

Oxidative stress has been well documented to induce DNA damage, notably 8-
hydroxydeoxy-guanosine (8-OHdG). A major question resulting from my findings is
how CPD photolyase may contribute to repair of this damage. Given the high degree
of specificity of CPD photolyase for catalyzing the repair of pyrimidine dimers, it seems
unlikely that this photolyase could enzymatically repair 8-OHdG damage. However,
there have been reports that photolyases are able to bind to other types of helix
distorting DNA damage?®?1°, By binding to this type of DNA it is tempting to speculate
that the photolyase could act to target other DNA repair machinery to the damage site
and thereby indirectly enhance repair. However, an alternative explanation could be
that the protective effects of CPD photolyase may be related to the formation of CPD
photoproducts in the absence of sunlight. For this hypothesis to be relevant, two issues
need to be resolved: Can CPD be formed in perpetual darkness in the absence of UV
radiation and then how could the photolyase enzyme repair the resulting DNA damage
without access to visible light. My results indicate that redox changes resulting from
life in the extreme cave environment might substitute for UV in generating CPD
photoproducts, although with lower efficiency. This is consistent with the formation of
“dark CPD” that continues some hours after UV exposure has been completed. The
existing models to explain dark CPD production invoke redox changes occurring in the
context of melanin metabolism. However, dark CPD formation has also been
documented in cell types that do not metabolize melanin and so this model does not
fully explain how this DNA damage can be formed in the absence of sunlight. Elevated
levels of reactive oxygen species have been well documented in subterranean animals
such as the naked mole rat as well as other cave dwelling species??°222 and so could

serve as a source of oxidative stress driving CPD formation in darkness. As well as
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serving as a source of various types of oxidative DNA damage, in fish, ROS also acts as
a signal directing gene expression via the ROS responsive enhancer, the D-box.
Furthermore, ROS operates as a messenger in intracellular signaling pathways and
plays an essential role in modulating biological processes, such as cell growth,
proliferation, migration and apoptosis® through altering the intracellular redox status
or chemically modifying critical amino acid residues of functional proteins. Based on
my observation that the protective effect of CPD photolyase is lost upon mutation of
key amino acids within the Three Tryptophan Electron Transfer Chain, | speculate that
ROS may activates CPD photolyase catalytic function via redox reactions which reduce
the FAD domain of CPD photolyase in perpetual dark conditions and thereby enable
the repair reaction to proceed. Furthermore, it has been previously demonstrated that
the binding of CPD photolyase to CPD photoproducts does not require light®, and so
could still operate in the cave environment. Clearly, future biochemical experiments
performed with purified recombinant photolyase proteins in vitro will be essential to

test this hypothesis.

4.2 Molecular mechanism of 6-4 photolyase in light-dependent

transcriptional control.

My results in relation to the circadian clock have revealed that 6-4 photolyase inhibits
the transactivation of the CLOCK-BMAL heterodimer, thereby repressing the E-box
regulated transcription of clock genes. However, the underlying molecular mechanism
is still unclear. For example, how does 6-4 photolyase interact physically with the
CLOCK-BMAL complex and how does this lead to repression of the CLOCK-BMAL
heterodimer? It has been documented that CRY1 binds physically to the C-terminus of
BMAL in the CLOCK-BMAL complex!%107 and effectively inhibits the activity of the
CLOCK-BMAL heterodimer in mammals, while in zebrafish, CRY1a can interact tightly
with the PAS B domain of CLOCK and various domains of BMAL, including the bHLH,
PAS B and C-terminus domains to potently suppress the formation of the CLOCK-BMAL

complex!!®. Since 6-4 photolyase and CRYla both belong to the
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cryptochrome/photolyase family, it is worthwhile to investigate the physical
interaction between 6-4 photolyase and CLOCK or BMAL proteins based on knowledge
of how cryptochromes interact with these proteins. Two hypotheses may explain 6-4
photolyase function: the first is that the photolyase protein may inhibit the
transactivation of CLOCK-BMAL heterodimer directly by interaction with CLOCK or
BMAL or both. In this scenario, the presence of the physically bound photolyase
protein may interfere with the ability of CLOCK and BMAL with other transcriptional
co activators or with the RNA polymerase machinery itself}14223, |n the second
hypothesis, 6-4 photolyase perhaps can competitively interact with particular domains
of CLOCK or BMAL protein, where CLOCK and BMAL themselves bind directly to form

an active complex, to thereby prevent the formation of the CLOCK-BMAL heterodimer.

Surprisingly, my data have now also implicated 6-4 photolyase in regulating D-box-
driven transcription of gene expression via activating the D-box binding transcription
factor, TEF-2. There are no previous reports of any members of the CPF family
interacting with bZip transcription factors, and so my results raise new questions about
whether photolyases interact with this class of transcription factors in a comparable
way to their interaction with CLOCK and BMAL. How does 6-4 photolyase bind to TEF-
2 and thereby enhance its transactivation function? One piece of evidence for how
this mechanism may operate comes from my results that 6-4 photolyase may
participate in the stabilization of the TEF-2 protein. This suggests that protein
modifications such as phosphorylation or ubiquitination, which have already been
implicated in the regulation of transcription factor turn over and stability??422>, might

also be involved in the case of the interaction between 6-4 photolyase and TEF-2.

6-4 photolyase is a member of cryptochrome/photolyase family, a family of
photoreceptors which share a highly conserved FAD domain. The results described in
my project further implicate 6-4 photolyase in mediating light-regulated processes in
the cell. The role of 6-4 photolyase in repressing transcriptional activation by CLOCK
and BMAL places it as a central circadian clock component, playing a similar role as the

cryptochromes. Furthermore, like cryptochromes such as cryla, the expression of this
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photolyase gene is robustly induced upon light exposure via the D-box enhancer
promoter elements. The primary zeitgeber for the clock is light and so this implicates
light-induced expression of 6-4 photolyase as a key step in resetting the phase of the
clock in response to the environmental day-night cycle. Finally, the ability of 6-4
photolyase to enhance TEF-2 transcriptional activation of the D-box suggests that this
protein plays a key part of a feedback mechanism which adapts the transcriptome to
counter the effects of light exposure. Therefore, my results combined with previous
findings point to photolyases being tightly linked with cellular responses to light at

multiple levels.

4.3 Co-evolution of cryptochrome (circadian clock) and

photolyase (DNA repair)

The Cryptochrome/photolyase family (CPF) represents a family of photoreceptors that
during evolution, has evolved its functionality divergently to adapt to a complicated
and changing environment. Specifically, it has been revealed that in Phaeodactylum
tricornutum, a member of the CPF family, termed PtCPF1, displays DNA repair activity
of 6-4 photoproducts and in parallel, this protein represses transactivation of the
CLOCK-BMAL complex and thereby regulates the circadian clock, a result that is
consistent with my own findings on zebrafish 6-4 photolyase!®®. Moreover, the
presence of a single protein belonging to the CPF family with a dual function called
OtCPF1, has also been reported in the green alga, Ostreococcus tauri. Specifically,
OtCPF1 has been shown to repair 6-4 photoproducts and to be involved in the
maintenance of the circadian clock by regulating CLOCK-BMAL-activated
transcription®®l, It has also been revealed that rhythmically expressed PtCPD (Potorous
tridactylus CPD) photolyase can functionally substitute for CRY proteins in the
mammalian circadian oscillator'®®, In addition, human cryptochromes have been
implicated in maintaining the functionality of monitoring UV-induced DNA damage??°.
In this project, | have presented additional confirmatory evidence that fish CPD

photolyase is involved in the repair of diverse types of DNA damage, thereby
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enhancing cell survival in response to environmental stress. Furthermore, as well as
catalyzing the repair of UV-induced 6-4 photoproducts, 6-4 photolyase appears to
serve as a repressor of CLOCK-BMAL activated transcription via the E-box enhancer

and an activator of TEF-2 regulated transcription via the D-box enhancer.

Besides the functional convergence of cryptochrome and photolyase, it has also been
elucidated that cryptochrome and photolyase share common transcriptional
regulatory elements. Specifically, promoter analysis in fish models has revealed that
all cryptochrome and photolyase genes possess conserved D-box enhancers (5'-
TTTTGTAAC-3') involved in transcriptional mediation by light, and canonical E-box
enhancer elements (5'-CACGTG-3') acting as circadian clock modulated enhancer

elements>0153,

Therefore, photolyases and cryptochromes are both photoreceptors, close relatives,
share highly conserved domains, display functional overlap and divergent functionality
during evolution. For all these reasons, it is plausible to speculate that photo-activated
DNA repair and photo-entrained circadian rhythmicity evolved from a common

progenitor>.

4.4 Why is CPD photolyase (but not 6-4 and DASH photolyase)

conserved in Somalian cavefish?

Previous studies have demonstrated that mammals do not possess photolyase genes
and UV-induced DNA damage is repaired by a more complex repairing system-NER
pathway as a substitute for the more efficient photoreactivation. A theory termed the
"Nocturnal Bottleneck theory", that has been described previously, has been proposed
to potentially account for the loss of photoreactivation function in placental mammals.
The absence of light to drive photoreactivation and photolyase enzymatic repair
function as well as the lack of exposure to UV radiation during the periods of the day-
night cycle when placental mammal ancestors would normally need to leave their

burrows might have led to loss of photolyase genes in this lineage.
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From an evolutionary perspective, like the mammalian ancestors in the Nocturnal
Bottleneck theory, the Somalian cavefish has inhabited its constant dark environment
for millions of years, thereby light-driven photoreactivation is not essential and so
there has been limited selective advantage to maintain certain photolyase genes such
as the 6-4 and DASH photolyases. In this regard, these fish also display a major change
of circadian clock function with a complete absence of photic entrainment, which
would again be consistent with loss of 6-4 photolyase function. As an alternative
explanation to loss of selective pressure, these protective mechanisms may be
energetically expensive, and consequently, if there is no longer considerable UV-
induced DNA damage to repair, or any need to maintain a functional photic
entrainment pathway for the circadian clock, there will be a positive selection pressure

to eliminate 6-4 photolyase function

In contrast, due to its role in enhancing cell survival in response to oxidative stress,
CPD photolyase function has been maintained. Consistent with these results, it has
been previously described that compared to Astyanax surface fish, the Astyanax
cavefish have a significantly higher basal level of CPD photolyase, display considerably
lower DNA damage and, as a result, higher DNA repair activity even in the darkness.
In particular, the Astyanax cavefish in the wild exhibit much higher baseline levels of
CPD photolyase gene expression than both surface fish and lab-raised cavefish,
indicating that the capacity for DNA repair would be even greater in the cave
environment?°, All these findings point to a view that indeed, CPD photolyase is still

involved in repairing damaged DNA in the constant dark cave environment.
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4.5 Perspectives

My project has provided important new insight into the range of function for both CPD
and 6-4 photolyase, based on evolution of cavefish species, mutant photolyase
medaka lines and gain of photolyase function mammalian cell culture models. Now,
there are important new directions for the project to follow. One concerns exploring
the mechanisms whereby CPD photolyase is able to contribute to the repair of
oxidatively damaged DNA. For tackling this issue, | plan to perform in vitro experiments
using purified, bacterially synthesized mutant and wild type CPD photolyase proteins.
In collaboration with the laboratory of Tilman Lamparter (KIT, Campus South) these
will then be tested in in vitro binding and photoreactivation reactions. This will enable
me to explore which types of DNA damage CPD photolyase can interact with, whether
ROS treatment can generate “dark” CPD photoproducts in the absence of light and
also whether redox state can influence the catalytic activity of the photolyase enzyme.
My other major issue is to compare the interaction of cryptochromes with CLOCK and
BMAL with that | have observed for 6-4 photolyase. Furthermore, it will be valuable to
study how 6-4 photolyase interacts with the PAR bZip transcription factor TEF-2 and
how this affects the steady state levels of this transcription factor. By these two
approaches, | will aim to provide further insight into the functionality and evolution of

the light-dependent cryptochrome and photolyase family of flavoproteins.
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