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ABSTRACT

The active metabolite of vitamin D3, 1, 25 dihydroxyvitamin D (1,25(0OH),D) is
produced in the skin following exposure to UVR. UVR also produces DNA damage in
the form of premutagenic cyclobutane pyrimidine dimers (the majority of which are
thymine dimers) and 8oxodG, and also causes immunosuppression. UVR-induced
DNA lesions and immunosuppression eventually lead to photocarcinogenesis. It has
previously been shown that 1,25(0OH),D reduces direct DNA damage in a process
that requires the non-genomic actions of ligand binding to the vitamin D receptor,
including the opening of chloride channels. Mice with an ablated vitamin D receptor
gene are more susceptible to photocarcinogenesis, however mice that do not
contain the gene required to hydroxylate 25-hydroxyvitamin D to active 1,25(0OH),D
do not show greater susceptibility to produce UVR-induced skin tumours,
suggesting the possibility of other photoprotective 1,25(0OH),D-like molecules
present in the skin. Recently an alternate vitamin D metabolism pathway has been
found in the skin involving CYP11A1 that produces 20-hydroxyvitamin D (20(OH)D),
a vitamin D-like molecule that can bind to the VDR without producing the genomic
effects of 1,25(0OH),D. Furthermore, previous reports show that tetrahydrocurcumin
(THC), a metabolite of the spice curcumin, is an effective anti-oxidant at micromolar
concentrations, but may potentially have 1,25(0OH),D-like photoprotective effects at
nanomolar concentrations.

The current study tested whether 20(OH)D and THC would reduce UVR-induced
DNA damage in primary human keratinocytes and Skh:Hrl mice, and inflammatory
oedema and immune suppression in Skh:Hrl mice. Furthermore, the mechanism of
photoprotection of 1,25(0OH),D and 20(OH)D was tested using DIDS, a chloride
channel inhibitor, shown to inhibit vitamin D non-genomic actions, as well as an
inhibitor of Wnt, a procarcinogenic signalling protein.. Photoprotection with
1,25(0OH),D was also assessed using Skh:Hr1l mice and oestrogen receptor- knock
out (ERBKO) mice, to examine whether firstly UVR-induced immunosuppression
differed between males and females, and secondly whether the photoprotective
effects of 1,25(0OH),D and 20(OH)D were affected by gender.

20(OH)D and THC were as photoprotective as 1,25(0OH),D against UVR-induced DNA
damage in both primary human keratinocytes (8oxodG and thymine dimers) and
Skh:Hr1 mouse skin (thymine dimers), 3 hours following UVR exposure. In primary
human keratinocytes, use of DIDS reversed the protective effect of both 1,25(0H),D
and 20(OH)D against thymine dimers The Wnt inhibitor alone was protective
against UVR-induced thymine dimers, and did not cause reversal of the
photoprotection by 1,25(0H),D and 20(OH)D. 20(OH)D was as effective as



1,25(0OH),D in reducing UVR-induced skin inflammation and immunosuppression in
Skh:Hr1l mice. UVR-induced immunosuppression and DNA damage was greater in
males than females, and at high doses 1,25(0OH),D caused immunosuppression on
its own. ERBKO mice were more susceptible to UVR-induced immunosuppression
than wild type controls and the photoprotective effect of 1,25(0OH),D and 20(OH)D
was reduced.

This study showed for the first time that 20(OH)D is photoprotective against UVR-
induced DNA damage, inflammation and immunosuppression, in the same non-
genomic way as 1,25(0OH),D. Furthermore, the results show 1,25(0OH),D mediated
photoprotection is more pronounced in the presence of a functional ERP,
suggesting a potential interaction between ERB and the actions of VDR ligands.
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1 INTRODUCTION

1.1 SKIN

1.1.1 Structure and function of the skin

As the largest organ of the adult human body, the skin is the body’s first line of
defence from stressors such as ultraviolet radiation (UVR) in the external
environment. Making up 6% of total body weight with a thickness fluctuating
between 1.5 and 4.0mm in different areas of the body, it consists of two layers, an
external epithelium called the epidermis and an internal connective tissue called
the dermis (Tobin, 2006), as shown in figure 1.1. There is an additional layer
underlying the dermis known as the hypodermis connecting the skin underlying
organs of the body. Each layer is made up of different cell types which have unique

properties allowing for the holistic protective abilities of the skin.
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Figure 1.1 Structure of the whole human skin (Kumar and Clarke, 2012).



1.1.2 Epidermis

The epidermis consists of a specialised architecture of different cell types. As a
protective epithelium, the epidermis is stratified; it has a stratum of four stacked
layers of keratinocytes in a variety of morphologies, the most abundant cell type
within the epidermis (~¥90%), as can be seen in figure 1.2. The remaining 10% of
epidermis is made up of Langerhans cells, melanocytes and granstein cells which are
dispersed amongst the four layers of keratinocytes (Kanitakis, 2002). From the
bottom to top, these continuous layers of epidermal cells are known as the stratum

basale, stratum spinosum, stratum granulosum and stratum corneum.

Keratinocytes
Desmosomes Langerhans’ cell

—

Stratum
corneum

Stratum
granulosum

Stratum
spinosum

Stratum
basale

Dermis

Figure 1.2 Structure of the epidermis (Marieb and Hoehn, 2012).



1.1.2.1 Keratinocytes

Basal layer keratinocytes are cubical in structure and lie anchored to the basement
membrane which itself is connected to the vascularised dermis. These cells derive
from mitotic divisions of stem cells and express proliferation antigens, which ensure
constant renewal and growth. Newly divided basal keratinocytes undergo
morphological differentiation and push older cells away from blood supply towards
the superficial stratum corneum. Lack of oxygen and nutrients results in
degeneration of the nucleus. At the stratum granulosum, keratinocytes develop
protein rich keratin filaments and lamellar lipid filaments giving them a “grainy”
appearance. In the process of self-directed destruction, the nucleus is digested and
the cytoplasm is expelled. Keratin filaments form a tight cross-linked cytoskeletal
structure covalently bonded with lipids resulting in cells with a flattened hexagonal
cornified cell envelope which ultimately forms the impermeable stratum corneum
(Baroni et al.,, 2012). This process of proliferation and desquamation gives
keratinocytes a short life span of 25-45 days (Baroni et al.,, 2012). The rate of
keratinocyte differentiation is largely dependent on application of pressure and
friction, thus the soles of the feet contain thicker layers of cells than the eyelids or

forehead (Baroni et al., 2012).

Additionally, it is well established that keratinocytes self-mediate growth and
proliferation, and play a role in the skin immune response by the production of
regulatory chemokines, cytokines, namely interleukins (IL) IL-1, -6, -7, -8, -10, -12, -

15, -20 and tumour necrosis factor-o. (TNF-a), growth factors such as epidermal



growth factor (EGF), and interferons (IFN) IFN-a, -B, and -y (Williams and Kupper,
1996, Christensen and Haase, 2012). Whilst some mediators are released
constitutively to a small extent in intact skin, production is stimulated following
changes to the cutaneous environment, such as physical insult or irritant exposure
(Corsini and Galli, 2000, Lippens et al., 2005) supporting the theory that the skin
contains links between the multifactorial humoral immune system and cell-

mediated immune system (Williams and Kupper, 1996).

1.1.2.2 Melanocytes

Melanocytes are distributed evenly amongst the basal layer of the epidermis and
synthesise melanin, the most expressed pigment of the skin (Kanitakis, 2002). The
production of melanin occurs within membrane bound melanosomes, as a result of
the enzymatic activity of tyrosinase. Melanin granules reach neighbouring
keratinocytes via transport along the melanocyte’s dendritic processes and seek to
accumulate on keratinocyte nuclei to protect from ultraviolet radiation (UVR)

(Tobin, 2006).

Melanin pigmentation varies greatly amongst racial and ethnic origin, and it has
been reported than there is an inverse relationship between melanin content in the
skin and UVR- induced DNA damage (Tadokoro et al., 2003). Interestingly, albino
epidermis contains melanocytes deficient in tyrosinase. Lack of tyrosinase-induced
melanin production is manifest in the characteristic “white” skin highly prone to

damage by UVR exposure.



1.1.2.3 Langerhans cells

These cells originate from haemopoietic stem cells of the bone marrow and migrate
to the stratum spinosum of the epidermis. Also known as epidermal dendritic cells
for their capacity to form a network through their dendrites, Langerhans cells
remove and process invading antigens to present them to helper T-cells which then
initiate a cell mediated immune response (Kanitakis, 2002). This part of the barrier
protection of the skin is highly affected by exposure to UVR. UVR exposure initiates
DNA damage of the Langerhans cell, altering antigen presenting functionality and

ultimately suppression of local and systemic immune responses.

1.1.2.4 Merkel cells

Merkel cells are located in the basal layer of the epidermis and derive from the
neural crest. These mechanoreceptors form synaptic junctions with free nerve

endings arising from the dermis (Kanitakis, 2002).

1.1.3 Dermis

Beneath the basement membrane of the epidermis, lies a highly vascularised elastic
connective tissue known as the dermis. It consists of dermal proteins, primarily
collagens and elastins, fibroblasts, nerve endings, blood vessels and immune cells
such as macrophages and mast cells. Most importantly, the dermis functions to
support the epidermis with its elastic properties, and supply via its vascular
network, oxygen and nutrients to the epidermis (Tobin, 2006). Like the epidermis,
thickness of the dermis is highly dependent on pressure and anatomical location

(Kanitakis, 2002).



1.1.3.1 Fibroblasts

The most abundant cell type in the dermis is the spindle-shaped fibroblast.

1.1.4 Hypodermis

This is the deepest layer of the skin and consists primarily of adipocytes, or “fatty
cells”. Ultimately, whilst the hypodermis provides a connection between the skin
and underlying aponeuroses, it also provides insulation, protection from injury and

a site for nutrient storage (Kanitakis, 2002).

1.1.5 Parallels in human and murine epidermal structure

Epidermal structure of the skin is generally uniform across mammalian species. In
particular, humans and mice show similar hallmarks of keratinocyte mediated
barrier formation and protection (Jane et al., 2005). Taking advantage of these
similarities by using in vivo murine models of biological reactions of the skin has
been hugely beneficial in understanding possible mechanisms of skin cancer

formation in human skin, where in vivo models are not so readily available.



1.2 ULTRAVIOLET RADIATION (UVR)

1.2.1 Sources and types of UVR

Making up around 5% of terrestrial sunlight, UVR spans the electromagnetic
spectrum between wavelengths of 100-400nm (Diffey, 2002, Pfeifer and
Besaratinia, 2012). Due to the high variation in biological effects of wavelengths in
the UV portion, UVR is further subdivided into three components increasing in
energy; UV-A (320-400nm), UVB (280-320nm) and UVC (100-280nm) (Diffey, 2002).
Stratospheric ozone filters out higher energy wavelengths below 290nm. However,
since the 1970’s evidence has arisen suggesting that the ozone layer is depleting,

especially above Australia, leading to increased surface UVR levels (Makin, 2011).

UVR wavelength is inversely proportional to energy, however energy of the
wavelength is directly proportional to its potential to cause DNA damage
(Muthusamy and Piva, 2010). As shown in figure 1.3, UV-B wavelengths that reach
the earth penetrate the depth of the epidermis and are known to cause direct
damage to cellular DNA. On the other hand, long length UV-A radiation penetrates
deeper into the dermis, altering metabolic mechanisms which ultimately result in
indirect DNA damage. In the laboratory setting, UV-C wavelengths are absorbed by
DNA 100 fold more readily than wavelengths of the UV-B range between 290 and

305nm (Besaratinia et al., 2011).
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Figure 1.3 UVR penetrates different layers of the skin depending on the

wavelength (modified from (D’Orazio et al., 2013))

1.2.2 Photoresponse to acute UVR exposure

1.2.2.1 Erythema (sunburn)

One of the more familiar skin reactions following exposure to acute doses of UVR in
fair skin is the appearance of redness and erythema (inflammation) of the skin,
characteristic of the common “sunburn” (Matsumura and Ananthswamy (2004).
Erythema is a delayed biphasic photoresponse occurring around 2 to 48 hours after
UVR exposure and may persist for several days, depending on the dose of
wavelength of the spectral light. Irradiation from the UV-B kind causes faint
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inflammation, which subsides more rapidly than its UV-A counterpart, which

induces blister formation and extends the duration of its effect (Warin, 1978a).

It has been postulated that the mechanism of action of UV radiation on the
formation of erythema is via prostaglandin (PG) activation in the skin and in dermal

blood vessels increasing vasodilation (Warin, 1978a, Clydesdale et al., 2001).

1.2.2.2 Cornification

In addition to the rapid onset of UVR-induced skin inflammation, another skin
photoresponse to an acute UVR exposure is the hyperplasia and cornification of the
epidermis, in particular, the stratum corneum (Lippens et al., 2009, de Winter et al.,
2001). From around 2 hour to 48 hours following insult, keratinocytes undergo an
amplified process of cornification whereby suprabasal cells form the keratinic
filament networks and become corneocytes. Basal keratinocytes differentiate at a
more rapid rate to replace the resulting in hyperplasia of the epidermis.
Cornification and hyperplasia eventuate into a thickening of the epidermis,
evidently occurring as a form of photoprotection to decrease the diffusion of UVR
reaching vulnerable cell layers in subsequent exposures (de Winter et al., 2001).
Eventually the cornified cells are shed, commonly known as “peeling” (de Winter et

al., 2001).

1.2.2.3 Melanogenesis

Along with defensive epidermal thickening, the skin stimulates melanin synthesis to
protect against the damaging effects of UVR. Melanin production following UV

radiation exposure is biphasic, with an initial immediate pigment darkening (IPD)
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occurring within minutes of UVR exposure, and a delayed tanning response seen 2-3
days later (Park et al., 2009, Kadekaro et al., 2003). The IPD response is induced
primarily by UV-A portion, resulting in oxidation and redistribution of pre-existing
melanin, forming nuclear caps over threatened keratinocytes (Matsumura and
Ananthaswamy, 2004, Kadekaro et al., 2003). During the DT photoresponse to UV-B,
melanocytes increase in number and activity, increase dendritic spread, with an
additional increase in tyrosinase mRNA activity, producing suprabasal amounts of
melanin (Matsumura and Ananthaswamy, 2004). Increased presence of melanin
granules results in hyperpigmentation of the epidermis, known commonly as a

”

“tan”. Melanin is chromophoric, absorbing and scattering UV light and acts a

rudimental, natural “sunscreen” for the skin (Kadekaro et al., 2003).

1.2.3 UVR-induced DNA damage

UVR is known to induce DNA damage via both direct and indirect insults to DNA
conformation. DNA absorption of UVR leads to direct changes in nucleobase
formation, resulting in cyclobutadipyrimidines or cyclobutane pyrimidine dimers
(CPDs), and pyrimidine (6-4) pyrimidone photoproducts (Matsumura and
Ananthaswamy, 2002, Cadet et al.,, 2005). Moreover, the primary DNA damage
from UV-A radiation eventuates via oxidative stress to form the 8-oxo-7,8-dihydro-

2’-deoxyguanosine (8-oxodG) DNA lesion (Pattison and Davies, 2006).
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1.2.3.1 Direct DNA damage

DNA damage resulting from the absorption of UVR occurs at the site of two
adjacent pyrimidines at the 5-6 carbon (C5-C6) double bond, generally between
tandem cytosines or thymines (Brash, 1997). If the photoexcitation of the bond
opens completely, the double bonds form a stable four membered cyclobutane ring
with a neighbouring pyrimidine (e.g. T<>T thymine dimer), known as a CPD
(Matsumura and Ananthaswamy, 2002, Ravanat et al., 2001). CPD formation is
shown in figure 1.4. On the other hand, if the C5 bond opens and undergoes
orientation rearrangement, this may form a single bond between the C5-C6 double
bond of the 5’-end pyrimidine and the C4 group of the 3’-end pyrimidine, a 6-4PP
(Ravanat et al., 2001, Brash, 1997). CPDs are the most prevalent DNA photoproduct
from UV-B irradiation, produced several times more often than 6-4PPs (Ravanat et

al., 2001, Matsumura and Ananthaswamy, 2002).
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Figure 1.4 Formation of UVR-induced DNA photoproducts (Matsumura and

Ananthaswamy, 2002).
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Frequency in appearance of these DNA lesions is dependent on wavelength, most
prevalent after exposure to high-energy wavelengths in the UV-C and lower portion
of UV-B range. However, CPDs are also formed following the longer wavelengths at
the border of the UV-B/UV-A spectrum, albeit at a decreased amount. Location of
the CPD is an indication of the type of UVR exposure received (Pfeifer and
Besaratinia, 2012). UV-A generated CPDs are found in the basal layer of the
epidermis, whilst CPDs formed in the suprabasal layers are an offspring of UV-B or

UV-C radiation (Halliday and Cadet, 2012).

Unrepaired DNA lesions become incorporated into DNA sequences by the DNA
polymerase substitution of an adenine nucleobase opposite the unrecognisable
photoproduct (Brash, 1997). Generally, 6-4PPs are more readily repaired compared
to their CPD counterpart and are often less mutagenic (Matsumura and

Ananthaswamy, 2002).

1.2.3.2 Indirect DNA damage

In addition to its direct absorption by DNA, UVR facilitates DNA damage by the
generation of a myriad of reactive oxygen species (ROS) such as singlet oxygen,
superoxide anions and hydrogen peroxide (H,0,) (Cadet et al., 2005). In addition, it
is well established that UVR increases nitrative products, nitric oxide (NO) (Villiotou
and Deliconstantinos, 1995). These products may then undergo further reactions to

form hydroxyl anions and peroxynitrate, which are, along with singlet oxygen,
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implicit in the main mechanisms of formation of oxidative and nitrative DNA base
lesions (Jena, 2012, Cadet et al., 2003). Oxidative stress occurs naturally in skin,
however there is evidence for an association with a UVR-induced increase in
concentrations of ROS and nitrogen associated products and increased prevalence

of DNA damage (Pattison and Davies, 2006, Pfeifer and Besaratinia, 2012).

Guanine exhibits the lowest ionisation potential of the DNA purines, and is
frequently oxidised and nitrated forming mutagenic guanine centred base lesions,
the most lethal and reactive of which is 8oxodG, shown in figure 1.5 (Ravanat et al.,
2001, Jena and Mishra, 2012). Formation of 8oxodG is through two pathways
mediated by hydroxyl radicals or singlet oxygen, respectively. The former requires
one electron oxidation of guanine, creating a guanine radical cation (Ge+), which
reacts with water molecules to form a second reducing radical, 8-hydroxy-7,8-
dihydroguanyl (G-OHe). Oxidation of G-OHe forms the 8-oxodG. The latter pathway
involves singlet oxygen mediated cycloaddition of which may then undergo
significant ring openings to make pairings with tandem bases and become privy to
the cellular DNA sequence, ultimately leading to mutations and carcinogenesis (Jena
and Mishra, 2012). Development of the 8-oxodG lesion is a hallmark of UVR induced
oxidative stress and the most frequent form of DNA damage by UV-A (Pfeifer and

Besaratinia, 2012, Cadet et al., 2003).
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Figure 1.5 Formation of the 8-oxo0-7,8-dihydroguanine from the guanine moiety

(modified from (Ravanat et al., 2001))

Until recently, the general consensus was that all CPDs are a result of direct UVR
absorption by DNA, however studies from our laboratory by Gordon Thomson et al
(2012) have shown that a small proportion of these lesions are produced by the
indirect metabolic effects of UVR. Using both the classic monoclonal antibody
immunohistochemical staining comet assay technique, it was shown that inhibitors
of metabolism, such as low temperature (4°C) and sodium azide, reduced the
presence of CPDs in UVR-exposed keratinocytes (Gordon-Thomson et al., 2012).
Moreover, inhibitors of the nitric oxide synthase pathway attenuated CPD
formation following UVR, whilst peroxynitrite donors caused an accumulation of

CPDs in unirradiated keratinocytes.

1.2.4 DNA damage repair

Cells exposed to UVR show an upregulation of p53 tumour suppressor gene activity.
The p53 gene encodes for a phosphoprotein which plays a role in cell cycle arrest,
allowing for increased time for DNA repair and where this is not possible, the
induction of apoptotic pathways. Before cells can synthesise DNA in the S-phase of

the cell cycle growth is arrested in the G; phase where lesions are recognised and
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removed via mechanisms involved in DNA damage repair (DDR) (Melnikova and
Ananthaswamy, 2005). Amongst the base excision repair (BER) and mismatch repair
(MMR) methods of repair, nucleotide excision repair (NER) is the main repair
complex associated with direct UVR-induced DNA photoproducts, notably, CPDs
and 6-4PPs (Friedberg, 2001). There are two sub pathways of NER, transcription-
coupled NER (TC-NER) which directly removes lesions from the transcribed strand of
the gene of interest, and the slower, less efficient global genome NER (GG-NER),
removing the lesion from the untranscribed chromatin of the whole gene

(Hanawalt, 2002).

The mechanism of action of the NER is a five step process which begins at
recognition of the damage by the XPC-HHR23B protein complex in GG-NER, or by
elongating RNA polymerase Il in TC-NER (de Laat et al.,, 1999). Following
identification, the pathways follow identical steps in purging the lesion. DNA is
locally unwound at the site of damage, following which ~30 nucleotides surrounding
and including the damaged DNA are incised XPF/ERCC1 (excision repair cross-
complement genel) and XPG endonucleases, at the 5’ and 3’ ends respectively
(Shivji et al., 1995). Damaged DNA is removed and de novo synthesis of DNA ligase
is formed to replace the excised lesion and allow for safe transcription of the gene

(Matsumura and Ananthaswamy, 2002).

Several diseases associated with a faulty NER complex elucidate its vital importance
in preventing mutagenesis. Xeroderma pigmentosum (XP) results from a defect in

the any one of the eight XP enzymes and associated genes affecting both
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subpathways of NER. Phenotypes of the autosomal recessive disease show
hypersensitivity to light and predisposition to amplified formation of squamous and
basal cell carcinomas and malignant melanomas (Lehmann, 2003). In a similar vein,
Cockayne syndrome (CS) is manifest when there is a mutation in the TC-NER
associated RNA polymerase recognition signal proteins CS-A and CS-B. CS patients
lose the ability to recover from UVR exposure and display increased sensitivity to
UVR evident with a severe rubor rash, and developmental and neurological

retardation (de Laat et al., 1999).

Oxidative damage lesions resulting from UVR such as 8oxodG are not repaired by
NER, rather they are excised and removed by the actions of BER (Melnikova and
Ananthaswamy, 2005). In this instance, increase DNA single strand breaks are
recognised and cleaved by a DNA glycosylase, which releases separates the N-
glycosyl bond between the damaged base and the backbone of the helix. An abasic
(apurinic/apyrimidinic (AP)) site is formed and recognised by either an AP
endonuclease or AP lyase which cleave and remove the site completely. DNA
polymerase [3 catalyses the release of deoxyribophosphate (dRP) from the one base
gap site, which aids in polymerisation of new DNA to fill in the gap, using XRCC1 as a
scaffold, whilst also ensuring complete removal of the AP site (Robertson et al.,
2009). DNA ligase 3 then forms a nucleotide patch to fill in the DNA strand (Rastogi

et al.,, 2010).
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1.2.5 Apoptosis

When DNA damage cannot be repaired, pre-programmed cellular UV responses are
initiated to remove the damaged cells and prevent transcription of malignancies in
daughter cells, instead forming the apoptotic “sunburn cell” (Lippens et al., 2009,
Kulms and Schwarz, 2000). Apoptosis is a complex process involving several
signalling pathways which ultimately lead to the activation of caspases, a hallmark
of programmed cell death. Following UVR exposure, apoptotic pathways may be
activated by direct UVB radiation, or in a p53 way manner from extensive DNA
damage or via indirect reactive oxygen species (ROS) generation (Melnikova and

Ananthaswamy, 2005, Van Laethem et al., 2009).

There are two procaspase apoptotic pathways, extrinsic (death receptor (DR)
associated) initiated by a foreign ligand, and intrinsic (mitochochondria) induced by
self-induced intracellular cascades. The intrinsic pathway is initiated following UVB
activation of p38 mitogen activated protein kinase (MAPK) signalling. The MAPK
signaling cascade includes three distinct stages of protein kinase activation; a
mitogen-activated extracellular signal-regulated kinase kinase kinase (MEKK), which
activates a mitogen-activated extracellular signal-regulated kinase kinase (MEK)
which can subsequently activate a MAPK. MAPKs include c-jun-N-terminal kinase
(JNK), extracellular signal-regulated kinase and p38 MAPK. These kinases are widely
located in keratinocytes and are targeted by various extracellular stimuli, including
UVR (Assefa et al., 2005) as shown in figure 1.6. P38 MAPK causes the translocation

of Bax, a proapoptotic protein, from the cytoplasm to the mitochondria
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(Muthusamy and Piva, 2010, Van Laethem et al.,, 2009). Bax makes the
mitochondria permeable, releasing cytochrome c¢ and oxygen free radicals (Van
Laethem et al., 2009, Kulms and Schwarz, 2002). Expression of apoptosis activating
factor 1 (APAF-1) increases which together with cytochrome c¢ forms the
apoptosome, recruiting procaspase 9 and 3, leading to the final executioner caspase
cascade. Mitochondrial induced apoptosis is heavily regulated by anti- and pro-
apoptotic Bcl family proteins (Van Laethem et al.,, 2005). Additionally, ROS
generated by UVR contributes to the activation of p38 MAPK (Van Laethem et al.,

2009).

Apoptosis initiated by unrepairable DNA damage occurs via p53 induced
upregulation of cytochrome c release from the mitochondria and interaction with
Bcl proteins which in turn regulate subsequent caspase pathways. Death receptors
are part of the tumour necrosis factor (TNF) superfamily, including TNF-receptor 1,
Fas, and TNF-Related Apoptosis-Inducing Ligand receptors 1 and 2 (TRAIL1/2), are
located on the cell surface membrane. DRs are activated following exposure to UVB
by either a UVB-induced receptor cluster formation on the cell membrane, allowing
ligand-independent signal transduction or via their natural ligands, released from
the DNA damaged cell (Van Laethem et al., 2009, Kulms and Schwarz, 2000).
Subsequent signalling pathways involving Jun N-terminal kinase (JNK) lead to the
activation of caspase 3 (Kulms and Schwarz, 2002). Like p38 MAPK, UVR-activated
JNK can translocate to the nucleus of the cell to initiate transcription of target genes
resulting apoptosis (Assefa et al., 2005, De Haes et al., 2003, Bode and Dong, 2003).

Whilst both intrinsic and extrinsic pathways contribute to the induction of
19



executioner caspases, it has been suggested that UVB-induced apoptosis is
mediated mainly by the intrinsic pathway (Kulms and Schwarz, 2002, Van Laethem

et al., 2009)
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Figure 1.6 Signalling pathways activated by UVR that contribute to apoptosis

(Muthusamy and Piva, 2010).

There are several cellular signalling proteins involved in protection against
apoptosis. The phosphatidylinositol 3-kinase/Akt (PI3K/Akt) pathway is activated
through the MAPK pathway during apoptotic signalling, acting as a balance to
prevent apoptosis by inhibition of mitochondrial cytochrome c release and blocking
the recruitment of procaspase 9 and 3 allowing progression of the cell cycle
(Muthusamy and Piva, 2010, Wang et al.,, 2003). Extracellular signal regulated
kinase (ERK) isoforms are also antiapoptotic by inhibiting the activity of executioner

caspase 3. The PI3K/Akt pathway is also basally active at a low level in epidermal
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keratinocytes and ERK and Akt are upregulated by UVR (Peus et al., 1999, Wang et
al., 2003, Wan et al., 2001). Both ERK and Akt help maintain epidermal cell
proliferation and cellular survival in response to extracellular insults (Diker-Cohen et
al., 2006). Akt is known to inhibit glycogen synthase kinase-3f (GSK-3[3), which then
frees B-catenin to induce transcription of proto-oncogenes involved in cell growth
(Cross et al., 1995). The significance of this lies in the fact that this may be a
pathway for the development of cancerous cells and the progression to
photocarcinogenesis. However, the potency of ERK in preventing apoptosis
following UVB may be decreased due to its tendency to be down-regulated
(Melnikova and Ananthaswamy, 2005). Similarly, activation of JNK by UVR, has been
shown to inactivate ERK and Akt, suggesting that the apoptotic pathway dominates

survival if UVR dosage is sufficient (Wang et al., 2012b).

“Sunburn” cells exhibit the general morphology of apoptotic cells. Appearing firstly
in the proliferative basal layer, sunburn cells exhibit pyknotic nuclei and membrane
blebbing. Caspases use keratin and actin filaments as cleavage substrates, which
results in cytoskeletal changes that differentiate sunburn cells from cornified cells

(Lippens et al., 2005).

1.2.6 Immunosuppression

UVR diminishes the power of the body’s immune response, allowing malignant DNA
damaged cells to evade normal immunological elimination, leading to the formation
of cancerous tumours. Immunosuppression following UVR exposure is often
measured using the delayed-type hypersensitivity (DHR) or contact hypersensitivity
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(CHS) tests (Rangwala and Tsai, 2011). In both tests, immune responses to a
presenting antigen are significantly depressed, both locally, sites previously exposed
to UVR, and systemically, non-irradiated sites (Murphy, 2009). It has been
postulated that this may be due to disabled T cell-mediated immunity (Reeve,

2002).

UVR causes immunosuppression via a number of different pathways. Firstly, DNA
damage is a potent stimulator of immune suppression. Cells containing CPDs unable
to be repaired by NER decrease the reaction to CHS (de Gruijl, 2008, Kripke et al.,
1992). Secondly, Langerhans cells, the main antigen presenting cells of the
epidermis, are vulnerable to distinct changes in their morphology and functionality
following even slight UVB exposure. UVB radiation reduces the expression of cell
surface markers and damages well established dendritic networks, ultimately
depleting Langerhans cell numbers, reducing their antigen presenting capabilities
(Aubin, 2003, Murphy, 2009). Lastly, UVR-exposed keratinocytes, particularly those
with CPDs directly secrete immunoregulatory cytokines such as interleukin-10 (IL-
10), or mediators which stimulate its secretion from other cells (Beissert and Loser,
2008). Once in the bloodstream, IL-10 acts as an immunoregulatory factor, which
induces systemic immunosuppression via reducing antigen presentation in
Langerhans cells (Aubin, 2003). Furthermore, the reduced immunosurveillance
provided by Langerhans cells result in decreased effector T cell proliferation and
differentiation and ultimately decreased antitumoural immune protection (Loser
and Beissert, 2009). Recently it has been shown in murine epidermis that following

UVR exposure, production of RANKL, a TNF family member is upregulated, and
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binds to its RANK receptor of Langerhans cells (Beissert and Loser, 2008). RANKL
binding increases secretion of IL-10, amongst other immune related cytokines,

which contribute to systemic immunosuppression, and formation of skin tumours.

Another contributor to the inhibition of antigen presentation in Langerhans cells is
the development of cis-urocanic acid. UCA, an isomer present in the stratum
corneum, undergoes photoisomerisation following UVB exposure from stable trans-

UCA to cis-UCA, making it a powerful immunosuppressive agent (Hart et al., 2001).

1.2.7 Photocarcinogenesis

While acute UVR photoresponses appear to disappear within a few days, chronic
and overexposure to UVR may result in genetic defects leading to the progression of
premalignant actinic keratoses (AK) and ultimately squamous cell carcinomas (SCC),
known as photocarcinogenesis (Melnikova and Ananthaswamy, 2005), as shown in
figure 1.7 In acute UVR exposure, the p53 tumour suppressor gene is highly
upregulated, however in UV-induced skin cancers it is commonly mutated and
suppressed (Lee et al., 2003). Cells containing p53 mutations do not undergo cell
cycle arrest to facilitate DNA repair to remove “UV-signature mutations”, and avoid
p53 induced apoptosis. Damaged cells are able to proliferate and graduate onto
becoming premalignant AK lesions (Melnikova and Ananthaswamy, 2005). p53
mutations occur early in the development of squamous cell carcinomas, often
occurring in seemingly normal UV exposed murine skin months before the
appearance of a tumour (Hussein, 2005). Similarly, chronically UVR exposed cells
exhibit deregulated and inhibited Fas expression on the surface membrane,
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allowing cells to resist extrinsic mechanisms of apoptosis and contribute to the
malignant cell population of the skin (Melnikova and Ananthaswamy, 2005). In
addition, persistent oxidative damage by chronic UVA radiation may result in the
activation of protooncogenes commonly found in skin cancers such as c-fos and c-

jun (Nishigori, 2006).
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Figure 1.7 UV-induced initiation and progression of a human squamous cell

carcinoma (modified from Melnikova and Ananthswamy, 2005).

Skin cancers are generally divided into two groups; melanoma skin cancers (MSC) or
non-melanoma skin cancers (NMSC), which include squamous cell carcinomas (SCC)
and basal cell carcinomas (BCC). The current study will focus primarily on the events

leading to the development of squamous cell carcinomas.
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1.2.8 Gender bias in photocarcinogenesis

In general, females with cancer are faced with a better prognosis than males with
cancer (Molife et al., 2001). The prevalence of NMSCs, especially SCCs, are generally
higher in the male population than in females (Foote et al., 2001, Preston and Stern,
1992). This is particularly evident in the Australian population (Staples et al., 1998,
Staples et al., 2006). It is evident that cutaneous melanoma also follows a similar
trend, often occurring in the later decades of life, and in higher numbers in men
than women (Leiter and Garbe, 2008). In humans, this has been attributed to male
susceptibility to be exposed to more sun and not using sun protection, however
recent studies have shown that there may be underlying biological characteristics

that are involved in increasing proneness for SCCs.

In study by Thomas Ahner and colleagues (2007), using a well established
photocarcinogenesis mouse model, it was shown in a laboratory setting that male
Skh:Hr1l mice exposed to UVR exhibit a greater number of SCC tumours compared
to their female counterparts (Thomas-Ahner et al., 2007). Pro-carcinogenic DNA
damage was seen as early as 48 hours following UVR exposure, with 8oxodG
production greater in male mice than female mice. In a similar vein, the cutaneous
inflammatory reaction to UVB was greater in females compared to males,
suggesting that females are less immunosuppressed by UVB, which may be
protective against malignant cell growth, progressing to cancer (Thomas-Ahner et

al., 2007, Damian et al., 2008).
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It has recently been discovered that the predominant steroid receptor in human
skin is the oestrogen receptor- (ER-B), in addition to ER-a, which plays a role in the
hair follicle growth cycle (Pelletier and Ren, 2004, Thornton et al., 2003b, Thornton
et al., 2003a). Evidence suggests that activation of the ER-[3 by agonist ligands has
several anti-inflammatory and anti-carcinogenic properties (Catley et al., 2008,
Cotrim et al., 2013). In addition, ER-B signalling has proven to be effective at
reducing immunosuppression in mice following exposure to UVR (Widyarini et al.,
2006) and the loss of ER-f results in an increased expression of immunosuppressive
cytokine IL-10 (Reeve et al., 2009). Use of both oestrogen and phytoestrogen has
proven to be anti-carcinogenic in mice exposed to UVR, whilst disruption of
estrogen receptor signalling allowed the growth of transplanted tumours in murine
skin (Cho et al., 2010, Widyarini et al., 2006). A very recent paper has suggested that
a potential protective mechanism of ER-B signalling is via downregulation of
P13K/Akt phosphorylation subsequently leading to inhibition of Wnt and [-catenin

activity which reduces SCC tumour cell survival (Chaudhary et al., 2013).
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1.3 VITAMIN D — THE SUNSHINE VITAMIN

1.3.1 Background

Vitamin D exists in two forms, vitamin D, (ergocalciferol) and vitamin Ds
(cholecalciferol). This fat soluble secosteroid may be obtained through dietary
sources, plant or animal products respectively, or via biological production following
skin exposure to UVR. Technically speaking, vitamin D is not a true vitamin, rather a

hormone due to its ability to be synthesised in skin (Malloy et al., 1999).

1.3.2 Structure

The molecular structure of the vitamin D compound family, including the active
metabolite, 1a,25-dihydroxyvitamin D3 (1,25(0OH),D) is chemically related to that of
classical steroid hormones through its basis around a steroid hormone specific
cyclopentanoperhydrophenanthrene 4 ring carbon skeleton (Norman et al., 1999).
However, unlike its steroidal relatives, the 9-10 carbon-carbon bond of ring B is un-
joined, designating vitamin D into the secosteroid category. This is shown in figure

1.8.
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Figure 1.8 Chemical structure of the vitamin D metabolite 1,25(0H),D; (Okamura
et al., 1995).

In comparison to their classical steroid counterpart, molecules of the vitamin D
superfamily are particularly conformationally flexible, due to three major structural
regions of its carbon skeleton. Firstly, simple rotation of the 8-carbon side chain
about the 5 carbon-carbon single bond allows for a plethora of differing molecular
shapes. Additionally, as a result of the 9-10 carbon-carbon breakage, the
cyclohexane-like A-ring is liberated from the B-ring and undergoes rapid
interconversion between chair-chair conformers. The mobility of the A-ring results
in orientation of the la-hydroxyl and 3B-hydroxyl to move between axial and
equatorial. Finally, the seco B-ring rotates freely around its 6-7 single carbon bond,
producing 6-s-cis and 6-s-trans variates of conformation, which may be locked or
flexible (Norman et al., 1999, Norman et al., 2001), shown in figure 1.9. It is the
conformational flexibility of the vitamin D3 backbone, which allows for the
generation of a vast number of ligand shapes, able to generate different biological
responses through the vitamin D receptor (VDR).
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Figure 1.9 Conformational flexibility of 1,25(OH),D (Haussler et al., 2011)

1.3.3 Synthesis

As sunlight strikes skin cells, epidermal and dermal stores of 7-dehydrocholesterol
(7-DHC) absorb UVB photons. Absorption of UV energy results in the cleavage of the
9-10 carbon-carbon bond of the B-ring of 7-DHC to form the thermally unstable pre-
vitamin D3 (pre-D) molecule (Holick et al., 1980). In human skin the highest levels of
pre-D following UV irradiation are found in the stratum spinosum and basale cells
of the epidermis (Holick, 1981). Pre-D is thermally isomerised over hours and days,
at the optimal temperature of 37°C, to vitamin D3 which is released from the lipid
bilayer into the extracellular space. Over exposure to UVR does not result in vitamin
D toxicity, as pre- D and vitamin D absorb UVB photons and produce photoproducts
such as lumisterol and tachysterol. Such products are thought to be biologically

inert, with low calcemic capabilities (Holick, 2004).

Vitamin D3 binds to the vitamin D-binding protein (DBP) in the dermal capillary bed,

moving the biologically inactive vitamin D3z molecule into the bloodstream to target
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organs of the vitamin D endocrine system for metabolism into a more active form
(Holick, 2004). Similarly, dietary vitamin D (D, or D3) absorbed through the small
intestine and into the circulation is picked up by DBP (Lehmann and Meurer, 2010).

In the liver, vitamin D is hydroxylated by the cytochrome P450 enzyme 25-
hydroxylase at the carbon-25 position to form 25-hydroxyvitamin D (25(OH)D).
25(0OH)D is transported to the kidney via DBP and undergoes further hydroxylation
at the carbon-1a position by 25-hydroxyvitamin D-1o-hydroxylase (1a-hydroxylase)
forming the biologically active 1a-25-dihydroxyvitamin D3 metabolite (1,25(0OH),D;
calcitriol) (Lehmann, 2003). In this active form, 1,25(OH),D is able to induce
biological responses throughout the body through organs expressing the vitamin D
receptor (VDR). Renal formation of the active 1,25(0OH),D is tightly regulated by
serum calcium levels via circulating parathyroid hormone (Lehmann and Meurer,

2010).

In addition to the hepatic/renal production of 1,25(0OH),D, several tissues have
recently been discovered to contain either or both the aforementioned
hydroxylation enzymes (Holick, 2004, Bikle et al., 1986). In particular it has been
shown that epidermal cells contain the whole vitamin D production pathway,
beginning with 7-DHC, including both 25-hydroxylase and 1a-hydroxylase enzymes,
ending in 1,25(0OH),D. There has also been evidence for fibroblasts containing 25-
hydroxylase, thus making more 25(OH)D available to neighbouring keratinocytes
(Vantieghem et al., 2006). Such a symbiotic relationship between skin cells suggests
that production of 1,25(0OH),D is important in the body’s autonomous protection

from the sun.
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To avoid hypercalcaemia, catabolism of 1,25(0H),D and 25(OH)D occurs in most
cells via negative feedback activation of the 24-hydroxylase enzyme to form inactive
metabolites when there are high levels of 1,25(0OH),D. This system is inhibited when

levels of calcium and PTH are low (St-Arnaud, 2008).

1.3.4 Transduction pathways

1,25(0H),D is the predominant structural ligand of the vitamin D3 endocrine system.
It exerts its biological effects via two pathways, shown in figure 1.10; a genomic
pathway mediated by the well known nuclear VDR, and a non-genomic/rapid
response pathway whose receptor is currently not established (Mizwicki and
Norman, 2009, Nemere et al., 1984, Norman et al.,, 1999, Nemere et al., 1994,

Zanello and Norman, 2004a).

1.3.4.1 Vitamin D Receptor (VDR)

As a nuclear receptor of the steroid family, the VDR is found in nucleated cells in
most tissues of the human body including the intestine, kidney, bone, skin,
parathyroid gland, pancreas, pituitary, cells of the immune and reproductive
systems, amongst others (Wang et al., 2012c, Norman, 2008). The VDR is made up
of six primary amino acid domains each designated a different functionality,
specifically, a variable domain (A/B), a DNA binding domain (C), a hinge (D), a ligand

binding domain (E) and a transcriptional activation domain (F) (Norman, 2008).
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1.3.4.2 Genomic pathway

The biological responses of 1,25(0H),D are mediated by the classic genomic
pathway through stereospecific ligand binding to the nuclear vitamin D receptor
(VDRpyc). The lipophilic 1,25(0OH),D molecule passes through the lipid bilayer of the
plasma membrane and binds to the hydrophobic pocket in the ligand binding
domain of the VDR,,. Upon activation, the VDR, heterodimerises with a free
retinoid X receptor (RXR) forming a VDR-RXR complex. Zinc fingers of the DNA
binding domain recognise the VDR-RXR complex, allowing docking with vitamin D
response elements (VDREs) in the DNA sequences of vitamin D target genes.
Subsequent recruitment of protein comodulators assists interaction with the
general transcription apparatus wherein gene transcription is promoted or
repressed (Haussler et al.,, 2011). Resulting physiological effects are latent

manifestations of genetic alterations.

1.3.4.3 Non-genomic pathway

The non genomic pathway activated by 1,25(0OH),D generates a biological response
within seconds to minutes through a number of intracellular signalling pathways
(Norman et al., 1999, Haussler et al., 2011, Norman, 2008). These include the
opening of chloride and calcium channels, mitogen activated protein kinases
(MAPKs), protein kinase C, phosphatidylinositol 3-kinase (PI3K), phospholipase C,
and subsequent g-protein coupled second messenger systems such as cyclic
monophosphate (cAMP). Activated messenger systems may cross talk with the

nucleus to contribute to gene transcription (Norman, 2008).
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The location of a binding protein/receptor via which 1,25(0OH),D exerts its rapid
response effects is still under examination. There is evidence for a rapid response
binding protein for 1,25(0OH),D, first identified in the basolateral membrane of chick
epithelium, involved in rapid calcium perfusion from the duodenum (Nemere et al.,
1994). Subsequent purification of the protein led to its definitive identification as
the 66kD membrane-associated rapid response steroid binding (MARRS) protein,

identical to ERp57/PDIA3 (Nemere et al., 2000).

In the last decade, it has been proposed that the rapid actions of 1,25(0OH),D may
occur via a putative alternative ligand binding pocket within the ligand binding
domain of the VDR (Mizwicki et al., 2004). Through molecular modelling, the natural
6-s-cis locked analogue of 1,25(0OH),D, 1a,25 dihydroxylumisterols (JN) which has
weak genomic activity but equivalent 1,25(0OH),D rapid signalling, was shown to
dock on the classic VDR through a pocket other than the genomic pocket to elicit its
non-genomic cellular responses. The flexible 1,25(0OH),D molecule was found to
have a high affinity for both, with differing modes of binding. It is thought that
vitamin D sterol binding at the VDR occurs kinetically through the AP, whilst in a
thermodynamic manner at the GP, and thus subsequent responses are highly
dependent on the conformation and orientation of the ligand present (Mizwicki et
al., 2004, Mizwicki and Norman, 2009). The AP prefers the planar 6-s-cis locked non-
genomic agonist vitamin D sterols, such as JN, whilst the bowl shaped GP binds 6-s-
trans conformed isomers of 1,25(0OH),D. The conformationally flexible 1,25(0OH),D
molecule can take up both structures, thus making it the most potent agonist for

both genomic and non-genomic biological responses. The AP forms complexes with
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an array of 1,25(0H),D molecule conformations, whilst the GP is more restricted

with its binding affinity (Mizwicki and Norman, 2009).

Evidence for a bi-functional VDR comes from a study showing increased 1,25(0OH),D
induced rapid chloride fluxes in wild type mouse osteoblasts, whilst mouse
osteoblasts lacking a functional VDR showed no response (Zanello and Norman,
2004a). The VDR-KO mouse strain used in the aforementioned study were
previously reported to exhibit genetic defects similar those seen in human vitamin
D-resistant rickets type Il, such as alopecia, growth retardation, impaired bone

formation and rickets, amongst many others (Yoshizawa et al., 1997).

34



1.25(0H)2D3

Cenformaticnally flexible analogs Cenformaticnally restricled analogs
| eg. JN

receplor

nuclear
N MARRS L8o receptor

Figure 1.10 The genomic and non-genomic pathways of vitamin D actions (Mason,

2010)

1.3.5 Actions

The classic role of 1,25(0OH),D is to work synergistically with parathyroid hormone
(PTH) to maintain normal calcium homeostasis. When serum calcium levels fall

below normal levels, PTH stimulates the formation of 1,25(0OH),D from the kidney
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to act on the small intestine to increase intestinal absorption of calcium. In turn
1,25(0H),D encourages the maturation of osteoclasts resulting in bone resorption
(St-Arnaud, 2008). 1,25(0OH),D also facilitates healthy skeletal growth and
mineralisation by increasing absorption of phosphate, and promoting
osteoblastogenesis (Marie and Kassem, 2011, Bikle, 2012). Additionally, 1,25(0OH),D
prevents apoptosis in osteoblasts (Vertino et al., 2005). In skin 1,25(0OH),D regulates
keratinocyte proliferation, stimulates differentiation and maintains normal hair
follicle cycling (Bikle, 2011a). Immunologically, the adaptive immune response is
inhibited by 1,25(0OH),D, which in turn prevents autoimmunity and the diseases that
follow. In a similar vein, 1,25(0OH),D stimulates innate immunity to aid in the
prevention of infectious diseases (Bikle, 2011b). 1,25(OH),D maintains an
antiproliferative effect on most cells by slowing cell cycle progression at the G1
phase, which make it a novel candidate for the treatment of diseases involving

uncontrolled malignant cell growth such as cancer (Samuel and Sitrin, 2008).
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1.4 PHOTOPROTECTION BY VITAMIN D

The use of 1,25(0H),D as a chemoprotective agent has been reported and accepted
in several cancer types. In particular, over the last decade research into the use of
vitamin D compounds to combat the formation of skin cancers has boomed, due to
the depletion of the ozone layer and increasing number of worldwide skin cancer

cases.

1.4.1 1,25(0H),D mediated protection against UVR-induced DNA damage,

apoptosis and immunosuppression

Studies from the Mason group have shown that application of 1,25(OH),D at
physiological concentrations (10®°) to cultured keratinocytes either before, or
immediately following UVR exposure (200 mj/cm® UVB and 1170 mj/cm?® UVA)
significantly reduces the formation of thymine dimer CPDs as early as 0.5-3 hours
post-UVR, when compared to vehicle treated skin cells, detected using
immunohistochemistry (Gupta et al., 2007, Wong et al., 2004, Sequeira et al.,
2012b). In addition to this, in vivo experiments in hairless mice from the group have
supported these findings, and provided a novel photocarcinogenesis study showing

evidence for 1,25(0OH),D prevention of SCCs in murine skin (Dixon et al., 2011).

Using immuno dot-blot densitometric analysis, De Haes and colleagues were also
able to show a significant reduction in CPD formation following UVR when cells
were pre-incubated with 1,25(0H),D for at least 18 hours prior to irradiation. In this
study, maximal protection occurred at the pharmacological concentration of 10

(De Haes et al., 2005). Whilst the data support the work of the Mason group, use of
37



pharmacological concentrations may not be viable in humans due to the hormone’s

hypercalcaemic toxicity.

In vivo and in vitro results from several groups have exposed a role for 1,25(0OH),D
in the reduction of apoptotic sunburn cells and enhancement of keratinocyte
survival following UVR (Manggau et al., 2001, Gupta et al.,, 2007, De Haes et al.,
20044, Lee and Youn, 1998, De Haes et al., 2003, Dixon et al., 2011). On the other
hand, one study by Benassi and colleagues using TUNEL assays, suggests that
application of 1,25(0OH),D on keratinocytes increases apoptosis to a similar extent as
UVB radiation (Benassi et al., 1997). This study however used high concentrations of
1,25(0H),D and did not test the extent of apoptosis of when the two variables were

combined.

UVR increases the formation of NO in skin, which interacts with ROS such as the
superoxide anion generated by UVR to form peroxynitrite (Ravanat et al., 2001).
Peroxynitrite belongs to the reactive nitrogen species (ROS) known to cause single
strand DNA base mutations. In addition, presence of NO in skin cells prevents the
repair of CPDs following UVR (Bau et al., 2001). The Mason group explored the
effect of physiological doses of 1,25(0OH),D on combating the effects of indirect DNA
damage by UVR-instigated ROS and RNS. In one study, using the Griess assay to
detect nitrite levels it was found that application of 1,25(0OH),D following UVR
exposure significantly increased the stable metabolite, in turn decreasing available
NO products, as well as reducing CPD and sunburn cell formation (Gupta et al.,

2007).
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More recently it was established using comet assays and immunohistochemical
staining that 1,25(OH),D reduces the appearance of 8oxodG mutations in
keratinocytes as early as 0.5 hours following UVR (Gordon-Thomson et al., 2012).
The same study showed that topical application of a physiological dose of
1,25(0OH),D to hairless albino mouse skin significantly reduced appearance of
8oxodG positive keratinocytes. Human skin explants exposed to UVR equivalent to
Australian summer sun for 5-10 minutes showed significant decreases in the
formation of CPDs, 80xodG and 8-nitroguanosine mutations with the application of
1,25(0OH),D at 1nM when compared to their vehicle counterparts at various time

points following UVR (Song et al., 2012).

Dixon and colleagues have shown that topical application of 1,25(0OH),D on hairless
albino mice following UVR reversed systemic immunosuppression seen in untreated

mice, 2 weeks after UVR (Dixon et al., 2007).

1.4.2 Mechanisms of 1,25(0H)2D

It is generally accepted that photoprotection by 1,25(0OH),D occurs substantially via
the non-genomic pathway (Mason et al., 2010). In the in vivo and in vitro studies by
Dixon and colleagues, 1la,25-dihydroxylumisterol (JN), a vitamin D analogue, with
only the ability to induce the rapid response pathway decreases the formation of
CPDs and apoptosis at the same physiological concentration of 1,25(0OH),D
following UVR, with statistically equivalent potency (Dixon et al., 2007, Dixon et al.,
2005, Dixon et al., 2011).
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Use of non-genomic antagonists completely reversed photoprotection by
1,25(0H),D whilst antagonists of the genomic pathway had no effect (Dixon et al.,

2007).

Previous studies from this laboratory have shown that 1,25(OH),D-mediated
photoprotection against UV irradiation occurs via a non-genomic pathway (Dixon et
al., 2007, Dixon et al., 2005, Wong et al., 2004, Sequeira et al., 2012a, Sequeira et
al., 2012b). A number of reports on the actions of 1,25(0H),D binding to a putative
mVDR suggest that 1,25(OH),D activates rapid ionic and molecular signalling
pathways. These include the induction of protein kinase C, the mitogen activated
protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) pathways and the

opening of chloride and calcium channels (Norman et al., 2001).

The role of the VDR in the non-genomic pathway is not completely understood,
however recent evidence to suggest the location of the classic nuclear VDR present
within plasma membrane caveolae which binds 1,25(0OH),D, and mediates its non-
genomic activity (Huhtakangas et al., 2004, Norman et al.,, 2002). Molecular
modelling experiments identified alternative ligand-binding pockets within the VDR,
distinct from the classic ligand binding domain, which have a high affinity for both
trans- and cis-locked ligand shapes of 1,25(0OH),D and analogues (Mizwicki et al.,

2004).

Additionally, it is well established that some non-genomic actions of specific

1,25(OH),D occur via specific 6-cis-locked molecular shapes binding to a membrane
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associated rapid response steroid binding protein (MARRS), also known as ERp57. It
has recently been shown through co-immunoprecipitation that the VDR and ERp57
are physically linked. Sequeira and colleagues (2012b) found that in terms of
photoprotection, blockade of ERp57 by Ab099, a neutralising antiserum, reduced
the effectiveness of 1,25(0OH),D in reducing thymine dimer formation in UVR-
exposed fibroblasts (Sequeira et al., 2012b). This shows strong evidence for the role
of the non-genomic pathway in photoprotection by 1,25(0OH),D and 1,25(0OH),D -

analogues.

Previous reports have established that diisothiocyanatostilbene-2,2’-disulfonic acid
(DIDS) inhibits 1,25(0OH),D non-genomic activation of chloride currents (Mizwicki et
al., 2010, Zanello and Norman, 2004b, Zanello and Norman, 1997, Zanello and
Norman, 1996, Zanello and Norman, 2006, Zanello and Norman, 2003). One recent
study from the Mason group showed that in keratinocytes, the presence of DIDS
completely abolished 1,25(0OH),D -mediated reduction of thymine dimers following
UVR, but had no effect on its own (Sequeira et al., 2012b). This suggests that the
photoprotective effects of 1,25(0OH),D are mediated by the opening of these DIDS-

sensitive non-genomic chloride channels.

Both UVR and 1,25(0OH),D enhance the expression of p53 in both melanocytes and
keratinocytes as seen in studies by Gupta et al. (2007) and Sequeira et al. (2012a).
This suggests that cells undergo longer cell cycle arrest, to allow for increased time
to repair DNA damage, by XPC and DDB2 nucleotide excision repair enzymes, and

reduce the need to form sunburn cells (Gupta et al., 2007). However, since the
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study by Sequeira et al (2012b) demonstrated that p53 expression remained high in
VDR null and ERp57 antiserum Ab099 treated fibroblasts, and displayed high
numbers of thymine dimers following treatment with 1,25(0OH),D after UVR
exposure, this hints at the presence of an alternate mechanism of thymine dimer

reduction (Sequeira et al., 2012a).

Studies by de Haes and colleagues used pathway inhibitors to show evidence for
1,25(0H),D induced inhibition of mitochondrial cytochrome c release, the JNK stress
activated pathway and the production of IL-6, which led to a partial reduction in
apoptotic cells post UVR (De Haes et al., 2003). In addition, 1,25(OH),D activated
anti-apoptotic PI3K/Akt and ERK signalling pathways and Bcl, proteins from basal
levels to enhance cell survival following UVR (De Haes et al., 2004a, De Haes et al.,
2003). The application of pharmacological inhibitors of ERK and PI3K somewhat
reversed photoprotection against UVR-induced apoptosis, suggesting that
1,25(0OH),D is photoprotective via the MEK/ERK and PI3K/Akt signalling pathways
(De Haes et al., 2004a). Additionally, Western blotting showed that 1,25(0OH),D
causes downregulation of JNK signalling following UVR, preventing JNK activated
apoptosis (De Haes et al., 2003). While, on the other hand, UVR induced p38

activation was not affected in the presence of 1,25(0OH),D (De Haes et al., 2003).

Another proposed mechanism of photoprotection by 1,25(0H),D is through the
induction of metallothionein (MT) mRNA to reduce cell apoptosis (De Haes et al.,
2004b, Lee and Youn, 1998). One study noted that the reduction in apoptotic cells

treated with 1,25(0OH),D following UVR resulted from the recruitment of
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metallothionein, a free radical scavenger, to reduce ROS molecules contributing to
apoptosis (Lee and Youn, 1998). Mice lacking MT genes are generally more
susceptible to UVR-induced immunosuppression, sunburn inflammation and
apoptotic sunburn cells (Hanada et al., 1998, Reeve et al., 2000, Wang et al., 2004).
Similarly, application of 1,25(OH),D to skin cells induced sphingosine-1-phosphate
(S1P), which is a regulator of cell survival by increasing Bcl-2 to reduce apoptosis

(Manggau et al., 2001).

In terms of 1,25(0OH),D and its immunomodulatory actions with UVR, there are
mixed reports. Firstly, topical application of 1,25(OH),D on Skh:Hr1l mice has been
shown to prevent UVR-induced immunosuppression in mice, without having any
basal immunosuppressive actions (Dixon et al., 2011, Dixon et al., 2005, Dixon et al.,
2007). On the other hand, there is evidence to suggest that 1,25(OH),D at high
doses is immunosuppressive in humans (Damian et al., 2010). Additionally, when
used following UVR-exposure, it had no effect on immunosuppression whilst also
providing protection from UVR-induced DNA damage and apoptosis (Damian et al.,
2010). In agreement with this, De Haes et al. (2003) and Mason et al. (2010) showed
that 1,25(OH),D suppressed levels of IL-6, a pro-inflammatory cytokine, in skin cells
and mice respectively. IL-10 secretion, an immunosuppressive cytokine released
from UVR-damaged cells is upregulated upon 1,25(0OH),D application, as is the IL-10
receptor on keratinocytes (Yu et al., 2011). Furthermore, 1,25(0OH),D suppresses the
secretion of another pro-inflammatory cytokine, IL-12, from macrophages and
dendritic cells, which then suppresses the activity of the T-helper cells involved in

the acquired immune response (Bikle, 2009). An in vivo study has shown that
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immunosuppressive T-regulatory cells are upregulated by 1,25(0OH),D (Gorman et
al., 2007). 1,25(0OH),D also inhibits B cell proliferation and differentiation, and
immunoglobulin production (Chen et al., 2007). Thus the evidence leans towards
1,25(0H),D being immunosuppressive rather than protecting against
immunosuppression in humans, which therefore shows the importance of finding a

photoprotective analogue.
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1.5 VITAMIN D-LIKE COMPOUNDS AND ANALOGUES

Due to the fact that 1,25(0OH),D readily causes hypercalcaemia and because of its
expensive price, the use of 1,25(0H),D as a photoprotective agent in sunscreens is
not viable. Thus it has become of increasing interest to discover alternative agents

that are inexpensive and have low calcaemic activity.

1.5.1 20(OH)D;

Recent studies in vitamin D metabolism have exposed a novel role for a cytochrome
P450 enzyme (CYP11A1) in the hydroxylation of vitamin D3 and its precursor 7-DHC.
Known mostly for its role in oxidation and cleavage of the side chain on cholesterol
to form pregnenolone, CYP11A1 also cleaves the side chain of 7-DHC and
hydroxylates the side chain of vitamin D3 to produce over ten novel products, as
shown in figure 1.11 (Slominski et al, 2012; Slominski et al, 2005; Guryev et al,
2003). 20-hydroxyvitamin D3 (20(OH)D) has been identified as the main reaction

product (Slominski et al., 2005).
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Figure 1.11 CYP11A1 metabolism of vitamin D3 to 20(OH)D3 (Janjetovic et al.,

2009)

Slominski et al (2012) provided in vivo evidence this novel pathway, using HPLC
techniques, further identifying 20-hydroxyvitamin D3 (20(OH)D) as the major
product of vitamin D3 metabolism by CYP11A1 in areas of the body expressing high
levels of P450cc, such as the steroidogenic adrenal glands, placenta and germ cells
which suggests it may produce systemic effects (Slominski et al, 2012).
Furthermore, the CYP11A1 system has been shown to exist in the epidermal layer of
the skin (Slominski et al., 1996, Slominski et al., 2004) and is upregulated upon

UVB/UVC radiation (Skobowiat et al., 2011).

20(OH)D is biologically active through binding to the VDR (Zbytek et al., 2008b,
Tuckey et al., 2008b) however, knowledge of its biological significance is limited.

Upon binding to the VDR, 20(OH)D can initiate heterodimerisation with the RXR to
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increase inhibitor proteins for proliferation (Janjetovic et al., 2011b). It has been
shown that 20(OH)D stimulates keratinocyte differentiation (Zbytek et al., 2008b)
and decreases nuclear factor-kB (NK-kB) a transcription factor involved in the
inflammatory response and the progression of cancer in cells (Janjetovic et al.,

2009).

The anti-cancer effects of 20(OH)D have been shown in hepatocellular carcinoma
and breast cancer cell lines, with the same effectiveness of 1,25(0OH),D at reducing
colony numbers. Additionally, melanoma cell proliferation was inhibited with
application of 20(OH)D due to targeting and blockade of NK-kB activity (Wang et al.,
2012a). It has therefore been acknowledged that 20(OH)D has anti-proliferative
activity (Janjetovic et al., 2011b). The advantage of 20(OH)D over 1,25(0H),D use as
an anti-cancer agent is that whilst both have antiproliferative effects, 20(OH)D
produces none of the hypercalcemic effects of 1,25(0OH),D, as seen in mice and rats
(Janjetovic et al., 2011b, Slominski et al., 2010). However, it should be noted that
whilst 20(OH)D is a poor substrate for CYP27B1 hydroxylation in vivo, the enzyme
which activates 25(0OH),D to 1,25(0OH),D, the product 1,20-dihydroxyvitamin D3 has

some mild calcemic effects (Slominski et al., 2010).

1.5.2 1,25(0H)2D independent actions of the VDR, potential for 20(OH)D in

photoprotection

Mice containing an ablated CYP27B1 gene that encodes for the la-hydroxylase
enzyme are unable to form active 1,25(0OH),D. In a study by Ellison and colleagues

CYP27B1 -/- mice showed no increase in susceptibility to DMBA chemically induced
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tumours compared to wildtype control mice whilst mice lacking full VDR
functionality showed increased DMBA-induced carcinogenesis (Ellison et al., 2008).
In the same study, VDR-KO mice exposed to UVR were shown to have decreased
thymine dimer repair and enhanced photocarcinogenesis, whilst the effects of UVR
on CYP27B1 -/- mice were not investigated. The authors suggested that it is the
1,25(0OH)2D-independent action of the VDR rather than 1,25(0OH)2D ligands that
mediate protection from skin carcinogenesis (Ellison et al., 2008). In a recent study
by the Bikle group, CYP27B1 -/- mice did not develop tumours with chronic
exposure to UVR (Bikle et al., 2013, Teichert et al., 2011). Such findings suggest that
there may be other ligands which activate the VDR, produced by a different

pathway from the classic CYP27B1 hydroxylation of 25(0OH),D.

In regards to skin manifestations, la-hydroxylase knockout mice exhibit a
phenotype almost identical to their wildtype counterparts, with the exception of
small disruptions in epidermal keratinocyte differentiation, and delays in recovery
of normal barrier function (Bikle et al., 2004). In contrast VDR-KO mice develop
thickened skin with an abnormal morphology, long curved nails, and alopecia

(Zinser et al., 2002).

Furthermore, the recent discovery of 20(OH)D which does not require lo-
hydroxylase to become biologically active provides evidence of alternate
endogenous products which may mediate the non-genomic effects of the VDR,
where 1,25(0OH),D is not available (Slominski et al., 2005, Slominski et al., 2012,

Tuckey et al., 2008a, Guryev et al.,, 2003). Such an endogenously produced
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compound may provide a bridge between the findings of Ellison and Tiechert, and
Dixon, Wood and Kensler (Dixon et al., 2011, Ellison et al., 2008, Kensler et al., 2000,

Wood et al., 1983).

1.5.3 Tetrahydrocurcumin

Several bodies of evidence suggest that curcuminoids may be great anti-cancer
agents due to their antioxidant properties (Naito et al., 2002, Osawa et al., 1995). In
particular, curcumin is already well established as an anti-cancer, anti-
neurodegenerative and anti-inflammatory agent, however is rapidly metabolised

following digestion, limiting its effectiveness (Wu et al., 2013).

THC is an inexpensive, colourless in vivo metabolite of the turmeric spice-derived
yellow curcumin (diferuloylmethane) (Sugiyama et al., 1996). As seen in figure 1.12
THC is formed by the hydrogenation of curcumin at the conjugated double bonds of

the carbon skeleton which increases its antioxidant effectiveness (Somparn et al.,

2007).
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Figure 1.12 Hydrogenation of curcumin produces tetrahydrocurcumin (Sugiyama

et al., 1996).
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It has been suggested that the anti-cancer properties of THC may be due to the
presence of the B-diketone moiety (Sugiyama et al., 1996). A recent study has
shown that THC inhibits the PI3K/Akt pathway in a leukaemia cell line, and increases
activity of the apoptotic ERK and JNK pathways, leading to cell death (Wu et al.,

2011).

Conformational binding studies show that THC’s precursor curcumin can bind to
both genomic and alternate pockets of the VDR, however it preferentially activates
the latter (Mizwicki et al., 2010). In addition, at pharmacological concentrations,
curcumin not only has an affinity for binding at the VDR, but also for activating
genomic transcription (Jurutka et al., 2007, Bartik et al., 2010). The binding of THC
to the VDR has not been studied as extensively as curcumin, and since
hydrogenation of double bonds on the carbon chain does not change the planar
shape, it might be assumed that THC acts in a similar way at the VDR. Despite the
probability of curcuminoid transcriptional capabilities via the VDR, use of THC in
mice has been shown to have no effect on weight, and is not cytotoxic at

pharmacological doses (Naito et al., 2002).

50



1.6 AIMS AND HYPOTHESES

1.6.1 Aims

The aims of this project are:

To test whether THC, a component of the spice turmeric, known to have
antioxidant effects at micromolar concentrations, is photoprotective at
nanomolar concentrations against UVR-induced DNA damage in
keratinocytes

To test whether 20(OH)D, a novel 1,25(0OH),D analogue reduces DNA
damage in UVR-exposed fibroblasts and keratinocytes to a similar extent as
1,25(0H),D, and whether this photoprotection may be mediated by chloride
channel opening.

To investigate possible molecular mechanisms involved in 1,25(0OH),D
mediated photoprotection from UVR, in particular to determine the effects
of inhibiting the Wnt signalling pathway on DNA damage in UVR-exposed
keratinocytes.

To test whether 20(OH)D is photoprotective against UVR-induced DNA
damage and immunosuppression to an immune response-eliciting antigen in
Skh:Hr1 hairless mice and whether this is sex-specific.

To determine whether the estrogen receptor B (ERB) is involved in
photoprotection from UVR, using ERB-knockout mice, and whether this

effects the function of 20(OH)D.
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1.6.2 Hypotheses

The hypotheses to be tested are:

e That 20(OH)D and THC in nanomolar concentrations are photoprotective to
a similar extent as 1,25(0OH),D

e That if 20(OH)D is photoprotective it exerts its effects via induction of
chloride channel opening, as seen in 1,25(0OH),D -mediated photoprotection.

e That inhibition of UVR-induced Wnt signalling pathways modifies UVR-
induced DNA damage, alone and in the presence of 1,25(0OH),D.

e That 20(OH)D is photoprotective in vivo, in particular that it reduces UVR-
induced DNA damage following UV exposure. Additionally, that 20(OH)D has
no effect on the basal immune response to a novel antigen but reduces UVR-
induced immune suppression against a novel antigen.

e That photoprotection by 20(OH)D from UVR-induced DNA damage and
immunosuppression is greater in females than males, and that this may be a

result of presence of the ERB gene.
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2 METHODOLOGY

2.1 MATERIALS

2.1.1 General reagents and materials

Unless otherwise stated, all reagents, chemicals and salts were purchased from
Sigma Aldrich (St Louis, MO, USA). Seventy-five cm?® Falcon™ culture flasks and
welled culture plates were purchased from Becton Dickinson Labware (Franklin
Lakes, NJ, USA). Dulbecco’s Phosphate buffered saline (D-PBS) was purchased from
Sigma-Aldrich (St Louis, MO, USA), whilst high glucose containing Dulbecco’s
Modified Eagle Medium (DMEM) with and without calcium were from Invitrogen
Life Technologies (NY, USA). Heat-inactivated foetal bovine serum was from SAFC
Bioscience. MilliQ H,O was purified and supplied by the system supplied by the
Molecular Biology Facility within the University of Sydney (Sydney, Australia).
Antimycotic and antibiotic solutions were purchased from Invitrogen Life
Technologies (NY, USA). Poly-L-lysine hydrobromide used in coating coverslips was
obtained from Sigma-Aldrich (St Louis, MO, USA). Betadine antiseptic, 20 ml sterile
centrifuge tubes and 50 ml sterile sample jars were bought from Livingstone
International (Sydney, Australia). Cell-scrapers and cell culture and bacteriological

grade Petri dishes were from Sarstedt Ag & Co. (Numbrecht, Germany).

2.1.2 General equipment

General cell culture and experimentation was undertaken using sterile techniques
within a biohazard laminar flow hood purchased from Gelman Sciences Pty (Sydney,

Australia). A water-jacketed incubator acquired from Forma Scientific (Sydney,
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Australia) was used to maintain live cells at 37°C and 5% CO,. Cells were
cryopreserved under liquid nitrogen in a Dewar purchased from Taylor-Wharton
(Albury, Australia). The centrifuge was purchased from Hettich Zentrifugen
(Tuttlingen, Germany). Cells were viewed using a phase-contrast microscope from
Olympus Optical Co Ltd (Tokyo, Japan) and counted manually with a Neubauer
bright-line haemocytometer purchased from Weber Scientific International Ltd
(Sussex, England). The MSE Micro-Centaur centrifuge was obtained from Lab Supply
(Perth, Australia). The plate shaker was purchased from Flow Laboratories (Sydney,
Australia) and the vortex mixer was from Thermolyne Corporation (Dubuque, IA,
USA). The electronic balance was obtained from A&D Co. Ltd. (Tokyo, Japan), and
the PHMS80 portable pH meter was purchased from Radiometer Cophenhagen

(Paris, France).

2.1.3 Equipment used in UV irradiation

The solar simulator used in the in vitro studies contained a FS20T12 UVB lamp and a
FL20SBL UVA lamp from Phillips (Amsterdam, Holland). To ensure these lamps were
emitting the desired spectral irradiance for experimentation, a calibrated OL754
spectroradiometer from Optronics Laboratories Inc (Orlando, FL, USA) was utilised
to measure the light. In vivo studies employed the use of six 40W F40T 10/BL UVA
tubes from Hitachi (Tokyo, Japan) and a TL 100W/12 UVB tube from Phillips
(Eindhoven, Holland). To filter out irradiation below 290 nm a cellulose tri-acetate
sheet (thickness = 0.125 mm), purchased from Eastman Chemical Products
(Kingsport, TN, USA) was used for both in vivo and in vitro experiments and used for
no more than 4 hours total.
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2.1.4 Vitamin D compounds

10,25 dihydroxyvitamin D3 (1,25(0OH),D) was purchased from Cayman Chemical Co.
(Ann Arbour, MI, USA). Dr Robert Tuckey School of Biomedical, Biomolecular and
Chemical Sciences, University of Western Australia, Crawley, Australia generously
supplied the 20-hydroxyvitamin D3 (20(OH)D). Tetrahydrocurcumin (THC) was
purchased from SAMI labs Ltd. (India). 1,25(OH),D, 20(OH)D and THC were
dissolved in spectroscopic grade 100% ethanol and stored under argon at -80°C. The
integrity of these compounds was tested prior to each experiment using a
Nanodrop ND-1000 spectrophotometer purchased from Thermo Fisher Scientific
(Australia) supplied by the Bosch Molecular Facility within the University of Sydney,
Spectral scans of the compounds are shown in Figure 2.1. The concentration was
calculated from their peak absorbance values divided by the molar extinction

coefficient of each test compound (see Table 2.1).
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Table 2-1 Spectrum peak at which the absorbance was recorded and extinction
coefficient for each compound used to calculated their concentration, a measure

of their integrity whilst in storage.

Compound Spectrum peak at which Extinction coefficient (g)
absorbance was read at spectrum peak
1,25(0H),D 265 18200
20(OH)D 263 (Janjetovic et al., 18000
2009, Zbytek et al.,
2008b)
THC 281 (Khopde et al., 2000) | 15460
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Figure 2.1 Spectral scans of (a) 0.1 mM 1,25(0OH),Ds3, (b) 0.1 mM

20(OH)D and (c) 0.1 mM THC
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2.1.5 Inhibitors of Wnt signalling pathway and chloride channels

4,4’-Diisothiocyanatostilbene-2,2’-disulfonic acid disodium salt, DIDS, a chloride
channel antagonist was purchased from Sigma-Aldrich (St Louis, MO, USA) and
stored in spectroscopic grade DMSO under argon at room temperature. The Wnt
inhibitor IWR-1-endo was purchased from Cayman Chemical Co. (Ann Arbour, M,

USA).

2.1.6 Materials used in immunohistochemistry

The mouse monoclonal IgG; anti-thymine dimer antibody Hs (Roza et al., 1988) was
obtained from Sigma-Aldrich, whilst the mouse monoclonal anti-8-oxodG clone 2E2
(Soultanakis et al., 2000) was purchased from Trevigen Inc. (Gathersburg, MD,
USA). The DAKO LSAB kit and diaminobenzidine (DAB) were purchased from DAKO
(Glostrup, Denmark). Images of the stained cells were acquired using the Nikon
Eclipse EB00 Macro-Imaging Microscope from Nikon Instruments Inc. (Melville, NY,
USA) in conjunction with Leica DFC500 colour camera and LAS imaging software
purchased from Leica Microsystems Ltd (Switzerland). Image analysis was
undertaken using MetaMorph Imaging System, supplied by the Advanced

Microscopy Facility of the Bosch Institute.

2.1.7 Materials used in genotyping

The REDExtract-N-Amp Tissue PCR kit and primers were purchased from Sigma-
Aldrich (St Louis, MO, USA). Use of the Hybaid PCR thermal cycler and UVP agarose
gel digital imaging system were kindly provided by the Bosch Molecular Biology

Facility (Sydney, Australia).
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2.1.8 Materials used in animal studies

All animal studies were approved by The University of Sydney Animal Ethics
Committee. Female and male Skh:hr1, albino, inbred mice were obtained from the
University of Sydney Veterinary Pathology colony. The ethics approval number used
for these experiments was K22/1-2011/3/5457. Oestrogen receptor 3 knockout
(ERBKO) mice originally designed by Krege and colleagues (Krege et al., 1998) and
C57B1/6 mice used for wildtype comparison were manufactured by A/Prof Vivienne
Reeve. Mice were housed in wire topped plastic boxes at temperatures between
23-25°C, maintained by yellow lighting, with a continual supply of fresh H,0 from a
sipper. All conditions were facilitated and provided by A/Prof Vivienne Reeve,
Photobiology Laboratory, Faculty of Veterinary Science within The University of
Sydney. Mice were kept on Shepherds Premium Corn Cob bedding, (Techniplast),
and fed with Gordon rat and mouse pellets (Yandeera, Australia). Polyethylene
glycol and 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one (oxazolone) (w/v) were
purchased from Sigma-Aldrich (St Louis, MO, USA). The spring micrometer was

sourced from Interapid (Zurich, Switzerland).

2.1.9 Compositions of media, buffers and solutions

Keratinocyte Growth Medium (KGM)

To promote cell growth, without differentiation, keratinocytes in culture are grown
in a low calcium medium. Human keratinocytes were grown in KGM containing
DMEM without calcium, 2.2 g/L NaHCOs, 0.293 g/L glutamine, 2.385 g/L HEPES and
500 pg/L hydrocortisone. For isolation of cells from primary tissue, 0.03 g/L

penicillin and 0.05 g/L streptomycin was added to the KGM. In culture of
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keratinocytes 5000 ng/L epidermal growth factor (EGF), 10 nM cholera toxin with
5% v/v sterilised fetal bovine serum (FBS) was included in the KGM. Henceforth
these are referred to as supplements.

0.25% Trypsin

0.3525 g/L, NaHCOs3, 2.5 g/L trypsin in MilliQ H,0.

0.1% Trypsin/0.02% EDTA

0.2 g/L EDTA, 1 g/L D-glucose, 0.4 g/L KCI, 8 g/L NaCl, 0.580 g/L NaHCO3 and 1 g/L
trypsin in MilliQ H-0.

Martinez buffer solution

Proteins contained in cell medium may absorb some UV radiation during
experimentation thus cells may not receive equal amounts of treatment. Thus clear
Martinez solution is applied to cells for irradiation as it contains enough glucose for
cellular metabolism, without absorbing UV radiation. Martinez solution was made
up in MilliQH,0 and contained 0.4738 g/L NaCl, 0.41 g/L KCl, 0.244 g/L MgCl,.6H,0,
0.1872 g/L NaH,P0,4.2H,0, 1.9523 g/L NaHEPES, 1.7873 g/L HEPES, CaCl,.2H,0,

1.8016 g/L D-glucose.
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2.2 IN VITRO METHODS

2.2.1 Primary cell culture

The current project had approval from The University of Sydney Human Ethics
Committee, using the ethics approval number as in 2.1.8. Primary human
keratinocytes and fibroblasts were isolated from neonatal foreskins donated to the
laboratory by a paediatric surgeon. Samples were provided only after informed
consent from a parent or guardian was obtained. Each sample was processed
separately and aseptically within a laminar flow biohazard hood. Upon arrival into
the laboratory, the foreskin was maintained in medium containing the antibiotics
penicillin and streptomycin, but no foetal calf serum at 4°C for 48 hours post-
surgery until cell culture processing was performed. The antibiotics were essential
for the prevention of any bacterial contamination. The foreskin was then washed
with 70% ethanol twice and submerged in Dulbecco’s phosphate buffered saline
(DPBS) containing the aforementioned antibiotics for 3 minutes. The foreskin was
then washed and submerged in PBS for a further 3 minutes. The fatty hypodermis

and blood vessels were removed and discarded.

2.2.2 Isolation of keratinocytes

The remaining skin containing the dermis and epidermis was dissected into 3 mm by
3 mm pieces and rinsed in antiseptic Betadine. PBS was then used to wash the
samples. The skin pieces were then transferred to a centrifuge tube containing 0.1%

(w/v) sterilised dispase in DPBS with antibiotics and kept at 4°C for 24 hours.
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Dispase is a protease which cleaves fibronectin to dissociate the dermis from the
epidermis.

The following day, the epidermis was isolated from the dermis and submerged in
0.1% trypsin/0.2% EDTA solution at 37°C for 16-20 minutes with intermittent
agitation to stimulate the reaction. The trypsin reaction was stopped by the
addition of an equal volume of KGM with 5% (v/v) FBS. After cells were
mechanically separated by agitation with a sterile transfer pipette, cells were
centrifuged at room temperature for 5 minutes at 2000 rpm. The supernatant
media was discarded and the cell pellet was resuspended in KGM growth medium.
Cells were plated in 75 cm?” culture flasks and incubated at 37°C with 5% CO, and
media was replaced with fresh KGM growth medium after 24 or 48 hours to remove
unattached cells and promote growth and proliferation. KGM growth media was

changed and refreshed every 2 to 3 days until 70% confluency was achieved.

2.2.3 Passaging cell cultures

Cells were passaged upon reaching 70-90% confluence in the culture flask. Medium
was decanted from the culture flask and the flask was rinsed once with DPBS. 0.1%
trypsin/0.02% EDTA in DPBS was added to the flask and decanted after 10 seconds.
“Dry” trypsinisation ensures that cells are allowed to round, and detach individually
from the flask without forming a “sheet” which will not re-attach in a new flask or
plate (Dr Mark Rybchyn, personal communication). Following trypsin exposure, the
flask was left to incubate for 8 minutes for keratinocytes and 4 minutes for
fibroblasts at 37°C. At 5 minutes, the flask was agitated to ensure cells were

successfully detaching from the bottom of the flask. After cells had lifted, KGM with
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supplements for keratinocytes was added to neutralise the reaction. The resulting
cell suspension was evenly reflasked into two or more culture flasks or plated for an

experiment.

2.2.4 Cryopreservation

Upon reaching 70-90% confluence, cells that were not required for experimentation
were frozen down and preserved. Cells were detached from the bottom of the
culture flask as in 2.2.1.2, however the reaction was neutralised by the addition of
the ice-cold 5% (v/v) DMSO in FBS freezing medium. The remaining cell suspension
was transferred to cryovials and stored at -80°C for approximately 24 hours. After

this time, cryovials were stored in liquid nitrogen for long term preservation.

2.2.5 Retrieval of cells from cryopreservation

Cryovials were removed from the liquid nitrogen when required for
experimentation and thawed briefly in a 37°C waterbath. The cells were then
transferred to a centrifuge tube containing KGM with 5% FBS and centrifuged for 5
minutes at 1500 rpm at room temperature. The remaining supernatant was
decanted and the cell pellet was gently resuspended in KGM with supplements and

transferred to a 75 cm? flask.

2.2.6 Poly-I-lysine coating coverslips

Cells will not adhere to glass, thus poly-L-lysine is used to coat the coverslips so that
cells may be stained during immunohistochemistry. Glass coverslips (5mm
diameter) were autoclaved and dried in a scintillation vial to ensure sterility. Under

sterile conditions, 0.01% poly-L-lysine was added to the vials. The vial was
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continuously agitated for 5 mins so that all coverslips were exposed to the polymer.
The poly-L-lysine was removed and coverslips were rinsed with sterilised MilliQ H,0
three times and then dried in sterile glass Petri dishes for at least 6 hours. The

coated coverslips were stored in sterile sample jars at room temperature.

2.2.7 Plating for experimentation

Passage 2-5 cells were used for experimentation. As in 2.2.1.2 cells were passaged
and resuspended in cell specific media. Ten pl of the cell suspension was obtained
and cell density was calculated using the haemocytometer. For use in whole cell
immunohistochemistry in 96 well plates, keratinocytes were seeded onto poly-L-
lysine coated coverslips placed in each well, in quadruplicate for each treatment.

For experiments using keratinocytes, 24 hours after plating, and at least 24 hours
prior to experimentation, media was changed to supplement-free KGM with 5%
FBS. This is to ensure that normal quiescent cell signalling pathways were restored

before experimentation, as the supplements stimulate proliferation.

2.2.8 Ultraviolet irradiation

Cells were irradiated under aseptic conditions within a laminar flow hood, using the
solar simulator described in 2.1.3. All cells received the same treatment with the
exception of sham cells which were covered in aluminium foil so they did not
absorb any UVR. Before irradiation media in both sham and UVR treatment groups
was aspirated and replaced with Martinez buffer solution containing glucose to
support cellular metabolism without absorbing UVR. The UVR setup inside the

laminar flow hood is depicted in Figure 2.2.
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UV irradiation below 290 nm was removed through a cellulose tri-acetate sheet
used no more than 4 hours of irradiation in total. Plates were placed on a turn table
and at exactly halfway through irradiation were turned 180° so that cells received
even exposure of UVR. Post UVR, Martinez buffer solution was aspirated and media

containing treatments was added to the wells.

Figure 2.2 In vitro irradiation set up
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2.2.9 UVlamps

Output of the UVA and UVB lamps was checked to ensure cells were receiving
identical UVR doses throughout experimentation. A calibrated OL754
spectroradiometer was used to measure spectral irradiance. Duration of irradiation
(70 minutes) was calculated using the measured values so that cells received a UVR
dose of 2138 ml/cm? of UVA and 610 ml/cm® of UVB. This is equivalent to
approximately three times the minimal erythemal dose (MED) from sunlight. One
MED produces mild redness of the skin. For the duration of experimentation,
irradiance in the UVC range below (290nm) were filtered out using cellulose
triacetate sheets, to reflect the natural filtering effect of the ozone layer. Figure 2.3
represents the irradiances taken from UV lamps with and without the cellulose

triacetate filter and from sunlight at midday in March in Sydney, Australia.
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Figure 2.3 Output of the UV lamps. UV irradiances as measure by a calibrated
OL754 spectroradiometer. The black line demonstrates output without a triacetate
filter. The red line represents experimental radiation with a cellulose triacetate
filter, to mimic the filtering effect of the ozone, which is seen on the blue line taken

at midday in March in Sydney, Australia

2.2.10 Application of treatments and inhibitors

For all experiments, cells were treated post-UVR with vehicle, 1,25(0H),D, 20(OH)D,
THC, inhibitors or a combination of the vitamin D compounds and an inhibitor. As
stated in 2.1.5, inhibitors used were DIDS and IWR-1-endo. Inhibitors need a longer
time to exert their inhibitory effects on cells, thus they were applied with Martinez
buffer solution immediately before UVR and were present throughout the

procedure. For keratinocytes, treatment media was KGM with 5% FBS.

2.2.11 Immunocytochemistry for the detection of thymine dimers and 8oxodG

Cells were incubated at 37°C for 1 or 3 hours post-UVR and with treatment before

fixation. Cells were rinsed with 100ul DPBS/well and then fixed with ice-cold 100%
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methanol at -20°C for 7-10 minutes. Subsequently cells were washed 3 times with
MilliQ H,0 and dried overnight. Endogenous peroxidases were blocked with the
addition of 1% hydrogen peroxide (H,0,) (v/v) in MilliQ H,0 for 5 minutes. Antigen
retrieval was achieved by application of 70 mM NaOH in 100% ethanol to cells for 2
minutes to denature DNA before proteolytic digestion using 1ug/ml proteinase K
for 5 minutes at room temperature for thymine dimer detection and 10 minutes at
37°C for 8-oxoguanine detection. The cells were then submerged in 50% horse
serum (w/v) in PBS for 1 hour at room temperature on the plate shaker to block
non-specific antibody binding. After application of H,0, proteinase K and horse

serum the cells were washed twice for 2 minutes with MilliQ H,0.

The primary antibody for thymine dimer detection was mouse monoclonal 1gG;
anti-thymine dimer antibody Hs; and for 8-oxoguanine detection was mouse
monoclonal 1gG; anti-8-oxoguanine antibody 2E2. Anti-thymine dimer (5 pg/ml)
antibody or 8-oxoguanine (0.5 mg/ml) were diluted in 0.1% Tween-20 (v/v) in Tris-
buffered saline (TBST) and added to cells for 1 hour with continuous agitation on
the plate shaker. The high sensitivity LSAB kit was utilised to visualise primary
antibody binding. The LSAB yellow biotinylated secondary antibody was applied to
the cells for 15 minutes (1 drop/well). Subsequently, streptavidin-linked HRP was
added to the cells for 15 minutes at 1 drop per well. After exposure to the primary
antibody and each reagent following, cells were washed twice for 2 minutes each
with TBST. 3’3’-diaminobenzidine (DAB) chromagen solution (DAKO) was applied 5
minutes to visualise and localise thymine dimer or 8-oxodG nuclear staining in the

cells. Cells were then washed in MilliQ H,O and coverslips were mounted on
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Ultracruz, Santa Cruz Biotechnology (CA, USA) aqueous mountant that contains 4’,6-
diamidino-2-phenylindole (DAPI) counterstain. DAPI stained all nuclei blue
specifically, with very little cytoplasmic labelling when observed with the UV filter in
the Nikon epifluourescence microscopy, whilst DAB staining was visualised by bright

field microscopy.

2.2.12 Image analysis

Coverslips were examined with 20x objective using the Nikon Eclipse EB00 Macro-
Imaging Microscope. For bright field images, the light intensity remained constant
throughout analysis of each experiment. A Leica DFC500 colour camera was used to
capture brightfield image for the DAB stained DNA lesions DAPI fluorescence image
of the same area was taken for counting the total nuclei in the same field. Three
brightfield images and their corresponding DAPI images were taken of each sham
coverslip, and four brightfield images and their corresponding DAPI images were

taken of each UV coverslip for analysis.

Using the MetaMorph Imaging System, images were analysed for the occurrence of
thymine dimer or 8-oxodG staining. Using greyscale and intensity transformation,
saturation threshold values for positive staining were obtained from sham images
and applied to the UV images for analysis. When DNA damaged nuclei take up the
DAB stain, the DAPI staining becomes masked by the chromagen precipitate in the
nuclei, the total number of nuclei in the image was calculated by combining the

area of DAB staining with the total area of DAPI staining. Positively stained nuclei
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with DNA damage were expressed as a percentage of the total nuclei in each region

of interest (ROI).
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2.3 INVIVO METHODS

2.3.1 Maintenance and treatment of animals

Female and male Skh:hrl, albino, hairless mice and female C57 estrogen receptor 3
knockout (ERBKO) and wildtype C57/B16 mice were used for in vivo
experimentation. Hairless mice were age matched and randomly separated into 14
groups of 3 mice per group for immunohistochemistry studies and 8 groups of 5
mice per group for immunosuppression studies. Sexes were kept separate. Mice
were housed in wire topped plastic boxes lined with compressed corn cob bedding,
with a constant supply of rodent pellets and fresh H,0. Since male mice are typically
more aggressive than females, males remained in the same smaller boxes from
birth with no more than 4 littermates in one box. Temperature was maintained at

23-25°C throughout experimentation.

2.3.2 Genotyping

Mice with a completely disrupted estrogen receptor 3 (ERPB) gene in both sexes
appear to develop normally to adulthood and are phenotypically identical to their
wild-type counterparts. However, female mice have reduced fertility, resulting in

breeding difficulties. Thus breeding pairs must be heterozygous.

DNA extraction solution was prepared on ice by mixing 50 pl extraction and 12.5 pl
tissue preparation solutions from the REDExtract-N-Amp tissue polymerase chain
reaction (PCR) kit in a 600 pl microcentrifuge tube. After combining the two

solutions, the mixture is viable for a maximum of two hours. A 1-1.5 cm tail sample
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was cut from each mouse. In a Petri dish, the bony core was mechanically separated
from the tail skin and both were surgically cut into smaller pieces. The pieces were
placed into the tube containing DNA extraction solution and shaken to ensure all
pieces were thoroughly exposed. The samples were vortexed and incubated at
room temperature for 10 minutes, then heat shocked at 95°C for 3 minutes. One
hundred pl of neutralisation solution was added to the tube, which was vortexed
and spun down at room temperature. In two 200 pl microcentrifuge tubes 2 ul of
DNA extraction solution supernatant, 7 pl of distilled MilliQ H,0, 10 ul of REDExtract
-N-Amp PCR ReadyMIX, 2 ul of each of the forward and reverse primers (Table 2.2)

were mixed.

Table 2-2 The forward and reverse primers used in PCR analysis of knockout mice

Area of DNA Primer

Forward 5'-GTGATGAGCTGAGGTGGTGCTT-3'
Reverse (normal ERP gene) 5'-CATCCTTCACAGGACCAGACAC-3'
Reverse (mutant ERp gene) 5'-GCAGCCTCTGTTCCACATACAC-3’

One tube contained wildtype primers and the other contained primers for the
knockout genes. The tubes were vortexed and centrifuged briefly before DNA
amplification in the PCR thermal cycler. Thermal cycling included initial
denaturation for 3 mins at 94°C, denaturation for 1 minute at 94°C, annealing at 45-
68°C for 1 minute, extension at 72°C for 1-2 minutes and final extension for 10

minutes at 72°C before reducing the temperature to 4°C.
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Amplified DNA was identified using agarose gel electrophoresis. Twenty ul of the
PCR solution from the both the wildtype and knockout gene samples were added to
the agarose gel, in corresponding wells. The gel was run at a constant voltage of 100
V for 60 mins. Bands were visualised using the UVP agarose gel digital imaging
system (fig. 2.3). Samples from homozygous knockout mice show a 1479-base pair
(bp) band, whilst homozygous wild-type mice show a 1435-bp band. Samples from

heterozygous mice show both bands.

Figure 2.4 Confirmation of ERB knockout mice, born from heterozygous parents.
Samples 1 and 4 are heterozygous since the blot shows the presence of two bands.
Samples 2 and 3 are homozygous for the knockout gene since they have no bands in

the first lane of their pair.
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2.3.3 Topical treatments

Stock solutions of 1,25(0OH),D, 20(OH)D and THC were diluted in spectroscopic
grade ethanol and then into polypropylene glycol and MilliQ H,0 so that the ratio of
treatment in ethanol:polypropylene glycol:MilliQ H,0 was 2:1:1. Concentrations of
the active agent were expressed as pmol/cm” where 100ul of solution covered

7cm? of back skin.

2.3.4 UVirradiation

The solar simulator was switched on at least 30 minutes prior to irradiation of the
mice so as to ensure the bulbs had warmed up and emitting the correct
wavelengths. Wavelength activity was checked by radiometer and the time
calculated for a 2.5 MED dose of UV radiation for each experiment. Mice receiving
UVR were irradiated in open topped boxes covered with cellulose tri-acetate (0.125
mm) to eliminate wavelengths below 290nm. As UV fluence is affected by
temperature, a steady temperature was maintained via a direct fan. Since ERB-KO
mice and ERB-WT mice are hairy, it was necessary to shave the dorsum of their
backs to ensure their skin received the UVR. For immunosuppression studies, skin
fold thickness in all groups was measured and recorded immediately before UV

irradiation, described in more detail in section 2.3.5.

Immediately following UV irradiation, mice were treated with either vehicle, 1,25
(OH),D or 20(OH)D for immunosuppression studies, and either vehicle, 1,25(0OH),D,
20(OH)D or THC for immunohistochemistry studies. One hundred pl of the

treatment was painted dorsally on the mouse using a pipette.
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2.3.5 Measurement of erythema and skin oedema

The inflammatory response to UV irradiation was observed by measurement of
dorsal skinfold thickness using a spring micrometer (Fig. 2.4). Measurements were
taken immediately prior to UV irradiation and at 24, 48 and 72 hours post UVR.
Change in skinfold thickness was expressed as the difference between

measurements taken at specified time points post UV irradiation and the pre

measurements.

Figure 2.5 Measurement of dorsal skinfold thickness on a hairless Skh:Hrl mouse

using a spring micrometer

2.3.6 Contact hypersensitivity reaction

This laboratory has previously reported a protective effect of 1,25(0OH),D and
vitamin D-like compounds against UVR-induced systemic immunosuppression. This
is measured using the contact hypersensitivity (CHS) reaction, as described in Reeve

(2002). One week after UV irradiation all mice were sensitised with 100 pl of 2%
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oxazolone (w/v) in 100% ethanol applied to abdominal skin (Fig. 2.5). Sensitisation

was repeated the following day to ensure there was sufficient exposure to the skin

irritant to induce an immune response.

Figure 2.6 Abdominal application of 2% oxazolone using a pipette to sensitise the
mice

Two weeks following UV irradiation, 5 ul of 2% oxazolone was applied to each side
of the pinnae of each ear of all mice. The degree to which the ears of the mice
swelled is an indication of the secondary immune response to the re-exposure of
the contact antigen. A spring micrometer was utilised to objectively measure the
ear thickness prior to, and 16 hours following antigen challenge. Mice were subject
to a gaseous anaesthetic for a short period of time so as to gain accurate

measurements of ear thickness, shown in figure 2.6.

76



Figure 2.7 Measurement of ear swelling on a hairless Skh:Hrl mouse using a

spring micrometer

The degree of immunosuppression for UVR exposed mice was calculated as the
difference between pre- and post-challenge ear thickness measurements of non-
irradiated mice as a proportion of the difference between pre- and post-challenge
ear thickness measurements of irradiated mice for each treatment. Percentage of
immunosuppression was calculated by subtracting the previous value from 100%

(Dixon et al., 2007).

2.3.7 Harvesting of skin biopsies for immunohistochemical staining

Three hours post UV irradiation and treatment, mice were sacrificed by inhalation
of CO, within an enclosed chamber. Dorsal skin biopsies were dissected from the
area between the shoulders known as the “hotspot” using surgical scissors, shown
in figure 2.7. Skins were immediately preserved in HistoChoice (Amresco) for 6

hours at 4°C, before being washed with ethanol. Skins were taken to Blackburn
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Dorsal

“hotspot

Pathology Facility where they were embedded on paraffin blocks, cut into 5 um

sections and mounted onto glass slides for immunohistochemical staining.

Figure 2.8 Example of a dorsal “hotspot” after exposure to UVR from which

biopsies were taken for immunohistochemical staining

2.3.8 Immunohistochemistry for detection of thymine dimers in fixed mouse

skin

Slides were prewarmed at 37°C for 10 minutes before de-paraffinisation through 2
washes of xylol for 10 minutes each. Sections were then rehydrated through graded
alcohol solutions. This was achieved by exposure to two washes of absolute
ethanol, two of 95%, one in 70% and then H,O for 2 minutes in each. Antigen

retrieval was achieved by submerging slides in heated 0.01 M citrate buffer for 10
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minutes at 95°C, before two consecutive washes in TBS for 3 minutes each. Sections
were then subject to 1% H,0, for 5 minutes to block endogenous peroxidases with
three subsequent washes in TBST for 2 minutes each. To block non-specific antibody
binding, sections were allowed to sit in 10% horse serum in TBST for 30 minutes at

room temperature with constant agitation.

The DAKO Animal Research Kit was used for immunohistochemistry. The primary
antibody (2 pug/ml), mouse monoclonal antibody IgG; to the thymine dimer clone Hs
was diluted in antibody diluent (DAKO) together with the biotinylation reagent
containing biotinylated anti-mouse immunoglobulin in Tris-HCI with stabilising
protein and 0.015 M sodium azide from the ARK kit for 15 minutes followed by the
kit blocking reagent containing normal mouse serum and incubated for 5 minutes.
The sections were then incubated in the solution for a further hour at room
temperature. Streptavidin conjugated to the reporter molecule HRP was added to
the sections for 15 minutes following which diaminobenzidene (DAB) chromagen
was applied to the sections for 5 minutes to visualise direct localisation of thymine
dimers in the skins. After exposure to the primary antibody and streptavidin-HRP,
sections were rinsed in three two minute washes of TBST, whilst after DAB

application, sections were washed in MilliQ H,0 for 2 minutes.

For the dehydration process, sections were exposed to one wash of MilliQ H,0, one
wash in 70% ethanol, two washes in 95% ethanol, and two washes in absolute

ethanol for 2 minutes each. Subsequently, slides were subjected to two washes of
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xylol for 10 minutes each before coverslips were mounted with Entellin mounting

medium for visualisation under the microscope.

2.3.9 Image analysis

Image analysis for the sections of mouse skin were carried out as detailed in 2.2.12,
except that images were captured at 200x the original magnification and positive
staining was expressed as percentage of total area of the epidermis. The amount of
DNA damage was calculated as the proportion of DAB positive-stained nuclei in the

epidermis

2.4 Statistical analysis

For in vitro studies of CPDs and oxidative stress in 96 well plates, results were from
guadruplicates of each treatment. For ELISAs, results were derived from triplicates
of each treatment. Except where indicated, each experiment was performed a
minimum of two times. For in vivo studies of CPD formation, results are based on 3
mice per treatment group and expressed as mean +/- 1 standard deviation. For
immunosuppression, results are from a single experiment of 5 mice per treatment
group and expressed as mean +/- 1 standard error of the mean (SEM). For all
studies, treatment groups were compared by one way analysis of variance (ANOVA)
followed by Tukey-Kramer post-test using the GraphPad Instat statistical program. A

P value of less than 0.05 was considered significant.
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3 PHOTOPROTECTION AGAINST UVR INDUCED DNA DAMAGE BY NOVEL VITAMIN

D COMPOUNDS

3.1 RESULTS

3.1.1 Effect of 1,25(0OH),D, 20(OH)D and THC on the presence of thymine dimers

in cultured keratinocytes following UVR

Previous work in this laboratory has established that the application of 1nM
1,25(0OH),D exerts a photoprotective effect against DNA damage, in particular
thymine dimers, a subset of cyclobutane pyrimidine dimer (CPD) in keratinocytes
and fibroblasts following UVR (Dixon et al., 2005, Dixon et al., 2011, Sequeira et al.,
2012b, Song et al., 2012, Wong et al., 2004). Additionally, several studies have
demonstrated that the non-genomic 1,25(0OH)2D analogues (JN, QW) and vitamin D-
like compounds such as curcumin at this concentration reduce the presence of UVR-
induced thymine dimers, to the same extent as 1,25(0OH),D itself (Poliakov, 2009;
(Gordon-Thomson et al.,, 2012, Sequeira, 2011). Protective effects of 1,25(0OH),D
were confirmed in the study, and protection was also shown for the first time by
20(OH)D (1nM and 10nM) and THC (1nM). Figure 3.1 is a representation of images
used for the analysis off thymine dimer positive staining in sham and UVR exposed
cells. The image of vehicle-treated unirradiated cells (sham) (Fig. 3.1a) represents all
the sham treated groups, as unirradiated skin treated with 1,25(0OH),D, 20(OH)D or
THC, also showed no positive staining (not shown). There is increased staining in
nuclei in vehicle treated cells (Fig. 3.1 b) following UVR compared to its sham
counterpart (Fig.3.1a). As expected the number of positively stained nuclei in

1,25(OH),D-treated cells (Fig.3.1c) was markedly reduced in comparison to vehicle-
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treated cells, following UVR. Similarly, addition of 1nM 20(OH)D following UVR
reduced positive staining compared to vehicle-treated UVR-exposed cells (Fig. 3.1d),
indicating that 20(OH)D is photoprotective. This was also seen with treatment of 10
nM 20(OH)D and 1nM THC with UVR (Fig.3.1e,f, respectively). Figure 3.2
quantitatively shows a significant reduction in thymine dimers following UVR by
1,25(0H),D and various doses of 20(OH)D when compared to vehicle-treated cells.

One nM THC was also effective in reducing thymine dimers following UVR.
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Figure 3-1 Photomicrographs showing a reduction in UV-induced thymine dimers

in keratinocytes after treatment with 1,25(0OH),D, 20(OH)D and THC
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Keratinocytes were treated with vehicle (0.1% EtOH) in (a) unirradiated (sham) and
after UV irradiation (b), and irradiated cells were treated with (c) 1nM 1,25(0OH),D,
(d, €) InM or 10 nM 20(OH)D, or (f) 1nM THC immediately following UVR. Cells
were fixed at 3 hours post-UVR, and subjected to immunohistochemical staining
using an antibody directed against thymine dimers. Dark brown staining in nuclei
indicate the presence of thymine dimers (dark arrow). Positive staining was absent
in sham-irradiated cells, with all sham groups represented by the single micrograph.
(g) shows an example of DAPI stained nuclei, used to calculate total nuclei. Scale bar

represents 50um for all images.
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Figure 3.2 1,25(0OH),D, 20(OH)D and THC reduce the number of thymine dimers in
human keratinocytes following UVR. Keratinocytes were treated with vehicle (0.1%
EtOH), 1nM 1,25(0H),D, 1nM 20(OH)D, 10nM 20(OH)D, or 1nM THC immediately
following UVR. Cells were fixed 3 hours post-UVR, and subjected to
immunohistochemical staining using an antibody directed against thymine dimers.
Image analysis was used to quantify stained nuclei as a proportion of total nuclei.
Results are from a single experiment performed in quadruplicate, mean = SD.
Similar results were observed in a two further independent experiments. ***, **
represents significantly different to UV vehicle p<0.001, p<0.01 respectively; ###

represents significantly different to sham groups, p<0.001.
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3.1.2 Effect of 1,25(0OH),D, 20(OH)D and THC on 8oxodG formation in cultured

keratinocytes following UVR

It has previously been shown in our lab that 1,25(0OH),D and THC reduce the
formation of oxidative DNA damage after UVR, indicated by a reduction in nuclear
presence of 8oxoguanine (Dixon et al.,, 2011). This finding, along with the
antioxidant capacity of 20(OH)D was confirmed in the current study. Like thymine
dimers, 8oxodG positive cells were indicated by a dark stain in the nuclei. Since
oxidative damage occurs naturally in all cells in culture, heavy background staining
was commonly observed in sham treated cells. Figure 3.3 shows representative
micrographs of sham and UVR exposed keratinocytes, used to analyse 8oxodG
staining. The image of sham irradiated cells treated with vehicle is representative of
1,25(0OH),D, 20(0OH)D and THC treated cells, as staining was similar between groups
(Fig3.3a). Cells irradiated with UV and treated with vehicle show a marked increase
of 8-oxoguanine positive staining (Fig.3.3b) in comparison to sham cells (Fig.3.3a).
The number of positively stained cells in both 1,25(0OH),D-, 20(OH)D- and THC-
treated cells following UVR was decreased (Figs 3.3 c,d,e respectively) compared to
their UVR vehicle treated counterparts. A quantitative representation of 8-

oxoguanine staining is shown in Figure 3.4.
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Figure 3-3 Photomicrographs showing a reduction in UV-induced 8-
oxoguanine in human keratinocytes after treatment with 1,25(0OH),D,

20(OH)D and THC
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Keratinocytes were treated with vehicle (0.1% EtOH) in (a) unirradiated (sham) and
after UV irradiation (b), and irradiated cells were treated with (c) 1nM1,25(0OH),D,
(d, €) InM or 10 nM 20(OH)D, or (f) 1nM THC immediately following UVR. Cells
were fixed at 3 hours post-UVR, and subjected to immunohistochemical staining
using an antibody directed against 8-oxoguanine. Dark brown staining in nuclei
indicate the presence of 8-oxoguanine (dark arrow). Positive staining was low in
shame-irradiated cells, with all sham groups represented by the single micrograph.
(g) shows an example of DAPI stained nuclei, used to calculate total nuclei. Scale bar

represents 50um for all images.
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Figure 3.4 1,25(0OH),D, 20(OH)D and THC reduce 8-oxoguanine formation present
in keratinocytes following UVR. Keratinocytes were treated with vehicle (0.1%
EtOH), 1nM 1,25(0OH),D, 1nM 20(OH)D, 10nM 20(OH)D, or 1nM THC immediately
following UVR. Cells were fixed 3 hours post-UVR, and subjected to
immunohistochemical staining using an antibody directed against 8 oxoguanine.
Image analysis was used to quantify stained nuclei as a proportion of total nuclei.
Results are from a single experiment performed in quadruplicate, mean + SD.
Similar results were observed in a 1 further experiment. *** represents significantly
different to UV vehicle p<0.001; ### represents significantly different to sham

groups, p<0.001.
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3.1.3 Effect of 1,25(0OH)2D, 20(OH)D and THC on the presence of thymine dimers

in male and female hairless Skh:Hrl mice following UVR

Previous reports from this laboratory have also shown that 1,25(0OH),D and vitamin
D-like compounds and analogues reduce the presence of UVR-induced thymine
dimers in hairless Skh:Hrl mice (Gordon-Thomson et al., 2012, Ryan, 2010, Song et
al.,, 2012). Additionally, recent research has exposed a significant gender bias in
both mice and humans, with males generally more susceptible to UVR-induced DNA
damage and subsequent photocarcinogenesis than females. Therefore the
protective effect of 1,25(0OH),D, 20(OH)D and THC against the formation of thymine
dimers following exposure to UVR was tested in vivo in the present study in both
sexes using the hairless Skh:Hrl mouse model. The current study confirmed the
protective effects of 1,25(0OH),D, and demonstrated for the first time those of
20(OH)D and THC against UVR-induced thymine dimers, and also confirmed that
males are more susceptible to DNA damage following UVR. Additionally, preliminary
results of the current study suggest that lower concentrations of 1,25(0OH),D are not
as effective in reducing UVR-induced thymine dimers in male mice, compared to

their female counterparts.

Figure 3.5 is a representation of images used for the analysis of thymine dimer
positive staining in sham and UVR exposed murine skin. The image of vehicle-
treated unirradiated skin (Fig. 3.5a) represents all sham treated groups, as
unirradiated skin treated with 1,25(0H),D, 20(OH)D or THC, also showed no positive

staining (not shown).The presence of thymine dimers was highest in UVR-exposed
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epidermis of mice in the vehicle group (Fig. 3.5b), reflected in the darkly stained
nuclei. The number of positively stained cells in male skins treated with
4.6pmol/cm2 1,25(0OH),D was reduced (Fig. 3.5c) in comparison to vehicle-treated
cells following UVR (Fig. 3.5b, however this reduction was more striking in female
skins (Fig. 3.5d). Similarly, groups of both sexes who received treatment with 23 and
46pmol/cm? 1,25(0H),D following UVR had little to no thymine dimer positive
staining, equivalent to sham groups. A similar reduction in positive staining
following UVR seen with 23 and 46pmol/cm?® 20(OH)D and 115pmol/cm? THC
treatments in both sexes. Figure 3.6(a,b) is the quantitative representation of
positively stained cells as a percentage of total epidermal area in sham and UVR-
exposed female and male mice. It can be seen that sham-irradiated mice in all
treatment groups, regardless of sex, showed insignificant presence of thymine
dimers. On the other hand, in mice of both sexes exposed to UVR, thymine dimer
formation was highest in vehicle treatment, with males evidently expressing more
compared to females. Additionally, UVR-exposed mice showed a significant
reduction in thymine dimers following treatment with all doses of 1,25(OH),D,

20(OH)D and THC, compared to their vehicle treatment.

Figure 3.7 (a and b) is a quantitative depiction of photoprotection by the different
compounds, expressed as a percentage of vehicle. In both sexes 1,25(OH),D
appears to be concentration dependent, however, it can be seen that in males,
topical application of 4.6pmol/cm? 1,25(0H),D was not as effective in reducing
thymine dimers as it was in female mice. Effectiveness of 20(OH)D was comparable

to 46pmol/cm? 1,25(0H),D in both sexes. As seen in UVR exposed keratinocytes,
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treatment with THC was highly effective in reducing thymine dimers in murine

epidermis.
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Figure 3-5 Photomicrographs showing 1,25(0OH),D, 20(OH)D and THC reduce the

presence of thymine dimers in female and male murine epidermis following UVR
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Groups of 3 mice were treated immediately after 2.5MED UVR with vehicle
(0.1%(v/v) EtOH) (b), 4.6pmol/cm® 1,25(0H),D (c), 23pmol/cm® 1,25(0H),D (d),
a6pmol/cm? 1,25(0H),D (e), 23pmol/cm? 20D (f), 46pmol/cm® 20D (g) or
115pmo|/cm2THC (h). Mice in sham groups were treated with the same solutions as
their UV-irradiated counterparts, (a) is a representation of the staining seen in the
sham groups. Dorsal skin biopsies were dissected from the “hotspot” 3 hours post-
UVR, fixed in HistoChoice, and subjected to immunohistochemical staining using an
antibody directed against thymine dimers. Shown are representative images of
staining in each treatment group in female mice, which also qualitatively reflect
those of the male mice treatment groups. Darkly stained nuclei indicate the
presence of thymine dimers, highlighted by the dark arrow. CPD staining was absent
in sham-irradiated mice, with all sham groups represented by the single
micrograph, whilst there is a clear increase in positively stained nuclei in vehicle-

treated cells following UVR. Scale bar represents 10um for all images.
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Figure 3.6 1,25(0OH),D, 20(OH)D and THC reduced the presence of thymine dimers
3 hours following UVR in male and female Skh:Hrl hairless, albino mice. a.
Thymine dimers in female mice; b. Thymine dimers in male mice. Groups of 3 mice
were treated immediately after 2.5MED UVR with vehicle (0.1%(v/v) EtOH),
4.6pmol/cm? 1,25(0H),D, 23pmol/cm® 1,25(0H),D, 46pmol/cm?® 1,25(0H),D,
23pmol/cm? 20D, 46pmol/cm? 20D or 115pmol/cm? THC. Dorsal skin biopsies were
dissected from the “hotspot” 3 hours post-UVR, fixed in Histochoice, and subjected
to immunohistochemical staining using an antibody directed against thymine
dimers. Image analysis was used to quantify stained cells as a proportion of total
epidermal area. Results are from a single experiment, mean * SD. *** **

represents significantly different to UV vehicle p<0.001, p<0.01 respectively; @ @ @
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represents significantly different to UV 4.6pmol/cm? 1,25(0H),D p<0.001. Sham

groups were not significantly different to each other (p>0.05, not shown).
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Figure 3.7 Effect of 1,25(0OH),D, 20(OH)D and THC on protection against DNA
damage expressed as a percentage of vehicle in a) female and b) male Skh:Hrl
hairless albino mice. *, *** represents significantly different to 4.6pmol/cm?

1,25(0H),D, at 3 hours post UVR, p<0.05, 0.001, respectively. Results are from a

single experiment, with 3 mice per group.
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3.1.4 Effect of DIDS on 1,25(0OH),D and 20(OH)D reduction of thymine dimers

following UVR

It has been established in this lab that DIDS, a chloride channel antagonist,
completely reverses the protective effect of 1,25(0OH),D and in thymine dimer
formation (Dixon et al., 2007, Dixon et al., 2011). The current study not only
confirmed this finding but also suggests that the protective effect of 20(OH)D is also
inhibited by DIDS. According to previous work in this lab, DIDS was used at 50uM to
block outwardly rectifying chloride channels (Sequeira et al., 2012a). Figure 3.8
shows a significant reduction in thymine dimers when keratinocytes were treated
with 1nM1,25(OH),D or 20(OH)D compared to vehicle-treated cells. As expected
DIDS on its own at 50uM had no protective effect. The combination of 50uM DIDS
and 1nM 125D was not significantly different to vehicle or 50uM DIDS treated cells,
which shows that DIDS completely reverses the protective effect of 125D. The same

phenomena was seen in the combination of 50uM DIDS and 1nM 20(OH)D.
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Figure 3.8 DIDS completely reverses 1,25(0H),D- and 20(OH)D-induced reduction

of thymine dimers in human keratinocytes following UVR.

Keratinocytes were treated immediately before UVR with vehicle (0.1% DMSO) or
50uM DIDS. Immediately following UVR, cells were incubated with vehicle (1% EtOH
and 1% DMSO), 1nM 1,25(0H),D, 50uM DIDS, the combination of 1,25(0OH),D and
50uM DIDS, 1nM 20(0OH)D, and the combination of 1nM 20(OH)D and 50uM DIDS.
Cells were fixed 3 hours post-UVR, and subjected to immunohistochemical staining
using an antibody directed against thymine dimers. Image analysis was used to
guantify stained nuclei as a proportion of total nuclei. Results express the mean of
guadruplicate wells + SEM pooled from a total of two independently tested
experiments. *** represents significantly different from vehicle, p<0.001; ###, #
represent significantly different from the corresponding sham group, p<0.001,
p<0.05 respectively; @@@ represents significantly different to 1nM 1,25(0OH),D,

p<0.001; %%% represent significantly different to 1nM 20(OH)D, p<0.001.
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3.1.5 Effect of the Wnt pathway inhibitor IWR-1 on the photoprotective effects
of 1,25(0OH),D- and 20(OH)D-induced reduction of thymine dimers

following UVR.

In the current study, IWR-1, a Wnt inhibitor was used to determine whether Wnt
signalling is involved in vitamin D compound-mediated protection against DNA
damage, namely thymine dimers. As expected, at 3 hours post-UVR exposure,
1,25(0OH),D and 20(OH)D were significantly photoprotective at 1nM, compared to
vehicle treatment (fig 3.9). IWR-1 at 12 uM was also photoprotective, although not
to the same extent as 1,25(OH),D and 20(OH)D. Additionally, protection against
thymine dimers remained when 1nM 1,25(0OH),D and 12 mM IWR-1 were combined

or 1nM 20(OH)D and 12 mM IWR-1 were combined.
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Figure 3.9 The Wnt pathway inhibitor IWR-1 reduced thymine dimers and had no
effect on 1,25(0H),D- and 20(OH)D-induced reduction of thymine dimers
following UVR. Keratinocytes were treated immediately before UVR with vehicle
(0.1% DMSO) or 12uM IWR-1. Immediately following UVR, cells were incubated
with vehicle (1% EtOH and 1% DMSO), 1nM 1,25(0OH),D, 12uM IWR-1, the
combination of 1,25(0OH),D and 12uM IWR-1, 1nM 20(OH)D, or the combination of
1nM 20(OH)D and 12uM IWR-1 immediately following UVR. Cells were fixed 3 hours
post-UVR, and subjected to immunohistochemical staining using an antibody
directed against thymine dimers. Image analysis was used to quantify stained nuclei
as a proportion of total nuclei. Results express the mean of quadruplicate wells +
SD. Similar results were seen in one further experiment. *** represents significantly
different from vehicle, p<0.001; ###, # represent significantly different from the
corresponding sham group, p<0.001, p<0.05 respectively; @@@ represents
significantly different to 1nM 1,25(0H),D, p<0.001; %%% represent significantly
different to 1nM 20(OH)D, p<0.001.
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3.2 DISCUSSION

3.2.1 Photoprotection by 1,25(0H),D, 20(OH)D and THC

Reports from this laboratory have shown the photoprotective abilities of
1,25(0H),D and 1,25(0OH),D analogues against the formation of UVR-induced
thymine dimers. The current study confirmed this finding in both in vitro and in vivo
experiments. While thymine dimers are not mutagenic, they accurately represent
the proportion of mutagenic pyrimidine dimers such as cytosine-thymine dimers
that form following UVR exposure (Mouret et al., 2006, Matsumura and
Ananthaswamy, 2004). In this study thymine dimer formation was detected via
immunohistochemistry with a monoclonal antibody and image analysis. Various
reports have previously shown that 1,25(0OH),D is photoprotective against the
formation of DNA damage thus this was used as the positive control for the
experiments (Bikle et al., 2013, Dixon et al., 2007, Dixon et al., 2005, Dixon et al.,
2011, Gordon-Thomson et al., 2012, Sequeira et al., 2012a, Sequeira et al., 2012b).
The current study confirmed this finding. Application of 20(OH)D or THC following
exposure to UVR caused a reduction in thymine dimers in both cultured
keratinocytes and Skh:Hrl mouse epithelium, indicating protection against UVR-

induced DNA damage.

20(OH)D, along with other metabolites, is formed via the hydroxylation of the side
chain of vitamin D3 by the CYP11A1 enzyme present in the skin (Slominski et al.,
2012b, Tuckey et al., 2011, Slominski et al., 2005b, Guryev et al., 2003a, Tuckey et
al., 2008b). 20(OH)D has already been shown to have 1,25(OH),D-like activity by
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inducing the differentiation of keratinocytes and monocytes, as well as anti-
proliferative and anti-inflammatory effects in human keratinocytes and melanoma
cells (Zbytek et al., 2008a, Janjetovic et al., 2011a, Slominski et al., 2013), making it

an excellent anticancer candidate.

As a newly discovered molecule, there is no data on the photoprotective
capabilities of 20(OH)D. Despite the evidence for photoprotection by 1,25(0OH),D, its
use as a topical photoprotective agent is not viable since it causes toxic
hypercalcaemia. 20(OH)D is far more chemically stable than 1,25(OH),D and does
not cause hypercalcaemia, even at high doses (Wang et al., 2012a) and thus shows
promise as a novel pharmacological agent to enhance photoprotection. VDR
knockout (VDRKO) mice, which do not express the genes for encoding the VDR, are
more prone to the development of photocarcinogenesis. It has been reported that
la-hydroxylase knockout mice, which cannot la-hydroxylate vitamin D compounds
to produce 1,25(0H),D or presumably 1,25-dihydroxylumisterol (JN), are not more
susceptible to photocarcinogenesis (Bikle et al., 2012).. This strongly suggests that
other vitamin D derivatives, such as 20(OH)D, could potentially contribute to

protection from UV damage, by binding to the VDR.

Prior studies on the effects of 20(OH)D have shown that it binds to the VDR, though
at a lower affinity than 1,25(OH),D to exert its effects (Zbytek et al., 2008b,
Janjetovic et al., 2011b). However, results from the Mason group have also shown
that whilst photoprotection by 1,25(0OH),D requires the VDR, the VDR does not

necessarily need to be intact. Fibroblasts from donors with hereditary vitamin D-
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resistant rickets (HDVRR) with a defective DNA binding domain, or a mutation in
helix H1 of the ligand binding domain, were still protected from UVR-induced DNA
damage with 1,25(0OH),D application compared to non-treated fibroblasts.
Mutations in these areas of the receptor mean that genomic effects of ligand
binding are abolished. Fibroblasts which did not express the VDR at all were not
protected from UV induced DNA damage by 1,25(0OH),D (Sequeira et al., 2012b). \
Treatment of normal fibroblasts with an antiserum to the membrane bound
putative vitamin D receptor (siRNA to ERp57) reversed 1,25(OH),D-mediated
protection (Zbytek et al., 2008b, Janjetovic et al., 2011b). This suggests ligand
binding to both the VDR and ERp57 to initiate non-genomic effects as one of the
essential steps photoprotection. The membrane bound receptor ERp57,
preferentially binds the planar 6-s-cis locked non-genomic agonists of vitamin D
sterols, such as JN (Mizwicki et al., 2004, Mizwicki et al., 2010, Mizwicki and
Norman, 2009). The biologically active form of 20(OH)D, is in the s-enantiomer form
(Zbytek et al., 2008b) also mediates non-genomic effects following binding to the
VDR, without generating genomic effects (Slominski et al., 2010). This makes
20(OH)D a viable option as an ERp57 or alternate VDR pocket agonist, through
which could mediate photoprotection against UVR. However, further molecular
modelling studies on its confirmation and VDR-binding would be required to fully

determine this theory.

It has recently been observed in this laboratory that 1,25(OH),D reduces DNA
damage resulting from the potent oxidative stress caused by UVR (Gordon-

Thomson et al.,, 2012, Gupta et al.,, 2007, Sequeira et al., 2012b). Previous results
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from this group have shown by immunohistochemical staining of mouse skin that
1,25(0OH),D at a concentration of 23pmol/cm2 reduced formation of 8-oxo-7,8-
dihydro-2'-deoxyguanosine (8oxodG), the predominant UVR-induced oxidative
lesion, following UVR when compared to untreated mice at 3 hours post treatment.
Furthermore, using a newly developed comet assay, human 8-oxoguanine
glycosylase (hOGG) repair enzyme sites were shown to be reduced as early as 30
minutes following UVR with 1,25(0OH),D compared to vehicle (Gordon-Thomson et
al., 2012). Thus, use of 1,25(0OH),D was used as a positive control and results
presented in this chapter indicate that in cultured keratinocytes, 1,25(0OH),D
reduced 8oxodG lesions compared to vehicle treated cells. 8oxodG is formed by
oxidative radical-mediated oxidation of guanine on DNA strands, by UVR induced
ROS, such as super oxide and hydroxyl radicals (Cadet et al., 2003, Cadet et al.,
2005). Reduction in 8oxodG when tissue is treated with 1,25(0OH),D suggests that

1,25(0OH),D has antioxidant capacity or enhances repair of these lesions.

THC as an antioxidant has mixed reviews. THC has been shown to have stronger
antioxidant activity than its parent molecule curcumin (Okada et al., 2001, Osawa et
al., 1995, Sugiyama et al., 1996), in several types of cells whilst in others it is not as
effective (Murakami et al., 2008, Hong et al., 2004). Curcumin is a known
suppressor of the expression of iINOS, JNK, nuclear factor kappa B (NF-kb) and COX-
2, all mediators of cellular inflammation and oxidation (Hong et al., 2004, Menon
and Sudheer, 2007). THC reduced the oxidation of low density lipoproteins (LDLs)
both in in vivo and in vitro models, suggesting that it might be a good candidate for

the prevention of atherosclerosis (Naito et al., 2002). The oxidative mechanism of
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THC is thought to be attributed to scavenging of oxidative free radicals such as
tertbutoxyls and peroxyls (Sugiyama et al., 1996). Similarly, hydrogenation of the
central carbon bonds of curcumin to get THC make it a better scavenger of radicals
in red blood cell haemolysis models, even in comparison to a known anti-oxidant,
trolox (Somparn et al., 2007). It should be noted however that in the previously
mentioned studies on the antioxidant abilities of THC, the THC was used was at
micromolar concentrations, whereas the current study saw functional antioxidant

effects at nanomolar concentrations.

Considering the current results showing that THC reduced UVR-induced oxidative
damage, and that oxidative damage may also contribute to CPD formation (Gordon-
Thomson et al.,, 2012), it is possible to propose that THC prevents both CPD
formation and oxidative mutations in DNA via scavenging free radicals caused by
UVR. Additionally it is known that curcumin is an analogue of 1,25(0OH),D and can
bind to the alternative pocket of the VDR, to induce non-genomic effects, as seen
with 1,25(0OH),D (Jurutka et al., 2007). Given that THC and curcumin have similar
chemical structure and THC displays almost identical effects to curcumin (Pari and
Amali, 2005), it is therefore possible that THC at nanomolar concentrations may be
exerting photoprotection from UVR via binding to the alternate pocket of the VDR.
The data in this chapter however are preliminary results so further inquiries into

anti-oxidant capabilities of the two compounds must be sought.

106



3.2.2 Mechanisms of photoprotection by 1,25(0H),D and 20(OH)D

The mechanism of photoprotection from DNA damage through the non-genomic
actions of 1,25(0H),D is not yet well understood. It has previously been
demonstrated via whole-cell patch clamping that 1,25(0OH),D and related
compounds cause upregulation of chloride channels in osteoblastic ROS cell lines
resulting rapid non-genomic changes within the cell (Zanello and Norman, 2006,
Zanello and Norman, 1996, Zanello and Norman, 1997, Zanello and Norman, 2003).
Using DIDS, a specific chloride channel inhibitor, the non-genomic effects of the
1,25(0OH),D were abolished in this cell line. Recent findings from this laboratory
have shown the involvement of these outwardly rectifying chloride channels in
photoprotection against formation of UVR-induced thymine dimer-type CPDs by

1,25(0OH),D (Sequeira et al., 2012a).

Since 20(OH)D binds to the VDR (Zbytek et al., 2008b) and has been shown to
produce the non-genomic effects of 1,25(0OH),D almost exclusively (Slominski et al.,
2010), it was of interest to investigate whether chloride channel blockade by DIDS
reversed its effect on DNA damage following UVR. UVR- induced thymine dimer
formation was reduced in the current study following treatment with 1,25(0OH),D
and 20(OH)D at a low dosage titration compared to controls. As a positive control, |
showed that photoprotection by 1,25(0OH),D following UVR was reversed with the
addition of DIDS, as was discovered in the study by Sequiera et al (2012). The
photoprotective effect of 20(OH)D was completely reversed in the presence of

DIDS. It is evident that 20(OH)D-mediated protection against UVR-induced CPD
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formation occurs via induction and upregulation of chloride channels following
binding to the VDR. This supports the hypothesis that the photoprotective abilities
of 20(OH)D occur in a similar manner to the non-genomic effects of 1,25(0OH),D

binding to the VDR.

An additional mechanism of photoprotection by 1,25(0OH),D is thought to be via the
induction or inhibition of several molecular and intracellular signalling pathways
pertaining to altered apoptosis activation (De Haes et al., 2003). 1,25(0H),D caused
an increase in phosphorylation of ERK and Akt compared to untreated cells (De
Haes et al., 2004a). Treatment of keratinocytes with MEK/ERK or PI3K/Akt
inhibitors, PD98059 or LY294002 following UVR, reversed the anti-apoptotic effect
of 1,25(0OH),D, suggesting that 1,25(OH),D promotes cellular survival after UV
exposure via these pathways. However, it is difficult to know whether this effect is
due to 1,25(OH),D alone, since UVR itself promotes activation of ERK and Akt also

(Peus et al., 1999, Wang et al., 2004).

As for DNA damage, previous studies from this group have shown that inhibition of
the PI3K/Akt or ERK pathway by wortmannin or ERK peptide inhibitor significantly
reduce the formation of CPDs 3 hours following exposure to UVR, in comparison to
untreated cells (Sequeira, 2011).. This is similar to the previous reports which show
that use of ERK and PI3K/Akt inhibitors reduce apoptosis following UVR (Peus et al.,
1999, Wang et al.,, 2003). On a methodological note, results from De Haes et al

(2004a) required pharmacological concentrations (10°M) of 1,25(0OH),D to achieve
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an anti-apoptotic effect, whilst our group, have shown that 1,25(0H),D is effective

at physiological concentrations (10°M).

It has been shown in osteoblasts that phosphorylation of Akt in turn phosphorylates
B-catenin, allowing it to move to the nucleus to begin gene transcription for cell
survival (Rybchyn et al., 2011). Phosphatidylinositol 3’-OH kinase (PI3K) is known to
be activated in keratinocytes exposed to UVR (Wang et al., 2003) and its activation
is known to cause recruitment of Akt to the plasma membrane (Stein and
Waterfield, 2000). Induction of the PI3K/Akt pathway in skin cells exposed to low
dose UVR is associated with a decrease in the presence of apoptotic proteins such

as cytochrome c and caspases 3, 8 and 9 (Peus et al., 1999, Wang et al., 2003).

At present the link between the ability of 1,25(OH),D to reduce both apoptosis and
DNA damage is not totally understood. The current study showed that inhibition of
Wnt caused a slight but significant reduction in thymine dimers following UVR
compared to vehicle treated keratinocytes, but not to the same significance as
1,25(0H),D or 20(OH)D. This is perhaps indicative that downstream targets of Wnt
may have been activated via other pathways such as PI3K/Akt, that were affected
by 1,25(0OH),D and 20(OH)D in order to reduce the presence of UVR-induced

thymine dimers.

The difficulty of interpreting the present results lies in the fact that the Wnt
inhibitor IWR-1-endo alone caused a moderate reduction in the number of thymine

dimers present following UVR-exposure in keratinocytes. Additionally,
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photoprotection against UVR-induced DNA damage by 1,25(0OH),D or 20(OH)D
remained in the presence of the IWR-1-endo. Interestingly although the Wnt-
inhibitor was effective at UVR photoprotection on its own, the combination of
1,25(0OH),D or 20(OH)D plus IWR-1 did not produce compounded effectiveness of
photoprotection, when compared to 1,25(0OH),D or 20(OH)D alone. The
maintenance of photoprotection with 1,25(0OH),D and 20(OH)D in the presence of
the Wnt inhibitor suggests that there are other intracellular mechanisms occurring

which are facilitating their photoprotective abilities.

A study by Haussler et al (2010) found that in keratinocytes the VDR upregulates the
transcriptional activity of B-catenin, independently of a bound ligand. Thus the
photoprotective abilities of the VDR ligands, such as 1,25(0OH),D or 20(OH)D which
are both produced endogenously, may occur via the ligand binding to the VDR
which make it unavailable for B-catenin interaction, decreasing proto-oncogenic
gene transcription. Since unregulated growth activity is one of the six hallmarks of
cancer (Hanahan and Weinberg, 2011, Hanahan and Weinberg, 2000) ligand binding
to the VDR by naturally occurring hormones such as 1,25(0OH),D or 20(OH)D, causing
inhibition of B-catenin signalling may play a role in the multifaceted mechanism of
1,25(0OH),D and 1,25(0OH),D -like compound prevention of photocarcinogenesis. In
addition, basal cell carcinomas (BCCs) of keratinocytes were demonstrated to have
abnormally high nuclear B-catenin levels with low VDR expression (Aszterbaum et
al., 1999), which suggests that the protective effects of ligand binding to the VDR

are lost with a complete gain of function in the [B-catenin pathway, allowing
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unregulated growth (Chen et al., 2009, Ordonez-Moran et al., 2008, Palmer et al.,
2008, Pendas-Franco et al., 2008). Moreover, that the protective abilities of
1,25(0OH),D and other VDR ligands, may be most protective at the early stages of

photocarcinogenesis.

Upregulation of Wnt activity is a common occurrence in several types of cancers
(Polakis, 2000, Segditsas and Tomlinson, 2006). Blockade of Wnt activity by IWR-1-
endo increases intracellular proteosomal degradation of [-catenin, ultimately
downregulating the transcription of proto-oncogenes (Chen et al., 2009).
Downregulation of the Wnt signalling pathway has also been reported to reduce

UV-induced skin carcinogenesis (Chaudhary et al., 2013).

The protective abilities of 1,25(0OH),D and its analogues may not be limited to
prevention of the formation of DNA damage, but also in the repair of UV-induced
DNA damage. Studies from the Mason lab have shown that 1,25(0OH),D and 1a-25-
dihydroxylumisterol (JN), a vitamin D-like compound, reduce the formation of
nitrotyrosine and nitrates in human keratinocytes (Dixon et al., 2011, Gupta et al.,
2007, Sequeira et al., 2012a). Presence of nitric oxide products inhibits the efficacy
of DNA repair (Bau et al., 2001) and induces DNA damage (Gordon-Thomson et al.,
2012), thus their reduction may allow for enhanced DNA repair and diminish the
formation of thymine dimers and nitrosative DNA lesions. Furthermore, the Mason
lab has shown that p53 is upregulated in primary human keratinocytes following
treatment with UVR, and this was further heightened in cells treated with both UVR

and 1,25(0OH),D (Sequeira et al., 2012b). p53 is the major cell cycle checkpoint
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regulator, increasing time for DNA damage repair or apoptosis if the damage is
unrepairable (Matsumura and Ananthaswamy, 2002). Since 20(OH)D and THC are
equally as photoprotective as 1,25(0OH),D against the formation of UV-induced DNA
damage, further studies into their effects on nitric oxide products and p53, and

would be advantageous.

3.2.3 Gender bias in photoprotection

It is currently well established that prevalence of skin cancer is higher in males than
females, and that prognosis for most cancers is generally better for females than for
males (Molife et al., 2001, Thomas-Ahner et al., 2007, Leiter and Garbe, 2008,
Staples et al., 1998, Staples et al., 2006). In the present studies, development of
thymine dimers was greater in male mice in comparison to female mice following
the same time of exposure to the same dose of UVR, which suggests that the
disparity in photocarcinogenesis between the sexes may occur even as early as the

first DNA damage.

Moreover, in agreement with previous findings, 1,25(OH),D decreased the
formation of CPDs in mice skin 3 hours following UVR exposure. However, whilst
treatment with 1,25(OH),D following UVR was effective at reducing thymine dimer
formation in both sexes, the reduction was more pronounced in females than males

at the lowest dosage (4.6pmol/cm2).

Application of 20(OH)D also significantly reduced the appearance of thymine dimers
following UVR, to an equal extent as 1,25(OH),D at the same concentration.
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However, 20(OH)D was not applied at 4.6pmol/cm2, thus it cannot be concluded
that 20(OH)D would be more effective in males than females at this concentration.
Similarly, THC was used only at 115pmol/cm2, a concentration known to effectively

reduce DNA damage (Ryan, 2010).

At present there is limited data on the difference in effectiveness of
photoprotection by 1,25(0H),D between male and female mice. However, results
from this study suggest that female skin requires a smaller concentration of
1,25(0OH),D than does male skin to achieve protection from UVR-induced DNA

damage, indicating the existence of another factor mediating protection in females.

In general, males are more susceptible to UVR-induced immunosuppression,
sunburn, and photocarcinogenesis than females (Broekmans et al., 2003, Damian et
al., 2008, Foote et al., 2001, Preston and Stern, 1992). Furthermore, following
menopause, women with drastically reduced oestrogen production, have decreased
skin elasticity, increased dryness and dermal thickness, all of which are improved
with oestrogen therapy (Bottai et al., 2013). Taken together, this suggests that
oestrogen or a female sex hormone receptor is vital in the maintenance of skin

health and protection from UVR.

Skin cells, both keratinocytes and fibroblasts, treated with exogenous 173-estradiol
show a reduction in peroxide-induced oxidative damage in comparison to their
vehicle treated counterparts (Bottai et al.,, 2013). Since UVR causes oxidative

damage (Matsumura and Ananthaswamy, 2004) and oxidative damage may lead to
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the formation of CPDs (Gordon-Thomson et al.,, 2012, Gupta et al.,, 2007), this
indicates that in females, endogenous 173-estradiol may attenuate both direct and
indirect forms of UVR-induced damage. In contrast, pre-treatment of HaCaT cells
with 17B-estradiol slowed removal of UVB-induced thymine dimers 4 hours
following UV irradiation (Evans et al., 2003). As a result, it was concluded that since
nucleotide excision repair (NER) is responsible for the elimination of CPDs,
treatment with exogenous oestrogen inhibited NER, and thus oestrogens may also
play a role in the progression of DNA damage to pathologic mutations in

photocarcinogenesis (Evans et al., 2003).

Recently, it has been proposed that the gender bias seen in carcinogenesis may be
mediated by oestrogen receptor (ER)-B signalling (Catley et al., 2008, Chaudhary et
al.,, 2013, Cho et al., 2010, Reeve et al., 2009, Thornton et al., 2003b). Male and
female human skin contains mostly ER-f with no significant difference in
distribution between the sexes (Thornton et al., 2003b). ER-B has been shown to
mediate tumour suppression in colon, kidney and hepatic tumours, and had been

shown to reduce immunosuppression induced by UVR (Cho et al., 2010).

Furthermore, a recent study by Chaudhary et al. (2013) showed that topical
treatment with an ER-B agonist, Erb-041, on UVB-exposed Skh:Hrl hairless mice
caused a reduction in UVB-induced tumour growth compared to vehicle treated
cells. Furthermore, the study showed that Erb-041 attenuated growth and

proliferation of a squamous cell carcinoma cell line, and also prevented invasiveness
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and migration of tumours via downregulation of Wnt signalling, which hindered [3-
catenin mediated cell growth and angiogenesis (Chaudhary et al., 2013). These
findings, in conjunction with the results from the current study provide evidence for
a role in inhibition of Wnt and ER-B agonists in the prevention of
photocarcinogenesis, from its beginnings with DNA damage to tumour metastasis.
In other studies from the Mason group, use of an ER-B inhibitor in female Skh:Hrl
mice reduced the ability of 1,25(0OH),D to decrease DNA damage induced by UVR

(Tongkao-on, 2014).
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4 PHOTOPROTECTION  AGAINST  UVR-INDUCED INFLAMMATION AND

IMMUNOSUPPRESSION USING NOVEL VITAMIN D COMPOUNDS IN MICE

4.1 RESULTS

4.1.1 Effect of 1,25(0OH),D and 20(OH)D on the acute inflammatory effects of

UVR in hairless Skh:Hr1 mice

Several preliminary reports from this laboratory have shown that 1,25(0OH),D and
various compounds reduce inflammation and oedema produced in mouse skin
following UVR (Dixon et al., 2011, Poliakov, 2009, Ryan, 2010). This finding was
confirmed in the current study. Hairless Skh:Hrl female mice were exposed to
2.5MED UVR or sham-UVR and immediately treated with vehicle, 23 pmol/cm2
1,25(0OH),D, 23 pmol/cm? 20(0OH)D, or 46 pmol/cm? 20(OH)D. The inflammatory
erythema reaction to UVR exposure was quantified by measuring the increase in
dorsal skinfold thickness (Fig 4.1). UVR-exposed mice in all groups displayed
inflamed and oedematous dorsal skin for approximately 3 days following UVR,
whilst their sham-irradiated counterparts showed no signs of skin changes between
pre- and post-treatment. Groups of mice exposed to UVR and treated with vehicle
were more susceptible to the acute inflammatory effects of UVR, generally
displaying the greatest increase in skinfold thickness, when compared to other
treatment groups. On the other hand, 20(OH)D at both concentrations significantly
reduced inflammation, whilst 1,25(0OH),D had no significant effect. Erythema and

oedema became less prevalent at approximately 72 hours and treatment and UVR-
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exposed mice showed signs of desquamation, or “peeling” with tough, thickened

skin.
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Figure 4.1 Two concentrations of 20(OH)D reduce the acute inflammatory effects
of UVR in female Skh:Hrl hairless mice. Groups of 5 mice were exposed to 2.5MED
UVR or sham-UVR and immediately treated with vehicle, 23 pmol/cm2 1,25(0OH),D,
23 pmol/cm? 20(OH)D, or 46 pmol/cm? 20(OH)D. Mid dorsal skin-fold thickness was
measured at 24 hours post UVR to give a quantification of inflammation and
oedema. *, ** represents significantly different to UV vehicle p<0.05, p<0.01
respectively; ### represents significantly different to sham groups, p<0.001. Sham

groups were not significantly different from each other, p>0.05.
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In addition to the initial experiment, the effect of treatment with 1,25(0OH),D and
20(OH)D on UVR-induced skin inflammation was studied in male and female
Skh:Hrl mice to determine any variation between sexes. A higher dose of
1,25(0OH),D (46 pmol/cm?) was used in the successive experiment as the lower dose
(23 pmol/cm?®) had previously shown no protection against UVR-induced

inflammation in females.

In this experiment, mice in all treatment groups exposed to 2.5MED UVR showed a
significant increase in skin inflammation, compared to their sham-UVR
counterparts, as seen in Figure 4.2 (a and b). In general, the extent of UVR-induced
inflammation was greater in female groups (fig 4.2a), compared to males (fig 4.2b),
however treatment with 1,25(OH),D and both concentrations of 20(OH)D was more

effective in reducing inflammation in females than males.
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Figure 4.2 Effect of 1,25(0OH),D and 20(OH)D on UVR-induced skin inflammation in

a. male and b. female Skh:Hr1 hairless mice.
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Groups of 5 mice were exposed to 2.5MED UVR or sham-UVR and immediately
treated with vehicle, 46 pmol/cm?® 1,25(0H),D, 23 pmol/cm? 20(OH)D, or 46
pmol/cm? 20(0OH)D. Mid dorsal skin-fold thickness was measured at 48 hours post
UVR to give a quantification of inflammation and oedema. *, *** represents
significantly different to UV vehicle p<0.05, p<0.001 respectively; ### represents
significantly different to sham groups, p<0.001. Sham groups were not significantly

different from each other, p>0.05.
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4.1.2 Effect of 1,25(0OH),D and 20(OH)D on UVR-induced immunosuppression in

female Skh:Hrl mice

Previous data from this lab has shown evidence for defence from UVR-induced
immunosuppression by 1,25(0OH),D and its analogues in Skh:Hrl mice (Dixon et al,
2005, Dixon et al 2011). In order to determine whether 20(OH)D may be protective
against UVR-induced immunosuppression, using the contact hypersensitivity (CHS)
test, mice from 4 out of the 8 groups were irradiated with 2.5MED of UVR and
immediately following UVR all mice were treated with vehicle, 23 pmol/cm?
1,25(0OH),D, 23 pmol/cm? 20(OH)D, or 46 pmol/cm? 20(OH)D. One week following
UVR all mice were sensitised with 2% oxazolone ventrally, and a further 7 days later,
mice were challenged with the same antigen, away from the initial site of

sensitisation on the each side of the pinnae of the ears.

The effect of 1,25(OH),D and 20(OH)D on UVR-induced systemic
immunosuppression was assessed by using difference in ear thickness
measurements taken from both UV-irradiated and sham mice pre- and post-
challenge. Generally, elicitation of the local reaction is seen most notably 16 to 20
hours post-challenge. Immunosuppression is manifest in a lack of, or sub-normal

ear swelling following challenge, compared to sham-UVR vehicle treated mice.

Figure 4.3a shows the CHS response at 16 hours following challenge was seen most
notably in sham-UVR groups. Application of 1,25D(0OH),D or 20(OH)D at both doses

had no effect on ear swelling following challenge in mice exposed to sham-UVR,
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compared to the sham-UVR vehicle-treated control group. UVR caused suppression
of the systemic CHS response to oxazolone and as expected, mice treated with
vehicle following irradiation exhibited significantly less ear swelling compared to
mice in the vehicle treated sham-UVR group. Suppression was reversed in mice

treated with 1,25(OH),D or 20(OH)D at both doses.

Figure 4.3b is a quantitative representation of immunosuppression in UVR-exposed
mice expressed as a percentage of their sham counterparts in each treatment
group. Immunosuppression in mice treated with vehicle was 37.5+5.7%, which was
reduced to 7.8+4.4% with 23 pmoI/cm2 1,25(0H),D. Treatment with 23 pmoI/cm2 or
46 pmol/cm? 20(OH)D significantly reversed immunosuppression to 3.620.5% and
4.810.6%, respectively. There was no significant difference in protection from UVR-

induced immunosuppression between 1,25(0OH),D and 20(OH)D at both doses.
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Figure 4.3 1,25(0OH),D and 20D reduce UVR-induced immunosuppression in female
Skh:Hrl hairless albino mice. Groups of 5 mice were irradiated with 2.5MED UVR
and treated immediately with 23 pmoI/cm2 1,25(0H),D, 23 pmol/cm2 20D or 46
pmol/cm?. Ear thickness measurements were recorded pre-oxazolone challenge and
16 hours following challenge. a) Difference in change in ear thickness between pre-
and 16 hours post-challenge b) Percent immunosuppression, calculated as
described in 2.3.6. *** represents significantly different to vehicle at 16 hours post

UVR (***p<0.001). Results are from a single experiment.
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4.1.3 Effect of a high dose of 1,25(0H),D and 20(OH)D on UVR-induced

immunosuppression in both male and female Skh:Hrl mice.

In contrast to the findings of Dixon et al (2007) that vitamin D compounds protect
against UVR-induced immunosuppression and have no basal immunosuppressive
effects in mice, the Mason group and others previously reported in humans that at
high physiological concentrations 1,25(0OH),D was immunosuppressive (Damien et
al, 2010, Zuo et al, 1992). Additionally, Gorman et al (2009) found that in BALBc
hairy mice topical application of 1,25(0OH),D alone was slightly immunosuppressive,
and when used in combination with UVR-exposure had an additive effect on UVR-
induced immunosuppression. In addition, it has been shown that male mice with
normal serum 25(0OH)D levels have a reduced CHS response compared with females
under the same conditions. Since the initial immunosuppression experiment
showed that a low dose of 1,25(0OH),D (23 pmol/cmz) did not cause basal
immunosuppression, and a higher dose of 1,25(0H),D (46 pmol/cm?) was required
to reduced oedema following UVR exposure, it was of interest to test whether the
higher dose caused basal immunosuppression and further, whether 20(OH)D at the
same concentration was comparable. In the current study male and female Skh:Hrl
mice were exposed to either 2.5 MED UVR or sham-UVR, and were treated
immediately treated with vehicle, 46 pmol/cm2 1,25(0H),D, 23 pmol/cm2 20(OH)D,
or 46 pmol/cm2 20(OH)D. Sensitisation and challenge was undertaken as in section

4.1.2.
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In this experiment, peak ear swelling was seen within 16-18 hours post-oxazolone
challenge, and for both males and females, the sham-UVR vehicle treated mice
elicited the greatest swelling or the ears (fig 4.4). In males, application of 46
pmol/cm2 1,25(0OH),D and 23 pmol/cmzor 46 pmol/cm2 20(OH)D caused basal
reduction in ear swelling compared to sham-UVR vehicle, with no additional
exposure to UVR (fig 4.4a) for 20(OH)D. Treatment with 46pmol/cm? 1,25(0H),D
and UVR caused the greatest reduction in CHS response compared to both
concentrations of 20(OH)D under sham and UVR conditions. In females, UVR caused
significant suppression of the CHS response (fig 4.4b). Treatment with 23 pmol/cm?
20(OH)D had no effect on the basal CHS response, and also protected against UVR-
induced CHS suppression. Application of 46 pmol/cm? 1,25(0H),D and 46 pmol/cm?
20(OH)D caused reduction in ear swelling, however this was slightly reversed in the

UVR-exposed 46 pmol/cm? 20(OH)D treated mice.

Figure 4.5 shows percent immunosuppression in UVR-exposed mice expressed by
comparison with their sham counterparts in each treatment group (see 2.3.6). In
the male vehicle group, the percentage immunosuppression was 41.5+5.2% whilst
in females it was 28.7+2.1%, showing that males were more susceptible to UVR-
induced immunosuppression. It could be argued that it is not possible to interpret
results in the face of immune suppression by test agent alone. Nevertheless data
analysis showed that there was slightly less reduction in ear swelling caused by UV
in male mice treated with 46 pmol/cm? 1,25(0OH),D, while in female mice treatment
with 46 pmol/cm? 1,25(0OH),D caused no further reduction in ear swelling. In both

sexes, despite basal suppression of the CHS response, treatment with 46 pmol/cm?
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1,25(OH),D significantly reduced UVR-induced immunosuppression, 30.57+3.11% in
males and 3.0+0.4% in females. Males treated with 20(OH)D at 23 pmol/cm2
showed 4.6+0.6% , and 46pmol/cm2 were 0.9+0.1% immunosuppressed, which was
more effective than 46 pmol/cm? 1,25(0H),D (fig 4.5a). At 23 pmol/cm? 20(OH)D
female mice had significantly lower UVR-induced immunosuppression, 4.0£0.4%,
and a greater change in ear swelling compared with no UV in mice treated with 46

pmol/cm?” and UV (fig 4.5b).
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Figure 4.4 Change in ear thickness between pre- and 16-18 hours post-challenge in

a) male and b) female Skh:Hr1 mice. Groups of 5 mice were irradiated with 2.5MED

UVR and treated immediately with 23 pmol/cm? 1,25(0OH),D, 23 pmol/cm? 20(0H)D

or 46 pmol/cm2 20(OH)D. Ear thickness measurements were recorded pre-

oxazolone challenge and 16 hours following challenge.*,*** represents significantly

different to sham vehicle, p<0.05, 0.001 respectively. @, @@, @@ @ represents

significantly different to UV 1,25(0H),D, p<0.05, 0.01, 0.001 respectively.
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Figure 4.5 1,25(0H),D and 20(OH)D reduce UVR-induced immunosuppression
compared to 1,25(0H),D and 20(OH)D sham treated mice in a) male and b) female
Skh:Hr1 hairless albino mice. **, *** represents significantly different to vehicle at
16 hours post UVR, p<0.01, 0.001 respectively. Results are from a single

experiment, with 5 mice per group.
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4.1.4 Effect of 20(OH)D on UVR-induced immunosuppression in female estrogen

receptor B-knockout (ERB-KO) and wildtype mice

It has previously been reported that female mice with an ablated estrogen receptor-
B (ER-B) show a significant decreased protection against UVR-induced
immunosuppression and enhanced tumour growth (Cho et al, 2010). In addition to
this preliminary reports from the Mason lab have shown that female ER-B knockout
mice are more susceptible to CPD formation following UVR, and that 1,25(OH),D-
mediated protection against UVR-induced immunosuppression is reversed with
topical application of ICI 182780, an ER-B antagonist, in female Skh:Hrl mice
(Tongkao-on, 2014). Since, | also found that male Skh:Hrl mice were more
susceptible to immunosuppression and that 20(OH)D-mediated protection was
better than 1,25(0H),D-mediated protection, yet female Skh:Hr1l mice treated with
1,25(0H),D or 20(OH)D were equally protected (4.4), | tested the effect of 20(OH)D
on UVR-induced immunosuppression on ER-B knockout mice in comparison to

wildtype.

Under the same conditions as 4.3 and 4.4, mice were either exposed or not exposed
to 2.5 MED UVR and immediately treated with vehicle (0.1% v/v ethanol), 23
pmol/cm? 20(OH)D or 46 pmol/cm? 20(OH)D. Since these mice were hairy, they
were shaved dorsally prior to irradiation to ensure skin exposure to UVR and
treatment. Additionally, seven days following UVR, mice were shaved and painted
with 2% oxazolone on their ventral side. In this experiment, ear thickness

measurements were taken 16-18 hours post-oxazolone challenge, two weeks after
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UVR, since this was when peak swelling occurred. As expected, the thickest ear
swelling in response to challenge were those of sham-UVR vehicle treated mice in
both ER-B and wildtype groups (fig 4.6). UVR caused suppression of the CHS
response in both groups. Application of 23 pmol/cm? 20(OH)D had no basal
immunosuppressive effects in mice from either group, and in wildtype mice it
reversed UVR-induced suppression of CHS but had no protective effect in ER-B
knockout mice (fig 4.6b). In wildtype mice, 46 pmol/cm? 20(OH)D was suppressive
on its own, but did inhibit UVR-induced suppression of CHS (fig 4.6a). In the ER-
knockout mice, 46 pmol/cm® 20(OH)D alone suppressed CHS though not
significantly. Ear swelling was similar with or without UV in mice treated with 46

pmol/cm? 20(0H)D (fig 4.6b).

Calculated protection against UVR-induced immunosuppression for wildtype and
ER-B knockout mice is depicted in Figure 4.7a and Figure 4.7b, respectively. ER- B
knockouts were 17% more immunosuppressed than their wildtype equivalents with
vehicle treatment. Wildtype mice were completely protected at both
concentrations of 20(OH)D. On the other hand, at 23pmol/cm2 20(OH)D had no
protective effects in ER-B knockout mice, whilst 46 pmol/cm2 was protective, at

least compared with sham mice treated with the same concentration 20(OH)D.
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Figure 4.6 Difference in change in ear thickness between pre- and 16-18 hours
post-challenge in female a) wildtype and b) ERB-KO mice. Groups of 5 mice were
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significantly different to vehicle, p<0.05 and p<0.01, respectively.

131



o 7

40 7

a0 1

1o 1

o B DTG B e e e T

1o 1

a0 1

10 Ireatment

GO ERB KO
f#

an

E

20 1

s LTI R S NS S 0N

10 9

Weh 2 OHID X3pmolfcm” 2 OHD £bpmalfon?
Treatment
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132



4.2 Discussion

4.2.1 1,25(0H),D and 20(OH)D and UVR-induced inflammation

Acute exposure to UV irradiation is characterised initially by erythema and oedema
(Matsumura and Ananthaswamy, 2002) and then cornification of keratinocytes
within several days of the exposure (Lippens et al., 2005). Currently there is limited
data on the effect of 1,25(0OH),D on UVR-induced inflammation, however
preliminary results from this group have shown that 1,25(0OH),D (Dixon et al., 2011),
and analogues such as curcumin and THC, significantly reduce inflammation in mice
exposed to UVR, in comparison to littermates treated with vehicle. The effect of
1,25(0OH),D on UVR-induced inflammation was used as a positive control, to test
whether 20(OH)D acts as an anti-inflammatory agent following UVR in female and
male albino Skh:Hrl mice. In vehicle treated mice exposed to 2.5MED UVR,
inflammation in the form of erythema and oedema was seen within 24 hours, whilst
unirradiated mice showed no manifestations. As expected, 1,25(OH),D caused a
reduction in inflammation, as measured by skin thickness, following UVR in all
experiments, with the most pronounced effect seen in males at the higher dosage
(46pmol/cm?®). The decrease in skinfold thickness following UVR radiation by
application of 1,25(0OH),D to female mice in section 4.1.1 was not significant which
is contradictory to previous findings from this laboratory. Since this finding arose
from a single initial experiment, without further testing it is not explicitly clear
whether this is a true inconsistency or due to experimentation bias, such as human
error in skinfold measurements. Time constraints prevented repetition of this

investigation.
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Female mice tended to respond better to applications of 20(OH)D compared to
males, with maximal protection at 23pmol/cm2. However, 20(OH)D at both
concentrations reduced UVR-induced inflammation in males also. Furthermore,
topical application of 20(OH)D did not cause inflammation in unirraditated mice,
which was expected since it has been shown that 1,25(0OH),D does not cause any

basal inflammation.

Cyclooxygenase-2 (COX-2) is an enzyme induced by proinflammatory reagents in
most tissues of the body (Horton et al., 1999, Williams et al., 1999). Its induction
breaks down arachidonic acid to the inflammatory prostaglandin PG-E2 from
(Williams et al., 1999), which is known to be a mediator of the vascular permeability
causing erythema and oedema associated with UVR exposure (Warin, 1978b,
Clydesdale et al., 2001). COX-2 induction and chronic inflammation has been
implicated in the development and formation of carcinogenesis in many systems
and because of this has been the target of development of non-steroidal anti-
inflammatory drugs (NSAIDS) as chemopreventative agents (Williams et al., 1999,

Speed and Blair, 2011).

It has previously been described that use of topical application of anti-inflammatory
agents reduces the formation of tumours in UVR-exposed skin (Burns et al., 2013,
Wilgus et al., 2004). Furthermore, a retrospective study in Denmark identified that
incidences of malignant melanoma and SCC were lower in a population of people
who were taking the commonly prescribed COX-2 inhibitors diclofenac, etodolac,
and meloxicam (Johannesdottir et al.,, 2012). Similarly, topical application of the

specific COX-2 inhibitor celecoxib in combination with ibuprofen, a non-specific
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COX-2 inhibitor, to UVB irradiated mice decreased oedema and PG-E2 levels
associated with UVR-induced inflammation (Johannesdottir et al.,, 2012).
Furthermore, diclofenac, a topical COX-2 inhibitor reduced formation of tumour
burden in mice exposed to 10 days of 1IMED UVB, compared to untreated mice
(Wilgus et al., 2000). These findings highlight the role of COX-2 in inflammation and

photocarcinogenesis.

Both 1,25(0OH),D and a low-calcaemic analogue, 1a,25(OH),-16-ene-23-yne-D3
caused inhibition of COX-2 in the RAW 264.7 lipopolysaccharide (LPS) stimulated
mouse macrophage cells (Aparna et al., 2008). Furthermore the analogue inhibited
proliferation of LPS activated mouse macrophages through reduction in iNOS and
interleukin (IL)-2, both mediators of the inflammatory response (Aparna et al.,,
2008). This suggests that 1,25(0OH),D may be mediating its anti-inflammatory
effects via COX-2 inhibition. Since an analogue with low genomic effects has proven
to be as effective as 1,25(0OH),D at reducing inflammation via inhibition of COX-2,
and 20(OH)D significantly reduced skinfold thickness following UVR, this shows
promise that 20(OH)D may be an efficient anti-inflammatory agent working via a

similar pathway.

1,25(0H),D is a known inhibitor of nuclear factor kappa-B (NF-xB) by upregulating
the NF-kB-inhibitor I1kB-a (Cohen-Lahav et al., 2007, Cohen-Lahav et al., 2006, Riis
et al., 2004). NF-kB is an intracellular a transcription factor involved in activating
inflammatory mediators, such as increasing expression of COX-2 (Du et al., 2007). As
a newly discovered molecule, there is limited evidence for the role of 20(OH)D as an

anti-inflammatory agent. However, one paper has provided strong evidence that
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20(OH)D inhibited NF-kB by simultaneously upregulated IkB-o in human
transformed and normal keratinocytes to the same extent as active 1,25(0H),D, and
that this effect was mediated via binding to the VDR (Janjetovic et al., 2009). Such
evidence suggests that the decrease in skinfold thickness with topical application of
1,25(0OH),D and 20(OH)D seen in the current experiment may be due their direct
modulation of inflammatory mediators such as COX-2, or indirectly via pro-

inflammatory transcription factors such as NF-kB.

Another mechanism for the reduction in inflammation by 1,25(0OH),D is through
suppression of pro-inflammatory IL-6, previously shown to be decreased in UV
irradiated keratinocytes by concentration dependent application of 1,25(0OH),D (De
Haes et al., 2003). Preliminary in vivo studies in this laboratory have also shown
reduced IL-6 expression following UVR in mice treated with 1,25(0OH),D (Mason et

al., 2010).

In agreement with previous research (Thomas-Ahner et al., 2007, Reeve et al.,
2012), the present study found that female mice exhibited a greater increase in skin
fold thickness compared to males following UVR, suggestive that their inflammatory
response to UVR was greater. Moreover, mice skin displayed different responses to
1,25(0H),D and 20(OH)D depending on their gender, and the concentration of the
utilised. It is well established that there are several differences between male and
female skin, which has been attributed to factors such as hormones, protein
expression and biochemical properties (Tur, 1997). Men generally have thicker
epidermal layers than women (Seidenari et al., 1994), however women display

greater amounts subcutaneous adipose tissue (Sjostrom et al., 1972). It was noted
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in the current study that male mice had rough, thicker skin compared with female

mice who had softer, pink skin.

In terms of hormones, oestrogen is said to be a major determining factor in the
difference between male and female skin. Female skin contains the enzyme
aromatase, which converts excess testosterone to estradiol, the active form of
oestrogen. As discussed in section 3.2.3, application of 17p-estradiol to peroxide
treated keratinocytes reduced oxidative damage (Widyarini et al., 2006), which
shows a protective role for estradiol in pro-oxidative insults to the skin, such as UV.
Further evidence for the protective role of oestrogen in skin lies in the fact that
during the time following menopause, women’s skin thins substantially with a loss
of barrier function, hypothesised to be due to the loss of circulating oestrogen
(Shuster et al., 1975). Transepidermal water loss is greatest at the time during the
menstrual cycle, when serum levels of oestrogen are at their lowest, just prior to
menses, suggestive that oestrogen also helps maintain the barrier function of the
skin. Validation of this comes from hormone replacement therapy studies that show
skin thickness in post-menopausal women was increased by topical application of

an oestrogen (Maheux et al., 1994).

A recent study by collaborators of this group, observed via immunohistochemical
staining, a smaller increase in the pro-inflammatory cytokine IL-6 in male mice
following UVR, compared with the large increase seen in UVR-irradiated female
mice (Reeve et al., 2012). Oestrogen generally stimulates the immune system, and it
has been observed that women of reproductive age express higher amounts of pro-

inflammatory cytokines mediated through a heightened Ti-helper cell response to

137



an antigen (Whitacre et al., 1999). Furthermore, results from a study in the female
immune reaction showed that post-menopausal females spontaneously produce
cytokines IL-4, IL-6, IL-10, IFN-y and TNF-a. Presence of high amounts of these
cytokines caused antagonism of each other making there net effect
immunosuppressive (Dao and Kazin, 2007). It is likely that the loss of oestrogen
reduces stimulation of the pro-inflammatory response. It should also be noted that
the greater proportion of autoimmune diseases occur in women compared to men
(Dao and Kazin, 2007). Influences of oestrogen may explain the greater skinfold
thickness measured in females compared to males following UVR in this study and

the results from Reeve et al., (2012).

A recent paper by Chaudhary et al., (2013) found that use of Erb-041, an ER-B1
agonist in a Skh:Hrl photocarcinogenesis model, reduced UVB-induced
inflammation via reduction in IL-6, IL-10, iNOS, COX-2 and NF-kB, amongst several
others. The reduction in these cytokines was mediated via reduced phosphorylation
of the MAPK/ERK signalling pathway, associated with cell inflammation and stress
signalling. Furthermore, myeloperoxidase activity an indicator of neutrophil

infiltration was reduced in Erb-041 treated mice (Chaudhary et al., 2013).

The role of naturally occurring hormones 1,25(0OH),D and 20(OH)D in the skin in
terms of anti-inflammation in humans is still not certain, and whether their effect is
mediated by other naturally occurring hormones or gender-specific factors is

certainly an area that needs further validation through experimentation.
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4.2.2 1,25(0H),D and 20(OH)D and immunosuppression

The current study confirmed previous findings that mice treated with vehicle alone
after UVR showed an impaired response to the second application of the antigen,
indicating immunosuppression. As expected (Dixon et al., 2007, Dixon et al., 2005),
1,25(0OH),D at 23pmol/cm2 reversed UVR-induced immunosuppression in female
Skh:Hr1l mice, measured by the contact hypersensitivity reaction. Additionally, at
this concentration (23pmol/cm®), 1,25(0H),D did not cause any basal
immunosuppression in unirradiated mice. Treatment with 1,25(0H),D, at the higher
concentration of 46pmol/cm2 was basally immunosuppressive in both females and
males, an outcome of topical 1,25(0OH),D treatment also seen in humans (Damian et
al., 2008). This dose of 1,25(0H),D prevented further UVR-induced
immunosuppression in females and reduced further UV-immunosuppression in

males compared to vehicle.

It was also shown, for the first time, that at a concentration of 23pmol/cm2 20(0OH)D
caused no basal immunosuppression and was as effective as 1,25(0H),D at reducing
immunosuppression following UVR in female mice. Like 1,25(0OH),D, 20(OH)D at
46pmol/cm2 did cause some basal immunosuppression in both sexes, and at
23pmol/cm2, despite the basal reduction in the immune response, further immune
suppression by UVR was not observed in either male and female mice. The difficulty
in interpreting the current results is that the vitamin D compounds were
immunosuppressive on their own, which makes statements like “they reversed
immunosuppression caused by UVR” somewhat problematic. Interestingly, the

preliminary investigation (section 4.1.2, figure 4.3b) showed that 20(OH)D at
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46pmol/cm2 caused no basal immunosuppression in female mice, whilst further
experimentation (section 4.1.3, figure 4.4b) demonstrated that there was basal
immunosuppression. Determining the source of this inconsistency is challenging
and since this is the first time 20(OH)D has been tested in UVR-immunosuppressive
mice studies, further experimentation and repetition that was not possible due to

time constraints, is necessary to clarify these findings.

As described in section 4.2.1, studies on the action of 20(OH)D on keratinocytes
showed that it blocks activation of NF-xB, via inhibition of IL-1 and
lipopolysaccharide, known stimulators of the inflammatory response (Janjetovic et
al., 2009). Whilst this is advantageous following acute inflammation, inhibition of
NF-kB transcription is immunosuppressive, which suggests that 20(OH)D is likely to
be immunosuppressive. Given that NF-kB has been implicated in the skin
photoresponse to UVR, and 20(OH)D is produced by CYP11A1 action on vitamin D,
this may be one endogenous pathway through which UVR-induced
immunosuppression is mediated. On the other hand, studies by Gorman and
colleagues have shown that UVR-induced immunosuppression still occurs both
locally and globally in animal models of vitamin-D deficiency and repletion (Gorman

et al., 2007).

In contrast to being basally immunosuppressive, the current study also shows that
both 1,25(0OH),D and 20(OH)D prevented additional immune suppression following
UVR, with the caveat expressed above, which suggests that there are other

mechanisms of action through which these agents confer partial protection. It has
140



been observed that removal of UVR-induced DNA damage results in a reduced
immunosuppression in mice (Applegate et al., 1989). Since 20(OH)D and 1,25(0OH),D
at the same concentrations used in the CHS experiments reduced formation of both
thymine dimers and 8oxodG, this is likely to be a mechanism through which they

are protective against UVR-induced immunosuppression also.

The presence of Metallothionein | and Il isoforms have been implicated in the
prevention of tissue damage in the epidermis, via their ROS scavenging abilities as
potent antioxidants. Cells with high expression of metallothionein appear to be
resistant to sunburn cells, apoptotic keratinocytes, caused by UVR (Hanada et al,,
1998, Reeve et al., 2000, Wang et al., 2004). The relevance of this to the current
results comes from Reeve and colleagues (2012) that metallothionein KO mice,
unable to express metallothionein, are more prone to immunosuppression
following UVR exposure. Additionally, since 1,25(0OH),D upregulates mRNA
expression of metallothionein mRNA (De Haes et al.,, 2004b), this may be a
mechanism through which it prevents UVR-induced immunosuppression. While the
upregulation of MT by 1,25(0OH),D us likely, further studies to test whether 20(OH)D

affects metallothionein expression would be helpful.

As seen in both inflammation and DNA damage, there also appeared to be a gender
bias present in the immunosuppression results. In agreement with previous reports
(Reeve et al.,, 2012, Thomas-Ahner et al., 2007), male Skh:Hrl mice were more
immunosuppressed than females following UVR. This has also been noted in

experiments with humans by our collaborators (Damian et al., 2008).
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IL-10 is an immunosuppressive cytokine known to be released in keratinocytes
following UVR exposure. IL-10 induction causes a reduction in the CHS response in
mice, and this was shown to be greater in males following UVR compared to their
female counterparts (Reeve et al., 2012). In addition, topical oestrogens inhibited
UVR-induced immunosuppression during a CHS test in mice. In male mice injected
with 17B-estradiol following UVR, photo-immunosuppression was reversed, along
with a reduction in serum IL-10, a major anti-inflammatory, immunosuppressive
cytokine (Cho et al., 2010). Moreover, when females were exposed to UVR and
treated with anti-estradiol agents or tamoxifen, IL-10 serum levels increased

significantly, which ultimately reduced the CHS response (Hiramoto et al., 2004).

Use of ICI 182,780 an estrogen receptor antagonist, caused exacerbation of UVR-
induced immunological suppression (Widyarini et al., 2006). The expression of the
ER-B1 receptor female skin is not significantly different to that of male skin
(Thornton et al., 2003b). However, since females produce the natural oestrogen
ligand for the receptor at greater concentrations than males, the presence of the

natural ligand may explain the difference in photoprotection between the sexes.

In relation to gender bias and immunosuppression with 1,25(0OH),D, preliminary
experimentation from our group has shown that found that 1,25(OH),D reduction
of UVR-induced CHS suppression in female Skh:Hrl mice was reversed following
treatment with ICl 182780 (Tongkao-on et al., 2012). Since there is evidence for the
1,25(0H),D reducing pro-inflammatory cytokines IL-6 (De Haes et al., 2003, Mason
et al., 2010) and IL-12 (Bikle, 2009), and increasing IL-10 receptor gene expression

(Michel et al., 1997) in keratinocytes, an immunosuppressive cytokine, and these
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cytokines have been shown to be decreased by an ER-f agonist (Chaudhary et al.,
2013) it is possible that 1,25(0OH),D and other photoprotective analogues may
interact with oestrogen signalling to produce greater protection against UVR-

induced immune response suppression in female mice.

Given that the current studies showed that there was higher UVR-induced
immunosuppression in males compared to females, and there is evidence for the
role of ER-B in mediation of photoprotection (Cho et al., 2010, Reeve et al., 2009,
Widyarini et al., 2006), it seemed valid to use ER-B KO mouse model for further
immunosuppression studies. The results showed that application of 20(OH)D at
23pmol/cm2 did not produce any basal immunosuppressive results, in either WT
and ER-B null mice, however KO mice were not protected from UVR-induced
immunosuppression at this concentration of 20(OH)D, where their WT counterparts
were. Such findings suggest that the mechanisms through which the lowest dose of
20(OH)D that reduces immunosuppression following UVR, requires ER-3 signalling.
Inhibition of further UVR-induced immunosuppression in ER-3 KO mice, was seen at
the higher concentration of 46pmol/cm2 20(OH)D. At this dose of 20(OH)D WT mice
showed significantly reduced ear swelling, indicating immunosuppression. These
results are consistent with the proposal that the presence of ER-f in skin
potentiates the actions of 20(OH)D. Further studies might benefit from the use of
ICI 182780 the ER-B1 antagonist in conjunction with 20(OH)D in WT mice, to

complement the current findings.

143



144



5 CONCLUSIONS AND FUTURE DIRECTIONS

This study has shown for the first time that use of 20(OH)D in both in vitro and in
vitro models following UVR exposure is photoprotective to a similar extent as
1,25(0H),D. 20(OH)D reduced direct UV-induced DNA damage, thymine dimers, 3
hours after UVR in both cultured human keratinocytes and Skh:Hr1 hairless mouse
skin. Furthermore, 20(OH)D reduced formation of indirect UV-induced DNA
damage, 8oxodgG, in cultured human keratinocytes, within the same timeframe. Use
of the curcuminoid THC produced analogous results under the same settings, which
is in line with previous data. Photoprotection by 20(OH)D was greater in females

than males.

Previous studies from the Mason group showed evidence for chloride currents an
essential mechanism for 1,25(0OH),D protection against UVR-induced DNA damage
(Sequeira et al., 2012a). Results from this study showed that chloride channel
permeability is also vital for 20(OH)D mediated reduction in thymine dimer
formation in cultured human keratinocytes. Since 20(OH)D and THC do not cause
some of the genomic effects of 1,25(0OH),D such as hypercalcaemia, but have been
shown to bind to the VDR, there is reason to consider that 20(OH)D exerts its
photoprotective effects via the non-genomic ERp57/MARRS binding protein like

1,25(0H),D (Sequeira et al., 2012b). But this remains to be directly tested.

Downregulation of Wnt has been shown to reduce UVR-induced skin carcinogenesis

in mice (Chaudhary et al., 2013), and the present study showed that inhibition of
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Wnt was photoprotective on its own and had no effect on photoprotection by
1,25(0OH),D and 20(OH)D on the formation of thymine dimers in cultured human
keratinocytes as early as 3 hours following UVR. Experimentation into the
downstream targets of Wnt, such as P-catenin, and whether 1,25(0OH),D and
20(OH)D or other ligand binding to the VDR interacts with them to mediate their
photoprotective effects against UVR-induced DNA damage would be a reasonable
proposal. Furthermore, since 1,25(0OH),D has been shown to reduce UVR-induced
skin carcinogenesis, and preliminary studies from the Mason group show that
1,25(0OH),D increases nucleotide excision repair proteins (Song, 2014), further study
with 20(OH)D on this is necessary. Similarly, recent results from Halliday and
colleagues on HaCaT cells and melanocytes showed that use of nicotinamide, a
precursor in the formation of ATP, reduces 8oxodG and thymine dimers following
exposure to UVR (Surjana et al.,, 2013, Thompson et al.,, 2014). Since both
1,25(0H),D and 20(OH)D reduce these forms of DNA damage additional
experimentation is necessary to determine whether they have an effect on energy

production and DNA repair.

The results also indicate that 20(OH)D was as efficacious as 1,25(0OH),D at
preventing UVR-induced inflammation and inhibits further immunosuppression
caused by UVR, however at high doses caused some basal immunosuppression as is
seen with 1,25(0OH),D, and immunosuppression was in general greater in male mice.
In experiments with ER- KO mice reversal of the UVR-induced immunosuppression
required high doses of 20(OH)D which also caused basal immunosuppression,

suggesting photoprotection at the lower dose may be mediated by an interaction
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between 20(OH)D and ER-B signalling. More study into the interactions between
inflammatory cytokines influenced by 1,25(0OH),D and 20(OH)D and ER-B are
necessary for elucidation of their immunosuppressive and anti-inflammatory effects
following UVR exposure, and may explain some of the gender bias in the results of

this study.
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