The Role of Vitamin D and its Receptor in
Metastatic Melanoma Cells

Hau, Kamin Michelle
Magister Scientiae (M.Sc.), Baccalaureus Scientiae (B.Sc.)

The research described in this thesis was performed within the Nutrition Innovation
Centre for Food and Health (NICHE), The School of Biomedical Science, Faculty of
Life and Health Sciences of Ulster University, Northern Ireland, UK.
This research is supported by Dr. Paul D. Thompson and submitted in fulfilment of
the requirements for the degree of Doctor of Philosophy on June 2020.

I confirm that the word count of this thesis is less than 100,000 words

Table of Contents
Acknowledgement

II

Abstract

IV

Abbreviations

VI

Note on Access to Contents

VII

Abstract Publication and Conference Presentations

VIII

Statement of Collaboration and Acknowledgements

IX

Chapter 1:

General Introduction

1

Chapter 2:

Materials and Method

25

Chapter 3:

Do EMT Drivers, such as SNAI1 and ZEB1, have an Impact on VDR
Signalling and Modulation of E-cadherin Expression within Metastatic
Melanoma?

39

Chapter 4: Does BRAFV600E Mutation Effect VDR Signalling in Melanoma
Cells?

81

Chapter 5: Summary and General Discussion

123

Chapter 6: Implications for Future Research

137

Chapter 7: Concluding Remarks

143

Chapter 8: References

147

Chapter 9: Supplementary Data

169

Appendix:

173

Abstract Publication

I

Acknowledgement
I would like to thank Dr. Paul D. Thompson for giving me the opportunity, guiding me
throughout my PhD and showing me the exciting world of vitamin D. It was a stimulating time
to become acquainted and consequently specialised together on the vitamin D biology within
the context of melanoma. Thank you to Dr. Edna Patricia Rodriguez for her contribution to the
overall project of melanoma, focusing on RXR and RAR, and our collaboration in my first
year. I hope that our work on the melanoma project will continue to prosper with you. A special
thanks to the Epigenetics group Prof. Colum Walsh and Dr. Rachelle Irwin for helping me with
the methylation side of the project.
Thank you to my fellow PhD candidates within NICHE; Sophia Amenyah for always
being there for me ready with a big smile, Khanyile Dube for the funny and cheering moments,
and Takashi Ishii for making our office together into a buffet of delicious food. A special thanks
to Karl Smith who was always reliable and became a dear friend of mine. Thank you to Lisa,
Rob, Davy, and John who were always able to make my day better than it was.
Last but by no means least, to my friends and family: To Ben, J.P., Nathan and Joe who
unknowingly pushed me beyond my fears, but with whom I was able to explore the beautiful
and sometimes rough ocean with. Ben, thank you for all of your support and I will miss the
moment every time you came to pick me up in your red car with a big bright smile on your
face. Thank you all for keeping me sane and I’m looking forward to our next out of the blue
call: “anybody up for another surf?”. To Elina Psara, I wouldn’t know where to start showing
my appreciation to you. Our days of grocery shopping, afternoon swims in the ocean, barbecue
sessions and our long talks in the driveway are just a few memories I have with you that I will
never forget. Throughout my PhD you kept me sane and I can’t thank you enough for being
my, at times clumsy, partner in crime – I couldn’t have done this without you and I’m looking
forward to more beautiful years of friendship to come. To Fabrice, who was looking out for
me at difficult times, I won’t ever forget your compassion. To May and Abdul, thank you for
always reminding me the pureness of dance and music. To Jonah, thank you for always being
there for me. Thank you to Dr. Teng, Dr. Mullan and Sergeant Li for looking after me and
making it smooth for me to complete my PhD. To Joan, I am so ever grateful for giving me a
home outside of home and welcoming me into your beloved and at times crazy family. I can’t
believe I have met such loving people and all the warmth given by the 4-generation family is
indescribable. In particular to Ruth and Ima, I want to thank for always checking up on me. I

II

have now a “mega family” to add into my existing one and I will miss each and one of you,
but it won’t be long until our next BBB. Thank you to my sisters who always have the best
interest for me in every step of my path and my Oma, who always was able to make me feel
instantly loved. This thesis on the role of vitamin D in melanoma is dedicated to the personal
sunshines in my life: my beloved Oma, Opa and the Hau family.

III

Abstract
The hormonally active form of vitamin D, 1,25-dihydroxyvitamin D (1,25D3), has shown to
induce anti-cancerous effects through its cognate vitamin D receptor (VDR), in part through
inducing the cell-cell adhesion molecule E-cadherin and inhibiting Wnt/β-catenin signalling.
Melanoma is the most aggressive type of skin cancer and clinical data have shown a correlation
between a decrease of VDR with shorter overall survival. Similar alterations within the VDR
signalling pathway are known to occur in the context of colon cancer, in which a diminished
response of 1,25D3 signal is associated with increased expression of the epithelial
mesenchymal transcription factor (EMT) SNAIL1, which can directly inhibit the activities of
VDR and E-cadherin, resulting in epithelial cells to lose their polarity. Additionally,
approximately 66% of melanomas harbour the BRAFV600E mutation, which represents a
constitutive signal of the mitogen-activated protein kinase (MAPK) that is known to
phosphorylate a range of substrates, resulting in the regulation involved in hyper-proliferation
and survival of transformed cells. Thus far, no reports have shown that MAPK can influence
VDR function however, it is known that MAPK can phosphorylate a subgroup of nuclear
receptors, which VDR is a member of, and thereby alter their signalling.
In this thesis we specifically investigated whether 1) EMT drivers, such as SNAI1, have
any impact on VDR signalling and modulation of E-cadherin expression within metastatic
melanoma and whether 2) the presence of a constitutively active MAPK function
(BRAFV600E) have relevance to VDR signalling in metastatic melanoma.
In vitro, we show that 1,25D3 to modestly increase the expression of E-cadherin mRNA
and protein in SK-MEL-28, but remained absent in A375, a cell line that expresses relatively
higher levels of EMT transcription factors including SNAI1 and ZEB1. A knockdown of
SNAI1 and, independently of ZEB1, in A375 cells is insufficient to recover E-cadherin
expression. We also determined the absence of E-cadherin expression in A375 to not be
regulated by methylation. Although A375 and SK-MEL-28 express appreciable levels of what
appears to be a transcriptionally competent VDR, downstream transcriptional effects of VDR
within our study remained overall muted with the exception of the 1,25D3-sensitive target gene
CYP24 that catabolises 1,25D3 to its inactive form. Upon investigation on the regulation of
VDR expression and function in the context of BRAFV600E vs. BRAFWT melanoma, we
show for the first time that VDR mRNA and protein expression, independently, acquire
dependency on BRAFV600E signalling. An abrogation of MAPK activity by the clinically
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applied BRAFV600E inhibitor vemurafenib (PLX4032) or MEK1/2 inhibitor PD98059 has
shown to downregulate the overall VDR levels in BRAFV600E melanoma, in part by
shortening the half-life of this protein involving proteasomal activity. We identified two
potential MAPK acceptor sites on VDR protein, which are T175 and S177 on VDR isoform 1
and T225 and S227 on VDR isoform 2, both of which lie within the PEST region that is
commonly associated with short-lived regulatory proteins mediated through the ubiquitinproteasome system. Through immunoprecipitation we confirm that VDR becomes a substrate
for ubiquitin when BRAFV600E/MAPK activity is inhibited and subsequently degraded by
proteasomes.
This study revealed novel findings, demonstrating that oncogenic V600E mutation
elicits an acquired dependency of VDR expression, instigating an impaired VDR function in
BRAFV600E melanoma. We speculate that BRAFV600E has altered VDR gene targeting by
inducing VDR translocation into the cytosol and/or its association capacity with its target
molecules that usually results in the abrogation of cell proliferation, including β-catenin for its
cytosolic re-distribution and ubiquitin ligase FBXW7 with which VDR corporately induce the
degradation of genes involves in cell cycle arrest like c-myc. We also postulate whether
FBXW7, similar to the impaired regulation of VDR expression by BRAFV600E, has become
altered in which the ubiquitin ligase now targets VDR for proteasomal degradation when
MAPK activity is inhibited. In all of these proposed events, VDR activity associated with the
anti-cancer effect becomes limited, which may explain the lack of responsiveness observed.
Our study highlights the complex interactions of 1,25D3/VDR and along with the findings on
the current vitamin D literature in the area, provide evidence that adequate 1,25D3 and VDR
status in metastatic melanoma is not sufficient to use as an independent biomarker, but also the
BRAF status and its subsequent subcellular localization and/or protein association of VDR
needs be taken into consideration to determine whether vitamin D can be used as a co-treatment
that hinders tumorigenic growth in melanoma.
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Chapter 1

1.1 The Skin
1.1.1 The Anatomy and its Function
The skin is the largest organ that forms a functional barrier, while allowing communication and
responsiveness between the internal body and the external environment. The structure of the
skin is highly complex however, its hierarchy of cellular and matrix arrangements can be
distinguished into two primary layers: the dermis and the epidermis (Figure 1). The dermis
consists of collagen with elastin-producing fibroblasts and embeds superficial capillary loops
that allow nutritional, and together with lymphatic vessels, immune cell exchange from and to
the skin (Holbrook. 2002). The dermis also supports the upper outer layer called the epidermis,
which consists of a higher cellularity, each confined in specific layers that reflect their state of
differentiation (Holbrook. 2002). The epidermis is populated with contiguous layers of
keratinocytes and at the basal layer, cells such as the neural crest-derived dendritic cells called
melanocytes, interact with a population of keratinocytes at a ratio of approximately 1:10
(Norris, 2012). The association between the melanocyte and its neighbouring keratinocytes is
also known as the epidermal melanin unit (Quevedo. 1972), in which the epidermal
melanocytes are attached to their surrounding keratinocytes by the cell-cell adhesion molecule
E-cadherin, and to the basal lamina by integrin receptors (Tang. 1994) (Norris. 2012). It is
important to note that melanocytes live and are settled within the epidermal melanin units,
while the keratinocytes continuously differentiate and are eventually being shed on the cell
surface (Zhang. 2015). Thus, the damaged differentiated keratinocytes are being replaced by
vital cells, where the turnover rate is approximately 7 weeks in humans (Zhang. 2015), whereas
melanocytes can reside in the skin for a lifetime.
The function of melanocyte is to produce and secrete the pigment melanin, which is
distributed within the basal layer of the epidermis, providing a reasonable first line of defence
from ultraviolet (UV) radiation (Quevedo. 1972). On a more global scale however, the function
of the skin is highly dynamic and includes thermoregulation, pressure/pain sensation, and
vitamin D production (Norris. 2012).
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Figure 1: The Anatomy of the Skin.

1.1.2 The Most Aggressive Skin Cancer: Melanoma
Cutaneous melanoma is the most aggressive type of skin cancer that develops through a multistep process (Figure 2). Melanoma development can be measured by its depth of invasion,
which is a key distinction between its stages of progression: radial growth phase (RGP), vertical
growth phase (VGP), and metastasis. In RGP, the melanoma cells are confided within the
epidermis, however once it is able to escape the control of basal keratinocytes, it is known to
have entered the VGP, where it can invade into the supporting dermis and eventually
metastasise to secondary organs through the lymph nodes and/or blood vessels.
Metastatic melanoma is a fatal disease with an estimated 5-year survival rate between
5-19% depending on the location and number of affected organs (Palmer. 2011) (Wasif. 2011).
An observational study on 155 patients with cutaneous malignant melanoma reported
melanoma cells to predominantly metastasise to the brain, and the estimated median overall
survival of their study was 5.3 months (Sandru. 2014). Since melanoma resembles a mole from
the surface, frequent check-ups on potential “mole” abnormalities is advised, as it is important
to detect melanoma development in its early stages where surgical excision still serves as a
reliable intervention.
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Figure 2: Development of Malignant Melanoma. Melanoma is often an underestimated
tumour as it commonly resembles a harmless mole on the skin surface. Without early
intervention melanoma cells can metastasise and thus the disease quickly becomes fatal.

1.1.3 Melanoma Development and UV Radiation
The prime cause of melanoma development is UV exposure. The melanin within a melanocyte
can absorb a broad spectrum of wavelengths that penetrate through the stratospheric ozone
layer, including UVA (315 - 400nm) and the shorter wavelength UVB (280 - 315 nm).
Although only a small proportion of about 10% of UVB is capable to reach the earth’s surface
(Roy, 1998), it is predominantly responsible (~80%) for the harmful effects associated with
UV radiation, including sunburns (de Gruijl, 2000) (Newton-Bishop. 2011). A common
preconception has been that chronic sun exposure is skin damaging however, more recently, it
has been shown that high intermittent UVB overexposure resulting in the accumulation of
sunburns to be more genotoxic, as it induces direct absorption by DNA in the epidermis (de
Gruijl, 2000) (van Schenke. 2012). UVB has shown to induce DNA damage by introducing
cyclobutane pyrimidine dimers (CPD) (de Gruijl. 2000) that over time can turn melanocytes
dysplastic and eventually to melanoma cells (Zhao. 2002).
The association between melanoma and high intermittent sun exposure has been
therefore linked with oncogenic mutations. The most common mutation representing 66% of
all melanomas correspond to BRAF, in which valine is replaced by glutamate at position 600
(V600E or previously known as V599E) encoded by a mutation of a single nucleotide (GTG
4
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to GAG) (Michaloglou. 2008). To a lower extent, NRAS mutations are present with 20% of
melanomas, most frequently at codon 61 from Q61R or Q61K (Malumbres. 2003). Melanoma
usually harbour exclusively either a BRAF or NRAS mutation and they rarely occur together
(Omholt. 2003) (Goel. 2006), which may be because either mutation would regardless result
in the same constitutive hyper-activation of the mitogen-activated protein kinase (MAPK)
signalling pathway (Malumbres. 2003) (Michaloglou. 2008).

1.1.4 Oncogenic BRAFV600E and Constitutive MAPK Signalling in Melanoma
The MAPK signalling transduces extracellular stimuli to a cascade of phosphorylation steps
leading to key regulations involved in hyper-proliferation, migration and oncogenic cell
survival, as seen in skin cancer, breast cancer and colon cancer (Figure 3) (Donovan. 2001)
(Krueger. 2001) (Davies. 2002) (Zhu. 2007) (Nandan. 2011). The binding of extracellular
ligand to specific tyrosine kinase receptors located on the membrane, which include vascular
endothelial growth factor receptor (VEGFR) and platelet-derived growth factor receptor
(PDGFR), recruit and activate guanosine triphosphatase RAS (encoded by HRAS, NRAS and
KRAS). RAS directly induces a series of phosphorylation on MAPKs, which are Ser/Thr
kinases that convert extracellular stimuli to pluripotent responses, starting with RAF (encoded
by ARAF, BRAF, and CRAF), to MEK 1/2, and ERK 1/2. In contrast to the other kinases
within this pathway, ERK has the capability to phosphorylate a range of substrates from the
membrane, to cytosol and nuclear targets.
The most common mutation BRAFV600E in melanoma is able to directly act through
the MAPK signalling independent of RAS (Davies. 2002). This is due to the nature of the
missense mutation resulting in the presence of glutamic acid within the phosphorylation
segment for BRAF kinase activity and therefore, a potential to mimic its phosphorylated state
resulting in the constitutively active BRAF signal (Davies. 2002). Compared to wild-type
BRAF (BRAFWT), mutated BRAF has been shown to have already elevated basal kinase
activity, which was significantly higher for BRAFV600E (almost 11-fold higher than
BRAFWT) (Davies. 2002).
Melanocytes rarely proliferate (Norris. 2012) however, mutations of BRAF have been
shown to specifically mediate cell proliferation and transformation through the classic MAPK
pathway (Davies. 2002) (Calipel. 2003). Taking this into account, with studies reporting that
BRAF and NRAS mutations are both early somatic events in primary melanoma and are
preserved throughout its metastatic progression (Omholt. 2003), it is likely that BRAF/NRAS
5
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mutations contribute to the initial proliferation phase of a dysplastic melanocyte followed by
cell survival and invasion.
Two of the cytoplasmic and nuclear targets of ERK are c-myc and cyclin D1 that are
involved in the G1-to-S-phase regulation of the cell cycle (Michaloglou. 2008). Elevated levels
of c-myc and cyclin D1 antagonises the activity of cell cycle inhibitors such as p21 and p27
and therefore promote proliferation in dysplastic cells (Calipel. 2003) (Michaloglou. 2008)
(Bretones. 2015). Knockdown of BRAFV600E by RNA interference in melanoma in vitro
inhibits ERK signalling, resulting in the reduction of c-myc and cyclin D1 expression, which
lead to growth arrest and promoted apoptosis (Calipel. 2003) (Hingorani. 2003). This effect
was noted to be BRAF specific, indicating that BRAFV600E to be essential for melanoma cell
viability and transformation in mutated BRAF-harbouring melanoma cells (Hingorani. 2003).
Melanoma development is therefore driven by UV-induced mutation however
interestingly, reports have also shown that UV radiation also effect the cells surrounding the
melanoma to disseminate and therefore promote tumour invasion (Wäster. 2017).
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Figure 3: MAPK Signalling Pathway.

1.1.5 The Role of Extracellular Matrix in Melanoma
Tumour progression, including cancer cell invasion, is only possible through close interaction
between the melanocyte and its stroma (Herlyn. 2001) (Lee. 2007) (Shimoda. 2010). The
stroma consists mostly of non-transformed fibroblast and an adapted extracellular matrix (ECM)
(Herlyn. 2001) (Lee. 2007) (Shimoda. 2010). Non-transformed cells include fibroblasts and
myofibroblasts, which together are also known as cancer-associated fibroblasts (CAFs), and in
melanoma development, the host population of keratinocytes surrounding the neoplastic cell
have evolved over time to support tumour growth in response to molecular signals derived
from the melanoma. Increasing evidence have reported that the malignant tumour
microenvironment (TME) is also involved in other key processes besides promoting metastasis,
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which include angiogenesis, cell proliferation and acquiring drug resistance, which are in part
facilitated through the exchange of growth factors, ECM proteins, like collagen deposition and
direct cell-cell contact (Lee. 2007).
UV radiation has shown to promote ECM degradation by increasing the expression of
fibroblast activation protein-α (FAP-α) that exhibits protease and collagenase activity (Wäster.
2017). The elevated levels of FAP-α have been observed in the stroma of melanocytes nevi and
melanoma (Wäster. 2017). In addition to UV-induced modification of ECM, the melanoma
itself has the capability to modify its TME.
Melanoma cells modify the TME by releasing a variety of growth factors, including
basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF), transforming
growth factor β (TGFβ), and vascular endothelial growth factor (VEGF), to promote tumour
growth and invasion (Lázár-Molnár. 2000). These growth factors have either autocrine
signalling effects on the neoplastic cell itself, or a paracrine function to modify its neighbouring
cells. For example, melanoma cells secrete bFGF to promote its own cell proliferation, however
melanoma-derived PDGF, such as PDGFB, exclusively stimulates the paracrine system,
because unlike fibroblasts, melanoma cells lack the PDGF receptor (Forssberg. 1993). Thus,
the activity of the melanoma-secreted PDFGB is strictly to modify its stroma like fibroblasts
surrounding the tumour to assist in melanoma invasion. In addition to the melanoma-derived
bFGF and PDGF to promote tumour invasion, bFGF and PDFGF can also induce VEGF to
orchestrate and promote angiogenesis (Shimoda. 2010).
Non-differentiated cells, such as CAFs, which are different from homeostatic
fibroblasts, are thought to arise from a variety of sources, either from local tissue environment,
which is from existing resident fibroblasts and epithelial cells who have undergone epithelialmesenchymal transition (EMT) within the tumour stroma, or from circulating mesenchymal
precursor/stem cells derived from the bone marrow (Shimoda. 2010). Interestingly, EMT is
inducible by the growth factors like bFGF, PDGF, TGFβ (Peinado. 2007), which could be
released from the nevi itself or the neighbouring CAFs to spread the mesenchymal transition
however, although CAFs are a rich source of growth factors, including bFGF and TGFβ, they
are only activated by the tumour cells once recruited to the tumour site and start expressing
myofibroblast-associated markers such as α-smooth muscle actin (Lee. 2007). Thus, the binary
communication between the melanoma cell and its TME allow the neoplastic cell to avoid
apoptosis and induce tumour growth and invasion. In line with this, it has been postulated that
these growth factors, which are involved in the modulation of TME and cancer cell
proliferation, are the driving force for progression from RGP to VGP phase of melanoma
8
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development (Herlyn. 2001). Overall, melanoma development is greatly affected by UVinduced mutation in the melanocyte and the UV- and melanoma-induced modification of the
TME however, paradoxically, when UV radiation is held within limits, it has shown to have
anti-cancerous capabilities through the vitamin D pathway.

1.2 Vitamin D and its Cognate Vitamin D Receptor
1.2.1 Vitamin D the Steroid Hormone
Vitamin D is a unique metabolite within the vitamin family as its primary source (up to 80%)
is from UV exposure on the skin and to a lesser extent from the diet, therefore vitamin D is
rather, and truly so, considered a steroid hormone (Evans. 1988). It was initially labelled as a
vitamin because early studies showed that UV-irradiated food for goats in 1916, and cod liver
oil for children in 1919 prevented and cured rickets (reviewed by DeLuca. 2014). Soon after,
it was concluded that the factor that cured rickets was the mistakenly labelled vitamin D.
Additional studies highlighted its important role in bone mineralization as it also cured
osteomalacia in adults however, when in excess, vitamin D caused hypercalcemia.
Consequently, based on studies on bone health, in 1997 and still current guidelines today, the
US institute of medicine recommends a daily intake of vitamin D of 1000 IU/d for aged ≤ 1
year and 2000IU/d for aged > 1 year.
In the early years, the study of vitamin D were mostly observational however today the
study of vitamin D have extended beyond skeletal health to vitamin D synthesis, the structure
of vitamin D, its molecular role in general health and its possible use in the treatment of diseases
such as cancer. Nowadays, it is postulated that a higher vitamin D than the recommended
guidelines on bone health is needed for the general health however the optimal vitamin D intake
still remains controversial (Hollick. 2009).

1.2.2 Classical Endocrine and Non-classical Cutaneous Vitamin D Synthesis
The classical function of vitamin D is to maintain calcium and phosphate levels as evidenced
in bone health. Dietary sources contain varying amounts of vitamin D, or ergocalciferol D2,
which include cod liver (~400 - 1 000 IU/tsp), wild salmon (~600 - 1000 IU/3.5oz or 7tbsp),
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and fortified foods, such as breakfast cereals (~100IU/serving) and milk (~100IU/8oz or
250 ml) (Hollick. 2009). The skin however has a leading capacity to synthesise vitamin D as
UVB radiation that causes minimal redness on the body in a bathing suit (1 minimal erythemal
dose) is ~ 20 000 IU (Hollick. 2009). UV radiation on keratinocytes and, to a lower extent,
melanocytes induce the production of vitamin D by a sequence of enzymatic metabolism.
UV exposure on the skin causes 7-dehydrocholesterol to be photolytically cleaved and
thermally isomerised to cholecalciferol D3 (Holick, 1977) (Figure 4, left panel).
Ergocalciferol D2 and cholecalciferol D3, which forms the umbrella term vitamin D, are then
identically metabolised in the body. Vitamin D is then transported to the liver and converted by
the enzymatic function of CYP27A1, to 25-hydroxyvitamin D3 (25D3), which is the most
stable form of all vitamin D metabolites and the major circulating derivative that is commonly
used as an indicator of vitamin D status (Haussler. 2016). Interestingly, for these reasons, the
recommended guidelines of vitamin D intake has been based on 25D3 measurements rather
than on the biologically active form of vitamin D 1-α,25 dihydroxycholecalciferol (1,25D3).
1,25D3 is the most biologically potent metabolite of vitamin D and produced in response to
low calcium and phosphate by CYP27B1 from 25D3 primarily, but not exclusively, in the
proximal convoluted tubules of the kidney (Nykjaer. 1999).
The level of 1,25D3 is tightly regulated in order to maintain calcium (Ca2+) and
phosphate (PO4) homeostasis and avoid toxicity (Figure 4, centre panel). In the endocrine
system, elevated levels of 1,25D3 and calcium lead to the inhibition of the CYP27B1 inducer
parathyroid hormone (PTH) released from the parathyroid glands. The PTH-CYP27B11,25D3-calcium axis promotes calcium transport and calcium reabsorption in target organs,
such as the intestine, bone and kidney therewith preventing hypercalcemia (Haussler. 2016). In
contrast to 1,25D3 and calcium inhibiting PTH production, a second negative endocrine
feedback loop involves 1,25D3 stimulating the production of FGF23 in response to elevated
levels of phosphate. FGF23 binds to the receptor complex PTHFGF receptor/Klotho to
decrease CYP27B1 activity while concomitantly increasing CYP24A1 to convert 1,25D3 to its
biologically inactive form 1,24,25D3 (Haussler. 2012). Both axes, PTH-CYP27B1-1,25D3calcium and 1,25D3-FGF23-klotho-CYP24A1-phosphate, are therefore key in maintaining not
only 1,25D3 level but also calcium and phosphate level respectively within the endocrine
system. Both negative feedback loops also highlight the importance of the availability of 25D3
substrate to convert to 1,25D3 and it is thought that all vitamin D metabolites are carried by
the vitamin D binding protein (VDBP), which has the highest affinity for 25D3, to specifically
modulate the amount of free vitamin D (0.003%) in circulation to avoid intoxication (Nykjaer.
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1999). Besides the classically-described vitamin D production pathway through the endocrine
system, there are other cells that can synthesise their own vitamin D, such as the skin cells.
Skin cells are unique as it is not only the major source of vitamin D for the body, but it
also contains the entire metabolic vitamin D pathway that has been best characterised in
keratinocytes (Figure 4, right panel). Keratinocytes are able to catalyse 7-dehydrocholesterol
to 25D3 and 1,25D3 through intracrine signalling from local CYP27A1 and CYP27B1
respectively. In contrast to the endocrine system, where PTH stimulates CYP27B1 to produce
1,25D3 from 25D3, cytokines such as tumour necrosis factor-α and interferon-γ stimulate
CYP27B1 to generate 1,25D3 in keratinocytes (Bikle. 1989) (Bikle. 1991). CYP27B1 is
predominantly expressed in the basal layer of the epidermis (Zehnder. 2001) as the top layers
consist of more differentiated cells and therefore with declining activity of CYP27B1 (Pillai.
1988). A homeostatic level of 1,25D3 is maintained within the keratinocytes by CYP24A1,
rather than CYP27B1 as seen in the endocrine system, and therefore 1,25D3 in keratinocytes
are predominantly inactivated into its inactive form 1,24,25-dihydroxyvitamin D3 (1,24,25D3).

Figure 4: The Classical and Non-classical Synthesis of Vitamin D Metabolites
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Figure 5 illustrates the chemical structure of key vitamin D metabolites, and Table 1
summarises the alias names. The biological effects of 1,25D3, whether produced from the
endocrine or skin, act through its cognate receptor the vitamin D receptor.

Figure 5: The Chemical Structure of Key Vitamin D Metabolites. (Adapted by DeLuca. 2004).

Table 1: Summary of the Alias Names and Function of All Vitamin D Metabolites and its
Associated Enzyme Involved in Each Stage. (Adapted by Jeon. 2018).
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1.2.3 Vitamin D Receptor and Retinoid X Receptor
Vitamin D receptor (VDR) is a member of the nuclear receptor superfamily and therefore a
ligand-activated transcription factor (Evans. 1988). Within the human genome, 49 nuclear
receptors (NRs) have been identified and they can be classified according to their history of
discovery: when the ligand was first described followed by the receptor (endocrine receptors),
when the receptor was first described followed by the ligand (adopted orphan receptor), or the
ligand remains unknown (orphan receptor) (see Table 2 for some examples).

Table 2: Nuclear Receptors Classification According to the History of their Discovery

Nuclear receptors are responsible for the transcription of a multitude of genes involves
from embryogenesis, development of central nervous system to bone health however, they all
share a modular structure that is highly conserved across different species (Figure 6A).
Nuclear receptors consist of two major highly conserved functional regions, which are
the zinc finger DNA-binding domain (DBD) and the ligand-binding domain (LBD)
(Mangelsdorf. 1995). The N-terminal A/B domain contains the ligand-independent activation
function 1 (AF-1) transactivation and is the most variable domain in respect to size and
13
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sequence. In the case of VDR, the A/B region is relatively short consisting of 21 amino acids
and thus the presence of an AF-1 region is uncertain (Figure 6B) (Juratka. 1997). It is believed
that VDR transactivation is thought to be induced only in a ligand-depended manner (Juratka.
1997). The N-terminal DBD and C-terminal LBD domain is connected by a hinge region that
allow NRs to undergo conformational change upon ligand binding and to form homo- or
heterodimers, in order to recognise specific DNA sequences on target genes known as response
element. This mechanism is facilitated by the two zinc fingers within the DBD domain, which
is the P-box that recognises the specific response element and the D-box that serves as a
dimerisation interface, the nuclear localisation signals from the hinge region, and the signals
from the ligand-depended transactivation activation function 2 (AF-2). The LBD domain does
not only serve as the ligand pocket, but it also operates as a binding site for of co-factors to
modulate VDR signalling. For VDR, when 1,25D3 binds with high affinity to its cognate
receptor it heterodimerises with the Retinoid X Receptor (RXR) in a non-permissive manner,
i.e.: precludes the ligand binding of RXR (Mangelsdorf. 1995) (Haussler. 2016). The liganded
VDR/RXR complex then has the capability to bind to various types of vitamin D response
elements (VDREs) on target genes typically located at the promoter region (Figure 6C).
VDREs consist of two direct repeats of hexametric half-sites with 5’-AGGTCA-3’ as a
consensus sequence separated by 3 nucleotides (DR3 type) or an everted repeat sequence
separated by 6 nucleotides (ER6 type), with DR3s being the most common (Pike. 2010) (Pike
& Meyer 2014). VDR/RXR complex on the VDRE, where RXR is on the 5’half site, then
recruits co-factors to either induce or repress the transcription of target genes (Mangelsdorf.
1995) (Haussler. 2016).
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Figure 6: (A) The Modular Structure of Nuclear Receptors, (B) the Structure of VDR and
RXR and (C) the Heterodimerisation of Liganded VDR/RXR on VDREs of Target Gene to
Induce Transcriptional Response.

Early studies used chromatin immunoprecipitation (ChIP) with site-specific
quantitative PCR (ChIP-qPCR) to investigate VDR’s genomic binding loci on primary VDR
target genes, such as CYP24A1 (Väisänen. 2005) and CYP27B1 (Turunen. 2007). This
candidate gene approach for example revealed that CYP24A1, in addition to the proximal
promoter, had three novel regions of the promoter further upstream associated with VDR, out
of which however only three promoter regions sequences resembled known VDREs (Väisänen.
2005). Although this approach offered insight on the extended promoter regions of some
primary VDR target genes, it failed to do so for others such as VDR. Additionally, using this
method it was challenging to discover any new primary target genes. Later, the detection of
genome-wide VDR binding was facilitated by using CHIP in combination with massive parallel
DNA sequencing (ChIP-seq). Through this method, they have revealed thousands of new
primary VDR binding sites, confirmed the co-participation of RXR on a genome-wide scale,
the discovery of regulatory regions (enhancers) which were located within introns and
intergenic regions that can be proximal and distal to the promoter of the gene they regulate,
and that the transcription of target genes depend on the ligand-induced VDRE binding as well
as the enhancer region (Pike, Meyer & Bishop. 2012) (Pike & Meyer 2012) (Pike, Lee & Meyer.
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2014). ChIP-seq revealed that VDR/RXR DNA-binding are indeed predominantly liganddepended, however interestingly, they found that some sites are already pre-occupied by the
heterodimer regardless of the presence of 1,25D3 (Pike. 2014). ChIP-seq has thus revealed a
large network of VDR binding sites and their primary target genes, out of which are today often
followed by ChIP-qPCR for confirmation purposes.
VDR/RXR is widely expressed in different organs, including bone, intestine and colon.
The epidermis of the skin however is unique within the vitamin D metabolism as it contains
VDR that is distributed throughout the epidermis and all the mediators needed for the entire
vitamin D synthesis, ranging from 7-dehydrocholesterol to enzymes like CYP27B1 to generate
1,25D3. The biological importance within the epidermis between the endocrine- and the
autocrine/intracrine-produced 1,25D3 is still unclear however, the loss of VDR or its capacity
to produce 1,25D3 has given us useful insights on vitamin D function in skin-related diseases.

1.3 Vitamin D Function in the Skin
1.3.1 VDR and Ligand in Keratinocytes
The epidermis predominantly consists of keratinocytes with abundant CYP27B1 and VDR.
1,25D3/VDR regulate all the stages in keratinocyte development, from the control of
proliferation in the basal layer to the differentiation in the upper layer of the epidermis to form
a skin barrier. These regulations involve the binding of coactivators to liganded VDR, which
are DRIP and SRC2/3 (Rachez. 2000) (Oda. 2004). Both co-activators bind to the AF-2 domain
of liganded VDR and therefore have a competitive binding behaviour. Interestingly however,
the expression level of the two major co-activators differ between the epidermal layers, DRIP
is predominantly expressed in the basal layer of the epidermis and decreases in the upper layer
and being replaced by SRC 2/3 (Oda. 2003). The negative correlation between DRIP and
SRC2/3 within the keratinocyte layer thus allows for the sequential induction from a
proliferative state in the basal layer to a differentiative state in the upper layer. Besides the cofactor gradient within the epidermis, studies have also shown that there is also a calcium
gradient within the epidermis, where low calcium is found in the basal layer and a higher
calcium concentration in the upper layer.
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In vitro studies have shown that keratinocytes proliferate in low calcium and start to
differentiate once switched to high calcium (Ratman. 1999). In the presence of calcium,
keratinocytes start to form cell-cell adherent junctions such as E-cadherin. Calcium, which acts
through the 1,25D3-induced increase of calcium receptor (CaR) (Oda. 2017), then promotes
E-cadherin to sequester β-catenin to form E-cadherin/β-catenin complex to further strengthen
the cell membrane (Bikle. 2012) (Tu. 2018) (Xin. 2018). Interestingly, besides E-cadherin,
VDR has also shown the ability to sequester β-catenin upon ligand binding. β-catenin binds to
the AF-2 domain of VDR that enhances the ability of 1,25D3 to activate the transcription
activity of VDR (Shah. 2006). It is still unclear whether β-catenin binding affects the binding
of SRC2/3 to VDR. Genomic actions of liganded VDR in keratinocytes include the inhibition
of proliferation by decreasing c-myc (Matsumoto. 1990) and cyclin D1 (Bikle. 2011) and
increase of cell cycle inhibitor p21 and p27. Thus 1,25D3 and VDR have shown to have a key
role in inhibiting proliferation and inducing differentiation in keratinocytes.
As mentioned earlier, UV radiation causes CPD products increasing the risk to develop
skin cancer. In vitro and in vivo studies led by Mason used 1,25D3 analogues in keratinocytes
and observed a protective effect against UV-induced cell loss and CPD damage comparable to
that observed with 1,25D3 in human keratinocytes and melanocytes (Dixon. 2006) (Gupta.
2007).

1.3.2 VDR and Ligand in the Hair Follicle
Keratinocytes within the hair follicle differ from the keratinocytes in the epidermis.
Keratinocytes form the body surrounding the hair shaft while melanocytes are centralised at
the base of the hair follicle in the dermal papilla, both of which coincide with the location of
VDR expression (Reichrath. 1994). Keratinized cells form the hair shaft while melanocytes
proliferate through the Wnt/β-catenin pathway and differentiate to secrete melanosome for hair
pigmentation (Rabbani. 2011). The hair undergoes repetitive cycles of development starting
with anagen (growth phase), catagen (regression phase), and telogen (resting phase).
In murine hair follicle, it has been shown that VDR expression is increased during late
anagen and catagen phase of the hair cycle, which correlates with decreased proliferation and
increased differentiation of keratinocytes (Reichrath. 1994). Interestingly, mice with a
homozygous knockout of VDR resulted in the development of their first coat normally,
however, re-initiation of anagen was defective and therefore led to alopecia in vivo (Yoshiyuki.
2000) (Sakai. 2001) (Xie. 2002), whereas Cyp27b1-deleted mice, who were unable to generate
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1,25D3, were unaffected (Panda. 2001). In line with this observation, VDR null mice with
VDR transgene containing a mutation in the hormone-binding domain, which abolishes ligand
binding, restored normal hair cycling, whereas a VDR transgene with a mutation in AF-2
domain only led to a partial restoration (Skorija. 2005). Furthermore, when wild-type human
VDR was introduced into VDR-null mice, bone health was recovered and prevented alopecia
however, when 1,25D3 was lacking, human VDR was capable to rescue alopecia formation but
not bone health (Lee. 2014). These findings suggest that the hair cycle is not only a ligandindependent effect, but also that alopecia is associated with a mutation in VDR leading to the
lack/ impaired VDR expression rather than its ability to interact with 1,25D3, VDRE, or its
ability to recruit co-factors that are needed for gene regulation. A similar observation was found
in humans with vitamin D-dependent rickets. Alopecia is not a feature of vitamin D-dependent
rickets type I, where patients harbour a mutation in CYP27B1 (Dibyendu. 2001) resulting in
vitamin D deficiency, but it is a symptom of vitamin D-dependent rickets type II, where patients
harbour a mutation of VDR gene resulting in the introduction of a premature stop codon at
R50X in the VDR protein (Forghani. 2010). Both in vivo and human studies therefore suggest
that alopecia was not associated with vitamin D deficiency, that the development of alopecia
plays a key role in hair cycling rather than primary hair growth, and that hair cycling is a VDR
ligand-independent event.

1.3.3 VDR and Ligand in Melanocyte and Melanoma
Liganded VDR/RXR have shown to regulate differentiation, maturation, proliferation and
melanogenesis however the exact underlying mechanism is still unclear (Okiawa. 1974)
(Abdel-Malek. 1988) (Tomita. 1988) (Nordlund. 1989) (Watabe. 2002). It has been shown that
the synthesis of 1,25D3 independently is capable of stimulating melanocyte proliferation and
melanogenesis involving the release of a fatty acid known as arachidonic acid (Nordlund. 1989).
Liganded VDR has also shown to have photo-protective effects in melanocyte where the UVinduced cell death was reduced (Mason. 2002). The loss of melanocyte can result in vitiligo
and sustained intermittent high UV radiation can result in melanocyte to becoming dysplastic
like in melanoma. The study of vitamin D in melanoma is not as extensive as found in
keratinocyte and the hair follicle, but a few association studies have been conducted.
Clinical cohort studies on melanoma have reported that higher 25D3 level at diagnosis
was associated with both thinner melanoma tumours and better survival (Newton-Bishop.
2009). Furthermore, a negative correlation was observed in which VDR expression was
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downregulated with metastatic melanoma progression (Brożyna. 2011) (Brożna. 2014). This
observation was highlighted in strong melanin pigmentated melanoma in comparison to poorly
pigmented or amelanotic cells, however in both cases a decrease of VDR expression was
observed as well as in the skin surrounding the nevi (Brożyna. 2011). There are several studies
so far that have suggested factors influencing the vitamin D and VDR status in melanoma.
Brożyna et al. have reported a reduction of CYP27B1 in more malignant melanoma
(Brożna, 2013) suggesting a decrease of autocrine-synthesised 1,25D3. A decrease of 1,25D3
would lower the transcription of its primary target genes like VDR, which could explain the
observations reported. Another prime target gene is CYP24A1 which is highly responsive to
1,25D3. Surprisingly, in contrast to the VDR level, CYP24A1 has been reported to be
overexpressed in the early stage of melanoma development and later subsides in the metastatic
stage, where it was comparable to normal epidermis (Brożyna. 2014). The lack of CYP24A1
in the metastatic stage might be due to the lack of 1,25D3 that induces CYP24A1 transcription
as well as the lack of available 1,25D3 substrate to hydroxylate and therefore its action might
be redundant. In colon cancer, CYP24A1 has been previously proposed as a candidate oncogene
due to its abrogation of 1,25D3 responsiveness and promoting metastatic progression (Horváth.
2010). Similar to colon cancer thus, the lack of CYP27B1 and the over expression of CYP24A1
may result in the limited 1,25D3-induced effect in the early stage of melanoma and therefore
in part promote metastatic behaviour. Since VDR downregulation was more drastic in
pigmented vs. amelanotic melanoma (Brożyna.2011) (Brożyna. 2014), in combination with the
limited level of 1,25D3, infer a lack of 1,25D3/VDR activity associated with “anti-cancer”,
which may explain the shorter overall survival and disease-free survival observed in patients
with melanotic metastatic melanoma compared to amelanotic patients (Brożyna. 2011)
(Brożyna. 2013). The underlying mechanism of vitamin D in melanoma is yet to be defined
however the study on colon and breast cancer has given us some further insight on the vitamin
D function in epithelial cancer.
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1.4 Vitamin D Function in Epithelial Cancer
1.4.1 Pro-differentiation, Anti-proliferation and Anti-invasion
The study of vitamin D function in the skin have suggested a crosstalk between VDR with
β-catenin, which was also observed in epithelial cancer. Wnt/β-catenin has been frequently
implicated in cancer development and poor prognosis in a variety of tissues (reviewed in Zhan.
2017). Expression of free cytosolic β-catenin, a proto-oncoprotein, is tightly regulated by the
phosphorylation of GSK3β of the APC/GSK3β degradation complex. In the presence of Wnt,
GSK3β activity is inhibited resulting in the accumulation of β-catenin in the cytosol. The
stabilisation of β-catenin allows β-catenin to enter the nucleus and induce Wnt target genes
primarily involved in proliferation, such as the upregulation of cyclin D1 (CCND1), c-myc
(MYC) and concomitantly, and an independent direct gene target of VDR, is the
downregulation of p21 (CDKN1A) (Liu. 1996) (Sinnberg. 2011) (Niehrs. 2012). Studies on
epithelial cancer have shown an anti-cancer effect of liganded VDR in party by abrogating the
Wnt/β-catenin signalling.
In colon cells, liganded VDR has shown to induce E-cadherin expression through a
signalling cascade involving RhoA-ROCK-p38MAPK-MSK and promote the formation of
E-cadherin/β-catenin at the plasma membrane (Pálmer. 2001) (Ordónez-Morán. 2010)
(McCrea. 2015). In addition, 1,25D3-induces VDR to sequester β-catenin to form a complex
and re-distribute β-catenin while abrogating its cytosolic stabilisation (Pálmer. 2001). The
1,25D3-induced complex formation of β-catenin by E-cadherin and VDR has also been
observed in keratinocytes as described earlier, which was also an important regulator for prodifferentiation and anti-proliferation. E-cadherin additionally has an anti-invasive role as it acts
as a cell-cell adherent junction. 1,25D3 has additionally shown to induce differentiation and
inhibit proliferation by inducing the expression of Dickkopf-1 that inhibits Wnt signalling
(Aguilera. 2007) (Pendas-Franco. 2008), decreasing c-myc (Matsumoto. 1990) and cyclin D1
(Bikle. 2011) and increasing the cell cycle inhibitor p21 and p27 (Flanagan. 2003). Since VDR
has shown to have anti-cancerous properties it has been previously proposed to be a tumour
suppressor gene (Liu. 1996) (Pálmer. 2001).
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1.5 The Potential Use of Vitamin D-Based Co-Therapy
In the recent years, vitamin D-based therapy has been popular due to its more newly renowned
beneficial role of anti-neoplastic activity, which has been constituent in a variety of tumours,
such as colon and breast cancer (Colston 1992) (Pálmer. 2001) (Flanagan. 2003). However, a
concerning side effect of 1,25D3 is its capability to induce hypercalcemia. Therefore, several
pharmacological analogues have been attempted to synthesis a more potent 1,25D3 with a
lower calcaemic activity and one such synthetic analogue is seocalcitol (EB1089) (Colston.
1992).
EB1089 has shown to be 50-100-fold more potent than 1,25D3 in decreasing cancer
growth in vitro (Hansen. 2000), including in skin cancer, such as head and neck squamous
carcinoma (Prudencio. 2001), colon cancer (Pálmer. 2001), and pancreatic cancer (Li. 2015).
In some of these model systems, EB1089 appeared to induce tumour regression in part by
regulating cell cycle inhibitors such as p21 and p27 (Prudencio. 2001) (Flanagan. 2003).
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1.6 Aim and Outline of this Thesis
Cutaneous metastatic melanoma is a fatal disease with its incidence steadily increasing (Sandru.
2014). UV radiation is a predominant risk factor for melanoma development however, UV
radiation on the skin is also beneficial as it induces vitamin D production. The importance of
vitamin D metabolism in maintaining skin health has been reported in keratinocytes and hair
cycling, whereas in melanoma, observational studies have reported a lower VDR expression to
be associated with malignant progression (Brożyna. 2011) (Brożyna. 2014) however, additional
studies are needed to study the underlying mechanism. Studies on epithelial cancer have given
us more insight on vitamin D biology and its response of pro-differentiation, anti-proliferation
and anti-apoptosis, all of which are similar events as seen in the homeostasis of keratinocytes
by vitamin D. The overarching aim of this thesis to bridge the gap between vitamin D
metabolism and its influence on modulators that prevent/promote melanoma development,
which may allow us to use vitamin D as a potential preventative or co-treatment to currently
used drugs against melanoma development.
Our research group is specialised in the biochemistry of vitamin D biology with a
special focus on colon and prostate cancer. The vitamin D research of this thesis with a focus
on melanoma is the first for our group and therefore cell handling and optimisations, even for
basic experimental procedures, were key. All the materials and methods used in this thesis are
summarised in Chapter 2.
VDR downregulation and an impaired 1,25D3 response with metastatic progression
have been previously observed in melanoma. Similar alterations within the VDR signalling
pathway are known to occur in colon cancer, in which a diminished response to the 1,25D3
signal is associated with increased expression of the epithelial mesenchymal transcription
factor (EMT-TF) SNAIL1, which can directly inhibit the activities of VDR and E-cadherin,
with the resulting epithelial cells losing their polarity and becoming more mesenchymal-like
(Battle. 2000) (Pálmer. 2004) (Larriba. 2007). In Chapter 3 we address whether EMT drivers,
such as SNAI1 and ZEB1, have any impact upon VDR signalling and modulation of E-cadherin
expression within metastatic melanoma cells. We investigated this by using analysis of VDR
function and its transcriptional activity, with a special emphasis on E-cadherin, in the presence
of SNAI1 or ZEB1 and siRNA knockdown of EMT drivers.
Melanoma are commonly driven by BRAFV600E/MAPK signalling which has been
reported to be more aggressive compared to BRAFWT (Davies. 2002). BRAFV600E signalling
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can be inhibited by the clinically applied drug vemurafenib (PLX4032). In Chapter 4 we
address whether the presence of a constitutively active MAPK function (BRAFV600E) has
relevance to VDR signalling in metastatic melanoma cells. We achieved this through exploiting
the BRAFV600E/MAPK pathway and comparing the effects of MAPK signalling on VDR
expression and activity in BRAFV600E to BRAFWT.
The overall results of vitamin D action in melanoma presented in this thesis are
summarised and discussed in Chapter 5, followed by its limitation and future perspective in
Chapter 6. Concluding remarks are found in Chapter 7 followed by the references in
Chapter 8, and the supplementary data to this thesis in Chapter 9.
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Materials and Methods
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2.1 Reagents
Ligands and inhibitors used in this study are summarised in Table 1. Unless stated otherwise,
the final concentration of ligands and inhibitors used for the experiments are also listed within
the table.

Table 1: Ligands and Inhibitors Employed to Assess 1,25D3/VDR Signalling in Metastatic
Melanoma Cell Lines. *Kindly gifted from Dr. Lise Binderup from Leo Pharmaceuticals
(Ballerup, Denmark) however, EB1089 is now officially licensed by Cougar Biotechnology
(Los Angelas, USA). **Kindly gifted from Dr. Carl Wagner, Arizona State University.

2.2 Plasmids
2.2.1 Reporter and Expression Vectors
Expression vectors pSG5-hVDR and pSG5-hRXRα were kindly provided by Prof. Mark
Haussler from College of Medicine, University of Arizona. The construction of the pcDNAV5VDR vector that expresses the VDR protein with a N-terminal V5 ‘tag’, originally generated
in our own lab, has been previously described (Jena. 2012).
The firefly luciferase-based reporter construct incorporating multiple VDREs (pcDR3)
was kindly donated by Prof Peter Jurutka, Arizona State University. The pGL3-CYP24 reporter
vector that encompasses -500 to +100 bps of the upstream promoter region of the human
CYP24 gene was kindly donated by Prof. J. Wesley Pike, University of Wisconsin.
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2.2.2 Maintenance and Storage of Plasmid Stocks
Pre-existing or newly received plasmid aliquots were maintained by re-transforming plasmid
into standard Library Efficiency® DH5α™ E. Coli (Invitrogen, #18263-012). DNA was added
to bacteria in a pre-chilled eppendorf and inverted 4-5 times before incubating on ice for 35min.
The bacteria/DNA mixture was heat-shocked at 42°C for 45sec, then placed on ice for 2min.
600μl of S.O.C medium (Invitrogen, #15544-034) was added and gently vortexed at 37°C,
200rpm for 1hr. Cells were then pelleted at 10 000xg for 1min at room temperature and 400μl
of the supernatant without disturbing the pellet was discarded. With the remaining supernatant
within the eppendorf, the pellet was re-suspended, plated on a Luria Bertani (LB) plate
containing 50μg/ml ampicillin (Sigma) and spread evenly using beads. Plates were thereafter
incubated at 37°C overnight. Transformed colonies were picked and cultured in 1ml of LBAmp (50μl/mg) at 37°C, 200rpm for 9hr. For long-term storage, glycerol stocks of transformed
bacteria harbouring plasmid were prepared with 400μl O/N LB-Amp culture and 600μl 50%
glycerol and stored at -80°C. The rest of the LB-Amp culture was used to inoculate 150ml LBAmp overnight at 37°C with rotation at 200rpm. The next day, the plasmid was extracted using
the Plasmid Maxi kit (Qiagen) following manufacturer’s instructions, and concentration and
purity through measurement by NanoDrop® ND 2000 Spectrophotometer (Labtech
International, Ringmer, UK).
To confirm the vector DNA, 500-1000ng of each isolated plasmid was subjected to
restriction digest with appropriate selected enzyme and reaction then subjected to
electrophoresis on a 1% Agarose gel in 1X TAE buffer (40mM Tris base, 20mM glacial acetic
acid, 1mM EDTA). Bands were then visualised on SYNGENE G:Box to verify generation of
bands of predicted size.
For long-term storage, the purified plasmid was stored at -20°C in TE buffer pH8.
‘Working’ aliquots of vector DNA for immediate use in experiments were stored for shortterm at 4°C.

2.3 Cell Culture
For this study we determined to use metastatic human-derived cell lines isolated from the skin
that harbour the most common mutation found in melanoma development, which is
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BRAFV600E, and BRAFWT as a control for the oncogenic mutation. These selected cell lines
do not contain PTEN nor NRAS mutation and have been previously reported to be responsive
to vitamin D (1,25D3) in which our study defines 1,25D3-responsive as cell lines who showed
inhibitory properties to proliferation upon VDR ligand. Melanoma cell lines were obtained
from the European Collection of Cell Culture (ECACC).
For our study, we employed two BRAFV600E melanoma cell lines, A375 and
SK-MEL-28, and MeWo that carries a BRAFWT. As positive controls, 1,25D3-responsive
epithelial cell lines LS180 (colon; ECACC) and LNCaP (prostate; ECACC) were used. A375
and MeWo were maintained in DMEM (10% FBS, 2mM L-glutamine, 1% penicillin and
streptomycin), SK-MEL-28 in RPMI-Glutamax (10% FBS, 1% penicillin and streptomycin),
LNCaP in RPMI-1640 (10% FBS, 2mM L-glutamine, 1% penicillin and streptomycin), and
LS180 in MEM (5%FBS, 1% penicillin and streptomycin, 1% NEAA, 1% sodium pyruvate).
All cell lines were maintained at 37˚C and 5% CO2. Media and supplements were purchased
from GIBCO (Invitrogen, Carlsberg, CA).
For experiments, cells were allowed to grow until 70-80% confluence before collected
and seeded at required density. In all experiments, cells were used between the 2nd to 10th
passage. Treatment solutions were prepared with the respective growth media unless specified
otherwise. Table 2 summarises the seeding density per well in a culture plate/dish for each cell
line used in our experiments.

Table 2: Seeding Density Per Cell Line.
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2.4 Gene Expression Analysis
2.4.1 RNA extraction
Total RNA extraction was performed using the RNeasy Plus kit (Qiagen, West Sussex, UK)
according to manufacturer’s protocol. In short, collected cells were lysed with 600μl Buffer
RLT containing 10μl/ml of β-mercaptoethanol and homogenised using a 20-gauge RNAasefree syringe. The homogenised lysate was transferred to a gDNA eliminator spin column and
centrifuged for 10sec at 8000xg. 350μl of 70% ethanol was then added to the flow-through and
transferred to a new RNeasy spin column placed in a 2ml collection tube and centrifuged for
15s at 8000xg. The flow-through was thereafter discarded and followed by series of washings
with centrifugation after each washing step, consisting of 200μl Buffer RW1 and 2x 200μl
Buffer RPE. RNA was thereafter eluted into a new 1.5ml eppendorf with 30μl RNase-free
water and centrifugation, followed by storage at - 80˚C.

2.4.2 RNA Quality Assurance
To assess the purity of the isolated RNA we assessed the mean of two measurements by using
the NanoDrop® ND 2000 Spectrophotemeter. In particular if the 260/280 value was lower than

~ 2.0 it indicates the presence of RNA impurities, such as protein or phenol. In that case,
ethanol precipitation of the sample was performed, otherwise if the RNA was considered pure
and proceeded with reverse transcription.
For ethanol precipitation, 0.1 volume of 3M sodium acetate (pH 5.2) was added to the
impure RNA, followed by 2.5 volumes of ice cold 100% ethanol. The mixture was then
centrifuged at 4˚C for 15min at 10 000xg. The supernatant was carefully discarded followed
by two washing steps with ice cold 70% ethanol, where each time it was centrifuged at 4˚C at
10 000xg, for 10min for the first wash and 5min for the second wash. The supernatant was each
time discarded followed by a vacuum centrifuge for at least 1hr until the pellet was completely
dried. The dry sample was thereafter dissolved in 15μl RNase-free water and checked for the
quality of the RNA again as described above.
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2.4.3 Reverse Transcription
For pure RNA, reverse transcription was performed using 2 000ng total RNA, 1μl 10mM dNTP,
500μg/ml oligo-DT (Invitrogen) to a total volume of 12μl with nuclease-free water. The
mixture was heated to 65˚C for 5min and chilled on ice before a 7μl mixture was added
containing 4μl 5x First-Strand buffer, 2μl 0.1M DTT and 1μl of nfH2O. The mixture was heated
for 2min at 42˚C before SuperScript™ II (Invitrogen, #188064-022) was added and incubated
at 42˚C for 50min and 70˚C for 15 min to inactivate the reaction. 20μl of synthesised cDNA
was then diluted 10 times and stored at -20˚C.

2.4.4 RT-PCR and qRT-PCR
The quality of cDNA was verified by RT-PCR. The PCR of cDNA was performed using a
mixture of 0.5μM 10mM forward and reverse primer of target gene, 5μl 5x Flexi Buffer, 1.5μl
25mM MgCl2, 0.5μl 10mM dNTPs, 0.1μl GoTag Flexi Polymerase (Promega, Madison), and
5μl 10ng/μl cDNA for each sample in a total volume of 20μl in RNase-free water. The reaction
was performed using the following PCR program set at 94˚C for 2min; 30–35 cycles at 94˚C
(30s), 60˚C (30s) and 72˚C (3 min). Samples were loaded onto a 1.5% agarose gel and run via
gel electrophoresis. Bands were visualised with β-actin as a loading control on SYNGENE
G:Box. Sense (5'-3') and antisense (5'-3') PCR primer are summarised in Table 3.

Table 3: Summary of Forward and Reverse Primers for RT-PCR
Quantitative Real-Time PCR (qRT-PCR) was achieved using a 10μl mixture, containing
2μl RNase-free water, 0.5μl hydrolysis probes, 5μl 2X Probe Master and 2.5μl 10ng/μl cDNA,
and performed on Roche LightCycler 480 (Roche, Burgess Hill, UK). Data was analysed using
the ΔΔCt method, where HPRT was used as the reference gene. Gene-specific hydrolysis
probes for qRT-PCR were purchased from Roche and summarised in Table 4.
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Table 4: Summary of Hydrolysis Probes for qRT-PCR.

2.5 Transient Transfection and Reporter Gene Assays
Cells were seeded in 24-well plates and transfected using Lipofectamine™2000 in Opti-MEM®
(Invitrogen) for 5hr at a 1:3 ratio of diluted DNA: Lipofectamine. For studies of VDR-mediated
responses, cells were transfected with 400ng/μl promoter vector pcDR3, pGL3-CYP24 or
parent vector control (pcDNA 3.1) alone or in combination with pSG5-hVDR and pSG5hRXRα. Transfection media was thereafter replaced with the cell line-specific growth media
containing 10nM 1,25D3 alone or in combination with the BRAFV600E-specific inhibitor
PLX4032 or the MAPK-specific inhibitor PD98059. To assess VDR responsiveness in the
presence and absence of BRAFV600E activity, cells received a pre-incubation with the
PLX4032 inhibitor or vehicle for 45mins before addition of vehicle, or 1,25D3, applied alone
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or in combination with the PLX4032 for an additional 24hr. To further investigate the
involvement of the MAPK pathway, cells were pre-treated with vehicle or 20μM PD98059 for
45min followed by an additional 24hr treatment of either vehicle, 1,25D3 alone or in
combination with 20μM PD98059.
To study the VDR responsiveness under conditions of BRAFV600E and proteasomal
inhibition, cells were transfected with VDRE- or CYP24 promoter-based reporters in
combination with expression constructs encoding V5-VDR using a similar procedure as
described above. Cells were incubated for 24hrs with vehicle or 10nM 1,25D3, applied alone
or in combination with PLX4032. Alternatively, for proteasome-based studies, cells were
incubated post-transfection for 24hr with 10nM 1,25D3 with the last 10hr of this period
including vehicle or PLX4032/ 5μM MG132 applied in combination.
The Renilla luciferase plasmid pRL-TK was included in all transfection experiments
for normalisation of transfection efficiency. After treatment, cells were lysed using 1X passive
lysis buffer (Promega) and the luciferase activity was determined using the Dual-Glo
Luciferase Reporter Assay System (Promega). Data was normalised relative to the luciferase
signal produced from the constitutively active pRL-TK vector and expressed as mean ± SEM
and as fold-induction from three biological experiments, where each data point is n=3.

2.6 Immunoblotting
2.6.1 Whole Protein Isolation
Whole protein extracts from different cell treatments and manipulations, were derived by
washing the cells in ice cold PBS followed by lysis using the sonicator, with each pellet
suspended in RIPA buffer (25 mM Tris–HCl pH 7.8, 150 mM NaCl, 1 mM EDTA pH 8.0, 0.5%
Igepal CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM DTT, 10% glycerol) in the
presence of protease inhibitors at 1:1 000 dilution (MERCK).

2.6.2 Protein Quantification
Protein concentration was determined using the Bio-Rad DCTM Protein Assay (Bio-Rad
Laboratories). In short, a standard curve was prepared using a serial dilution of bovine serum
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albumin (Sigma) and the sample was prepared as a 1:5 dilution in a total volume of 10μl, in
triplicates. Thereafter, 25μl of reagent A’, consisting of 1ml Reagent A (Bio Rad, #500-0113)
and 20μl reagent S (Bio Rad, #500-0115), was added followed by 200μl reagent B (Bio Rad,
#500-0114). The plate was incubated at room temperature for 15min at absorbance was
measured at 750nm using FLUO star Omega micro-plate reader. From the standard curve the
total amount of protein was calculated using the formula Y=mX+C (Y= absorbance, m= slope,
and X= protein concentration in mg/ml or ug/μl).

2.6.3 Western Blot
Western blot analysis was performed using 30μg lysates that were treated with 6.3μl NuPAGE
LDS Sample buffer (4x) and 2.5μl NuPAGE Reducing Agent (10x) in a total volume of 25μl
H20. The 25μl sample was heated at 95˚C for 5min and separated on NuPAGE 4–12% Bis-Tris
gel (Invitrogen) in 1X nuPAGE SDS MOPS running buffet at 200 volts for 1hr. After gel
electrophoresis, the protein fragments were transferred to nitrocellulose Ιmmobilon-P
membranes (Millipore Corp) using Bio-Rad Trans Blot® SD semi-dry transfer cell in 1X
transfer buffer (Tris-Base, Glycine and methanol) at 10 volts for 1hr. Successful transfer of
protein was assessed with by incubating the membrane in Ponceau S (Sigma, #L7170) solution
for 30sec. When the protein transfer was successful, the membrane was washed 3x for 10min
with 1X TBS-T. The membrane was there after blocked with 5% non-fat milk for 1hr at room
temperature and probed for primary antibody overnight at 4˚C. The next day, the membrane
was washed 3x for 10min with 1X TBS-T followed by the secondary antibody incubation for
1hr. Membrane was thereafter washed again with 1X TBS-T as described above, and the
visualised with Immobilon® Western Chemiluminescent HRP Substrate exposure (Millipore;
MERCK) on SYNGENE G:Box. Table 5 summarises the details on the primary and secondary
antibodies used in this study.
For re-probing, the same membrane was washed with mild stripping buffer containing
0.1M sodium deoxycholate and 1%SDS in 1XTBS-T for at least 30min. The membrane was
then re-blocked with 5% non-fat milk for 1hr at room temperature followed by the incubation
with the appropriate primary antibody as described above.
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Tween® 20 at 4°C

primary antibody in 5% milk, 1X TBS, 0.1% Tween® 20, or * in 5% w/v BSA, 1X TBS, 0.1%

Table 5: List of Primary and Secondary Antibody. Membranes were incubated with diluted
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2.7 RNA Interference
Small interfering RNA (siRNA) specific for SNAI1 (Dharmacon, #D-001810-10-05), ZEB1
(Thermofisher Scientific, #4390843), FBXW7 (Thermofisher Scientific, #4392420) or
respective controls (Dharmacon #K-010847-01-0005 and Thermofisher Scientific #s229971)
were applied with Lipofectamine RNAiMAX (Thermofisher Scientific) used as a transfection
reagent. A375 cells were seeded in a 35mm culture dish and transfected for 36hr. The final
aliquot for each well was 25pmol siRNA and 7.5μl of Lipofectamine RNAiMAX. After 36hr
of transfection, cells were treated with either vehicle, 10nM 1,25D3 or 10nM EB1089 for 24hr
before RNA or protein was extracted as described above in 2.4 and 2.6 respectively.

2.8 Co-immunoprecipitation (IP) of VDR
In a 35mm culture dish, A375 was transfected with expression construct for V5-tagged VDR
or parent vector control using Lipofectamine™ 2000 in Opti-MEM® (Invitrogen) for 18hr.
Transfected cells were then pre-treated with either control or PLX4032 for 4hr followed by an
additional 1hr of either vehicle or 2μM MG132. The collected cell pellets were re-suspended
in RIPA buffer (25 mM Tris–HCl pH 7.8, 150 mM NaCl, 1 mM EDTA pH 8.0, 0.5% Igepal
CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM DTT, 10% glycerol) containing 1:1000
Sigma protease inhibitor mix and sonicated. 800μg protein lysate was thereafter incubated with
20μl of goat polyclonal anti-v5 agarose beads (Abcam) and placed on a shaker at 4˚C overnight.
Collected beads were washed three times with co-IP wash buffer (25mM Tris–HCl pH 7.8, 150
mM NaCl, 1mM EDTA pH 8.0, 0.1% Igepal CA-630, 1mM DTT) containing 1:1000 Sigma
protease inhibitor and after each washing step, the solution was centrifuged at 8 000xg at 4˚C
and supernatant was carefully discarded without touching the bottom of the tube. Lysate was
thereafter eluted with 3X LDS buffer and used for western blot analysis. The membrane was
probed for ubiquitin (#ab7254; 1:1 000; Abcam), V5-tagged proteins (#46-0705; 1:5 000;
Invitrogen), and as an input 30μg whole protein was additionally probed with β-actin as a
loading control.
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2.9 DNA Methylation Analysis
Genomic DNA was extracted using the QiAMP DNA Blood Mini kit (Qiagen, Crawley, UK)
as per manufacturer’s recommendation. Quality of DNA was evaluated and quantified using
the Nanodrop® ND 2000 spectrophotometer. The DNA was bisulfite converted using the
EpiTect Bisulfite Kit (Qiagen, Crawley, UK) according to manufacturer’s protocol. The
samples were run on the PCR program set at 95°C for 30sec and 50°C for 60min for 16 cycles.
Bisulfite converted DNA was amplified using the the PyroMark PCR kit 200 (Qiagen,
Cralwey, UK). The E-cadherin primers sets were kindly donated by Prof. Colum Walsh from
Ulster University and samples were run on the PCR machine set at 95°C for 15min, followed
by 45 cycles of 95°C for 30sec, 56°C for 30sec, and 72°C for 10min. The quality of DNA was
verified through gel electrophoresis prior to pyrosequencing analysis, which was performed
using the Pyromark Q24 platform according to manufacturer’s instructions (Qiagen, Crawley,
UK). The CpG report and % of methylation was calculated by the Pyromark Q24 Software 2.0
(Qiagen, #9019062).

2.10 Cell Viability/ Proliferation Assay
For investigation of cell viability/proliferation, we employed A375, SK-MEL-28 and LNCaP
as a positive control. For cell viability/proliferation, cells were seeded in a 96 well plate,
whereas for the ‘direct’ cell counts cells were seeded in a 24 well-plate, followed by the
treatment of either control, 10nM 1,25D3 or 10nM EB1089 in normal growth media. In
SK-MEL-28, the assessment of cell viability/proliferation by ligand in the absence of potential
influence from any background steroids in media was also investigated using charcoal-free
media for various time points.
Cell viability/proliferation was measured using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega). The 96 well plate and its contents was equilibrated to room
temperature for approximately 30min followed by the addition of CellTiter-Glo Reagent,
containing the enzyme/substrate mixture, at a volume equal to the volume of cell culture
medium present in each well. The contents were gently mixed on the shaker to induce cell lysis
for 2min. Thereafter, the lysed cells were transferred to a plate that is compatible with our
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luminometer followed by the incubation at room temperature for 10min to stabilise
luminescence signal. The signal was thereafter measured using FLUO star Omega micro-plate
reader.
For direct cell counts, we collected the cells in an eppendorf and performed the trypan
blue exclusion assay using the haemocytometer or automated Invitrogen cell countess.

2.11 Colony Formation Assay
Cells were seeded in a 6-well plate and treated with either vehicle control, VDR ligands, or
PLX4032. For treatments with VDR ligand, a dose concentration range was used of 1nM,
10nM and 100nM for 10 consecutive days, with replenishment every 72hr. PLX4032 was
applied for 10 continuous days, without replenishment. Colonies were fixed with 12.2% acetic
acid and stained with crystal violet (2% for A375 and 3% for SK-MEL-28 and MeWo) for
30mins. The excess solution was washed under constant flow of tap water and air-dried for at
least 24hr. Photographs of the stained colonies were taken with a conventional mobile phone
before the colonies were counted and solubilised with 10% SDS to measure the absorbance at
570nm using FLUO star Omega micro-plate reader. Treatment groups were normalised to
control and depicted as percentage.

2.12 Statistical Analysis
Statistical analysis was determined using student’s t-test in Microsoft Excel 2019 and
confirmed with GraphPad Prism version 7.0 (GraphPad Software Inc, Ca, USA). Unless stated
otherwise, all data represent the average of three independent experiments, with each data point
performed in triplicate (n=3).
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Do EMT Drivers, such as SNAI1 and ZEB1, have an
Impact on VDR Signalling and Modulation of
E-cadherin Expression within Metastatic Melanoma?
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3.1 Introduction
Epithelial-mesenchymal transition (EMT) is a transient process in which highly plastic
cells acquire fibroblast-like properties showing loss of cell polarity, reduced intercellular
adhesion proteins and resulting increase in cell motility (Nieto. 2016). This process involves
the cell-to-cell adhesion molecule E-cadherin, for which its loss of expression has been
associated with the transcriptionally repressive activities of the EMT transcription factor family
(EMT-TF), that include SNAIL and ZEB (Battle. 2000) (Puisieux. 2014). Under normal
physiological conditions, EMT is implicated during embryonic development and wound
healing (Nieto. 2016) however, more recently, it has been reported that epithelial cancer cells
are capable to adapt this process to acquire invasive properties (Pálmer. 2004) (Neelakantan.
2017). Thus, the loss of E-cadherin is a key event during EMT development for epithelial
cancer cells to migrate and metastasise.
Recently, accumulating evidence has shown a strong association between the EMT and
Wnt/β-catenin pathways (Zhou. 2004) (Bachelder. 2005) (Yook. 2006), a pathway frequently
implicated in cancer development and poor prognosis for a variety of malignancies (reviewed
in Zhan. 2017). Expression of free cytosolic β-catenin, a proto-oncoprotein, is tightly regulated
by the GSK3β component within the APC/GSK3β degradation complex, and E-cadherin.
Under homeostatic conditions, and in the absence of Wnt ligand, cytosolic β-catenin is
phosphorylated by GSK3β for degradation, or alternately recruited by E-cadherin to form
E-cadherin/β-catenin complex to strengthen cell-cell adhesion at the cell membrane (Battle.
2000) (Nelson. 2004) (Puisieux. 2014) (McCrea. 2015). Therewith thus maintaining low
amount of free β-catenin in the cytosol (Figure 1, left panel). In neoplastic conditions, Wnt
binds to its receptor Frizzled, resulting in the inhibition of GSK3β and subsequent abrogation
of β-catenin degradation (McCrea. 2015). The stabilisation of β-catenin in the cytosol results
in the diffusion of the oncoprotein into the nuclei to induce the transcriptional activity of Wnt
target genes (McCrea. 2015). Most Wnt target genes stimulate cell growth by triggering G1-S
phase progression, in part by upregulating cyclin D1 (CCND1) and c-myc (MYC) and
concomitantly downregulating p21 (CDKN1A) (Sinnberg. 2011) (Niehrs. 2012). Interestingly,
studies have also shown that Wnt can also induce the transcription of the EMT-TF SNAIL (ten
Berge. 2008), and the loss of GSK-3β function, which is also responsible for the
phosphorylation of SNAIL for nuclear export and ubiquitin-mediated degradation, results in
the protein stabilisation and nuclear retention of SNAIL to promote EMT, in part by repressing
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E-cadherin transcription (Battle. 2000) (Cano. 2000) (Comijn. 2001) (Zhou. 2004) (Eger. 2005)
(Yook. 2006). The loss of E-cadherin thus further promotes the accumulation of β-catenin in
the cytosol and its activity. The interaction between EMT and Wnt signalling has been therefore
proposed to induce a positive feedback loop to promote tumour invasiveness (Larriba. 2007)
(Figure 1, centre panel).
The vitamin D receptor (VDR), upon the binding of its hormonally active vitamin D
ligand 1,25-dihydroxyvitamin D3 (1,25D3), has been reported to elicit anti-neoplastic effects
that include enhanced E-cadherin expression, promote β-catenin re-distribution and therefore
abrogating its cytosolic stabilisation, and the inhibition of Wnt/β-catenin signalling in epithelial
tumour types, including colon cancer (Pálmer. 2001) (Pálmer. 2003) (Aguilera. 2007). Clinical
data indicate that metastatic progression of melanoma is marked by a down regulation of VDR
protein (Brozyna. 2011) (Slominski. 2017), which would infer an impaired response to 1,25D3.
In line with this postulation, decrease of VDR in melanoma has been associated with predictors
for poor survival outcome (Slominski. 2017). Similar alterations within the VDR signalling
pathway are known to occur in the context of colon cancer, in which a diminished response to
1,25D3 signal is associated with an increase in the expression of SNAIL1 that can directly
inhibit E-cadherin and VDR transcription, resulting in the enhanced signalling of EMT/Wnt/βcatenin (Shabahang. 1993) (Pálmer. 2004) (Matusiak. 2005) (Larriba. 2007).
In this chapter, we hypothesise that diminished expression of VDR is associated with
the repressive behaviour of EMT-TF SNAI1, resulting in the abrogation of 1,25D3
responsiveness, such as E-cadherin expression, and therefore promote a more metastatic
behaviour in melanoma. When VDR expression however is restored, as defined by an
expression ratio of VDRhigh/ SNAIL1low, 1,25D3 responsiveness may be rescued and induce
melanoma cells to convert from a mesenchymal-like state to a more differentiated phenotype
(Figure 1, right panel).
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Figure 1: Illustrates the Complex Relationship between VDR and Wnt/EMT Pathway. (Left
panel) abrogation of Wnt activity by GSK3β, E-cadherin and VDR; (centre panel) positive
feedback loop between Wnt/β-catenin and EMT signalling; (right panel) the working model of
this chapter on whether SNAI1 inhibition would restore VDR activity and its responsiveness.
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3.2 Results
3.2.1 The BRAFV600E Inhibitor PLX4032, but Not VDR Ligands, is Selectively Antiproliferative for BRAFV600E Melanoma Cell Lines
Studies on epithelial cancer-derived cell lines have reported an anti-proliferative effect of
1,25D3, therefore we wished to determine the effects of VDR ligand on proliferation and/or
viability in different melanoma cell lines: BRAFV600E-harbouring melanoma A375 and
SK-MEL-28, BRAFWT MeWo, and as a control LNCaP for which our group has previously
determined 1,25D3/EB1089 to achieve an anti-proliferative response (Doherty. 2014). In these
experiments, we monitored the effect of VDR ligand on cell viability/proliferation under
different culturing conditions employing different experimental protocols represented by
Promega CellTiter-Glo and trypan blue exclusion assays.
We first assessed the dose-dependency responses exhibited by BRAFV600E-melanoma
cell line SK-MEL-28 upon vitamin D treatment, 1,25D3 and EB1089, up to 72hr
(Figure 2). When monitored through the CellTiter-Glo assay, a measurement of cell viability,
we do not observe any of the treatments to achieve any significant effect when compared to
vehicle control.

Figure 2: Dose- and Time-dependent Cell Viability in BRAFV600E-harbouring SK-MEL28. The time-dependent experiment was combined with using a series of concentration: 100nM,
10nM, 1nM, 0.1nM for 24hr, 48hr and 72hr. Cell viability was assessed through Promega
CellTiter-Glo assay. Data represents analysis of three independent experiments with each
treatment run in n=4. Data shown are represented as mean ± SEM.
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We treated the cells with VDR ligands in normal growth media that contains fetal
bovine serum (FBS), which consists of nutritional factors, bovine serum albumin and growth
factors, all of which are known to facilitate cell survival and proliferation. Importantly, FBS
also contains steroids therefore, in order to assess the proliferation effect upon vitamin D
steroids only, we treated SK-MEL-28 with VDR ligands in charcoal-stripped media that is
absent of any background steroids for up to 144hr (6 days). Additionally, as the Promega
CellTiter-Glo assay is a measurement of cell viability instead of direct cell division, we also
employed a second assay, the trypan blue exclusion assay, to directly count live cells. Similar
to previous observations, both the CellTiter-GLo (Figure 3A) and direct cell counting
approaches (Figure 3B), report no anti-proliferative activity in SK-MEL-28, even at the 144hr
time point of VDR ligand treatment.

Figure 3: SK-MEL-28 Showed no Anti-proliferative Effect under Charcoal-stripped VDR
Ligand Treatment. The time-dependent experiment was combined with using a series of
concentration: 100nM, 10nM and 1nM for 48hr, 96hr and 144hr. (A) Cell viability was
assessed through Promega CellTiter-Glo assay and (B) cell proliferation was assessed through
direct cell counting. Data represents analysis of three independent experiments and data shown
are represented as mean ± SEM.
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As BRAFV600E-harbouring melanoma cell lines have a constitutive active MAPK
signalling that represents an important driver of proliferation (Davies. 2002), and which may
have an impact on VDR driven responses, we therefore investigated the anti-proliferative
effects of VDR ligands in a melanoma cell line (MeWo) that harbours a wild type BRAFWT
function. Again, similar to the BRAFV600E cell lines, we observed no anti-proliferative effect
upon VDR ligand (Figure 4).

Figure 4: BRAFWT MeWo Showed No Anti-proliferation in Response to VDR Ligand. The
time-dependent experiment was combined with using a series of concentration: 100nM, 10nM
and 1nM for 24hr, 48hr and 72hr. Cell viability was assessed through Promega CellTiter-Glo
assay. Data represents analysis of three independent experiments and data shown are
represented as mean ± SEM.

To confirm the biological activity of VDR ligands in the context of another cancerderived cell line and known agents that inhibit their proliferation, we compared effects on
SK-MEL-28 with LNCaP prostate cancer cells. In addition to VDR ligands, we also treated the
cells with the BRAFV600E inhibitor PLX4032 (PLX) and, only for LNCaP, bexarotene, a
synthetic agonist for RXR. The data reveal that for LNCaP cells, 1,25D3 and EB1089, but not
bexarotene, have significant effects on LNCaP cells when assessed through direct cell counting
and measurement of cell viability, with EB1089 appearing to achieve the most effective
response of a reduction in cell numbers/viability of almost 50% in both assays (Figure 5A).
VDR ligands appear to have a modest but not statistically significant effect on the proliferation
of SK-MEL-28, while in contrast the PLX inhibitor, achieved a significant inhibition of
approximately 20% (Figure 5B), which as expected was not observed in LNCaP that is
BRAFWT.
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Overall, we can conclude that under all tested conditions, we did not observe any
significant effects of VDR ligands upon the growth/viability in melanoma cell lines regardless
of the dose and treatment time given.

Figure 5: Anti-proliferative Response was Observed in SK-MEL-28 when BRAFV600E was
Inhibited using PLX4032, whereas VDR Ligands Repressed Proliferation in LNCaP that is
BRAFWT. VDR ligands, BRAFV600E inhibitor PLX4032 and, only for LNCaP, a synthetic
agonist for RXR called bexarotene was used to treat cells for 144hr. (Left panel) cell viability
was assessed through Promega CellTiter-Glo assay and (right panel) cell proliferation was
assessed through direct cell count. Data represents analysis of three independent experiments,
with the exception of LNCaP it is a representative of 3 and under PLX4032 condition it was
from one biological experiment.

3.2.2 PLX4032 Abrogated Cell Colony Formation in BRAFV600E A375 and
SK-MEL-28, whereas BRAFWT MeWo Remained Spindle-like
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Next, we assessed the invasive behaviour of BRAFV600E and BRAFWT melanoma cells by
investigating their ability to form colonies. We plated the cells in a 6 well-plate with various
concentrations of VDR ligands or BRAFV600E inhibitor PLX, applied at the same
concentrations that induced 50% (IC50), 70% (IC70) and 90% (IC90) inhibition of cell
proliferation in A375 and SK-MEL-28 when assessed through CellTiter-Glo assay (Figure 6).
The cells were treated without the replenishment of media for 10 days leading to a serumdepleted state, which challenges the cells to stay viable, a similar concept to “survival of the
fittest”, and therefore resulting in only the most invasive cells to survive and able to form
colonies. At the end of incubation, cell colony formation was thereafter determined through
staining using crystal violet solution and assessed through direct counting and confirmed by
ImageJ, and/or the stained colonies were solubilised, and the absorbance was then measured at
570nm.

Figure 6: Concentration of PLX4032 that Induced a 50%, 70% and 90% Inhibition of Cell
Proliferation in A375 and SK-MEL-28. (A) Cells were plated in a 24 well-plate and treated
at various concentrations with PLX4032 and measured using CellTiter-Glo at day 4.
Concentrations were thereafter calculated with the response-curve where the x-axis was
logarithm-transformed. Data represents analysis of three independent experiments with each
treatment run in n=4. (B) Summarises the various PLX concentrations per cell line.

At first, we investigated the difference of colony formation as a result of exposure to
VDR ligand over a ten-day period under two differing treatment regimes, which were 10
consecutive days vs. re-treatment with ligand on every third day. This was to take into
consideration the potential catabolism of added VDR ligand as a result of induced CYP24
expression and its associated metabolic activity. PLX was only applied once, at the
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commencement of treatment and maintained over consecutive 10 days. This procedure was
performed on A375 and SK-MEL-28 cells. The data for treated cells obtained through direct
counting and ImageJ analysis were normalised to their corresponding control and depicted as
percentage, where control treatment was set to 100% and the ligand/inhibitor treatments were
calculated relative to control and represented as percentage.
For A375 (Figure 7) and SK-MEL-28 cells (Figure 8), we obtained a slightly better
effect with re-treatment (right panel) in comparison to consecutive 10-day VDR ligand
treatment (left panel) resulting in slightly fewer colony formation. This response was dosedependent, where EB1089 induced a slightly better response in comparison to 1,25D3.
Interestingly, regardless of the mode of treatment, the effects of PLX, for both cells were
striking, resulting in the barely detectable levels of colony formation indicating a heightened
sensitivity of this system compared to results obtained from cell viability assays. Of note, the
significant effect of lack of colony formation were already observed at PLXIC50 (A375: 0.3μM
and SK-MEL-28: 0.9μM), which were comparable to the IC50 concentration determined and
employed in other studies, i.e. for A375: 0.4 - 0.6μM and SK-MEL-28: 0.9 – 1.5μM, as
determined by MTT assay (Yang. 2010) (Niehr. 2011) (Su. 2011).
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A) Cell Colony Counting: A375
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Figure 7: BRAFV600E Inhibition Significantly Abrogated Cell Colony Formation in A375.
Cells were seeded in a 6-well plate and received inhibitor for consecutive 10 days, or VDR
ligand treatment for (left panel) a consecutive 10 days or (right panel) re-treated on every third
day. Colony formation were counted using (A) direct cell counting and through (B) Image J.
Data are represented as the average from three independent biological experiments and shown
as mean ± SEM. A value of ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.001 VDR ligand or
inhibitor vs. control treatment were considered statistically significant.
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A) Cell Colony Counting: SK-MEL-28
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B) Image J: SK-MEL-28
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Figure 8: BRAFV600E Inhibition Prevented Cell Colony Formation in SK-MEL-28. Cells
were seeded in a 6-well plate and received inhibitor for consecutive 10 days, or VDR ligand
treatment for (left panel) a consecutive 10 days or (right panel) re-treated on every third day.
Colony formation were counted using (A) direct cell counting and through (B) Image J. Data
are represented as the average from three independent biological experiments and shown as
mean ± SEM. ND = not detectable and a value of * p ≤ 0.5 VDR ligand vs. control treatment
was considered statistically significant.

It is important to note that we had to adjust the treated cells to their respective control
treatment in order to normalise our data, it therefore failed to show the difference between each
experimental assay and the difference between the cell lines. Figure 9 shows that the number
of isolated colonies formed in A375 is more than in SK-MEL-28. Additionally, the colonies for
SK-MEL-28 were difficult to stain even following an increase in the concentration of the
staining solution from 0.5% to 3%, this may infer that the colonies for SK-MEL-28 were
starting to adhere to the plate but could never properly fully develop as with A375. The

50

Role of SNAIL1 and ZEB1 in VDR Signalling and E-cadherin Expression
challenge of staining SK-MEL-28 colonies therefore may explain the slightly bigger variation
observed when measured with direct cell count vs. Image J than in A375. In both cell lines, it
was apparent that fewer colonies were formed when cells were re-treated with VDR ligand
every third day than over a continuous 10-day treatment (using 1,25D3 with the most striking
effect at 100nM) (Figure 9, right panel).

Figure 9: Re-treatment of VDR Ligand on Every Third Day Results in Fewer Cell Colonies
to be Formed in BRAFV600E-harbouring Melanoma. Cells were seeded in a 6-well plate
and 100nM VDR ligand treatment for (left panel) a consecutive 10 days or (right panel) retreated on every third day. Crystal violet solution at (A) 2% for A375 and (B) 3% for SK-MEL28 were used to stain cell colonies. Photographs were taken with a standard mobile phone.
Data is representative of 3.

Next, we investigated cell colony formation in MeWo that is BRAFWT in response to
treatment with VDR ligand and PLX. Although MeWo contains BRAFWT, its morphology is
similar to SK-MEL-28, in adopting a spindle-like morphology, whereas in A375 it is more
spherical (Figure 10, top panel). Since we observed a better response with the re-treatment of
VDR ligands in BRAFV600E cell lines, we applied the same method for MeWo. The higher
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concentration of PLX inhibitor between the two cell lines, which were the concentrations used
for SK-MEL-28, was used for MeWo.
In contrast to SK-MEL-28 and A375, MeWo was unable to form proper colonies
throughout our experiments (Figure 10, bottom panel) therefore a direct cell count was
impossible. For this reason, we solubilised the stained cells and measured the absorbance in all
tested three cell lines to get an estimation.

Figure 10: MeWo that Harbours BRAFWT Fails to Form Proper Cell Colonies. Morphology
of A375 and SK-MEL-28 that harbour BRAFV600E, and MeWo that is BRAFWT in (top panel)
normal growth media and (bottom panel) at day 10 under control treatment. Crystal violet
solution at 2% for A375 and 3% for SK-MEL-28 and MeWo were used to stain cell colonies.
Photographs were taken with a standard mobile phone. Data is representative of 3.

Our results indicate a VDR ligand dose-depended repression of cell colony formation
in BRAFV600E A375 and SK-MEL-28 and a reduction of cell numbers in BRAFWT MeWo
(Figure 11A). We have observed a reduction of colony formation using 1,25D3 at 100nM
however, it is important to highlight that 1,25D3 at a higher concentration than 10nM are
beyond supraphysiological and likely effects may be non-specific effects of a secosteroid. Thus,
we conclude that only EB1089 was able to induce reduction in colony formation and cell
numbers in A375 and MeWo respectively (Figure 11B). Importantly however, PLX induced a
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downregulation of colony formation in BRAFV600E A375 and SK-MEL-28 to barely
detectable levels, whereas BRAFWT MeWo remained unaffected.

Figure 11: A Dose-depended VDR Ligand Repression of Cell Colony Formation in A375 and
SK-MEL-28 and a PLX4023-induced Abrogation of Cell Colony Formation in
BRAFV600E-, but not BRAFWT-, Harbouring Melanoma Cell Lines. Cells received VDR
ligand treatment, in which a re-treatment on every third day, or an BRAFV600E inhibitor
PLX4032 for consecutive 10 days was given. (A) Photographs were taken with a standard
mobile phone and the image is a representative of n=3. (B) Stained cells were thereafter
solubilised with 10% SDS and absorbance was measured at 570nm. Data are represented as
the average from three independent biological experiments and shown as mean ± SEM. A value
of * p ≤ 0.05, *** p ≤ 0.001 and **** p ≤ 0.0001 VDR ligand vs. control treatment was
considered statistically significant.
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3.2.3 Melanoma and Epithelial Cancer Show an Inverse Correlation between SNAI1 and
E-cadherin
Studies on epithelial cancer have indicated VDR responsiveness to be repressed by SNAI1, in
part by inhibiting E-cadherin expression and promoting Wnt function, and therefore resulting
in the cancer cells to acquire more metastatic behaviour, such as pro-proliferation and cell
invasion (Battle. 2000) (Pálmer. 2004) (Larriba. 2007). First, we investigated the basal
expression of VDR, its primary and highly sensitive target gene CYP24, SNAIL1 and
E-cadherin expression by quantitative PCR in the absence of hormone. In physiologically
homeostatic condition, CYP24 is not detectable in the absence of VDR ligand, as it is only
induced to catalyse 1,25D3 to its inactive form however an overexpression of CYP24 has been
previously proposed to be an oncogene (Horváth. 2010) therefore it would be of interest to
initially investigate the CYP24 expression in the absence of ligand. We employed
BRAFV600E-harbouring melanoma cell lines A375 and SK-MEL-28, and VDR responsive
epithelial cell lines LNCaP (prostate) and LS180 (colon) as controls. LNCaP has been
extensively used in our laboratory and exhibits an anti-proliferative response to 1,25D3
(Doherty. 2014), and LS180 has been used as a model for studying the VDR driven
transcriptome and faithfully can recapitulate the vitamin D response, as demonstrated by the
group led by Prof. Pike (Meyer, Goetsch & Pike. 2014).
We observed appreciable levels of VDR in both melanoma cell lines, similar to the
levels found for our control LNCaP (Figure 12A, left panel). Both in our melanoma cell lines
and in LS180 we unexpectedly observed CYP24 mRNA to be appreciably expressed at basal
levels in the absence of vitamin D, with the highest expression found in A375 (Figure 12A,
right panel). Studies on epithelial cancer have reported the capability of the EMT-TF, SNAI1
to directly repress transcription of E-cadherin (Battle. 2000) (Pálmer. 2004) (Larriba. 2007),
and in line with these reports we observe a negative correlation between SNAI1 and E-cadherin
expression in our melanoma and control cell lines (Figure 12B).
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Figure 12: Negative Correlation Between SNAIL1 and E-cadherin mRNA in Metastatic
Melanoma and Our Control Epithelial Cell Lines. Quantitative PCR for VDR, its primary
target gene CYP24, the EMT-TF SNAI1 and the cell-cell adhesion molecule E-cadherin. Basal
expression level, in the absence of VDR ligand, was measured in BRAFV600E-harbouring
metastatic cell lines A375 and SK-MEL-28, and epithelial cell lines LNCaP(prostate) and
LS180 (colon) as control. Data are represented as the average from three independent
biological experiments, where each data point is n=3. Data is shown as mean ± SEM.
ND = not detectable.

3.2.4 VDR Ligands Increase E-cadherin mRNA and Protein in SK-MEL-28, but not in
A375 that Expresses Relatively Higher Level of SNAI1
Next, we investigated the relationship between VDR and SNAI1 to E-cadherin expression in
the presence of VDR ligands. We performed quantitative PCR after the melanoma cell lines
were treated for 24hr or 96hr time periods, with control, 1,25D3 (10nM) or of its synthetic
potent analogue EB1089 (10nM).
SK-MEL-28 and A375 expressed comparable levels of VDR, independent of VDR
ligand treatment and even when the treatment was extended to 96hr (Figure 13A, left panel).
In contrast, treatment with 1,25D3, but not EB1089, at 24hr appeared to mediate
downregulation of SNAI1 in A375 cells by almost 50% in comparison to levels noted in control
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samples, whereas in SK-MEL-28 cells, any trend towards downregulation was however not
observed to be significant. When VDR ligand treatment was taken up to the 96hr time point
however, the effects of 1,25D3 on SNAI1 expression in A375 cells became more modest and
unable to repress SNAI1 expression to any level of significance. Importantly however, the
overall expression level of SNAI1 is significantly higher in A375 compared to SK-MEL-28,
indicating that SNAI1 is the predominant variable in comparison to VDR expression between
the two melanoma cell lines, where the relative ratio of VDR to SNAI (VDR/SNAI1) at 24hr
is 3:1 for A375 in comparison to 109:2 for SK-MEL-28 (Figure 13A, right panel summarises
the calculated VDR/SNAI1 ratios).
In line with previous observations, the expressions of E-cadherin and SNAI1
expression are negatively correlated (Figure 13B). Interestingly, we observed a 4-fold increase
in the mRNA levels of E-cadherin in SK-MEL-28 following treatment with VDR ligand at
24hr, whereas E-cadherin expression remained absent in A375 even at the 96hr time point.
This observation was thereafter confirmed on a protein level on cell lysates taken at the 24hr
time point, where VDR ligands also seem to increase E-cadherin on a protein level (Figure
13C). Interestingly, although we previously observed VDR ligand to have no effect on VDR
mRNA we detected an increase of VDR protein in both cell lines. Since VDR expression
appears to be regulated similarly in response to ligand between the cell lines, but E-cadherin
mRNA and protein remain absent in A375, the latter observation may result from the higher
levels of repressive levels of SNAI1, as A375 exhibit significantly higher SNAI1 expression
than SK-MEL-28.
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Figure 13: SK-MEL-28 Showed an Increase of E-cadherin mRNA and Protein upon VDR
Ligand, whereas in A375 that Expresses a Relatively Higher Level of SNAIL1 E-cadherin
Expression Remained Absent. The relationship between (A) the expression ratio of
VDR/SNAI1 with (B) E-cadherin was investigated by quantitative PCR and (C) western blot.
mRNA was isolated after a 24hr and 96hr 10nM VDR ligand treatment, whereas protein was
extracted after a 24hr 10nM ligand treatment. Quantitative PCR data are represented as the
average from three independent biological experiments, where each data point is n=3. Data is
shown as mean ± SEM. ND = not detectable, a value of * p ≤ 0.05, ** p ≤ 0.01 VDR ligand vs.
control treatment, and ### p ≤ 0.001 between the cell lines with their respective treatment of
time point was considered statistically significant. Western blot image is a representative of
n=3.

3.2.5 VDR Exhibits a Diminished Functional Response in BRAFV600E Melanoma
Since VDR ligand increased the expression of E-cadherin mRNA and protein in
SK-MEL-28, whereas it remained absent in A375, we suspected SK-MEL-28 would exhibit a
more favourable VDR response to ligand and a more differentiated-like phenotype compared
to A375. Signalling of VDR has previously shown to inhibit Wnt/β-catenin activity (Pálmer.
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2001) (Pálmer. 2003) (Aguilera. 2007) we therefore addressed this proposal by investigating
the expression of VDR and Wnt target genes following 24hr treatment with VDR ligands.
VDR ligand treatment for 24hr had generally a modest effect on the expression of VDR
(Figure 14A) and Wnt (Figure 14B) target genes, with the exception of the highly inducible
vitamin D target gene CYP24 in both cell lines (highlighted by the red asterisk). We noted
1,25D3 to increase CYP24 expression by over 1000-fold in A375 and almost 2000-fold in
SK-MEL-28, however the expression level of CYP24 upon 1,25D3 was almost 10-fold higher
in A375 than in SK-MEL-28. Although the other genes responded only modestly to 1,25D3,
the general expression level between the cell lines showed that the VDR target genes were
surprisingly overall higher in A375 than in SK-MEL-28, which were Dickkopf 1 (3-fold), p21
(10-fold), and S100 calcium binding protein A2 (10-fold) (Figure 14A). In contrast to VDR
target genes, we also unexpectedly observed relatively lower levels of Wnt target gene
expression in A375 compared to SK-MEL-28, these include cyclin D1 (3-fold), surviving (1.4fold) and c-myc (10-fold) (Figure 14C). Thus, A375 exhibits a pattern of higher VDR but
lower Wnt target gene expression when compared to SK-MEL-28. It is important to note that
the general expression levels of c-myc, similarly to the VDR target genes p21 and CYP3A4,
are relatively low in both cell lines.
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Figure 14: VDR Ligand Induced Modest VDR Responsiveness in Both Cell Lines, with the
Exception of CYP24. Quantitative PCR for expression of (A) VDR and (B) Wnt target genes
after a 24hr 10nM VDR ligand treatment. (C) Summarises the ΔΔCT values for the Wnt target
genes. Data are represented as the average from three independent biological experiments,
where each data point is n=3. Data is shown as mean ± SEM. A value of * p ≤ 0.05, ** p ≤
0.01, and *** p ≤ 0.001 was considered statistically significant.

Since 1,25D3 can also have secondary (or indirect) gene regulatory effects, we
extended our assessment of target gene expression up to 96hrs. Similar to the 24hr data, there
appears to be little response to vitamin D ligand with the exception of CYP24 (Figure 15).
Comparison of the overall levels of expression between the cell lines upon 1,25D3 at a 96hr
time point, A375 expresses significantly higher levels of CYP24 (4-fold), Dickkopf1 (10-fold)
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and S100A2 (10-fold) (Figure 15A), whereas cyclin D1 (10-fold) was significantly lower
(Figure 15B) than in SK-MEL-28. As previously mentioned, the expression levels of c-myc
and p21 at 24hr were relatively low in both cell lines, and their overall responsiveness remained
moderate even at 96hr time point (Figure 16), indicating that VDR ligand has no or little effect
on these genes.

Figure 15: CYP24 is the Only VDR Responsive Target Gene in Response to Ligand
Treatment. Quantitative PCR for expression of (A) VDR and (B) Wnt target genes at 24hr (as
previously shown in Figure 14) and 96hr 10nM VDR ligand treatment. Data are represented
as the average from three independent biological experiments, where each data point is n=3.
Data is shown as mean ± SEM. A value of * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001 VDR ligand
vs. control treatment, and # p ≤ 0.05 and ## p ≤ 0.01 between the cell lines with their respective
treatment of time point was considered statistically significant.
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Figure 16: C-myc and p21 Expression Remained Low Upon 96hr of VDR Ligand Treatment.
Quantitative PCR after a 96hr 10nM VDR ligand treatment in A375. Data are represented as
the average from three independent biological experiments, where each data point is n=3. Data
is shown as mean ± SEM.

Due to the modest transcriptional responses to VDR ligand exhibited within melanoma
cell lines, we compared the patterns of expression exhibited by the same target genes in other
epithelial-derived cancer cell lines. As anticipated, mRNA expression of CYP24 was
significantly increased following exposure to 1,25D3 in both LNCaP (154-fold) and LS180
(5172-fold) cell lines, VDR ligand had little effect upon modulation of VDR mRNA in LNCaP
cells, an effect noted also in the melanoma cell lines, whereas a significant increase was
observed in LS180 (1.4-fold) when compared to control treatment (Figure 17). LNCaP
displayed a 1,25D3-induced inhibition of p21 (by 36%) and cyclin D1 (by 27%), and therefore
suggesting that anti-cancer effects of VDR in melanoma appear to be ‘blunted’. Overall our
results indicate that with the exception on the CYP24 gene, the main vitamin D target genes
within our tested melanoma cell lines of an anti-cancer function, exhibited negligible
transcriptional responsiveness to vitamin D ligand.
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Figure 17: 1,25D3 Induced Inhibition of Wnt Target Gene cyclin D1 in LNCaP. Quantitative
PCR after a 24hr 1,25D3 ligand treatment. Data are represented as the average from two
independent biological experiments, where each data point is n=3. Data is shown as mean ±
SEM. A value of * p ≤ 0.05, ** p ≤ 0.01 was considered statistically significant.

3.2.6 SNAI1 Knockdown Fails to Recover E-cadherin Expression and Response to 1,25D3
in Melanoma Cells
To assess whether the loss of E-cadherin expression and the blunted responsiveness to 1,25D3
result from a high expression level of SNAI1, we performed siRNA against SNAI1 in A375
cells. Preliminary experiments validated knockdown and optimum length of transfection to be
36hr (data not shown).
A375 cells, that exhibited relatively little expression of E-cadherin and higher levels of
SNAI1, was therefore transfected with siSNAi1 or control for 36hr followed by an additional
24hr dosage with VDR ligand (10nM) or vehicle control. We obtained over a 70% knockdown
of SNAI1 and our data indicate that with this repression, there as little effect on VDR mRNA
independent of VDR ligand (Figure 18A). The knockdown of SNAI1 was also verified on a
protein level and in line with previous observations, VDR ligand had no effect on VDR mRNA
(Figure 18A) however, on a protein level it was increased/stabilised (Figure 18B). Importantly,
we noted a recovery of basal VDR protein even in the absence of hormone when SNAI1 was
inhibited (Figure 18B, highlighted by red asterisk). Despite the upregulated expression of VDR
protein, we were nonetheless unable to rescue an expression of E-cadherin mRNA or protein
in this cell line.
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Next, we investigated the liganded responses of VDR (Figure 18C) and Wnt (Figure
18D) target genes when SNAI1 is repressed. Upon the depletion of SNAI1, we observed a
slightly lower Wnt target gene expression, including cyclin D1 (40%) and survivin (50%)
however, these data are similar to previous results where VDR responsiveness upon 1,25D3
and EB1089 remain generally blunted when compared to control treatment, with the exception
of CYP24 (highlighted by red asterisk).

Figure 18: Knockdown of SNAIL1 Failed to Rescue E-cadherin Expression in A375. A375
were seeded in a 35mm culture dish and transfected with siSNAI1 or control using
Lipofectamine RNAIMAX for 36hr followed by an additional 24hr of 10nM VDR ligand
treatment or control. Data are represented as the average from three independent biological
experiments, where each data point is n=3. Data is shown as mean ± SEM. A value of ** p ≤
0.01, *** p ≤ 0.001 VDR ligand vs control and # p ≤ 0.05 and ## p ≤ 0.01 siSNAI1 vs. control
siNON-target was considered statistically significant. Image is a representative of n=3. Red
asterisks highlight the recovered VDR protein when SNAI1 is repressed in the absence of
hormone and the statistically significant increase of CYP24 transcription in response to VDR
ligands.

3.2.7 Amongst the Other EMT-TFs, ZEB1 Expression Remained Unaffected when SNAI1
was Inhibited
As EMT induction is not an exclusive event driven by SNAIL1, we addressed the expression
of other EMT-TFs. Studies on colon cancer have shown that besides SNAIL1, SNAIL2 also
has the capability to repress E-cadherin and VDR transcription (Pálmer. 2003) (Peña. 2005)
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(Larriba. 2009). SNAIL2 is the only isoform to SNAIL1 and since our data indicate that SNAI1
does not repress E-cadherin and VDR responsiveness in melanoma, we asked whether SNAIL2
or other EMT-TFs may contribute/ take over the repressive behaviour of SNAIL1 to inhibit
E-cadherin expression and VDR responsiveness when SNAIL1 is knocked down. In a situation
in which SNAIL2 or other EMT-TFs would take over the repression of E-cadherin, it is possible
that their expressions following SNAI1 knockdown may become increased. Therefore, we
investigated the expression level of other EMT-TFs, including SNAIL2, following knockdown
of SNAI1 in A375. In the presence of SNAI1, VDR ligand induced a decrease of SNAI2 by
approximately 40%, whereas it was comparable to control for ZEB1, ZEB2 and TWIST1
(Figure 19). Following the knockdown of SNAI1, the level of SNAI2 in the absence of
hormone was comparable to control transfection, whereas a slight reduction was observed for
ZEB1 and TWIST1, but it was only significant for ZEB2 (50%). Upon VDR ligand, under the
repression of SNAI1, all EMT-TFs, including SNAI2 that has previously shown a
downregulation upon VDR ligand, were comparable to control treatment. Thus, concerning the
unexpected similar SNAI2 expression upon 1,25D3 ligand before and after SNAI1 knockdown,
it is possible that the knockdown of SNAI1 allowed 1,25D3 to induce an upregulation of SNAI2
resulting in the similar expression level to when SNAI1 is expressed. Interestingly, ZEB1 and
ZEB2 expression were comparable and remained significantly higher even after SNAI1
knockdown in comparison to SNAI2 (3-fold) and TWIST1 (10-fold).
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Figure 19: Expression of Other EMT-TFs when SNAI1 was Inhibited. A375 were seeded in
a 35mm culture dish and transfected with siSNAI1 or control using Lipofectamine RNAIMAX
for 36hr followed by an additional 24hr of 10nM VDR ligand treatment. Data are represented
as the average from three independent biological experiments, where each data point is n=3.
Data is shown as mean ± SEM. A value of ** p ≤ 0.01, *** p ≤ 0.001 VDR ligand vs control
and # p ≤ 0.05 and ## p ≤ 0.01 siSNAI1 vs control siNON-target was considered statistically
significant.

3.2.8 ZEB1 as the Potential EMT-driver in BRAFV600E-containing Melanoma
Since previous experiments were focused on A375, we wished to characterise the expression
level of EMT-TFs in both the tested BRAFV600E melanoma cell lines, in which where we
determined their expressions at both basal conditions (non-treated) (Figure 20A) and after 24hr
exposure to 1,25D3 (Figure 20B). Interestingly, we observed overall higher basal expressions
for mRNA encoding the selected panel of EMT-TFs in A375 cells than compared to SK-MEL28, with the exception of SNAIL2, which is expressed at levels 150-fold higher than noted for
A375 (Figure 20A). As a result of treatment with 1,25D3, we observed downregulations for
the expressions of SNAI1 and SNAI2 in A375, and in SK-MEL-28 a downregulation of SNAI1,
but increased expressions of ZEB1 and TWIST1 (Figure 20B). Of note, independent of 1,25D3
treatments, the expression levels of ZEB1 and ZEB2 were significantly higher than the other
EMT-TFs in A375, whereas the predominant EMT-TFs in SK-MEL-28 were SNAI2 and ZEB2.
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Figure 20: Characterisation of EMT-TFs in A375 and SK-MEL-28. Quantitative PCR for
EMT-TFs (A) at the basal transcriptional level and (B) under 10nM 1,25D3. Data are
represented as the average from three independent biological experiments, where each data
point is n=3. Data is shown as mean ± SEM. (A) A value of ** p ≤ 0.01 and *** p ≤ 0.001 SKMEL-28 vs. A375 was considered statistically significant and (B) a value of * p ≤ 0.05 and **
p ≤ 0.01 1,25D3 vs control was considered statistically significant.

Studies have shown that SNAIL1 initiates the repression of E-cadherin and induction
of EMT, while concomitantly cooperating with TWIST1 to induce ZEB1 expression (Dave.
2011). ZEB1, like SNAIL1, is also able to repress E-cadherin transcription (Peinado. 2007).
We therefore investigated the expression level of ZEB1 in our control cell lines that express
E-cadherin and exhibit VDR responsiveness. In contrast to our melanoma cells, both LNCaP
prostate cancer (Figure 21A) and LS180 colon carcinoma cells lines (Figure 21B) exhibit
levels of ZEB1 expression significantly lower than SNAI1. Since SNAI1 is able to induce
ZEB1 expression to repress E-cadherin, and our data indicate a relatively higher expression of
SNAI1 and ZEB1 in A375 that lacks E-cadherin expression, and a relatively lower SNAI1 and
ZEB1 expression in cell lines that express E-cadherin (SK-MEL-28, LNCaP and LS180), it
could be that ZEB1 contributes to the abrogation of VDR responsiveness. Therefore, we
investigated the effect of expression of E-cadherin and VDR responsiveness in A375 when
ZEB1 is knocked down.
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Figure 21: Epithelial Cells that Express E-cadherin and have a Functional VDR
Responsiveness show Barely Detectable Levels of ZEB1. Quantitative PCR for SNAI1 and
ZEB1 expression in (A) LNCaP and (B) LS180. Data are represented as the average from two
independent biological experiments, where each data point is n=3. Data is shown as mean ±
SEM.

3.2.9 ZEB1 Knockdown Fails to Recover E-cadherin Expression and Cellular Response
to 1,25D3 in Melanoma Cells
We obtained a knockdown of ZEB1 over 85% in A375 however, following the repression of
ZEB1, all investigated genes were comparable to transfection control (Figure 22). For the
ZEB1 knockdown, we observed a downregulation of Dickkopf 1 by 1,25D3 but not EB1089,
however it was not significant (p=0.2) and therefore, in line with previous results, VDR
responsiveness remain muted with the exception of CYP24 (highlighted with a red asterisk).
E-cadherin expression was upregulated when ZEB1 was repressed, however the expression
level remains extremely low and to be considered barely detectable. We therefore conclude that
a single knock down of SNAI1 or either ZEB1 fail to recover E-cadherin expression and VDR
responsiveness.
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Figure 22: Knockdown of ZEB1 Fails to Recover E-cadherin Expression and VDR
Responsiveness. Quantitative PCR in A375 for (top panel) EMT-involved genes and (bottom
panel) VDR and Wnt target genes. siZEB1 or control transfection was performed using
Lipofectamine RNAiMAX followed by an additional 24hr 10nM VDR ligand treatment. The
final concentration per 35mm well were 25pmol of siRNA and 7.5μl of Lipofectamine
RNAiMAX. Data are represented as the average from three independent biological experiments,
where each data point is n=3. Data is shown as mean ± SEM. A value of ** p ≤ 0.01, *** p ≤
0.001 and **** p ≤ 0.0001, VDR ligand vs. control and # p ≤ 0.05 siSNAI1 vs. control siNONtarget was considered statistically significant.

3.2.10 The Investigation of Transient to Stable E-cadherin Repression
The limited VDR response can be due to multiple factors, however it has been proposed that
this event may involve cyclical recruitment of co-repressors to alter the architecture of
chromatin in the vicinity of target genes. Unliganded VDR has been shown to interact with
corepressors, such as NCoR1 and NCoR2/SMRT, to recruit histone deacetylases (HDACs)
(Hartman. 2005) (Pereira. 2012) to inhibit a subset of target genes that are normally induced in
the presence of 1,25D3 (Blumberg. 2006) (Engelhard. 2010) (Huet. 2015) (Lee. 2016). SNAI2
has also shown the ability to interact with NCoR in its SNAG domain, which is required for its
EMT activity (Molina-Ortiz. 2012). It has also been reported that Snail mediates E-cadherin
repression by the recruitment of HDAC1/2 (Peinado. 2004). Thus, since HDAC have an
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involvement in VDR repression we asked if NCOR1/2 could be involved to recruit HDAC for
its repression of VDR target genes, such as E-cadherin, in metastatic melanoma.
We hereby first looked at the basal level of NCOR1/2 in both of our melanoma cell
lines. SK-MEL-28 has previously shown to express significantly higher SNAI2 than A375
however the expression of NCoR is comparable to A375 (Figure 23A). In A375, we also
looked at the effect of VDR ligand on NCoR expression and it was comparable to control
treatment (Figure 23B). It is important to note that the overall expression level of NCoR in
both cell lines were barely detectable therefore we conclude that the repression of E-cadherin
and VDR signalling does not involve NCOR activity in the metastatic stage of melanoma.
Nevertheless, it does not rule out the general involvement of other co-repressors and/or HDACs
to repress target genes. A feasible experiment to test for any impact of co-repressors would be
to employ HDAC inhibitors like TSA or valproic acid followed by qPCR for any possible
restored response of target genes, including E-cadherin, to 1,25D3.
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Figure 23: Melanoma Development Does not Involve NCOR Activity in its Metastatic Stage.
Quantitative PCR for NCOR1/2 (A) in A375 and SK-MEL-28 in the absent of treatment and (B)
under 24hr of 10nM VDR ligand in A375. Data are represented as the average from three
independent biological experiments, where each data point is n=3. Data is shown as mean ±
SEM.
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The group led by Prof. Moray Campbell have suggested that a sustained co-repression
binding can transform the transient-repressive histone modification into a platform of stable
gene silencing by CpG methylation (Doig. 2012). Together with the epigenetics group from
Ulster University Coleraine led by Prof. C. Walsh, we investigated the potentially methylated
status of E-cadherin in both of our melanoma cell lines. UHRF1 has been reported to be a
global DNA methylator through the recruitment of DNMT1, which has been extensively
studied in hTERT fibroblasts that expresses significant levels of UHRF1 and therefore used as
a control for our melanoma cell lines. The methylation was initially investigated by Dr.
Rachelle Irwin from the Walsh laboratory using Crispr CAS9 against UHRF1 or control
(scrambled, SCR). The successful transient silencing of UHRF1 was then verified by
quantitative PCR (data not shown). Together, we performed another verification to assess
whether the assay was successful by investigating the expression of the control gene DAZL,
and indeed we observed the re-expression of DAZL when UHRF1 was knocked out in SKMEL-28 and more importantly in our control cell line hTERT fibroblast (Figure 24A). When
looking at the E-cadherin status, we observed E-cadherin to be hypermethylated even when
UHRF1 was knocked out in both melanoma cell lines (Figure 24B) however, we observed a
two-fold upregulation of E-cadherin mRNA in SK-MEL-28, whereas it was unaffected in
hTERT fibroblast and it remained absent in A375 (Figure 24C). However, the mRNA
expression level of E-cadherin in SK-MEL-28 remained to be very low therefore, we believe
that the loss of E-cadherin expression is not controlled by methylation in metastatic melanoma.
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Figure 24: The Loss of E-cadherin Expression is Not Controlled by Methylation. A375, SKMEL-28 and control cell line hTERT fibroblast were transfected with Crispr cas9 against the
global DNA methylation UHRF1 to repress its expression level. Afterwards, (A) quantitative
PCR for DAZL mRNA, (B) pyrosequencing and (C) quantitative PCR for E-cadherin promoter
and gene expression respectively were performed. Data are represented as mean from two
biological experiments ± SEM. A value of * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001 UHRF1
knock down (KD) vs. wild type (WT) was considered significant.
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3.3 Discussion
The loss of E-cadherin expression, driven by EMT-TFs such as the SNAI and ZEB family of
proteins is a direct consequence and therefore a prime hallmark for EMT induction (Battle.
2000) (Cano. 2000) (Comijn. 2001) (Eger. 2005). Exclusive to SNAIL and not shared by other
EMT-TFs, is its capability to also repress VDR transcription as seen in colon cancer (Larriba.
2009). Larriba et al. have noted in colorectal tumours that express either SNAIL1 or SNAIL2
that they each independently can repress the VDR gene, however it was only significant with
SNAIL1 (Larriba. 2009), suggesting that SNAIL1 is the prime driver for inhibiting VDR
expression. Interestingly, when SNAIL1 and SNAIL2 are co-expressed in conjunction they
observed an additive effect (Larriba. 2009), and thus intimating that SNAIL2 has the capability
to assist SNAIL1 to repress VDR responsiveness. We therefore investigated if there existed a
relationship between the relative levels of VDR/SNAIL (defined in terms of ratio) to
E-cadherin expression in metastatic melanoma.

3.3.1 Complex Relationship between EMT-TFs, VDR and E-cadherin in Melanoma
In our studies across two BRAFV600E-harbouring melanoma cell lines, we observe
comparable levels of VDR however, in accordance with previous studies of epithelial cancer
(Battle. 2000) (Cano. 2000) (Peña. 2005), we note an inverse correlation between the
expressions of SNAI1 and E-cadherin in our melanoma and control epithelial cell lines, LNCaP
and LS180 (Figure 12). In the presence of VDR ligand, we note an increase of E-cadherin
mRNA and protein in SK-MEL-28, that was absent in A375 that expresses relatively higher
levels of SNAIL1 (Figure 13). Our data therefore is in accordance with studies of colon cancer
cell lines and it was reported by Peña et al. that there is a strict correlation between E-cadherin
RNA and E-cadherin protein levels in patient-derived colon cancer samples (Peña. 2005).
Based on these criteria, we considered A375 to be more mesenchymal-like and SK-MEL-28 to
be more epithelial-like.
SNAIL1 is commonly known as the EMT-inducer and it cooperates closely with Wnt/βcatenin to promote metastatic behaviour, in part by downregulating VDR and E-cadherin to
increase free cytosolic β-catenin, and thus creating a positive feedback loop (Larriba. 2007).
To explore whether we could recover VDR responsiveness, in part through the re-expression
of E-cadherin and abrogation of Wnt signalling, we inhibited SNAIL1 through siRNA in A375,
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however we failed to restore expression of E-cadherin expression and any degree of
responsiveness of this gene, among others, to VDR transactivation (Figure 18). In contrast to
our data, the addition of exogenous VDR, even in the presence of high expression levels of
SNAIL in colon cancer cell line SW480-ADH normalised the transcriptional response to
1,25D3 and restored E-cadherin expression (Larriba. 2007). However, this approach failed to
fully restore its antagonist activity of 1,25D3 on Wnt/β-catenin, suggesting that vitamin D may
inhibits the canonical pathway via a mechanism that is independent from its genomic receptor
mediated function (Larriba. 2007). This study was predominantly based on approaches
involving cells receiving overexpression of Snail1 alone, or in combination with VDR and did
not take into consideration experiments that assessed VDR-mediated effects when endogenous
SNAIL1 expression was depleted. Yang et al. bridged that gap using osteosarcoma cell line
SaOS2, they inhibited SNAIL1 expression via shRNA and siRNA and were able to recover a
VDR anti-proliferative response as measured by CCK8 assay and subsequently confirmed in
vivo (Yang. 2011). Interestingly, both reports did not assess the potential activity of SNAIL1
on other EMT-TFs that may also contribute to a repressed VDR anti-proliferative response
however, both studies highlight SNAIL1 as the primary EMT driver with its cellular depletion
sufficient to recover E-cadherin expression and VDR responsiveness in cancer cell lines.
VDR is able to induce nuclear export of SNAIL but this has not yet been observed for
other EMT-TFs therefore, it could be that the partial activity of Wnt/β-catenin observed by
Larriba et al. (Larriba. 2007) were due to the signalling of other EMT-TFs that were not taken
into consideration. In line with this hypothesis, SNAIL1 has been shown to induce the
transcription of ZEB1 and its expression is maintained even after SNAIL is downregulated,
suggesting that ZEB1 has the capacity to ‘take over’ the functionalities of SNAIL1 to maintain
EMT development (Guaita. 2002) (Dave. 2011). Thus, SNAIL1 is considered more as an EMTinducer whereas ZEB1 is considered as the EMT-TF that maintains EMT progression. Since
repression of SNAIL1 in A375 failed to recover E-cadherin expression, we therefore
investigated the relative levels of ZEB1 expression between the melanoma and control cell
lines. In accordance, the overall expressions of SNAI1 and ZEB1 were significantly higher in
A375 than in SK-MEL-28 that we previously established to be more epithelial-like (Figure
20A). Additionally, when comparing the expression levels between SNAIL1 and ZEB1 in our
melanoma and control cell lines, we observed a higher ZEB1 than SNAI1 in A375, where
E-cadherin was absent, and a lower ZEB1 than SNAI1 in cell lines that expressed E-cadherin;
that is SK-MEL-28, LNCaP and LS180 (Figure 20 and Figure 21). Thus, the pattern indicated
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that A375 is more advanced within EMT progression, where ZEB1 activity has taken over that
of SNAIL1, than the more epithelial-like SK-MEL-28.
Consequently, we performed a single knockdown of ZEB1 in A375 however, even in
this context, the expression of E-cadherin could not be rescued with little effect of VDR
activation by 1,25D3 able to be noted (Figure 21). In contrast to our ZEB1 data, Caramel et al.
noted that the only protein required for the repression of E-cadherin gene in melanoma is ZEB1,
which was assessed through patient-derived melanocytic tissue samples, a range of cell lines
including melan-a and NHEM and confirmed in vivo (Caramel. 2013). Although SNAIL1
expression was not assessed, they report that a depletion of ZEB1, but not ZEB2 nor SNAIL2,
resulted in a re-activated wild-type E-cadherin gene promoter (Caramel. 2013). They make the
distinction that the hierarchy of ETM-TFs in melanoma act differently than in epithelial
tumours because melanoma cells are derived from the neural-crest (Caramel. 2013). They
observed SNAIL2 and ZEB2 expression in normal melanocytes and noted a tumour-suppressor
behaviour, whereas in response to NRAS/BRAF activation, the EMT-TFs undergoes a
reorganizational switch in favour of ZEB1 and TWIST1 and therefore, corporately together
with BRAF promote de-differentiation in part by inhibiting E-cadherin expression (Caramel.
2013). Similarly, between the melanoma cell lines, we have also noted a relatively higher
SNAIL2 and comparable levels of ZEB2 in SK-MEL-28 than noted for A375 (Figure 20A).
Additionally, SNAIL2 and ZEB2 were the predominant transcription factors expressed
amongst all the EMT-TFs investigated in SK-MEL-28 (Figure 20B, right panel). Based on
the proposed reorganizational switch pattern thus, it further suggests that A375 is more
mesenchymal-like than SK-MEL-28 that expresses E-cadherin. However, overall our data
indicate that an independent knockdown of SNAI1 or ZEB1 is insufficient to restore E-cadherin
or VDR responsiveness in these metastatic melanoma cell lines.
We thereafter probed for a possible epigenetic mechanism that could disrupt VDR
regulation of E-cadherin expression. Co-repressors such as NCOR1 and SMRT/NCOR2 is
known to interact with VDR and HDACs to repress a subset of target genes, such as CYP24,
that are normally induced in the presence of 1,25D3 (Hartman. 2005) (Blumberg. 2006) (Kim
J. 2009) (Engelhard. 2010) (Huet. 2015) (Lee. 2016). Within our investigation, we observed
little NCOR1/2 expression and therefore determined that co-repressors are not likely to be
involved in disrupting the VDR/E-cadherin axis (Figure 23). In prostate cancer cells, it has
been shown that recruitment of NCOR1 to VDR target genes is enhanced and associated with
altered DNA methylation patterns (Doig. 2012). Similarly, it has been previously noted that
EMT-TFs recruit histone deacetylases (HDACs) to repress target genes and a sustained co73
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repression binding interaction with nuclear transcription factors can transform the transientrepressive histone states into more stable gene silencing by DNA methylation (Sarrió. 2008)
(Doig. 2012) (Fukagawa. 2015). Therefore, we investigated the methylation status of Ecadherin in both melanoma cell lines, and report that the expression of E-cadherin in melanoma
is not controlled by methylation (Figure 24).

3.3.2 Muted VDR and Wnt/β-catenin Responsiveness in Melanoma with the Exception of
CYP24
Throughout our experiments, the only consistently responsive gene to 1,25D3 exposure was
CYP24 and therefore confirming its ligand sensitive behaviour. CYP24 catabolizes 1,25D3 to
its inactive form and therefore, as previously mentioned, in the absence of ligand VDR
represses CYP24 expression (Hartman H. 2005). Interestingly, we observed a significant basal
level of CYP24 mRNA expression in the absence of hormone in both melanoma cell lines, of
which CYP24 expression was highest in A375 (Figure 12). The expression of CYP24 remained
significantly higher (over 10-fold) in A375 than SK-MEL-28 upon ligand treatment (Figure
14A). Overexpression of CYP24 has been previously considered as a candidate oncogene
(Mimori. 2004) (Anderson. 2006) as it facilitates the degradation of 1,25D3 and therefore limit
its downstream signalling activity, such as impeding proliferation in part through repression of
Wnt/β-catenin signalling. This may therefore explain the noted lack of Wnt target gene
inhibition in our control cell line LS180, that expressed almost twice as much CYP24 mRNA
as LNCaP under 1,25D3 treatment (Figure 17). The high basal and dramatically induced levels
of CYP24 could partly partake in the disrupted VDR signal observed as it would infer an
increase of metabolic inactivation of VDR ligands. However, we believe that 1,25D3
bioavailability must have been sufficient as we observed an increase of VDR protein by ligand,
although this was not observed on a mRNA level (Figure 13). It is possible that the induction
of VDR target genes may be temporally distinct, with initiation of CYP24 in melanoma cells
occurring at a relatively earlier time point than the regulation of E-cadherin or a repression of
Wnt targets. A similar observation with respect to effects of 1,25D3 upon VDR protein has
been reported in other cells within the skin. Normal human skin in vivo and in cultured human
keratinocytes show an increase of VDR protein in response to 1,25D3 without altered VDR
mRNA level (Li. 1999). Additionally, the group led by DeLuca HF determined that the halflife of VDR in vitro and in vivo fibroblast, to be doubled by 1,25D3 due to protein stabilisation
and not increased transcription (Wiese. 1992). This 1,25D3-induced stabilisation of VDR
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protein is in contrast to effects observed in osteosarcoma (Mahonen. 1991) (Arbour. 1993) and
intestine cell lines (Peleg. 2010) that show the increase of VDR protein is primarily driven
through elevated VDR mRNA levels, suggesting that this is a cell-specific effect. Importantly,
our study further supports the hypothesis, as suggested by the studies involving the other type
of skin cells mentioned above, that 1,25D3 seems to protect VDR by delaying its degradation,
instigating a longer transcriptional efficacy in melanoma.
Reports indicate that the genomic VDR gene regulatory activity of 1,25D3 acts
independently to its antagonistic effects on Wnt/β-catenin (Palmer. 2001) (Larriba. 2007),
which prompted us to look at the canonical target genes and its associated functional
proliferation activity. Similar to VDR target genes, we report a modest and close to negligible
response of Wnt target genes to VDR ligands (Figure 14B and Figure 14C). Additionally,
1,25D3 and the synthetic analogue EB1089 failed to induce any notable anti-proliferative
effects independent of the concentration and length of treatment (Figure 2 – Figure 5). We
were able to obtain an anti-proliferative response to 1,25D3 in our control LNCaP cells
(Figure 5B) however, since our melanoma cells express comparable levels of VDR to LNCaP
(Figure 12), we concluded that the 1,25D3-induced response is not likely a reflection of
differing VDR expression levels. In contrast to our findings, Muralidhar et al. observe 30%
and 40% reduction in the levels of proliferation in the SK-MEL-28 and MeWo cell lines
respectively at 144hr of vitamin D treatment (Muralidhar. 2019). The anti-proliferative effects
they obtained was by using 1,25D3 at a concentration of 100nM and therefore higher than the
level found under normal physiological circumstances therefore, the 1,25D3 effect they
observed might be non-specific secosteroid effects. However, the functional analysis was in
accordance with their pan-transcriptome analysis on SK-MEL-28 and MeWo at 24hr and 48hr
of 1,25D3 treatment, as they observed a significant upregulation of VDR expression, while Wnt
target genes were downregulated in both cell lines at these time points (Muralidhar. 2019).
Interestingly, they observed an inhibition of Wnt/β-catenin target genes already after 24hr post
1,25D3 treatment however the anti-proliferative response was not noted until the 144hr time
point, thus it could suggest that the observed anti-proliferative effect might have been indeed
due to tertiary effects and not directly owed to the VDR upregulation itself. However, the
protective role of VDR itself was also validated on 703 primary melanoma transcriptomes and
in vivo assays. Transcriptome-derived data showed a negative correlation between VDR
expression and proliferative pathways, amongst which Wnt/β-catenin was a prime pathway
(Muralidhar. 2019). B16BL6 cells were transfected with exogenous VDR or control and
administered into 6- to 10-week-old C57BL/6NTac mice, which were then sacrificed after 21
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days (Muralidhar. 2019). They observed that an overexpression of the VDR protein was
associated with the downregulation of 62 out of 84 Wnt/β-catenin genes tested and fewer
pulmonary metastasis than control when assessed through tail-vein metastasis assay
(Muralidhar. 2019). VDR is known to have pleiotropic effects that can crosstalk with multiple
different pathways therefore, the question remains to whether the functional validation was
truly a primary effect of the VDR protein however, the study highlights the important role of
VDR as it can induce tumour suppressor activities in melanoma.

3.3.3 Potential Muted Activity of RXRα – the Heterodimerising Partner of VDR
Caramel et al. have highlighted the involvement of BRAFV600E activity in melanoma dedifferentiation (Caramel. 2013) and interestingly, in colon cancer it has been observed that a
constitutive activation of the MAPK pathway phosphorylates and deactivates RXRα
(Macoritto. 2008), which is the heterodimeric partner of VDR. Several other studies highlight
the phosphorylation of RXR specifically at serine 260 resulting in a resistance to the growth
regulatory properties mediated through the VDR/RXRα heterodimer (Macoritto. 2008).
Solomon et al. have detailed such an event to occur within ras-tranformed keratinocytes
(Solomon. 1998) (Solomon. 1999) while Zhang et al. have noted such changes to be component
within the transformation of ‘normal’ RWPE prostate epithelial cells to a tumour forming
phenotype (Zhang. 2010). In a clinical setting, the post-translational modification of RXR is
associated with hepatocellular carcinoma and the associated ‘shut-down’ of transcriptional
metabolic networks mediated though RXR containing heterodimers (Macoritto. 2008). Α line
of inquiry in this study therefore was the potential phosphorylation of RXR as a substrate of
BRAF/MAPK activity that might have resulted in the VDR signal pathway only at best to be
partially active in these cells, resulting in the mixed results noted from our
viability/proliferation and muted level of vitamin D activity as assessed by expression analysis.
To examine this theory, we treated our melanoma cell lines with the clinically available drug
vemurafenib (PLX4032) which specifically targets the BRAF mutation, and possibly arresting
phosphorylation of RXR to restore its capacity to function as a transcriptional conduit of
nuclear receptor to mediate signalling. In our cell growth analysis, we indeed observe an antiproliferative effect of about 20% in SK-MEL28 in response to PLX, which was absent in
LNCaP that is BRAFWT (Figure 5).
The role of mutated BRAF was further highlighted in our cell colony formation assay.
The cells were treated with VDR ligand or PLX without the replenishment of media for 10
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days. The developing serum-depleted state then challenges the cells to survive, a similar
concept to “survival of the fittest”, and therefore only the most invasive cells become viable
and are able to form colonies. We observed 1,25D3 to induce a modest reduction of colony/cell
numbers in A375 and MeWo respectively, whereas it was significant for EB1089 (Figure 11).
In contrast to the cell viability assay, the cell colony formation assay indicates that VDR ligand
may be able to inhibit cell invasion rather than proliferation in melanoma, suggesting that the
two pathways act independently. Interestingly, PLX abrogated the formation of colonies in
A375 and SK-MEL-28 that harbour BRAFV600E, whereas in MeWo that is BRAFWT the
cells remained unaffected (Figure 11). Importantly however, we noted that A375, which has
previously shown a more mesenchymal-like phenotype, was the only cell line that could form
proper cell colonies, whereas in E-cadherin-expressing cell lines, the colonies in SK-MEL-28
were unable to develop properly and in MeWo the cells remained spindle-like (Figure 10).
Taking our results together, we therefore suggest the following invasive behaviour from
BRAFV600E melanoma A375 as the most metastatic followed by SK-MEL-28 and BRAFWT
MeWo as the least invasive. In line with this observation, BRAFV600E melanoma has been
reported to be more aggressive than BRAFWT, where patients with BRAFWT showed a
tumour with superficial spreading (Long. 2011), whereas the tumour in patients with
BRAFV600E were more likely to metastasise to the brain (Sandru. 2014). Therefore, clinical
data on melanoma patients with BRAFV600E have a shorter overall survival than those with
BRAFWT (Long. 2011) (Sandru. 2014) (Hugdahl. 2016). Since A375 and SK-MEL-28
harbour BRAFV600E, which is the main driver mutation for melanoma within the
BRAF/MAPK pathway (Pinczewski & Slominski 2010), it is entirely reasonable to anticipate
an impaired response to 1,25D3 may result through modification of RXR or indeed VDR itself
leading to a more invasive behaviour than MeWo that is BRAFWT. In theory, when the
VDR/RXR pathway can be restored with PLX, we expect to see a more vivid 1,25D3-induced
response in BRAFV600E melanoma.
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3.3.4 Conclusion
The hormonally active form of vitamin D 1,25D3 acts through VDR to induce anti-cancerous
effects that for a number of tumour types, is associated with regulatory effects on components
of the Wnt pathway and enhanced expression of E-cadherin. As such, downregulation of the
VDR protein and its mediated effects have been marked with metastatic progression in various
tumour types including melanoma. To explore a possible mechanism for lack of effect of
vitamin D ligand on E-cadherin in melanoma cell lines, we carried out independent
knockdowns of the EMT-TFs, SNAIL1 and ZEB1. These failed to restore the expression
E-cadherin and a response to VDR activation. In addition, we showed that the loss of
E-cadherin expression is also not controlled through epigenetic modification of its promoter
via methylation. Although we observed no significant anti-proliferative effects of 1,25D3, we
can confirm that there is at least a partial transcriptional responsive to 1,25D3, as seen by
CYP24 on a transcriptional level and a limiting effect on cell invasion as assessed through cell
colony formation. Overall our data indicate that melanoma development is a complex disease
that involve signalling from numerous pathways such as VDR, MAPK and potentially EMT
and Wnt/β-catenin. The involvement of which EMT-TF inhibits vitamin D metabolism in
melanoma remains to be determined, however our study shows that it is not comparable to the
EMT-TF network as found in epithelial cancers. It is possible that multiple EMT-TFs cooperate
to induce, promote and maintain EMT in melanoma. We propose that the dysfunctional VDR
pathway in melanoma is repressed on multiple levels: 1) possible changes in VDR gene
targeting upon 1,25D3 treatment and 2) involvement of BRAFV600E activity inducing
phosphorylation and resulting in the potential de-activation of RXR and VDR in BRAFV600Econtaining melanoma cell lines.
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Does the BRAFV600E Mutation Effect VDR
Signalling in Melanoma Cells?
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4.1 Introduction
BRAF is the most prevalent (66%) oncogene detected in melanoma, represented predominantly
by the, V600E mutation (BRAFV600E) (Michaloglou. 2008). This form of BRAF represents
a constitutively active kinase function that results in the constant phosphorylation of its
downstream mediators MEK1/2 and ERK1/2. ERK is able to phosphorylate a variety of
proteins ranging from the cytosol to the nucleus, resulting in these regulations becoming
involved in hyper-proliferation and survival of transformed cells (Figure 1, left panel). In
comparison to BRAFWT, clinical data have reported BRAF600E to be associated with a more
aggressive behaviour and reduced survival in melanoma (Long. 2011) (Sandru. 2014) (Hugdahl.
2016) (Wu. 2017).
The vitamin D receptor (VDR) is a member of the nuclear receptor family and recent
studies have reported anti-cancerous effects by VDR upon activation by its hormonally active
vitamin D ligand 1,25-dihydroxyvitamin D3 (1,25D3) (Pálmer. 2001) (Pálmer. 2003) (Aguilera.
2007). Thus, 1,25D3 seems to be beneficial as a preventative or co-treatment to currently
applied drugs against cancer development however, a challenge to using 1,25D3 as a
therapeutic treatment is still limited through pharmacological dosages that elicit hypercalcemia.
Under homeostatic conditions, the archetypical 1,25D3 target gene is CYP24A1, a 25hydroxyvitamin D3-24-hydroxylase that catabolizes 1,25D3 into its inactive form. This
1,25D3-induced negative feedback loop through the upregulation of CYP24A1, therefore
represents the critical component for the primary feedback loop which contains and limits the
levels and associated effects of 1,25D3. As VDR is widely expressed, the anti-neoplastic
activity of 1,25D3 could benefit a variety of cells including melanocytes. However, clinical
data on melanoma have shown a negative correlation between the expression of VDR and its
metastatic progression, where a downregulation of VDR was found in more advanced stages
(Brozyna. 2011) (Slominski. 2017).
In cancerous states, the activities of a subgroup of nuclear receptors have been reported
to be regulated by MAPK phosphorylation, independent of their corresponding ligand-induced
activations. These include retinoid acid receptor γ 2 (RARγ2), estrogen-related receptor γ
(ERγ), peroxisome proliferator-activated receptor γ (PPARγ) and glucocorticoid receptor (GR).
In noncancerous COS-1 cells, phosphorylation of RARγ2 by p38/MAPK in response to its
ligand retinoid acid, results in the ubiquitylation and subsequent degradation of the receptor
(Gianni. 2002). In contrast, in breast cancer cells, oestrogen-related receptor γ protein is
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increased or stabilised by active ERK (Heckler. 2014). In line with these observations, under
normal physiological conditions however, 1,25D3/VDR in a high calcium environment has
shown to activate MAPK and result in keratinocyte proliferation in the skin (Gnjadecki. 1996).
MAPK has also been shown to be able to modulate the sub-cellular localisation of nuclear
receptors, such as the phosphorylation-induced nuclear export of PPARγ in HEK 293 cells
(Camp. 1999) and GR in Hela and COS-7 cells (Itoh. 2002)
The stabilisation of oestrogen-related receptor γ and the nuclear-export of PPARγ is
induced by the phosphorylation of MAPK on serine residues (Camp. 1999) (Heckler. 2014).
Similarly, VDR is also phosphorylated on serine residues for transcriptional activity (reviewed
in Zenata. 2017). Taken together with our previous results where we observed limited
responsiveness of VDR, with the exception of CYP24, in malignant melanoma (Chapter 3),
there is an intriguing possibility that MAPK may also modulate VDR expression and/or its
responsiveness. Therefore, in this study, we aim to investigate the effect of MAPK on VDR
expression and its activity, using CYP24 as a sensitive marker of transcriptional events, in
malignant melanoma (Figure 1, right panel).
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Figure 1: Representation of (left panel) Constitutive BRAFV600E/MAPK Signalling and
(right panel) the Focus of This Chapter on the Investigation of BRAFV600E Oncogenic
activity on VDR Expression.
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4.2 Results
4.2.1 In the Absence of 1,25D3, Vitamin D receptor (VDR) mRNA and Protein is
Modulated by BRAFV600E Activity in BRAFV600E Melanoma
We have previously observed blunted VDR responsiveness upon 1,25D3 stimulation in
BRAFV600E melanoma (Chapter 3), therefore we aimed to investigate whether the presence
of a constitutively active MAP kinase function, resulting from the expression/activity of
BRAFV600E has relevance to VDR signalling in metastatic melanoma cell lines. We applied
a BRAFV600E-specific inhibitor vemurafenib PLX4032 (PLX) in BRAFV600E-harbouring
melanoma cell lines A375 and SK-MEL-28 and determined the PLX concentrations
corresponding to 50%, 70% and 90% reduction of viability for each tested BRAFV600Eharbouring cell line, which we term as PLXIC50, PLXIC70 and PLXIC90 respectively
(Figure 2, as previously seen in Chapter 3 Figure 6).

Concentration [μM]

A)

B)

PLX4032 concentration
6

PLXIC50
PLXIC70

4

PLX4032 (μM)

A375

SK-MEL-28

IC50

0.3

0.9

2

IC70

0.6

2.5

0

IC90

2

5

PLXIC90

A375

SK-MEL-28

Figure 2: PLX Concentration Per Melanoma Cell Lines. (A) PLX that induced a 50%, 70%
and 90% inhibition of cell proliferation when assessed through CellTiter-Glo at day 4. (B) PLX
concentration per cell line is summarised in the table. Data are represented as the average
from three independent biological experiments, where each data point is n=4.

As an initial step, we investigated the levels of expression exhibited within our selected
BRAFV600E cell lines by VDR (Figure 3A) and Wnt target genes (Figure 3B) following
exposure to PLXIC50, PLCIC90 or vehicle control for 24hr. To determine effects of BRAF
inhibition on the basal expressions of these genes, these experiments were performed in the
absence of the VDR ligand. Our data indicate a trend towards reduced expression of Wnt gene
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targets, with cyclin D1 in A375 exhibiting significantly lowered levels of expression compared
to vehicle control of 50% and 80% achieved with PLXIC50 and PLXIC90 respectively.

Figure 3: Impact of BRAFV600E Inhibition on VDR and Wnt Target Genes in the Absence
of 1,25D3. Quantitative PCR for (A) VDR and (B) Wnt target genes after receiving PLX
treatment at a concentration of IC50 and IC90 for 24hr. Data represents analysis of three
independent experiments with each treatment run in triplicate (n=3). Data shown are
represented as mean ± SEM. A value of ** p ≤ 0.01 was considered statistically significant.

Interestingly, when BRAFV600E activity was inhibited, we observed downregulations
of VDR mRNA in both cell lines, although this was noted as significant in SK-MEL-28, which
displayed an almost 60% decrease in VDR mRNA levels following treatment with PLX
(Figure 4A). The reduction of VDR expression was confirmed at a protein level in both cell
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lines and noted even at the lower dosage of inhibitor (PLXIC50) (Figure 4B, highlighted by
the red asterisks). This downregulation of VDR protein was sustained in both cell lines up to
96hr at PLXIC50, suggesting a ‘dependency’ of VDR expression on BRAFV600E activity in
BRAFV600E melanoma.

Figure 4: PLX Induced a Downregulation of VDR mRNA and Protein in BRAFV600Eharbouring Melanoma Cell Lines. (A) Quantitative PCR of VDR mRNA after receiving PLX
concentration at IC50 for 24hr. (B) Immunoblot of VDR protein after receiving PLX
concentration at IC50 and IC90 for 24hr or IC50 for 96hr. Quantitative PCR data represents
analysis of three independent experiments with each treatment run in triplicate (n=3). Data
shown are represented as mean ± SEM. A value of * p ≤ 0.05 was considered statistically
significant. Image is a representative of n=3. Red asterisks highlight the PLX-induced
downregulation of VDR protein already after 24hr of PLXIC50 treatment.

4.2.2 Sustained Expression of VDR mRNA and Protein is Dependent on
BRAFV600E/MAPK in BRAFV600E but Not BRAFWT Melanoma Cells
Next, we wished to investigate the pattern of transcriptional responses to 1,25D3 mediated
through VDR, when BRAFV600E activity is inhibited. In agreement with previous studies, we
previously determined CYP24 to be a highly sensitive VDR target gene that is readily
transcriptionally responsive to 1,25D3 in both BRAFV600E melanoma cell lines (Chapter 3).
Therefore, to determine the treatment conditions with 1,25D3 in combination with PLX,
we investigated the transactivation of endogenous CYP24 through gene-reporter assays using
CYP24 promoter-based construct in two conditions; (1) pre-treatment of cells with PLXIC50
for 45min followed by an additional 24hrs exposure to 1,25D3, or (2) pre-treatment with
PLXIC50 for 45min followed by a combination of 10nM 1,25D3/PLXIC50 for an additional
24hr. In the following we will term these two conditions (1 and 2) as pre-treatment and
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combination treatment respectively. We performed a pilot experiment by transfecting
SK-MEL-28 with CYP24 promoter-based construct alone or in combination with plasmids for
expression of exogenous VDR/RXRα to obtain a more sensitive system, followed by either
pre-treatment (1) or combination treatments (2). Our pilot data showed that the combination
treatment, maximised a repressive effect of PLX on transcriptional responses to 1,25D3 (data
not shown) therefore, we determined to use the combination treatment in our following
experiments.
Thus, to assess the impact of BRAFV600E inhibition on the VDR-mediated response to
ligand, we employed the two BRAFV600E melanoma cell lines A375 and SK-MEL-28 with
MeWo which harbours BRAFWT used as a comparative control, The cells were treated with
the combination treatment at their respective PLXIC50 concentration, and MeWo receiving the
same higher PLX concentration as applied for SK-MEL-28, followed by the evaluation of
transcriptional response. In agreement with our previous results (Chapter 3), 1,25D3
significantly increased CYP24 mRNA in all cell lines (A375: 1600-fold, SK-MEL-28: 1400fold, MeWo: 3600-fold) and E-cadherin in SK-MEL-28 (4-fold) and MeWo (5-fold), whereas
the other target genes remained unaffected (Figure 5). Interestingly however, compared to the
1,25D3 alone treatment, PLX alone treatment induced a striking downregulation of the mRNA
levels of VDR and CYP24 even in the presence of 1,25D3 in BRAFV600E melanoma cells,
which in contrast remained unaffected in MeWo (highlighted by red asterisks). In A375 and
SK-MEL-28, the combination of PLX+1,25D3 vs. 1,25D3 applied as a single agent resulted in
reduced mRNA expression for VDR of approximately 31% and 76% respectively, and of
CYP24 72% and 94% respectively. Interestingly, 1,25D3 had little effect on VDR expression
in BRAFV600E melanoma cells, whereas it was increased in MeWo that is BRAFWT however,
it was not considered statistically significant. Other VDR target genes considered in this study
showed little or only modest but statistically insignificant responses.
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Figure 5: PLX Induced a Downregulation of VDR and CYP24 mRNA in BRAFV600E but
Not BRAFWT Melanoma Independent of 1,25D3. Quantitative PCR in BRAFV600E (A375
and SK-MEL-28) and BRAFWT (MeWo) after receiving control, 10nM 1,25D3, PLXIC50, or a
combination treatment of 10nM 1,25D3 and PLXIC50 for 24hr. Data represents analysis of
three independent experiments with each treatment run in triplicate (n=3). Data shown are
represented as mean ± SEM. A value of # p ≤ 0.05, ## p ≤ 0.01, and #### p ≤ 0.0001 for
treatment vs. control was considered statistically significant and ** p ≤ 0.01, *** p ≤ 0.001 for
combination treatment 1,25D3/PLX vs. 1,25D3 alone was considered statistically significant.
Red asterisks highlight the PLX-induced downregulation of VDR and CYP24 expression in
BRAFV600E but not BRAFWT melanoma.
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Given these results and the reduced mRNA expressions of VDR and CYP24 that
accompany inhibition of BRAFV600E, we then assessed the impact upon VDR protein that
results from application of inhibitors for BRAFV600E (PLX) and MEK1/2 (PD98059).
The data from these experiments is in accordance with previous results (Chapter 3), that
show an increase of VDR protein following treatment with 1,25D3 in all (BRAF mutant and
BRAFWT) cell lines however, application of PLX (Figure 6A) and PD98059 (Figure 6B)
results in a marked decreased detection of VDR protein, only in BRAFV600E, but not
BRAFWT, melanoma cells-even in the presence of 1,25D3 (highlighted by red asterisks).

Figure 6: VDR Protein Expression is Dependent Upon the Activity of MAPK, Independent
of 1,25D3, in BRAFV600E but Not BRAFWT Melanoma. Immunoblot on VDR expression in
BRAFV600E and BRAFWT under 10nM 1,25D3 alone or in combination with the inhibition of
(A) BRAFV600E by PLXIC50 and (B) MEK1/2 by 20μM PD98059. Image is a representative
of three independent experiments. Red asterisks highlight the downregulation of VDR when
BRAFV600E/MAPK activity is inhibited in BRAFV600E but not BRAFWT melanoma
independent of 1,25D3.
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Altogether, our results indicate an acquired dependency of VDR mRNA and protein upon
the constitutively active MAPK pathway in BRAFV600E melanoma cells, an effect that is also
noted for the highly sensitive downstream VDR target gene CYP24. These results raise a few
questions namely, whether the reduction of VDR protein is due to the downregulation of VDR
mRNA or whether it is an independent post-translational event, and whether the inhibitorinduced repression of CYP24 is a general downstream effect due to the downregulated VDR
levels or reflective of a gene-specific event. Next, we aimed to address the former question
first, which is to investigate whether the reduced levels of VDR protein is directly related to
the diminished mRNA expression of VDR following BRAF/MAPK inhibition.

4.2.3 Inhibition of BRAFV600E/MAPK Results in the Downregulation of VDR mRNA
and Protein as Separate Independent Events in BRAF600E Melanoma
We transfected the cells with plasmids enabling expression of V5’ tagged’-VDR. This was to
allow monitoring for any effects of BRAFV600E inhibition on the exogenously expressed V5VDR, independent of any effects on mRNA encoding endogenous VDR. Transfected cells
were then treated with 1,25D3, alone or in combination with PLXIC50 inhibitor, and
appropriate vehicle controls for a period of 24hr. Cells were then harvested, and protein cell
lysates derived from each treatment group subjected to immunoblotting analysis
Under these experimental conditions, we observed within the probed lysates obtained
from both BRAFV600E-harbouring cell lines, the presence of PLX resulted in a significant
downregulation of the exogenous V5-VDR, even in the presence of 1,25D3 (Figure 7
highlighted by red asterisks). This downregulation of V5-VDR appeared to be more marked in
SK-MEL-28 cells than for A375. This data therefore suggests that PLX also has impacts on the
levels of VDR protein through a process that is independent of its effects on mRNA.
Interestingly, Fang et al. (Fang. 2016) showed ectopically expressed c-myc protein in
SK-MEL-28 were greatly reduced following the addition of a BRAFV600E-specific inhibitor
PLX4720 therefore, since our v5-VDR contain the same CMV promoter as found in the c-myc
pcDNA

promoter

by

Fang

et

al.,

it

is

possible

that

the

transcription

of

v5-VDR may be indeed responsive to BRAFV600E signalling and therefore affected by
PLX4032. However, the observation by Fang et al. were only observed on a protein level and
the transcription was not assessed and since c-myc is a target gene of VDR it is possible that
the observed downregulation of c-myc protein was due to the independent downregulation of
VDR protein we reported.
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Figure 7: Downregulation of VDR mRNA and Protein as a Result of BRAFV600Einhibition are Independent Events. Cells were seeded in 100mm dish and transfected with
2944ng V5-VDR expression plasmid for v5-VDR. After 5hr, cells were treated with control,
10nM 1,25D3 alone, or in combination with PLXIC50. Lysates from treated cells were probed
with anti-V5 antibody. Data is representative of 3. Red asterisks highlight the posttranslational repression of VDR by PLX independent of 1,25D3 in BRAFV600E melanoma.

4.2.4

Transactivation

of

CYP24

by

1,25D3

Becomes

Repressed

Following

BRAFV600E/MAPK Inhibition in BRAFV600E-containing Melanoma Cells
Since PLX induces a downregulation of VDR mRNA and protein as separate events, we wished
to investigate whether the transactivation by 1,25D3 of its highly sensitive target gene CYP24
is also compromised upon BRAFV600/MAPK inhibition. We examined the effect of
BRAFV600E/MAPK signalling on VDR/RXR-mediated transcriptional activity by employing
luciferase-based reporter assays involving CYP24 promoter-based reporter constructs. These
experiments again assessed the transcriptional responses exhibited by the reporter, in presence
of ligand alone, or applied in combination with inhibitor (BRAFV600E inhibitor PLX or
MEK1/2 inhibitor PD98059).
The data obtained from this approach revealed that transactivation of the reporter
construct was clearly achieved following incubation of 1,25D3 in all cell lines. This induction
however, became significantly diminished through co-incubation with PLX (Figure 8A) or
PD98059 (Figure 8B) an effect noted only for BRAFV600E but not BRAFWT melanoma cell
lines. The difference of behaviour was further highlighted when the reporter activity in
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presence of ligand was plotted as fold inductions (reporter activity in presence of
ligand/reporter activity using vehicle control) (Figure 8, right panel).

Figure 8: Inhibition of BRAFV600E/MAPK Compromised CYP24 Transactivation as
Assessed by CYP24 Promoter-based Reporter Constructs in BRAFV600E but not BRAFWT
Melanoma. Cells were plated in a 24-well plate and each well received 400ng CYP24
promoter-based reporter constructs. After 5hr, cells were treated with control, 10nM 1,25D3,
(A) BRAFV600E inhibitor PLX at various concentrations, (B) MEK1/2 inhibitor PD98059 at
20μM, or in combination with 1,25D3/inhibitor for 24hr. Luciferase activity was measured
using Promega Dual-Glow and data was normalised to renilla (pRL-TK) and expressed as (i)
mean ± SEM or (ii) fold induction from three biological experiments. A value of * p ≤ 0.05 and
*** p ≤ 0.01 for 1,25D3/inhibitor vs. control was considered statistically significant.

We then re-assessed this effect through use of a second reporter system that employed
a ‘minimal’ reporter construct (pcDR3) that, rather than harbouring an upstream promoter
fragment, was based on four tandem copies of a consensus vitamin D response element
(VDRE). This alternative system was subjected to the same treatment regimens as described
above. In contrast to the previously observed repression of CYP24 transactivation by
BRAFV600E/MAPK inhibition in BRAFV600E melanoma cell lines, VDR transactivation as
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monitored through this system, remained relatively unaffected by co-incubations with PLX
(Figure 9A) or PD98059 (Figure 9B). When depicted as fold induction (right panel), there
appears to be a repression however, this was due to the slight increase of basal VDR
transactivation (in the absence of hormone) by PLX and PD98059.

Figure 9: Inhibition of BRAFV600E/MAPK did not compromise VDRE Transactivation as
Assessed by pcDR3 Reporter Constructs in BRAFV600E Melanoma. Cells were plated in a
24-well plate and each well received 400ng VDRE-based reporter constructs. After 5hr, cells
were treated with control, 10nM 1,25D3, (A) BRAFV600E inhibitor PLX at various
concentrations, (B) MEK1/2 inhibitor PD98059 at 20μM, or in combination of
1,25D3/inhibitor for 24hr. Luciferase activity was measured using Promega Dual-Glow and
data was normalised to renilla (pRL-TK) and expressed as (i) mean ± SEM or (ii) fold induction
from three biological experiments. A value of * p ≤ 0.05 for 1,25D3/inhibitor vs. control was
considered statistically significant.

These results indicate that the intact expressions of VDR mRNA and protein apparently
become dependent upon the constitutive MAPK activity within BRAFV600E melanoma cells.
The effects of application of PLX or PD98029 are also manifested in a diminished level of
transactivation of the classical 1,25D3-VDR target gene, CYP24, although our data suggest
this may be a selective gene effect that may not generally apply to all downstream VDR targets.
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4.2.5 BRAFV600E Inhibition Reduces the Half-life of VDR Protein
Our next set of experiments investigated whether the downregulation of VDR expression that
accompanies administration of PLX involves proteasome activity, and for this purpose we
employed the proteasome inhibitor MG132. Since PLX and MG132 can be both toxic to the
cells which may be additive when applied in combination, it was important to assess the cell
viability/proliferation capability of these drugs when applied as single agents and when dosed
together. From previous experiments, the effects of BRAF/MAPK inhibition on VDR protein
appeared to be most striking in SK-MEL-28 and therefore we performed these experiments
predominantly using this cell line. As a pilot experiment, we assessed the cell
viability/proliferation in SK-MEL-28 using the CellTiter-Glo assay after the cells were treated
with each inhibitor, applied alone (PLXIC50 and 5mM MG132) or in combination for various
time points.
Our pilot data show that the inhibition of proteasome alone or in combination with PLX
resulted in a steady decline in cell viability/proliferation that became pronounced at the 12hr
time point (Figure 10). This downregulation however was only significant when the inhibitors
were used in combination therefore, we determined that a viable incubation time for MG132
used in combination with PLX to be 10hr (highlighted by the red dashed line).

Figure 10: 10hr Incubation of PLX/MG132 Allow Cells to be Still Viable. SK-MEL-28 were
treated with control, PLXIC50, proteasomal inhibitor MG132 at 5μM, or in combination
PLX/MG132 for various time points. The pilot experiment was assessed through CellTiter-Glo
assay and represented as mean ± SEM from one biological experiment, where each data point
is n=5. Red dashed line marks the 10hr time point, after which the cells started to lose viability
when treated with the combination treatment. A value of * p ≤ 0.05, ** p ≤ 0.01, and **** ≤
0.0001 for 1,25D3/inhibitor vs. control was considered statistically significant.
95

Chapter 4
Thus, we investigated the involvement of proteasome activity in SK-MEL-28 by treating
the cells with control, 1,25D3 alone for 24hr or with PLXIC50/5μM MG132 in the last 10hr of
the treatment time. The potential involvement of proteasome on VDR degradation was
examined on a protein level through immunoblotting focused on detection of the endogenous
VDR.
We established that PLX represses the capacity of 1,25D3 to increase levels of VDR
protein, indeed it appears to actively diminish the overall levels of the receptor. Interestingly,
upon inhibition of proteasome activity, this VDR expression becomes significantly recovered,
even in the presence of PLX (Figure 11A highlighted by red asterisk). VDR protein in MG132
samples was significantly higher than in either the control or 1,25D3 treatments, suggesting
that VDR degradation already occurs at the basal level in the absence of 1,25D3.
As aforementioned, since it is possible that the CMV promoter of pcDNA could be
potentially transcriptionally responsive to BRAFV600E signalling, we aimed to investigate the
involvement of BRAFV600E solely on the protein level by assessing the turnover rate of VDR
protein in BRAFV600E melanoma. We assessed the protein half-life of VDR in SK-MEL-28
through application of cycloheximide to inhibit on-going synthesis of VDR. This treatment was
then followed alone by ligand as a single agent or applied in combination with PLX and/or
MG132 for various time points.
At the 24hr time point, as expected, we observed appreciable levels of VDR when the
proteasome activity was inhibited, even in the absence of 1,25D3 (Figure 11B, lane 2). 1,25D3
increased VDR expression in comparison to control (lane 3 vs. lane 1 respectively), this was
however further upregulated when proteasome activity was inhibited (lane 4). The inhibition
of BRAFV600E results in the almost lack of detectable VDR protein even in the presence of
1,25D3 (lane 5), with this effect abrogated again by MG132 (lane 6). Red asterisks highlight
that although 1,25D3 stabilises the VDR protein, this is reversed and downregulated in the copresence of PLX. Nonetheless MG132 is capable to rescue such PLX-induced degradation of
VDR protein even in the presence of the BRAFV600E inhibitor. Thus, abrogation of
BRAFV600E signalling results in a downregulation of overall VDR levels, in part as a result
from shortened protein half-life of under 24hr, in BRAFV600E-containing melanoma.
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Figure 11: BRAFV600E Inhibition Reduces Half-life of VDR Protein. (A) SK-MEL-28
received 24hr 10nM 1,25D3 alone or in combination with PLXIC50/ 5μM MG132 in the last
10hr of the treatment time. (B) SK-MEL-28 were treated with 10μg/ml Cycloheximide for
10min. to inhibit on-going VDR protein synthesis, followed by a treatment as described in A.
Red asterisk highlights (A) the significant recovery of VDR protein by MG132 despite the
inhibition of BRAFV600E by PLX and (B) under the inhibition of on-going synthesis of VDR
mRNA, red asterisks highlight at the 24hr time point that 1,25D3 stabilises the half-life of VDR
protein (lane 3), which is then downregulated by PLX (lane 5), but recoverable by MG132
(lane 6). Immunoblot data is representative of 2.
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4.2.6 Inhibition of Proteasomal Activity Does Not Recover VDR mRNA or its
Transactivation Potential
Since our data indicate the involvement of proteasome activity in the turnover of VDR protein,
we investigated whether inhibition of this activity would affect the transcription and
transactivation of its highly sensitive target gene CYP24.
On a transcriptional level and in agreement with previous results, PLX diminished the
levels of CYP24 mRNA that are typically induced upon exposure to 1,25D3. When proteasome
activity was inhibited, while we previously noted a significant recovery of VDR protein, to our
surprise, we observed a sustained repressive behaviour of CYP24 by PLX even in the presence
of 1,25D3 and proteasome inhibitor by almost 70% (Figure 12A, left panel). Similarly, VDR
mRNA followed a comparable pattern as for CYP24 mRNA expression, where PLX
maintained its inhibition even in the presence of 1,25D3/MG132 resulting in a downregulation
of 52% of VDR mRNA when compared to the 1,25D3/MG132 alone treatment (Figure 12A,
right panel). In contrast to the recovered protein expression upon 1,25D3/PLX/MG132, the
surprisingly lack of transcriptional activity could be due to the location of proteasome as they
act on a protein level.
To examine the CYP24 and VDR transactivation activity we employed the luciferasebased reporter assay and transfected SK-MEL-28 with exogenous V5-VDR. Our data indicate
that the downregulated CYP24 transactivation by PLX to be recovered by MG132, resulting in
a similar transactivation to 1,25D3 alone (Figure 12B, top panel). Similarly, MG132
significantly recovered VDR transactivation even in the presence of PLX by almost 8-fold
when compared to 1,25D3 alone (Figure 12B, bottom panel). Thus, the transactivation of
CYP24 and VDR are in line with the VDR protein data, where MG132 was able to increase
the protein expression/transactivation despite the presence of PLX.
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Figure 12: Inhibition of Proteasomal Inhibitor has No Effect on CYP24 or VDR mRNA
However its Transactivation as Assessed through CYP24 Promoter-based and pCDR3
Reporter was Recoverable. (A) Quantitative PCR: SK-MEL-28 received 24hr 10nM 1,25D3
alone or in combination with PLXIC50/ 5μM MG132 in the last 10hr of the treatment time. (B)
Reporter assay: 400ng of (i) CYP24-promoter based or (ii) VDRE-based reporter construct
pcDR3 were co-transfected with 2944ng v5-VDR in SK-MEL-28. After 5hr, cells received a
treatment as described in A. Luciferase activity was measured using Promega Dual-Glow and
data was normalised to renilla (pRL-TK) and expressed as (left panel) mean ± SEM or (right
panel) fold induction from three biological experiments. A value of * p ≤ 0.05 and ** p ≤ 0.01
for combination treatment of 1,25D3/inhibitor vs. 1,25D3 alone was considered statistically
significant and # p ≤ 0.05 for combination treatment 1,25D3/PLX/MG132 vs. 1,25D3/PLX was
considered statistically significant.
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4.2.7 Effects of Proteasome Inhibition on E-cadherin are Different from that Observed
for VDR
In the following we assessed the relationship between VDR and E-cadherin in the setting of
PLX alone and in combination with MG132. We have previously shown that 1,25D3 increases
E-cadherin mRNA and protein in SK-MEL-28, whereas its expression remained absent in
A375 (Chapter 3) therefore, we assessed the expression level of E-cadherin when BRAFV600E
is inhibited. We treated A375 and SK-MEL-28 with PLXIC50 and PLXIC90 for 24hr or
PLXIC50 for 96hr. The expression level of VDR, E-cadherin, and its transcriptional repressor
SNAI1 was thereafter investigated using whole protein lysates. As in previous observations,
inhibition of BRAFV600E resulted in the downregulation of VDR and interestingly, also in
SNAI1 within both BRAFV600E cell lines (Figure 13A). Similar to VDR protein, E-cadherin
protein was downregulated upon PLX in SK-MEL-28 up to a 96hr time point, whereas the Ecadherin expression in A375 remained absent.
Since inhibition of proteasome activity resulted in the increase of VDR protein and
transactivation, we studied the effect of MG132 on E-cadherin mRNA and protein in the
presence of 1,25D3. MG132 resulted in the 8-fold increase of E-cadherin mRNA even in the
presence of PLX (Figure 13B) however, the recovery of E-cadherin protein by MG132 when
BRAFV600E activity was abrogated was not as prominent (Figure 13C), inferring that the
accumulative effects of MG132 on VDR-driven activity do not carry over to regulation of
E-cadherin expression.
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Figure 13: E-cadherin Behaves Differently from VDR upon PLX and in Combination with
MG132 in BRAFV600E. (A) BRAFV600E cell lines were treated with PLX at a concentration
of IC50 and IC90 for a series of time points. Immunoblot was thereafter probed against
potential EMT-involved genes. (B) Quantitative PCR and (C) immunoblot for E-cadherin in
SK-MEL-28 cells after receiving a 24hr treatment with 10nM 1,25D3 alone or in combination
with PLXIC50/5μM MG132 for the last 10hr. Immunoblot data are representative of 1.
Quantitative PCR data represents analysis of three independent experiments with each
treatment run in triplicate (n=3). Data shown are represented as mean ± SEM. A value of * p
≤ 0.05 was considered statistically significant.

4.2.8 VDR Protein Expression Appear to be Dependent on the Constitutive
Phosphorylation of MAPK in BRAFV600E Melanoma Cells
It is well established that MEK1/2 within the MAPK signalling cascade has the ability to
phosphorylate a range of substrates from the membrane, cytosol to nuclear targets. In addition,
studies led by Prof. Haussler have revealed VDR to be a target for post-translational
modification such as phosphorylation (Hsieh. 1991) (Jurutka. 1996) and ubiquitylation
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(Masuyama. 1998) but the role of MAPK to possibly phosphorylate VDR in a BRAFV600Edriven melanoma development setting has yet to be investigated.
We therefore initially investigated the phosphorylation status of key signalling
components within our cell lines and as expected, observed ERK1/2 to be phosphorylated in
our BRAFV600E but not BRAFWT cell lines (Figure 14A). 1,25D3 had no effect on the
phosphorylation status and inhibition of BRAFV600E by PLX abrogated the phosphorylation
cascade, only in BRAFV600E cell lines but not in BRAFWT controls (highlighted by red
asterisks). Intriguingly, when we applied the proteasome inhibitor MG132 the phosphorylated
ERK1/2 was again detectable even in the presence of PLX (Figure 14B, highlighted by red
asterisk), which is a similar pattern to VDR protein where MG132 recovered the PLX-induced
downregulation of VDR expression.

Figure 14: Relationship Between VDR and Phosphorylation of BRAFV600E. Immunoblot
for endogenous p-ERK1/2 and ERK1/2 expression under (A) 24hr 10nM 1,25D3 alone or in
combination with PLXIC50 in BRAFV600E and BRAFWT melanoma and (B) 24hr 1,25D3 with
the last 10hr with PLXIC50/ 5μM MG132 in SK-MEL-28. Immunoblot data is representative
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of 2. Red asterisks highlight (A) the loss of P-ERK1/2 in BRAFV600E but not BRAFWT
melanoma, (B) this however was recoverable by MG132 in BRAFV600E melanoma.
We therefore hypothesise that VDR mRNA and protein in BRAFV600E, but not
BRAFWT, have acquired a dependency on BRAFV600E through the constitutively active
MAPK signalling pathway. We also demonstrate that the inhibition of proteasome activity in
the presence of BRAF/MAPK inhibition, recovers phosphorylation of ERK1/2 and the
expression VDR protein. Since the inhibition of BRAF/MAPK signalling results in the
increased turnover of VDR protein, involving proteasome activity, we wanted to investigate
whether VDR degradation is like other short-lived regulatory proteins, which are commonly
mediated through the ubiquitin-proteasome system (Reichsteiner. 1996). Therefore, we
investigated the potential involvement of a ubiquitin-ligase, by assessing whether VDR protein
becomes a substrate for ubiquination.

4.2.9 Loss of Phosphorylation by MAPK Results in the Ubiquitin-tagged Proteasomal
Degradation of VDR
Our approach to study ubiquitination of VDR was to transfect BRAFV600E cells with the
expression construct for V5-VDR, or parent vector control V5 using Lipofectamine 2000
followed by the treatment of BRAFV600E inhibitor alone or in combination with proteasome
inhibitor.

Afterwards,

we

performed

immunoblot

using

whole

cell

lysate

and

immunoprecipitation using V5-agarose beads to isolate/concentrate V5-VDR for further
probing for detection of V5 and ubiquitin-conjugated pull-down protein.
We initially transfected SK-MEL-28 with the appropriate combination of plasmids for
5hr followed by a 4hr pre-treatment with control or 5mM MG132. An additional 1hr treatment
of MG132 alone or in combination with PLX was thereafter given. Using this approach, we
failed to isolate enough V5-tagged protein (data not shown) therefore we decided to use A375
cells, which are smaller in size and therefore we were able to increase the seeding density
within the 100mm culture dish. The same protocol was performed for A375, where we were
able to isolate more but not sufficient V5-protein for visualisation (data not shown). Through
troubleshooting, we believe we did not give enough time for the protein to be translated, we
therefore transfected A375 with plasmids for 24hr, pre-treated the cells for 4hr with MG132
followed by an additional 1hr treatment with MG132 alone or in combination with PLX. The
successful blot on whole protein lysate is shown in (Figure 15).
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Within our experiments, the control to our plasmid remained blank demonstrating no
background bands were picked up (lane 1). In line with previous observations based on whole
protein lysates, PLX induces a downregulation of exogenous VDR (lane 2) when compared to
control treatment (lane 3), and no ubiquitin was observed (Figure 15A). We hypothesised that
the abrogation of BRAFV600E/MAPK signalling results in the ubiquitination of VDR, which
is then degraded by proteasomes resulting in the lack of ubiquitin to be detected. We therefore
inhibited BRAFV600E signalling, which hypothetically allows ubiquitin to be formed on the
VDR protein, and in combination with the proteasome inhibitor, we are able to “trap” the
polyubiquitin on the protein. Indeed, in accordance with our postulation, we observed that the
increase of V5-VDR by MG132 is associated with ubiquitin (lane 4, highlighted by red asterisk)
however, to validate that the ubiquitin-tagged protein is truly on the VDR protein itself, we
performed immunoprecipitation to isolate v5-VDR (Figure 15B).
We observed a clear downregulation of V5-VDR by PLX (lane 2) in comparison to the
control treatment (lane 3). Importantly, and in support for our hypothesis, we observed that the
increase of V5-VDR by MG132 is indeed associated with a trapped ubiquitin-tag (lane 4,
highlighted by red asterisk), which therefore infers that in the absence of MG132 would allow
proteasomes to degrade V5-VDR expression.
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Figure 15: VDR Protein is Degraded through the Ubiquitin-proteasome System. A375 were
transfected with V5-VDR or control for 24hr. After, cells received a 4hr pre-treatment of 5μM
MG132 followed by an additional 1hr MG132 alone or in combination with PLXIC50
treatment. Immunoblot on (A) whole protein lysate and (B) immunoprecipitation on v5-VDR
was performed before probing of lysates with anti-v5 antibody and anti-ubiquitin. Data is
representative of 2. Red asterisks highlight the ubiquitin protein in the whole protein lysate and
the ubiquitin-tagged v5-VDR.

Thus, our data indicate that VDR protein to have acquired dependency on
BRAFV600E/MAPK with this constitutive kinase pathway maintaining a steady state
expression of VDR in BRAFV600E-harbouring melanoma. When BRAFV600E/MAPK
signalling is inhibited, VDR protein becomes conjugated with polyubiquitin, a marker that
targets the receptor for proteasome-mediated degradation. This process is unique to
BRAFV600E cells and not observed in BRAFWT melanomas. Interestingly, blockage of
proteasome activity in the presence of BRAFV600E/MAPK inhibition apparently restores
expression of both VDR and pERK1/2, intimating that both sets of protein may be targeted by
the same ubiquitin ligase. The normal application of PLX and the resulting inhibition of MAPK
signalling will restore the expression of this ligase that conceivably may target both
BRAFV600E and VDR for degradation. Next, we asked whether the dependency of VDR
protein on BRAFV600E in this cellular context is as a result from direct phosphorylation of
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VDR protein and therefore abrogating ubiquitination and subsequent degradation or rather that
the constitutive MAPK pathways represses a targeting ubiquitin-ligase from its activity. To
address whether VDR protein could be a direct target of MAPK phosphorylation we assessed
in the following whether VDR protein has potential MAPK acceptor sites.

4.2.9 Two Predicted MAPK Phosphorylation Sites on VDR Protein Isoform 1 and 2
VDR protein has two isoforms (Chapter 9, Supplementary Figure 2 shows the amino acid
sequence) and we predicted phosphorylated residue by MAPK on VDR protein using GPS 5.0.
In VDR isoform 1, we observed four MAPK phosphorylation sites at amino acid T175, S177,
S340 and T415 (Figure 16A). Since proteins are 3D-structured, it is important to take the
structural characterisation of a protein into consideration to investigate whether the predicted
phosphorylated site could be accessible by MAPK. Additionally, studies have shown that
intrinsic disordered regions of a protein facilitate in post-translational modifications including
phosphorylation (Dunker. 2002) (Iakoucheva. 2004). Thus, we predicted the surface
accessibility and disordered region on VDR isoform 1 by MAPK using NetSurfP ver. 1.1 and
IUPred respectively. A region was considered disordered when the score of prediction is > 0.5
(dashed blue line) and the residue was considered as surface exposed residue when the score
of prediction is >0.25 (dashed orange line) (Figure 16B). Our data reveal residue S340 and
T415 to fall within the well ordered regions with being highly inaccessible or barely accessible
respectively and therefore we eliminated these residues on VDR isoform 1 as potential MAPK
phosphorylation sites. It has also revealed a new residue, T96, which has been previously not
considered to be a likely MAPK phosphorylation site therefore it was also not considered a
prime candidate. Importantly, residue T175 and S177 fall within disordered regions and data
reveal they are highly accessible and therefore we considered them as prime MAPK
phosphorylation site candidates (highlighted by red asterisks). Figure 14C shows a schematic
diagram of the MAPK phosphorylation site candidates, T175 and S177, to fall within the ligand
binding domain of VDR isoform 1.
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Figure 16: Residue T175 and S177 are Potential MAPK Phosphorylation Sites on VDR
Isoform 1. (A) MAPK phosphorylation sites were predicted with GPS 5.0. (B) Surface
Accessibility and disordered region were predicted with NetSurfP ver. 1.1 and IUPred
respectively. Red asterisks highlight the MAPK phosphorylation site candidates with high
surface accessibility and to fall within disordered regions. (C) Schematic diagram of VDR
isoform 1 with the prime MAPK phosphorylation site candidates within the ligand binding
domain.

We performed the same method on VDR isoform 2, which revealed five potential MAPK
phosphorylation sites at amino acid T18, T225, S227, S390 and T405 (Figure 17A). Through
the prediction of surface accessibility and disordered region (Figure 17B), we determined T225
and S227 (highlighted by red asterisks), which fall within the ligand binding domain, to be the
prime MAPK phosphorylation site candidates in VDR isoform 2 (Figure 17C).
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Figure 17: Residue T225 and S227 are Potential MAPK Phosphorylation Sites on VDR
Isoform 2. (A) MAPK phosphorylation sites were predicted with GPS 5.0. (B) Surface
Accessibility and disordered region were predicted with NetSurfP ver. 1.1 and IUPred
respectively. Red asterisks highlight the MAPK phosphorylation site candidates with high
surface accessibility and to fall within disordered regions. (C) Schematic diagram of VDR
isoform 2 with the prime MAPK phosphorylation site candidates within the ligand binding
domain.

Altogether, we found two MAPK phosphorylation residues on VDR isoform 1 (T175 and
S177) and on VDR isoform 2 (T225 and S227). We have previously established that the rapid
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VDR turnover in BRAFV600E melanoma involves ubiquitin-proteasomal-mediated activity,
and studies have shown that proteasomal-mediated rapid turnover of proteins is often
modulated by phosphorylation of PEST sequences (García-Alai. 2006). PEST motifs have also
shown to influence ubiquitin-mediated protein degradation (Reichsteiner. 1996), and since we
hypothesise an interplay between phosphorylation and ubiquination on VDR protein, we next
predicted PEST motifs using ePESTfind on the two VDR protein isoforms. We identified two
potential PEST sites on VDR isoform 1, 174-189 and 189-229, and on VDR isoform 2,
224-239 and 239-279, with 174-189 on VDR isoform 1 and 224-239 on VDR isoform 2 having
the highest PEST score indicating a more likely degradation of proteins mediated via
these ”potential” PEST motifs (Figure 18, red asterisks highlight the highest PEST score).
Interestingly, the two predicted MAPK phosphorylation sites in both VDR protein isoforms
fall within the PEST region with the highest PEST score (Figure 19). Due to time constraints
we were unable to confirm these prime candidates experimentally however, it would be
intriguing to investigate these regions in future experiments.
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Figure 18: Predicted PEST Sites on VDR Isoform 1 (upper panel) and Isoform 2 (lower
panel). PEST sites were predicted using ePESTfind and the red asterisks highlight the PEST
motif with the highest PEST score.
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Figure 19: Schematic Diagram of VDR with Predicted PEST and MAPK Phosphorylation
Sites.

Thus, through in silico we predicted two potential phosphorylation sites on VDR by
MAPK, which are T175 and S177 on VDR isoform 1 and T225 and S227 on VDR isoform 2,
both of which lie within the PEST sequence that have shown to influence ubiquitin-mediated
degradation (Reichsteiner. 1996). Therefore, we propose that through competitive binding
between the phosphate and ubiquitin on VDR protein regulate in part the overall VDR
expression. Potential constitutive phosphorylation by BRAFV600E/MAPK serve to protect
VDR from turnover resulting in the increase and/or stabilisation of the protein, and by
switching ‘off’ of this phosphorylation through MAPK inhibition and restoration of targeting
ubiquitin ligase function results in VDR to be ubiquinated and therefore degraded by
proteasomes resulting in VDR turnover. Future experiments in this project will involve
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isolation of phosphorylated VDR species from BRAFV600E cells and identification of the
targeting ubiquitin ligase.
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4.3 Discussion
Several members of the nuclear receptor superfamily, including VDR, are known to be
phosphorylated on serine residues and to have been impacted upon their functionality. The
transcriptional activity of VDR, has been reported to be attenuated by phosphorylation by
PKC-β on S51 located within the DNA binding domain and by PKA on S182 located within
the hinge region of VDR (reviewed by Zenata. 2017). In contrast, phosphorylation by CKII on
S208 within the hinge region, promotes VDR heterodimerization and ATM-induced
phosphorylation on S208 and S222 within the hinge region increase VDR activity (Zenata.
2017). Thus, the reports suggest that VDR may be a substrate for phosphorylation and can alter
VDR function and activity depending on the location site for modification within the receptor.
A subgroup of nuclear receptors is mediated by MAPK phosphorylation (Gnjadecki. 1996)
(Camp. 1999) (Gianni. 2002) (Mebratu. 2009) with MAPK-induced phosphorylation also
occurring on serine residues. Since approximately 66% of melanomas harbour a BRAFV600E
mutation (Michaloglou. 2008) that results in the constitutively active MAPK signalling we
investigated the effect of BRAFV600E/MAPK on VDR expression in comparison to
BRAFWT melanoma.

4.3.1 Expression of VDR mRNA and VDR Protein are Independently Reliant upon
BRAFV600E Activity
This study, to our knowledge, shows for the first time that VDR mRNA and protein each
acquire a dependency upon the activity of BRAFV600E but not BRAFWT in metastatic
melanoma (Figure 4 – Figure 6). Through the application of inhibitors for BRAFV600E (PLX)
or ERK1/2 (PD98059) we show that VDR expression is regulated through the
BRAFV600E/MAPK pathway (Figure 6). Importantly, through use of an exogenously
expressed VDR that is tagged with the V5 epitope, we are able to show that the effects of
MAPK on VDR protein appear to be largely independent from those mechanisms that modulate
transcription of VDR mRNA (Figure 7). Regulation of VDR protein independently from its
transcription has been previously noted in keratinocytes (Li. 1999), skin fibroblasts (Wiese.
1992) (Masuyama. 1998) and now in our current melanoma cell system, where 1,25D3
stabilises VDR protein without the alteration of VDR mRNA (Chapter 3). In agreement with
previous studies on the homeostatic state of VDR in keratinocytes, we show that 1,25D3 also
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stabilises VDR in a neoplastic state however, we further demonstrate that the downregulation
of VDR protein involves proteasomal activity (Figure 11). When proteasome activity was
inhibited, we note a significant recovery of VDR protein compared to control, therefore we
propose that the degradation of VDR protein already occurs in the absence of ligand
(Figure 11A). Comparable to our BRAFV600E melanoma data, the proteasome-mediated
VDR protein degradation in the absence of hormone is noted to also occur in keratinocytes (Li.
1999) and osteoblast cells (Peleg. 2010). Both studies reported a continuous degradation of
basal VDR by proteasome to limit 1,25D3 action as a means to maintain normal 1,25D3
signalling (Li. 1999) (Peleg. 2010). Unique to BRAFV600E melanoma however, and thus not
found under homeostatic state nor in melanoma that harbour BRAFWT, we observed inhibition
of BRAFV600E/MAPK activity to reduce the half-life of VDR protein despite the presence of
1,25D3 (Figure 11B). In the presence of 1,25D3, the half-life of VDR in an active
BRAFV600E setting appears to be approximately 24hr, whereas the half-life of VDR when
BRAFV600E is inhibited is degraded at a faster rate at around the 8hr time point. Thus, in
contrast to the homeostatic state of VDR, BRAFV600E mutation appears to be the prime
regulator of overall VDR protein expression as the VDR protein turnover is increased.
Our data indicate VDR protein to acquire dependency on BRAFV600E but not
BRAFWT, and since BRAFV600E/MAPK pathway is known for its cascade of
phosphorylation activity, we assessed whether 1,25D3 would affect the phosphorylation of one
of its mediators ERK1/2. We observed 1,25D3 to have no effect on BRAFV600E-induced
phosphorylation of ERK1/2 in melanoma (Figure 14A) therefore, we propose that the
stabilisation of VDR by 1,25D3, as seen under homeostatic state, and through BRAFV600E
activity maybe independent events in BRAFV600E melanoma. Indeed, compared to the
homeostatic condition in the presence of 1,25D3, our data of VDR in BRAFV600E melanoma
cells appear to have longer half-life (24hr) over that reported for normal fibroblast (8hr) (Wiese.
1992) (Masuyama. 1998). However, this would need to be verified through direct comparative
studies, although suggestive of an intriguing mode of regulation that varies between different
cell types.
Thus, taking all the together, we demonstrate that VDR protein is independently from
VDR mRNA reliant on BRAFV600E, and that the downregulation of overall VDR levels upon
the inhibition of BRAFV600E/MAPK is in part due to the shortened half-life of VDR mediated
by proteasomal degradation. Similar to the homeostatic state of keratinocytes, we show that
1,25D3 is able to stabilise VDR protein in a BRAFV600E setting however, we postulate that
the prime regulator of VDR turnover remains to be BRAFV600E rather than 1,25D3 as seen
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in keratinocytes. Thus, we propose that the stabilisation of VDR protein by 1,25D3 and MAPK
in the context of BRAFV600E is through independent mechanisms.

4.3.2 The Potential Release of Phosphate on VDR Protein Results in its Degradation
through the Ubiquitin-Proteasome System in BRAFV600E Melanoma
We established that VDR degradation upon the inhibition of BRAFV600E/MAPK involves
proteasome activity, and upon the inhibition of proteasome signalling we observed a significant
recovery of VDR protein (Figure 11) and unexpectedly also the phosphorylation activity by
MAPK (Figure 14B). Therefore, we address whether VDR had possible MAPK
phosphorylation acceptor sites or whether the active MAPK activity abrogates the proteasomemediated repression and upon the inhibition of MAPK pathway through PLX or PD98059, the
proteasome becomes available to initiate its degradation. Through in silico analysis we
investigated potential phosphorylation sites on VDR protein by MAPK and identified two
strong candidates T175 and S177 for VDR isoform 1 (Figure 16C) and T225 and S227 for
VDR isoform 2 (Figure 17C). Due to time constraints we were unfortunately unable to validate
these phosphorylation sites however, phosphorylation of VDR however has been previously
noted by other kinases (Zenata. 2017), but it is important to highlight that these studies
employed overexpression systems by transfecting cells with VDR in vitro and therefore
strongly suggest that phosphorylation may occur, but they are not definite. Thus, similar to our
experiments, the phosphorylation sites need to be confirmed with endogenous VDR in vitro or
in vivo.
Interesting to our study, we revealed the two predicted MAPK phosphorylation sites on
VDR to fall within a region that is rich in proline (P), glutamate (E), serine (S), and threonine
(T) residues, collectively referred to as a PEST region, at position 189-229 on VDR isoform 1
and 224-239 on VDR isoform 2 (Figure 19). These PEST regions are a common feature of
short-lived regulatory proteins mediated through the ubiquitin-proteasome system
(Reichsteiner. 1996) and in agreement with Li et al. (Li. 1999), we identified the PEST regions
to fall within the ligand-binding domain of the VDR protein. Through immunoprecipitation,
we confirmed that inhibition of BRAFV600E/MAPK signalling results in degradation of the
VDR protein through the ubiquitin-proteasomal system (Figure 15). We therefore propose that
BRAFV600E/MAPK phosphorylates the VDR protein resulting in its stabilisation, however
upon the inhibition of BRAFV600E/MAPK pathway, VDR becomes a substrate of a ubiquitinligase. The resulting formation of poly-ubiquitin on VDR subsequently marks it for degradation
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by proteasome. It is possible that although the interaction between the BRAFV600E/MAPKinduced phosphorylation and ligase-induced ubiquitination on VDR protein is through
competitive binding, since melanoma cells harbour BRAFV600E that is constitutively active,
VDR regulation might be slightly in favour to be a substrate for phosphorylation and therefore
in protein stabilisation.

4.3.3 FBXW7 as the Candidate Ubiquitin-ligase for VDR Degradation
Since VDR protein is degraded through the ubiquitin-proteasome system, a candidate
ubiquitin-ligase we considered was FBXW7, which as part of a E3 ubiquitin ligase complex
recognizes “phospho-degron” motifs (consensus T/S-P-X-X-S/T/E) within the PEST domain
contained within protein substrates targeted for subsequent proteasome degradation (Zuurbier.
2010). Among the protein substrates targeted this way is BRAFV600E. Saei et al. have reported
that inhibition of BRAFV600E by PLX4032 will lead to increased levels of the USP28 enzyme
that de-ubiquinates and halts the auto-ubiquitination activity of FBXW7 (Saei. 2018). This
leads to stabilisation of FBXW7 and in turn, its increased targeting of BRAFV600E
degradation through the ubiquitin-proteasome pathway (Saei. 2018). FBXW7 therefore may
be considered a tumour suppressor gene (Saei. 2018). We have previously reported
BRAFV600E/MAPK to drive cell proliferation in BRAFV600E melanoma (Chapter 3,
Figure 10), and if FBXW7 were to mediate degradation of BRAFV600E following inhibition
of its kinase activity, it would be interesting to speculate how much of the anti-proliferative
effect of PLX is due to its increased protein turnover vs. inhibtion of kinase activity.
Interestingly, Salehi-Tabar et al. reported VDR to contain a consensus FBXW7
recognition motif in a VDR-specific insertion domain (Salehi-Tabar. 2019), which could be
possibly within the PEST sites we identified. However, they reported that mutation of the
FBXW7 recognition motif in VDR did not affect interaction between FBXW7 and VDR, nor
did the ablation of FBXW7 stabilise VDR protein levels however, they highlight that FBXW7
is an essential component for VDR gene expression and transactivation (Salehi-Tabar. 2019).
FBXW7 and VDR cooperate together to mediate the anti-cancerous effects of 1,25D3 (SalehiTabar. 2019). Nevertheless, since VDR contains a consensus FBXW7 recognition site (SalehiTabar. 2019), it is possible that similarly to the altered VDR regulation effect upon mutated
BRAF within a BRAFV600E setting, FBXW7 could now target VDR for ubiquitin-proteasome
degradation. We attempted to address this hypothesis through the application of a siRNA
knockdown of FBXW7 in BRAFV600E melanoma cells. In this context, PLX4032 inhibition
116

Effect of BRAFV600E on VDR Signalling
of BRAFV600E would not lead to an increase of FBXW7 activity, and if this represented the
enzymatic function targeting VDR turnover, we would anticipate no degradation of the receptor
under these treated conditions. Our preliminary data however failed to establish consistent and
sufficient levels of FBXW7 knockdown, but this is still currently an on-going area of
investigation in our laboratory as to whether in the context of BRAFV600E melanoma,
FBXW7 becomes an ubiquitin-ligase for VDR degradation.

4.3.4 Potential Effect of BRAFV600E on the Subcellular Location of VDR in Melanoma
The relevance of a BRAFV600E-dependent VDR in BRAFV600E melanoma cells in relation
to BRAFWT melanocytes and tumours is yet to be determined and our data highlight intriguing
areas of future investigation as to VDR function within different skin cell types, and potential
mechanisms that underpin its corruption in a disease context. Studies on the effect of MAPK
on other nuclear receptors in different tumour types have given us some possible mechanistic
precedents for understanding our current observations. Studies have shown that MAPK
phosphorylates the activation domain of certain nuclear receptors and highlight that the
presence of ligand can activate the MAPK pathway, independently of the receptor drivengenomic pathway associated with gene regulation. To illustrate, in non-cancerous COS-1 cells,
the liganded and activated form of RARγ2 is phosphorylated at its activation function 1 (AF1) domain by p38/MAPK and in turn initiates recruitment of the SUG-1/26 S proteasome to its
activation function 2 (AF-2) domain for RARγ2 degradation (Gianni. 2002). Thus, the
transactivation domains of such targeted proteins coincide with the proteasome degradation
domains and abrogation of RARγ2 degradation by either p38/MAPK or 26S proteasome
activity leads to an impaired retinoid acid-induced transactivation activity (Gianni. 2002).
Retinoid acid therewith induces its transactivation responses through RARγ2, while
concomitantly stimulating p38/MAPK to subsequently phosphorylate RARγ2 for degradation,
therefore inducing its own negative feedback loop (Gianni. 2002). Phosphorylation of VDR
has also been proposed in breast and colon cancer cells. Gilad et al. reported that estrogen
ligand E2 binds to the caveolae membranal ERα/β, inducing activation of Ras/MAPK resulting
in the phosphorylation of c-Jun that binds to the DNA binding domain of VDR to increase the
transcription and subsequent protein expression of VDR in breast and colon cancer (Gilad.
2005). Thus, in contrast to our data on BRAFV600E melanoma, in this context there appears
to be a strict correlation between control of the levels of VDR RNA and protein through
E2/ERα and E2/ERβ in breast and colon cancer. Additionally, in contrast to the ligand-induced
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activation of MAPK signalling of other nuclear receptors, we show that 1,25D3 is not necessary
for VDR protein stabilisation in BRAFV600E melanoma, which might be due to the already
active state of mutated BRAFV600E/MAPK in our cell lines that consequently alter regulated
turnover of the VDR protein (and mRNA) compared to its homeostatic state. In line with this
hypothesis, Qi et al. showed that mutated K-ras-harbouring colon cancer involves p38/MAPK
activity to decrease VDR expression (Qi. 2004) instead of the previously observed VDR
increase by E2/ERα/β-induced activation of MAPK signalling (Gilad. 2005). Thus, the
observation on VDR expression by constitutively active MAPK signalling in colon cancer is
contrary to what we have observed in BRAFV600E melanoma, where VDR expression appears
to have acquired a dependency on BRAFV600E/MAPK activity for its prolonged protein
expression.
Besides the MAPK-regulated nuclear receptor expression, MAPK has also shown the
ability to induce subcellular localization of nuclear receptors. ERK1/2 phosphorylates PPARγ
on its serine residue to induce nuclear export (Camp. 1999) (Mebratu. 2009). Interestingly,
Hutchinson et al. performed a histological study on patient-derived melanoma samples and
observed a similar pattern between the subcellular location of VDR expression and MAPK
activity (Hutchinson. 2018). They report that benign melanocytes naevi was associated with
low P-ERK and strong nuclear VDR, which were rarely thick and did not metastasise
(Hutchinson. 2018). In contrast, malignant melanoma expressed a decrease of nuclear receptor
with concomitant high level of cytoplasmic VDR, which presented with thick (>3.0mm)
tumours and likely to metastasise (Hutchinson. 2018). The group reported an inhibitory effect
of MAPK activity on VDR signalling and they believed that the primary effect of MAPK was
the abrogation of nuclear entry of VDR rather than direct inhibition of VDR transcription
(Hutchinson. 2018). This histological study was based on correlation-derived data and they did
not assess the underlying mechanism however, our study shows that VDR protein expression
is regulated by BRAFV600E/MAPK therefore, it could potentially induce nuclear export of
VDR as seen for PPARγ resulting in the accumulation of cytoplasmic VDR as seen by
Hutchinson et al. (Hutchinson. 2018).

4.3.5 VDR and Target Genes in a BRAFV600E Setting
Our BRAFV600E and BRAFWT melanoma express appreciable levels of transcriptionally
competent endogenous VDR (Figure 9) and it is capable to elicit appropriate CYP24 response
(Figure 8), as assessed by VDRE-based reporter and CYP24 promoter-based reporter assay
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respectively. Similar to the PLX4032-induced repression of VDR mRNA, we also noted a
downregulated expression level of its primary target gene CYP24 (Figure 5). ERK signalling
in colon Caco-2 cells has shown to regulate the expression of CYP24, but not the 1,25D3 target
gene calcium channel receptor TRPV6, suggesting that ERK signalling has a gene-specific
effect (Cui. 2009). In specific, the group showed that ERK1/2, but not ERK5, recruits coactivator mediator 1 to corporately enhance 1,25D3-mediated CYP24 gene expression in
differentiated Caco-2 cells (Cui. 2009). In our study, we believe that CYP24 expression
(Figure 5) but not E-cadherin is a consequent of VDR downregulation (Figure 13). Rather
than a gene-specific effect as seen in colon cancer, we believe that the difference of gene
regulation is because CYP24 is a primary and typical VDR target, whereas E-cadherin
expression can be regulated through multiple different pathways (reviewed by Lamouille. 2014)
which may henceforth explain the different target gene response observed. However, a wider
genomic study rather than a candidate gene approach that we employed might be beneficial to
give us a more detailed insight on VDR gene targeting affected by BRAFV600E signal.
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4.4 Conclusion
Overall, we show that effects of MAPK signalling on VDR is a mutation-specific effect, where
VDR mRNA and independently VDR protein expression acquire a dependency on
BRAFV600E but not BRAFWT. The overall downregulated expression of total VDR in
BRAFV600E is in part due to the significant reduced half-life of VDR protein when MAPK
activity is inhibited. BRAFV600E therefore stabilises VDR protein potentially by
phosphorylation, and upon BRAFV600E/MAPK inhibition, VDR becomes a substrate for
ubiquitin-ligase, which FBXW7 is a candidate enzyme, resulting in the subsequent VDR
protein

degradation

by

proteasome.

The

predicted

phosphorylation

sites

by

BRAFV600E/MAPK on VDR and its effect on VDR function and activity is yet to be
determined.
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5. Summary and General Discussion
Within the context of vitamin D metabolism, the skin represents an unique organ as it can
generate the complete set of precursor molecules required for the endocrine synthesis of
1,25D3. More importantly, the skin contains the complete enzymatic machinery required for
production of this biologically active metabolite, suggesting the potential for keratinocytes and
melanocytes

that

express

VDR

as

capable

of

directly

responding

to

autonomously/intracellularly generated 1,25D3. Clinical cohort studies on melanoma have
reported that a higher serum level of 25D3 presenting at diagnosis is associated with both
thinner melanoma tumours and better survival (Newton-Bishop. 2009). Furthermore, a
negative correlation was observed in which VDR expression became downregulated with
metastatic progression (Brożyna. 2011) (Brożna. 2014) with decreased VDR in melanoma also
associated with predictors for poor survival outcome (Slominski. 2017).
The aim of this thesis therefore was to attempt to bridge the gap between the vitamin D
signal pathway and its influence on modulators that prevent/promote melanoma development.
The ultimate outcome of this and similar studies will be to gain knowledge for how vitamin D
may be used as a potential preventative agent or applied in co-treatment with currently used
drugs targeting melanoma progression. To this end we focused our study on: 1) the effect of
EMT transcription factors SNAI1 and ZEB1 on VDR activity and Wnt/β-catenin
responsiveness and 2) the effect of the BRAFV600E mutation on VDR expression and
signalling. In the following we will briefly summarise and discuss the results taken in combined
consideration.

5.1 Potential Cyclic Switch between Epithelial Mesenchymal Transition and
Mesenchymal Epithelial Transition for Cell Invasion and Proliferation Respectively in
BRAFV600E Melanoma
In Chapter 3, we employed two BRAFV600E-harbouring melanoma cell lines (A375 and SKMEL-28) to investigate potential relationships between VDR and the EMT-TFs. In SK-MEL28 we observed exposure to VDR ligand resulted in an increase of E-cadherin mRNA and
protein, which remained absent in A375 that express relatively higher levels of SNAIL1 and
ZEB1, both EMT-TFs which have previously shown to be able to repress E-cadherin
expression (Pálmer. 2001) (Guaita. 2002) (Dave. 2011). Since the loss of E-cadherin along with
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increased expression of EMT-TFs are considered key events during EMT initiation, we
considered A375 as more mesenchymal-like and SK-MEL-28 to be more epithelial-like.
Liganded VDR has shown to be able to inhibit Wnt/β-catenin activity in colon cancer cell line
SW480-ADH that expresses exogenous VDR with retrovirally transduced Snail1 (Pálmer.
2001) (Pálmer. 2003) (Aguilera. 2007) (Larriba. 2007) and in osteosarcoma cell line SaOS2,
where SNAI1 expression was inhibited through shRNA and siRNA, and subsequently
confirmed in vivo (Yang. 2011). Thus, these results indicate a more favourable VDR-mediated
response, in part by recovering E-cadherin expression and inhibiting Wnt/β-catenin activity
(Pálmer. 2001) (Pálmer. 2003) (Larriba. 2007), to be associated with cells expressing a
relatively higher ratio of VDR to SNAI1. Therefore, in the context of our melanoma cell lines,
since we showed that A375 to express a relatively lower VDR/SNAI1 in comparison to SKMEL-28 that expresses E-cadherin, we postulated A375 to show less favourable VDRmediated responses, and thus a higher Wnt/β-catenin target gene activity, and SK-MEL-28 a
more favourable VDR-mediated effect with a lower Wnt/β-catenin target gene expression. To
examine our hypothesis, we treated the cell lines with 10nM 1,25D3 or its synthetic potent
analogue EB1089 for 24hr and 96hr followed by the transcriptional analysis of VDR and
Wnt/β-catenin target gene expressions. Our data indicate both cell lines to have an overall
limited responsiveness of VDR and Wnt target genes to ligand however, between the two cell
lines, the overall expression of Wnt/β-catenin target genes were surprisingly higher in SKMEL-28 that express detectable levels of E-cadherin, with relatively lower levels of SNAI1
and ZEB1, than found in A375 (Chapter 3, Figure 14, Figure 15, Figure 20). As EMT is a
transient process that allows tumour cells to migrate and metastasise, it is commonly followed
by the reverse process, Mesenchymal Epithelial Transition (MET), allowing neoplastic cells to
adhere to a new site and re-proliferate resulting in the acquisition of a secondary tumour site
(Moreno-Bueno. 2008) (Gallagher. 2012) (Nieto. 2016). This cyclical event between EMT and
MET thus could explain our data observed, as A375 showed a higher expression profile of
overall EMT-TFs associated with more invasive cells as assessed by cell colony formation
assay (Chapter 3, Figure 10), whereas SK-MEL-28 with a relatively lower expression of
SNAI1 and ZEB1 that implicate a less invasive type of cell, presented a higher Wnt/β-catenin
target genes expressions. The relatively higher Wnt/β-catenin target genes in SK-MEL-28
compared to A375 include the well-known oncogenes cyclin D1 and c-myc and with the
concomitant downregulation of p21, these are events associated with ‘hyper-proliferative’
activity (Liu. 1996) (Sinnberg. 2011) (Niehrs. 2012), and thus instigating a state that is not as
progressed within the EMT pathway. Taken together, our results determine the invasive
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behaviour from BRAFV600E melanoma A375 as the most metastatic, followed by SK-MEL28 and MeWo that is BRAFWT as the least invasive. Interestingly, we also noted that SKMEL-28 and MeWo exhibited a comparable spindle-like morphology, whereas A375 was
spherical (Chapter 3, Figure 10). This is in line with clinical data that showed that patients
with BRAFWT demonstrated a tumour with superficial spreading (Long. 2011), whereas
patients with BRAFV600E melanoma tumour were more likely to exhibit metastasis to the
brain (Sandru. 2014). It is important to note however, that the morphology does not determine
the metastatic stage of the disease but is rather used here as an indication of comparison
between cell lines. Nevertheless, although our melanoma cell lines were all isolated from the
skin, it is of interest to note that A375 and SK-MEL-28 are amelanotic melanomas, meaning
they produce little to no melanin, whereas MeWo is a pigmented melanoma. Clinical data on
amelanotic and pigmented melanomas have revealed that amelanotic melanoma to have more
aggressive pathological features and a poorer 5-year survival than pigmented melanoma
(Thomas. 2014) (Strazzulla. 2019). Thus, taking our data with previous studies into account,
further supports our hypothesis the metastatic behaviour as A375 to be most invasive, followed
by SK-MEL-28, and MeWo as the least metastatic.
The data in Chapter 3 thus highlights a complex role between EMT and VDR
expression and we concluded that independent knockdowns of SNAI1 and ZEB1 as insufficient
to rescue E-cadherin expression, or restore VDR responsiveness and its antagonist effect on
Wnt/β-catenin signalling in metastatic BRAFV600E melanomas. Additionally, we
demonstrated that CDH1 (E-cadherin) is not regulated by methylation in BRAFV600E
melanoma. We propose here however a more likely metastatic behaviour from BRAFV600E
A375 to SK-MEL-28 vs. MeWo as the least invasive that harbours BRAFWT.

5.2 BRAFV600E melanoma cell lines exhibit both a heightened basal and hormoneinduced expression of CYP24A1 that encodes catabolic inactivation of 1,25D3; a potential
mechanism that contributes to limited VDR responsiveness?
Although the overall responsiveness to VDR ligand exhibited by our selected panel of target
genes of anti-proliferate/anti-cancer nature was overall limited, a noted exception was the
‘classical’ 1,25D3-sensitive primary target gene, CYP24 (Chapter 3). We attempted to
investigate whether such basal and hormone hyper-activation of CYP24 may compromise the
bioavailability of 1,25D3 with the gal4 reporter assay. We transfected SK-MEL-28 with
pFLUC reporter and pCMVBD-VDRfl expression construct as a sensitive output measurement
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to 1,25D3. The reporter in the gal4 system contains five copies of the gal4 response elements
and will only bind and respond to proteins that possess Gal4 DNA binding domain. Although,
Gal4 is a yeast protein, and therefore no mammalian/human cells contain any endogenous
protein with gal4 DNA-binding domain, the only protein that will bind to pFLUC reporter is
the Gal4-VDR hybrid protein that is expressed from transfecting in pCMVB-VDRfl. Since
there is no interference from endogenous VDR or other DNA binding proteins, the gal4 system
is sensitive to the subtle changes in 1,25D3 bioavailability. As a control, we also transfected
SK-MEL-28 with exogenous VDR psg5-VDR and VDR-based reporter construct that has
previously shown to elicit competent response (data not shown). After the 5hr transfection, we
treated the cells with 1,25D3 alone and in combination with PLX for 48hr and therewith
allowing CYP24-mediated metabolism of 1,25D3 to occur. However, unexpectedly the highly
1,25D3-sensitive gal4/VDR system showed only a 2-fold transactivation by ligand, whereas
for the VDRE transactivation was almost 20-fold (Chapter 9, Supplementary Figure 3).
Looking at the transfection efficiency we detect that although gal4 reporter was successful it
was 5 times lower than for VDRE (data not shown). Our group has previously established gal4
system to be a highly sensitive to 1,25D3 however the transfection efficiency is cell-specific
therefore we conclude that the gal4 system is not applicable in the context of melanoma cell
lines.
Detectable basal levels of CYP241 are not normally associated as a feature of the highly
inducible regulation of this gene by 1,25D3, with its expression absolutely dependent upon the
presence of 1,25D3. The enzymatic product of this gene represents a classical mode of negative
feedback through which 1,25D3 can modulate its own catabolism, mediated through the
liganded transactivity of VDR. Nevertheless, we believe that the bioavailability of 1,25D3 was
sufficient enough to elicit a transcriptionally competent VDR as evidenced through VDREbased reporter assays (Chapter 4, Figure 9). In addition, we detected VDR ligands to elicit
concentration dependent effects within the colony formation assay (Chapter 3) with
upregulation of VDR protein in response to 1,25D3 also evident already after 24hr of treatment
despite the high activity of CYP24 (Chapter 3 and Chapter 4).
Under the physiologically homeostatic state, CYP24 expression is stringently repressed
by the non-liganded form of VDR (Alimirah. 2010). Indeed, a detectable expression of CYP24
as noted in certain tumours in the absence of 1,25D3 has been previously proposed to represent
a candidate oncogenic mechanism due to its abrogation of 1,25D3 and its transcriptional effects,
and promoting metastatic progression (Horváth. 2010). Furthermore, the expression level of
basal CYP24 noted between our melanoma cell lines followed the same pattern as described
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above from the most to least aggressive melanoma, where BRAFV600E A375 harboured the
highest basal CYP24 expression followed by SK-MEL-28 and BRAFWT MeWo the least
(Chapter 9, Supplementary Figure 1). This further indicates that A375 with a high EMT
activity in combination with high basal and induced levels of CYP24 expression may contribute
to infer a less favourable pattern of VDR responsiveness than SK-MEL-28 and MeWo.
Interestingly, we were able to significantly repress the 1,25D3-induced CYP24 expression
(Chapter 4, Figure 5B) and CYP24 transactivity as assessed by CYP24 promoter-based
reporter (Chapter 4, Figure 8) when BRAFV600E activity was inhibited by PLX4032 (PLX)
in BRAFV600E melanoma but not in MeWo that is BRAFWT.
In Chapter 4, we concluded that the downregulation of CYP24 by the inhibition of
BRAFV600E/MAPK signalling pathway to be the result of the acquired dependency of VDR
expression on BRAFV600E but not BRAFWT.

5.3 Working Model on VDR Expression, Subcellular Location and Interactome in
BRAFV600E melanoma
In Chapter 4 we showed the expression of VDR mRNA and protein both appeared to be
dependent, but via separate mechanism, on the constitutive MAPK function within
BRAFV600E melanoma cells lines. This was not a feature of the BRAFWT as noted for MeWo
cells. We proposed VDR protein to acquire dependency on BRAFV600E signalling by being
constitutively phosphorylated by MAPK and identified two putative MAPK acceptor sites on
VDR, which are T175 and S177 on VDR isoform 1 and T225 and S227 on VDR isoform 2.
When BRAFV600E/MAPK activity is abrogated by PLX or PD98059 respectively, the
proposed phosphate on VDR by MAPK becomes lost, and the VDR is subsequently being
degraded through the ubiquitin-proteasome pathway. We demonstrated that the loss of
BRAFV600E signalling results in the downregulation of overall VDR expression in part due
to a shortened protein half-life and although we noted BRAFV600E to be the prime regulator
for VDR stabilisation, we noted 1,25D3 to be able to increase VDR protein but not VDR
mRNA. A similar observation, although in the absence of the oncogene, has been noted in
keratinocytes by Li et al., who showed that in the presence of 1,25D3, VDR poly-ubiquination
decreases and therefore resulting in the increase of VDR protein by ligand (Li. 1999). Peleg et
al. extended these findings in osteoblasts and reported that ligand binding alone is not sufficient
to protect VDR from poly-ubiquination (Peleg. 2010). They revealed that unliganded VDR in
the cytoplasm to be a substrate for poly-ubiquination, which appears to occur in its C-terminus
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region between amino acids 403-410, whereas ligand-induced nuclear localization and
heterodimerisation protects VDR from degradation (Peleg. 2010). Thus, in a similar manner, it
could be that 1,25D3 in the context of BRAFV600E melanoma cells promote the nuclear entry
of VDR and heterodimerisation to delay ubiquitin-proteasome-mediated degradation in the
cytosol. Since VDR is degraded in the cytosol (Peleg. 2010), and we demonstrated that
inhibition of BRAFV600E/MAPK activity results in the significant downregulation of VDR
protein (Chapter 4), it may be that VDR in BRAFV600E melanoma cells might already be
present in the cytosol instead of the nucleus and thus supporting our hypothesis that
BRAFV600E might promote nuclear export of VDR, as seen for MAPK-induced
phosphorylation of PPARγ (Camp. 1999). Additionally, it does not only provide a potential
explanation to the patient-derived histological findings by Hutchinson et al., who noted
cytosolic VDR to be associated with high MAPK activity and more likely of melanoma to
metastasise (Hutchinson. 2018), but it would also provide an explanation to the noted modest
VDR responsiveness and its lack of inhibitory effect on Wnt/β-catenin we observed applying
1,25D3 or its synthetic analogue EB1089 that has shown 50-100-fold higher transcriptional
potency than 1,25D3 (Hansen. 2000) (Chapter 3).
However, it is uncertain whether BRAFV600E truly has an effect on the translocation
of VDR in the context of BRAFV600E melanoma, as we have demonstrated competent VDR
transactivation by ligand using the luciferase-based reporter assay (Chapter 4, Figure 9).
Additionally, if VDR were to be translocated by BRAFV600E into the cytosol, we would have
expected to see a decrease of VDR transactivation upon the combination treatment of
1,25D3/PLX vs. 1,25D3 alone however, our results indicate a comparable VDR transactivation
therefore raising the question to whether BRAFV600E truly has an effect on the pattern of
localisation of VDR.
Inhibition of the proteasome by MG132 has shown to significantly recover VDR
protein and VDR transactivation that is capable to elicit appropriate response as assessed by
VDRE-based reporter pcDR3 and CYP24 promoter-based reporter assay even in the presence
of PLX (Chapter 4, Figure 12B). Activation of ERK1/2 usually leads to the translocation from
the cytoplasm to the nucleus where it phosphorylates and regulates different proteins however,
interestingly, Stanciu et al. reported in neuronal cells that the application of MG132 does not
always result in a retention of ERK1/2 in the nucleus but instead will result in its accumulation
within the cytoplasm and thus abrogating BRAFV600E-induced proliferation although being
chronically activated (Stanciu. 2002). Going with the above idea, this may further support our
hypothesis that BRAFV600E promotes nuclear export of VDR by BRAFV600E/MAPK, as the
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absence of nuclear activity by ERK1/2 mediated by MG132 as seen by Stanciu et al. (Stanciu.
2002), may allow 1,25D3 to induce VDR to enter the nucleus and therefore result in the noted
VDR and CYP24 transactivation we observed, in addition to the stabilisation of VDR protein
by MG132. Importantly however, although we demonstrated appreciable VDR and CYP24
transactivation by MG132 independent of PLX, we noted under the same condition that
MG132 was unable to recover VDR and CYP24 mRNA expression (Chapter 4, Figure 12A).
Another VDR target gene we evaluated was E-cadherin, where we noted an increase of Ecadherin mRNA but PLX seemed to maintain its repressive behaviour on E-cadherin protein
despite the presence of MG132 (Chapter 4, Figure 13). Thus, these data intimate that MAPK
activity may have impacted the nature of what VDR associates with other protein/ VDRE sites
on target gene. In accordance with this hypothesis, under normal physiological condition, in
the absence of ligand, VDR/RXR repress the transcription of CYP24 by binding to its promoter
site however, we observed CYP24 mRNA already in the absence of ligand (Chapter 9,
Supplementary Figure 1) thus it could be that the association of VDR to CYP24 promoter has
become poor resulting in the transcription of CYP24 already in the absence of hormone and
therefore limiting VDR signalling. VDR has shown to be able to induce its anti-cancerous
effects through different mechanisms: 1) Liganded VDR sequesters β-catenin to promote its
re-distribution within the cytosol and thereby preventing β-catenin stabilisation and subsequent
Wnt/β-catenin signalling (Pálmer. 2001) and 2) liganded VDR/RXR promotes the recruitment
of E3 ligase FBXW7 to target genes involved in cell-cycle progression like c-myc for
proteasomal degradation (Salehi-Tabar. 2019). In these cases, when VDR is unable to
sufficiently interact with target mediators like β-catenin, or c-myc/FBXW7, the anti-cancerous
effects of VDR may become limited and thus leading to a more aggressive phenotype, which
may also possibly give an explanation to the lack of anti-cancerous effects we observed. In line
with this hypothesis, it might also provide a possible explanation to the negative results
obtained from the gal4 experiment, either that the system is not applicable to melanoma cells
or that the VDR protein might not be behaving as in other cell types, possibly due to the
BRAFV600E interaction.
Thus, taking our data together, we propose that MAPK activity may have impacted on
VDR gene targeting by altered pattern of localisation (summarised in Figure 1), its nature of
association with other proteins/ VDRE binding sites of target genes (summarised in
Figure 2), or both.
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Figure 1: Illustrates the Proposed Model on MG132 to Abrogate the Translocation of VDR
Induced by BRAFV600E Resulting in the Recovered VDR Signalling. (A) Similar to previous
study in neuronal cells, MG132 prevents ERK1/2 to enter the nucleus although being
constitutively active. (B) Active BRAFV600E/MAPK signalling results in the stabilisation of
VDR protein and due to the presence of MG132, inhibiting proteasome activity in which
FBXW7 is a candidate ubiquitin ligase, VDR protein turnover is delayed. (C) Upon the binding
of ligand, VDR enters the nucleus to (D) induce VDR signalling and its effects associated with
“anti-cancer”.
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Figure 2: Illustrates the Proposed Model on Altered VDR “Interactome” in Response to
BRAFV600E. Altered association binding capacity of VDR with proteins such as (A) β-catenin,
(B)c-myc and/or (C) its co-comediator FBXW7 result in the stabilization of cytosolic β-catenin
and/or cell cycle progression respectively and thus leading to a pro-cancer effect.

5.4. Altered VDR in BRAFV600E: A Candidate Oncogene or Indeed a Tumour
Suppressor?
Since we postulate an altered VDR regulation by the sustained oncogene activity, it still
remains to be elucidated the extent to which the anti-cancerous function of VDR within a
BRAFV600E setting are changed.
A recent study by Trivedi et al. on breast cancer cells revealed that the cytoplasmic
accumulation of VDR in the absence of ligand promotes breast cancer growth in vitro and in
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vivo (Trivedi. 2017). A proliferative activity of unliganded VDR within the hair follicle has
also been observed. In this context, VDR within the keratinocyte stem cells present within the
hair bulge, regulates canonical Wnt signalling to maintain keratinocyte stem cell self-renewal
and to promote commitment to differentiation in vivo (Cianferotti. 2007). In accordance,
Rabbani et al. further showed that epithelial stem cells activate Wnt signalling to enable
commitment of melanocyte stem cells within the hair bulge to differentiation and promote
melanocyte proliferation for hair pigmentation in vivo (Rabbani. 2011). It is important to note
however that human melanocytes are located in the basal membrane among keratinocytes,
whereas mouse melanocytes are found within the hair follicles, deep in the dermis, therefore
to study human melanocyte activity and development in the context of mice is significantly
hampered by the skin architecture (Nishimura. 2002). Besides melanocytes, keratinocytes
within the basal layer of the epithelium have also shown to be able to induce proliferation
through the MAPK pathway however, only as a result of liganded VDR in the presence of high
calcium (Gniadecki. 1996) (Ratnan. 1999). Importantly, in contrast to the breast cancer study
by Trivedi et al. (Trivedi. 2018), the VDR-associated proliferative activity in the skin in these
specific niches are necessary to maintain normal skin function as they serve to replenish
differentiated cells (Gniadecki. 1996) (Rabbani. 2011). Thus, little information is available on
whether VDR function could be potentially altered to a status representative of a candidate
oncogene, with the majority of reports considering epithelial cancers such as colon and breast
cancer (Pálmer. 2001) (Pálmer. 2003) (Aguilera. 2007), in combination with clinical data on
melanoma, intimating an anti-oncogenic effect of VDR (Brożyna. 2011) (Brożna. 2014)
(Slominski. 20117).
Since we are considering VDR signalling to be recoverable in response to a
combination treatment of 1,25D3/MG132 it is important to also evaluate the function of
MG132 as a potential treatment agent. Interestingly, MG132 has shown to have dual activities
besides proteasome inhibition, including antiproliferation and proapoptotic effects in human
liver tumour cells through the activation of caspase 3 and 7 (Cusimano. 2010). The
antiproliferative response by MG132 has also been observed in other tumour types by
recovering the depleted p27 expression in LNCaP-S14 cells (Rico Bautista. 2010) and p21
expression in estrogen receptor-positive breast cancer (Sun. 2018) resulting in G0/G1 arrest of
the cell cycle. p21 and p27 have been reported to be involved in estrogen receptor signalling
and upregulated in response to antiestrogen treatment and interestingly, Sun et al. showed that
a combined treatment with antiestrogen and a proteasome inhibitor results in a synergistic
effect upon p21 expression in estrogen receptor-positive breast cancer (Sun. 2018). Liganded
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VDR through an indirect mechanism, can upregulate the expression of p27 (Inoue. 1999),
whereas the p21 gene promoter contains several well-characterised VDREs and therefore
considered a direct VDR target gene (Liu. 1996). Thus, it would be interesting to investigate
whether MG132 in combination with 1,25D3 would synergistically increase p21 and p27
expression in BRAFV600E melanoma to promote anti-proliferation.
Taken together, it would be interesting to investigate the potential anti-cancer effects
associated with 1,25D3 and MG132 combined in BRAFV600E melanoma, while taking the
proposed altered VDR gene targeting summarised above into consideration.
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6. Implications for Future Research
6.1 Potential Involvement of Co-repressor on E-cadherin Expression and/or VDR
Response
In Chapter 3 we observed overall blunted VDR responsiveness and we were unable to recover
E-cadherin expression. We determined E-cadherin to not be regulated by EMT-TF SNAI1 or
ZEB1, co-repressor NCOR1/2 nor DNA methylation however, it is possible that co-repressors
other than NCOR1/2 inhibit E-cadherin expression. To investigate the possible role of corepressors we propose to apply TSA or other HDAC inhibitors, such as valproic acid, followed
by qRT-PCR on E-cadherin and other VDR target genes.

6.2 Determination of Phosphorylation Status of VDR
We have determined potential MAPK acceptor sites on VDR protein (Chapter 4) and to
investigate the phosphorylation status of VDR, we propose to perform an immunoprecipitation
of VDR (as described in Chapter 2, section 2.8) and probe the pull down with Ser-Phos
antibody. A potential treatment design would be to treat the cells with control and
1,25D3/PLX4032 treatment, in the latter case we would expect to see a loss of phosphate on
VDR protein.
To confirm the phosphorylation site within VDR, a site-directed mutagenesis of the two
potential phosphor sites can be performed followed by an immunoblot. If the phosphorylation
site has been determined, it would be interesting to further investigate how VDR that is
independent of the BRAFV600E/MAPK signalling in BRAFV600E melanoma behaves in
transfections, i.e. whether it has higher reporter activity and protein stability.

6.3 Potential Alteration of FBXW7 Function and Translocation of VDR by BRAFV600E
The ubiquitin-ligase FBXW7 has been reported to cooperate with VDR to mediate its effects
associated with “anti-cancer”, including the degradation of c-myc (Saelhi-Tabar. 2019).
FBXW7 targets the phospho-degron motif within the PEST domain for subsequent proteasome
degradation, among the protein substrates is BRAFV600E (Saei. 2018). Since VDR also has a
phospho-degron motif (Saelhi-Tabar. 2019), we propose that upon the inhibition of
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BRAFV600E/MAPK activity with PLX4032 and PD98059 respectively, VDR becomes a
target for FBXW7 and is subsequently being degraded by proteasomes (Chapter 4).
We are currently continuing the investigation on whether the ubiquitin-ligase FBXW7
is involved in marking VDR for degradation in a BRAFV600E setting by performing a
knockdown of FBXW7 in SK-MEL-28. Additionally, to assess our hypothetical model on the
translocation of VDR under active BRAFV600E signalling and MG132 activity a simple
method would be to investigate the signalling responses of VDR and its capability to inhibit
Wnt/β-catenin signalling. A potential treatment design would be: control, 1,25D3/PLX4032
which previously showed modest response, and 1,25D3/PLX4032 in combination with MG132
in which we would expect to observe the recovery of VDR responsiveness and its antagonist
effect including the upregulation of p21 and p27 with the concomitant downregulation of cyclin
d1. Additionally, it would be interesting to confirm the subcellular translocation of VDR by
inhibitor. One way is by cell lysis followed by a sequence of fractionation series in different
hypotonic buffer. Shaiken et al. who have used a melanoma-derived MDA-MB-435 cell line
optimized and obtained a successful method to dissect and isolate cellular components to its
nucleus, perinucleus and cytosolic parts (Shaiken. 2014). An immunoblot could visualize the
results. A more live-cell imaging data is to use confocal microscopy on living cells to
demonstrate localization of green fluorescent protein (GFP)-VDR fusion under control,
1,25D3/PLX4032, and 1,25D3/PLX4032/MG132 treatment. A successful method of this on
colon cancer cell line Caco-2 is described by Klopot et al. (Klopot. 2007).

6.4 Determining the Potential Altered Pattern of VDR Interactome
We have postulated that the altered association between VDR and β-catenin and cmyc/FBXW7 might be distorted therefore resulting in the lack of anti-cancerous effects
associated with VDR. It is however also possible that the whole interaction profile of VDR has
altered therefore we advise to perform a genome wide study rather than employing a candidatespecific approach. To assess the ability of VDR to interact with its target proteins/VDRE sites
on target genes and thus to investigate protein-protein interaction or protein-DNA interaction
one possible method is to employ co-immunoprecipitation and chromatin immunoprecipitation
respectively.
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6.5 Assessing the Heterodimer of VDR RXR
Within this thesis, we did not examine the heterodimeric partner of VDR that is RXR.
Surprisingly, our group noted that BRAFV600E-harbouring melanoma A375 and SK-MEL-28
expressed little of the dominant isoform RXRα but rather RXRγ (not shown). RXRγ however,
like RXRα, is able to form a complex with VDR to induce transcriptional activity in response
to 1,25D3. Little information is available on whether RXRγ is phosphorylated however it
would be worthwhile to address whether altered RXRα and RXRγ expression and activity is
BRAF status-specific and if it has an effect on VDR signalling.

6.6 3D Skin Reconstruct
Our study was performed using a conventional 2D cell culture approach that is associated with
a few limitations important for investigating development of melanoma: 1) melanoma cells
were unable to grow in vertical orientation as they would naturally in a multi-layered cell
structure and 2) we eliminated the involvement of the extracellular matrix surrounding the
melanoma. We hope to overcome this by analysing its invasiveness spherically with Matrigel
assay and therefore allowing the cells to grow also vertically, and we are currently in
preparation for the 3D skin construct that will account for the communication between
melanocyte, keratinocyte and fibroblasts, which is important for functional keratinocyte
development and the interchange between keratinocyte-melanoma signal. The cell
communication is especially important since growth factors such as FGF1 already has shown
to re-activate pERK activity in BRAFV600E inhibitor-treated BRAFV600E melanoma
(Straussman. 2012) (short description of the role of ECM in melanoma is described in General
Introduction 1.1.5), which might therefore alter the effect on VDR regulation.

6.7 Application of vitamin D as a Treatment Agent
It is possible that our metastatic cells, even within a 3D skin construct setting, may exhibit
modest 1,25D3/ VDR activity in terms of an inhibitory/invasive effect therefore we anticipate
to see a more drastic change of VDR-mediated effects in the early staged melanoma. Our study
is in line with other studies focused on the anti-cancerous effects of melanoma and highlight
the importance of VDR expression rather than 1,25D3 levels (Larriba. 2007) (Yang. 2011)
(Muralidhar. 2019). Suboptimal vitamin D level is highly prevalent even in healthy adults, and
although vitamin D deficiency (<25nmol/L or 10ng/mL) has shown to shorten survival in
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primary melanoma it is important to highlight that it was in a VDR-dependent manner
(Muralidhar. 2019). Since VDR expression is downregulated with metastatic progression, we
anticipate to see a greater VDR responsiveness in melanoma cell lines within the horizontal or
early vertical growth phase.
In addition to the 2D cell culture and 3D skin reconstruct, it is advised to also take
patient-derived melanoma samples into consideration as we could then also take the
microenvironment, other skin cell types, growth factors, cytokines and immune factors into
consideration. In vivo work for melanoma study might be challenging and difficult to translate
for human studies as the mice melanoma differ from human melanoma cell, in particular due
to its difference in skin architecture (Nishimura. 2002). Thus, VDR expression along with
BRAF status could potentially be used as a biomarker to stratify patients with melanoma for
our prospective study on more benign melanoma. A potential collaborator for this aspect of
investigation for patient-derived samples could be with the research group led by Dr J. Bishop
from University of Leeds as they focus on the clinical aspects of vitamin D/VDR in the context
of melanoma.
Although we anticipate early staged melanoma to give us a clearer insight on
1,25D3/VDR signalling, it was only through the use of metastatic cell lines that have undergone
possible drastic transformations and thus maybe resulting in the lack of VDR responsiveness
that we unravelled previously unknown associations between VDR and MAPK that may
contribute to altered receptor association and/or localization and VDR gene targeting. This
therefore are important factors to take into consideration when investigating early staged
melanoma as they might interfere with 1,25D3-induced responsiveness.
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7. Concluding Remarks
Our study highlights that melanoma development is a complex disease that involves signalling
from numerous pathways, such as VDR, Wnt, EMT, and MAPK. The ability of VDR to act as
a tumour suppressor by preventing anchor-dependent colony formation in melanoma has been
demonstrated. The ability of 1,25D3 to modulate the activities of CYP24 and VDR protein has
also been shown. 1,25D3 was only able to regulate E-cadherin expression in BRAFV600E
melanoma that possessed an expression ratio of VDRhigh /SNAI1low/ZEB1low. In our study,
VDR ligands were unable to exhibit a sustainable anti-proliferative effect through its cognate
receptor. This thesis however highlights the pivotal role of BRAF status on VDR expression
and therefore its capability to induce VDR action in melanoma. The described interplay
between BRAFV600E and ubiquitin-proteasome pathway have implications for the use of the
clinically applied BRAFV600E inhibitor in combination with 1,25D3 at physiological
concentration as a potential target therapy for patients that harbour BRAFV600E, which
represent 66% of all melanomas (Michaloglou. 2008), as we demonstrated that application of
PLX4032 and 1,25D3 could not recover VDR responsiveness. Within our metastatic setting, it
is yet to be determined whether a combination of inhibitor against BRAFV600E and
proteasome activity along with 1,25D3 could redeem the anti-cancerous activities associated
with VDR. These findings along with the current vitamin D literature in the area, provide
evidence that adequate 1,25D3 and VDR status in metastatic melanoma is not sufficient to use
as an independent biomarker, but also the BRAF status and its subsequent VDR gene targeting
altered by subcellular localization of VDR and/or its protein association needs be taken into
consideration to determine whether vitamin D can be used as a co-treatment that hinders
tumorigenic growth in melanoma.
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Chapter 9

Figure 1: Quantitative PCR for CYP24 Expression in BRAFV600E (A375 and
SK-MEL-28) and BRAFWT (MeWo) in the Absence of VDR Ligand.

Figure 2: Amino Acid Sequence of VDR Isoform 1 and 2 in FASTA Format.
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Figure 3: Gal4 System is Not Applicable in Metastatic Melanoma. To investigate the
bioavailability of 1,25D3 in BRAFV600E melanoma, we assessed the transactivation activity
of VDR by employing the a) luciferase reporter assay (as described in Chapter 2) and b) the
mammalian one hybrid (Gal4) reporter assay, which is a more sensitive indicator of 1,25D3
bioavailability. The reporter in the gal4 system contains five copies of the gal4 response
elements and will only bind and respond to proteins that possess Gal4 DNA binding domain.
Although, Gal4 is a yeast protein, and therefore no mammalian/human cells contain any
endogenous protein with gal4 DNA-binding domain, the only protein that pFLUC reporter will
bind and respond to are proteins that possess the Gal4 DNA binding domain, such as the gal4
DNA domain construct fused to VDR cDNA pCMVBD-VDRfl, which was originally generated
in our own lab and has been previously described (Lee. 2014).
Thus, we seeded SK-MEL-28 in a 24-well plate and transfected with either; a) 75ng
pSG5-VDR in combination with 400ng VDRE-based reporter construct pcDR3 or as control
pcDNA 3.1 or, b) 200ng pCMVB-VDRfl with 500ng pFLUC reporter construct using
Lipofectamine™2000 in Opti-MEM® (Invitrogen) for 5hr at a 1:3 ratio of diluted DNA:
Lipofectamine. The Renilla luciferase plasmid pRL-TK was included in all transfection
experiments for normalisation of transfection efficiency. After 5hr of transfection, cells were
treated with control or 10nM 1,25D3 for 48hr. Luciferase activity was measured using Promega
Dual-Glow and data was normalised to renilla (pRL-TK) and expressed as mean ± SEM from
two biological experiments.
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