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Preface

The renin-angiotensin-aldosterone system (RAAS) is a well-established physiological pathway
that regulates blood pressure in humans. The maintenance of this pathway is critical in
regulating blood pressure homeostasis as dysregulated and inappropriate expression of
proteins in the RAAS can lead to raised blood pressure and subsequent hypertension
development. Globally, cardiovascular disease (CVD) accounts for the largest portion of
premature death. One of the major risk factors for CVD is hypertension. In a South African
context, 54% of the population are diagnosed with the disease, which often goes untreated.
Thus, it is a growing public health concern. The rate-limiting factor in the RAAS is renin, which
is encoded by the REN gene. REN was thus selected for analysis as it plays an essential role in
blood pressure homeostasis. Renin is an aspartic protease enzyme that facilitates a cleavage
reaction that is significant for RAAS signalling. This research is a component of a larger project
which aimed to fully annotate REN in order to understand the combined effect of both
genetic, epigenetic and environmental factors which may be associated with hypertension
susceptibility and progression. Research regarding REN is largely limited with respect to
epigenetics and full characterisation of the gene and its integral regulatory components are
incomplete, as most hypertension studies focus on the effector angiotensin Il (Ang Il) as well
as the angiotensin converting enzyme (ACE). Major objectives of the project included a
complete annotation and characterisation of REN which was done with the use of a
bioinformatic workflow which provided an in sillico representation of REN highlighting genetic
and epigenetic regions which may have a functional role in REN regulation. The next objective,
which was conducted in this study, was to experimentally validate the functional relevance
of the annotated regions with an in vitro analysis to both validate the bioinformatic workflow,
as well as assess the effect of vitamin D on REN regulation and subsequent hypertension
susceptibility. The bioinformatic workflow and in sillico analysis was performed by Lidijia
Damjanovic (Table i). Fully defining the genetic and epigenetic overlap in REN regulation may
inform health and therapeutic treatments to effectively target and treat hypertension, which

poses both a health and economic concern in South Africa.



Table i: Techniques performed by Daniesha Govender and Colleagues

Technique Done by

Execution of bioinformatic workflow Lidija Damjanovié @
In silico characterisation and annotation of REN Lidija Damjanovic¢
Development and use of a custom scoring system Lidija Damjanovic¢
HEK293 culture and vitamin D treatment Daniesha Govender
VDR knockdown via siRNA transfection Daniesha Govender
VDR protein quantification via flow-cytometry Daniesha Govender
DNA extraction and quantification Daniesha Govender
DNA methylation analysis Ingaba Biotech®
RNA extraction and RT-qPCR Daniesha Govender
Identification of VDR binding sites in TETs Daniesha Govender
Identification of TFBS in REN CGls Lidija Damjanovic¢
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@MSc Dissertation (April 2020): In silico characterization of the human renin gene for the selection of
functionally relevant regions of epigenetic control.
®PDNA methylation analysis was outsourced to Ingaba Biotech.

Presentations and awards arising from research:

1. 11% annual Cross-faculty Wits Post-graduate symposium on 12t October 2020-
Geneenvironment interaction: Vitamin D, Renin and Hypertension. Placed 4™ in the
Gradflash category

2. Wits Molecular Biosciences Research Thrust (MBRT) Virtual Postgraduate Research Day
on 9™ December 2021 — The effect of 1,25-dihydroxyvitamin D3 on methylation and
expression of the human renin gene. Won first prize for the best grad-flash

presentation.



Publications arising from research:

Govender, D., Damjanovic, L., Gaza, C. A. and Meyer, V. (2021) Vitamin D decreases
silencer methylation to downregulate renin gene expression, Gene, 786, p. 145623. doi:

10.1016/j.gene.2021.145623.



Acknowledgments

I would like to acknowledge the National Research Foundation for funding this project via the

Thuthuka grant to Vanessa Meyer (Grant No. 118133).

To Dr Meyer, | don’t even know where to start. | will forever be grateful for the opportunity
you have given me. | remember sitting in presentation room in my Honour’s year when you
pitched your work to the students. You have always been passionate about your work and
that is what drew me to your lab. You were kind enough to allow me to take part in your
research and explore the full extent of Vitamin D in all its glory. The past three years have
been challenging but it was made easier with your guidance and encouragement. You have
shown me that | am capable of achieving anything with just the right amount of effort and
support. Never in a million years did | think | would co-author a research publication. | am
forever indebted to you for allowing me to see your ideas through and be a part of your
Vitamin D journey. The lab techniques are just a small layer of the wealth of knowledge you
have given me. In a world of intimidating and often discouraging academic superiors, you are
a ray of sunshine! You gave me just enough room to grow but never failed to provide guidance
in a way that has always been encouraging and thoughtful. There is not a single time | couldn’t
count on you as you always make your student’s a priority even when you undeniably deserve
a break. No words can describe the extent of my appreciation and gratitude for you. You truly
are a role model to me. | am continuously in awe of your numerous abilities, a teacher, a
mother, a friend and most importantly a mentor. You are a living, breathing wonder woman
and | hope to one day achieve as much as you have so early in your life. THANK YOU! For your

time, energy, patience, and consideration.

To Dr Gentle, thank you for your brutal but necessary honesty. You push me and everyone in

the lab to think differently and most importantly be critical in our research.

To my amazing colleagues in GH514 and FunGenics, you have made this daunting journey fun.
To Shuaib, we started this together and by supporting each other through self-doubt and
repeated failed RNA extractions, we finally made it! To Darisia, the person who | can always
count on to help me with anything at any time, watching all your accomplishments and

progress in your work has inspired me to work harder and most importantly push myself to



achieve more. Thank you for all our pep talks and offering me your ears to vent. To Lidijia and
Jinsi, thank you for all your work towards this project and offering your expertise at times
when | was lost in either literature or lab work. To Kuda, you were the first person | met in
the lab and helped me navigate my way around until | was confident enough to tackle
experiments on my own. You are such a kind-hearted soul who is always willing and eager to
help anyone in need. To my GH514 girls, Suheena, Almaaz and Bronwyn, | am so fortunate
to have met you all. You know all too well how frustrated | can get when things go wrong and
you have all been there to not only console me but remind me to chill and tackle each problem
as it comes. | will always cherish our hilarious moments in the lab. If we can make it through
Mycoplasma contamination, multiple equipment failures, wild birds and a whole flood, we

can make it through anything!

I would like to thank my family for pushing me to further my academic career and offering me
the opportunity to not only get a tertiary degree but also further pursue my academic career
in research. To my father and brother for driving me back and forth to the lab even on
weekends to keep my cells alive and to my mother for always supporting me when | doubted

myself. Your encouragement and love have allowed me to reach this point.

Lastly to my dearest Nabeelah, we both started this post-graduate journey together and you
have always been supportive of my academic career. Thank you for your reassurance and

love.



Table of Contents

List Of @DDrEVIatioNS ... .eeiieeeeee e e 11
[ o) B = (U TSP 14
LISt Of TADI@S.....eeeeeeeee ettt st e b et e e ne e e naees 16
ADSEIOCE ..ttt ettt eaa e s nae s 17
Chapter 1: LItErature FEVIEW .....uiii i ittt ettt et e e s st e e e st e e e ssabte e e s ssbaeeeesnaaeessssraeeennns 18
A o LY o 1= =T 1Y o] L T U TP 18
1.2 Prevalence and StatisStiCs......cocuiiiiiiiiiiieiiie e e e s 20
1.3 Renin-angiotensin-aldoSterone SYStEM .......uciieiiiiieicieeee e e e e rere e e e 20
1.4 Hypertension treatmMent ... 23
S S {T a1 o I = ={ U1 = 4o o SR 24
1.6 VITAMIN D e e s 28
1.7 The VItAMIN D FECEPTON «.uviiiietiie ettt et e et e e s s e e e s b e e e e esabaeeesenabaeeeesssaeeeennnens 30
1.8 Vitamin D and the EPISENOME .....ueiiee i e e e e e et e e e e e e e e enrrraneeeee s 32
IS B N VAN 4 =] d 1Y = T T o RSP 33
1.10 Histone post-translational modifications .........ceoovciiiiiiiiiiii e 35
1.11 Chromatin accessibility and long-distance interactions.........cccccvveeeeei e, 36
IO 7 o 1V o 1 1T RSP 39
1.13 AIMS AN OBJECHIVES ..eeieii it e e e e st e e e e e s e snbaer e e e e e e e e e ennnnsraneeeeens 40
(@ oY o = g 1Y/ =1 d T Yo U 41
2.1 Cell culture and treatMeNnt.........ooiiiiiii e e e e e 41
2.2 VDR knockdown via SIRNA transfection.........cccooeeriiiiieiienieeeeeeece e 42
PG/ [V oleYo] [e XY Te e (=] X=Tot 4 o] o NS SR 43
P N oV oF- [ a1 o LI 111 1Y 2SR 45
2.5 Genomic DNA (EDNA) @XEraCtiON ....vveeeeieeiiiiiiiirieeeee e ee et ee e e e e e eseerrreeeeeeeeeessnrraaeeeseeeeesensnreens 45
2.6 DNA quantification and purity asseSSMENt ........eeeiiiiiicciiiiiiiee e 46
DA A 1 1= g1 = o1 [ o PP 47
2.8 Quantitative reverse transcriptase PCR (RT-0PCR)....cccccvirrrrieiieiieiiiirreeeee e eeccirreeee e e e ee s 48
2.9 Agarose gel eleCtrOPNOrESIS ... . et e e e e e e e e e e anaraees 52
2.10 Intracellular VDR protein quantification via flow cytometry......cccoovvveeeeeiiiiiiiiiieeeeecc e, 52
2.11 In silico annotation of REN regulatory regioNs ........coccccviiiieeeeececccireee e e e e e e 54
2.11.1 Mapping of REN promoter, enhancer and Silencer regions .......cccveeeeeeeeieecirveeeeeeeeeeeseennnnen, 54
2.11.2 Ranking and selection of REN CGls to undergo methylation analysis.........cccvvveeeeeeeeircnnnneen. 55
2.11.3 Identification and annotation of putative TFBS within selected REN CGls ...........ccceuuuneeee. 55



2.11.3 Identification putative VDR binding sites within TET1, TET2 and TET3.......ccccecveeeiriiiveeennne 56

2.12 Quantitative DNA methylation analysis by MALDI-TOF MS ... 56
2.13 Data processing and Statistical aNalySiS.......ccuuiuiiiiriiiiiiiiiiiiee e e 58
CAPTEE 31 RESUILS ..veiieiiiiie ettt ettt e e st e e s s bt e e e s ba e e e e seabeeeesesaseeeeesnasaaesssssneeennns 60
IO UF: | 114 oo | o | [P PP PURRRPPPRP 60

3.1.1 HEK293 cell cultures were pure and free from Mycoplasma contamination...................... 60

3.1.2 Lipofectamine transfection and 1,25(0OH).Ds supplementation induced no significant

change in cell viability in HEK293 CellS.......uuuiiiiieeiii ettt e e e e e e 61
3.1.3 NUCIEIC Cid @XErACTIONS. ..ceiiiiiiiieieiieee ettt ettt e e e e e e sarae e e s sareeeessnneeeas 61
3.1.4 All RT-gPCR gene products were intact and specific to the target........cccoccvveeieiieeeecnnenn. 62

3.2 Both VDR mRNA and protein level increased in response to 1,25(0OH).Ds
SUPPIEMENLALION IN VDR ¥ CEIIS ...ttt e e e e e e e e e e e e eanrraaeeeeens 65

3.3 CYP24A1 mRNA level increased in response to 1,25(0OH),Ds supplementation in VDR *

CRIIS ettt sera e s eab e s nn e s naeas 67
3.4 REN mRNA level decreased in response to 1,25(0OH),D3 supplementation in VDR * cells ........ 67
3.510nM 1,25(0OH).Ds supplementation induced significant demethylation at the REN............... 68
silencer and increased methylation at the REN enhancer in VDR * HEK293 cells.........ccovveeeeeeennne. 68
3.6 TFBS were mapped and annotated within the high-ranking selected CGl regions of REN
used for Methylation @NalYSIS........coiii i et e e e as 70
3.7 DNMT1, DNMT3A and DNMT3B gene expression did not change in response to.........cc..c...... 77
1,25(0H),Ds supplementation in VDR * HEK293 cells........ccooiiiieieiieeeeeceee e 77
3.8 TET1 and TET2 mRNA level increased in response to 1,25(0OH).Ds supplementation while
......................................................................................................................................................... 78
TET3 expression was not changed in VDR ¥ CeIIS ...ooiii ittt 78
3.9 TET1, TET2 and TET3 contain putative VDR binding SiteS......cceoveeciiiieieeiie e, 79
3.10 siRNA-mediated VDR gene knockdown established a VDR ~HEK293 cell culture................... 80
3.11 REN, TET1 and TET2 mRNA level did not change in response to 1,25(0OH).Ds
supplementation in VDR “HEK293 CEIIS .....ouuuiiiiieeei ettt ettt eeenrreee e e e e e e snnrraneee e 82
3.12 10nM 1,25(0OH);D3 supplementation induced no significant change in REN methylation
......................................................................................................................................................... 83
IN VDR " HEK293 CeIIS.....eiieieieeeieeee ettt s smn e e n e 83
(0o =Y o] = o S DT ol U131 o o U 84
4.1 QUANIEY CONTIO 1uuiiiiiiiieei ettt e e e e e e et r e e e e e e eesesatsraeeeeeeeesesnstraneeesessennnns 84
4.1.1 The HEK293 cells were free from Mycoplasma contamination .........cccceeeeeeeeieiiiiveeeeeeeeeennn, 84
4.1.2 HEK293 cell viability was not affected by 1,25(0OH),Ds supplementation............ccceeeeeunnenn. 85
4.1.3 Extracted nucleic acids for downstream analysis were intact and pure .........cccccovvveeeeeeeennn. 85



4.1.5 Successful VDR knockdown was achieved establishing a VDR - HEK293 cell culture............. 87
4.2 10 nM, 1,25(0OH);D3 supplementation significantly increased both VDR and CYP24A1

while decreasing REN expression in VDR * but not VDR " HEK293 cells ......c.ceoevvviveeiiniiiieeiriieeeens 87
4.310nM, 1,25(0OH),Ds supplementation decreased CGI5 methylation in REN silencer region

IN VDR T HEK293 CeIIS ..ottt 89
4.6 No significant changes in DNMT1, DNMT3A and DNMT3B were observed in response to......91
10 nM 1,25(0H)2D3 in both VDR *HEK293 CeIIS.....ccciieeeiiieeee ettt 91
4.7 10 nM, 1,25(0OH),Ds supplementation increased both TET1 and TET2 expression while

having no significant effect on TET3 in VDR * but not VDR "HEK293 Cells .......cuveeeeeeeccirrieeeaaeeaenns 92
4.8 Putative VDR binding sites were found in TET1, TET2 and TET3 ........coeeeciveeeeccieeeeecireeeeeneeann 93
4.9 No significant changes in REN, TET1 and TET2 were observed in response to 10 nM.............. 93
1,25(0H)2D3 in the VDR “HEK293 CeIIS ...eoiuiiiiieiie ettt 93
(@0 =Y o] =T g T 6o T Tl [T 1] o] o TSRS 95
5.1 RESEACh ratioNale ....cc.eeiiiiiiiee e e e e e 95
5.2.SUmMMaAry Of fINAINGS ...uuiriiiiiee e e e e e e e e e e e e et e e e e e e e e nnneaees 95
5.3 IMPlications Of rESEAICI ......iii it e s e e e e s abae e e e e aaeeeeean 96
5.4 Challenges and lIMitations .......ccccuiiiiiiiiie e e e e e e e e r e e e e e e e snneeeees 96
5.5 FULUIE dIr@CTION ettt ettt e st e s it e s abe e e saneesenseesnseesanee 96
=g =] (=1 Lol = PR RRSURSR 98

10



List of abbreviations

1,25(OH)2Ds3 1,25-dihydroxivitamin D3

25(0H)Ds 25-hydroxivitamin D3

%KD Percentage knockdown

ACE Angiotensin converting enzyme

ACEI Angiotensin converting enzyme inhibitor
Ang | Angiotensin one

Ang I Angiotensin two

ARB Angiotensin receptor blockers

AT Angiotensin |l type 1

AT, Angiotensin |l type 2

BCa Breast carcinoma

BLAT BLAST-Like Alignment Tool

cal CpGisland

CHIP-seq chromatin immunoprecipitation sequencing
CpG Cytosine phosphate Guanine

CREB cAMP response element binding protein
CTCF CCCTC-binding factor

CvD Cardiovascular disease

DAP-seq DNA affinity purification sequencing
DNA Deoxyribonucleic acid

DNase Deoxyribonuclease 1



DMEM

DNMT

EDTA

ELISA

ENCODE

FI

HDAC

HDM

HEK293

HTSELEX

MALDI-TOF

MS

NCBI

NCD

PFM

PTH

qPCR

RAAS

RNA

RNase

RT-gPCR

RXR

SAP

Dulbecco's Modified Eagle Medium
DNA methyl transferase
Ethylenediaminetetra-acetic acid

Enzyme-linked immunosorbent assay

Encyclopaedia of DNA Elements

Fluorescence intensity

Histone deacytelase

Histone demethylase

Human embryonic kidney 293

High-throughput systematic evolution of ligands by exponential enrichment
Matrix-assisted laser desorption/ionisation- time of flight
Mass spectrometry

National Center for Biotechnology Information
Non-communicable disease

Position frequency matrix

Parathyroid hormone

Quantitative polymerase chain reaction

Renin angiotensin aldosterone system

Ribonucleic acid

Ribonuclease

Reverse transcriptase quantitative polymerase chain reaction
Retinoic acid X receptor

Shrimp alkaline phosphatase

12



SMILE-seq

SiRNA

TAD

TET

TF

TFBS

UCSC
uv

uvB
VDR

VDRE
WHO

YY1

ZTRE

Selective microfluidics-based ligand enrichment sequencing
Small-interfering RNA

Topologically associated domain

Ten-eleven translocation dioxygenase

Transcription factor

Transcription factor binding site

University of California, Santa Cruz

Ultraviolet

Ultraviolet beta ray

Vitamin D receptor

Vitamin D response element
World Health Organisation
Yin Yang 1

Zinc transcriptional regulatory element

13



List of Figures

Figure 1.1. Renin-angiotensin-aldosterone system.

Figure 1.2. Mechanism of action of common therapeutics targeting RAAS.

Figure 1.3. The human REN gene structure.

Figure 1.4. Proposed mechanism of 1,25(0OH);D3/ VDR mediated inhibition of

CREB induced renin expression.

Figure 1.5. Vitamin D endogenous synthesis and metabolism.

Figure 1.6. 1,25-dihydroxyvitamin D3/VDR mediated gene expression in target

cells.

Figure 1.7. The DNA methylation and demethylation process.

Figure 2.2. Overview of Epityper and MALDI-TOF MS process.

Figure 3.1. Representative agarose gel showing amplicon products from a

Mycoplasma PCR detection test.

Figure 3.2. HEK293 cell viability was not significantly affected by 1,25(0OH)2D3

supplementation cells.

Figure 3.3. A representative 1.5% agarose gel showing intact high-integrity RNA
and DNA extracts from HEK293 cells.

Figure 3.4. Representative melt curves of genes amplified by means of RT-qPCR.
Figure 3.5. A representative agarose gel showing amplified genes of interest

after RT-qPCR.

Figure 3.6. 1,25(0H).Ds significantly increased both VDR mRNA and protein
level in HEK293 cells.

Figure 3.7. 1,25(0OH),Ds induced CYP24A1 expression in VDR *HEK293 cells.

Figure 3.8. 1,25(0H).Ds significantly decreased REN expression in VDR * HEK293

cells.

Figure 3.9. 1,25(0OH),D3 induced changes in methylation at both the REN

silencer and enhancer regions in VDR * HEK293 cells.

14

22
24
25

27
29

31
34

57

60

61

62
64

65

66
67

68

69



Figure 3. 10. The PCR-amplified region of the REN gene spanning CGI 5

containing 5 CpG sites and several putative transcription factor binding sites.

Figure 3.11. The PCR-amplified region of the REN gene spanning CGI 5

containing 5 CpG sites and several putative transcription factor binding sites.

Figure 3.12. The PCR-amplified region of the REN gene spanning the bona fide
CGl containing 11 CpG sites and several putative transcription factor binding

sites.

Figure 3.13. 1,25(OH);D3had no significant effect on DNMT1, DNMT3A and
DNMT3B expression in VDR *HEK293 cells.

Figure 3.14. 1,25(0H).Ds induced TET1 and TET2 expression but had no
significant effect on TET3 expression in VDR * HEK293 cells.

Figure 3.15. Putative VDR binding sites located in TETs.

Figure 3.16. Boxplots showing VDR mRNA and protein level in response to 10
nM 1,25(0OH);D3 in VDR *and VDR ~ HEK293 cells.

Figure 3.17. 1,25(0H).Ds supplementation did not significantly effect REN, TET1

and TET3 expression in VDR “HEK293 cells.

Figure 3.18. 1,25(0H).Ds induced no significant changes in methylation in REN
in VDR "HEK293 cells.

15

74

76

76

77

78
79

81

82

83



List of Tables
Table 1. 1: Blood pressure ranges from normal to hypertensive states with

respect to systolic and diastolic pressure.

Table 1. 2: AT1 and AT,-receptor stimulated effects.

Table 2.1: Reaction mixture for Lookout Mycoplasma detection kit

Table 2.2: Thermocycler incubation steps for Lookout Mycoplasma detection kit

Table 2.3: Reaction components of the cDNA synthesis reaction

Table 2.4: Thermocycler incubation steps for the cDNA reaction

Table 2.5: Reaction components of the qPCR reaction

Table 2. 6: Thermocycler incubation steps for the qPCR reaction

Table 2.7: Primer sequences used to amplify the target and reference genes

Table 2.8: Primer sequences for CGls designed in Epidesigner for Epityper

sequencing.

Table 3.1: TFBS families important for expression of REN as identified using

Matlnspector from Genomatix in CGI

Table 3.2: TFBS families important for expression of REN as identified using

Matlnspector from Genomatix in CGI5

Table 3. 3: TFBS families important for expression of REN as identified using

Matlnspector from Genomatix in bona fide CGI

16

19
22

44
44
49
49
49
50
51

58

71

72

73



Abstract

Blood pressure has long been associated with vitamin D suggesting a link between vitamin D
deficiency and hypertension progression. Renin, encoded by the REN gene, is an essential
enzyme in the renin-angiotensin-aldosterone system (RAAS) which is responsible for the
maintenance of blood pressure homeostasis. The active metabolite of vitamin D,
1,25dihydroxyvitamin D3 (1,25(OH),Ds) mediates almost all its functions when bound to its
nuclear receptor, the vitamin D receptor (VDR). Transcriptional regulation of REN has been
linked to enhancer-promoter crosstalk, cCAMP response element-binding protein (CREB),
1,25(0H),Ds-bound VDR and a less well-characterised intronic silencer element. We therefore
hypothesised that differential DNA methylation affects REN expression and influenced by
1,25(0OH),Ds. A VDR * and VDR - HEK293 cell culture model, which readily expressed REN, was
established, and used to elucidate the effect of 1,25(0OH).Ds on REN methylation and
expression, as quantified by matrix-assisted laser desorption ionisation- time of flight mass
spectrometry (MALDI-TOF MS) and reverse transcriptase-quantitative polymerase chain
reaction (RT-gPCR), respectively. In vitro 1,25(0OH).Ds; supplementation (10 nM) induced
changes in DNA methylation within the REN enhancer and silencer regions, which was
coupled to a significant reduction in REN expression (P < 0.010) in the VDR * samples. In
addition, 1,25(0H),Ds increased the expression of VDR (P < 0.050), and that of the ten-eleven
translocation enzyme encoding genes, TET1 (P < 0.050) and TET2 (P < 0.050); responsible for
DNA demethylation. The induced expression of both VDR and the demethylating agents, TET1
and TET2, suggest that 1,25(OH).Ds may induce active loci specific demethylation events at
the REN silencer. Thus, it appears that both the enhancer and silencer elements are regulated
by DNA methylation, which is influenced by 1,25(0OH),Ds, and play an essential role in

regulating REN expression.
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Chapter 1: Literature review

1.1 Hypertension

The force exerted against the blood vessel walls by blood in circulation is known as blood
pressure. Blood pressure values are usually given as a combination of the maximum (systolic)
and minimum (diastolic) arterial pressures. Systolic pressure denotes the blood pressure
during the heart contraction and the diastolic pressure indicates the blood pressure between
two contractions or heart relaxation. Persistently high blood pressure or hypertension is
generally characterised as a systolic blood pressure that is greater than 130 mmHg and/or a
diastolic blood pressure greater than or equal to 90 mmHg (American Heart Association,
2017). The severity of increased blood pressure is based on the combination of systolic and
diastolic blood pressure and can be grouped (Table 1.1). Very often the increase in blood
pressure will have detrimental effects on vital organs including the heart (Berkin and Ball,
2001), lungs (Southgate et al., 2020) and kidneys (Bidani et al., 2004), thus leading to severe
health complications including hypertrophy of cardiac muscle, stroke, heart failure and
premature death (WHO, 2019). Although a major contributor to cardiovascular disease (CVD),
hypertension is still a modifiable risk factor. The heterogeneous disease has various
aetiologies with several interacting environmental and genetic factors (Patel et al., 2017).
Hypertension falls into two categories, primary (essential) and secondary hypertension. Most
patients (90 — 95%) fall under the primary hypertension group which has no known underlying
cause (Zhang and Moran, 2017). Substantial clinical data has reported significant
cardiovascular risks associated with raised blood pressure which are mostly subject to the
interplay between genetics and the cellular environment (Biino et al., 2013; Hollenberg, 2001;
Kazmi et al., 2020; Knight et al., 2009; Robinson et al., 2005). Over the last several years
genome-wide association studies (GWASs) and sequencing methods have identified countless
potential blood pressure—associated pathways, however the associations between these
related pathways and hypertension are inconsistent and rare (The International Consortium
of Blood Pressure (ICBP) 1000G Analyses et al., 2017; Zheng et al., 2015). Hypertension, which
is @ major preventable risk factor attributing to CVD related premature death, poses a serious
global health concern due to its increasing prevalence. The greatest burden of premature
deaths as a result of non-communicable diseases (NCDs) is faced by low to middle- income

countries like South Africa (World Health Organization, 2018).
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Table 1. 1: Blood pressure ranges from normal to hypertensive states with respect to systolic and
diastolic pressure.

Low Blood Pressure Range

Systolic pressure (mm Hg) Diastolic pressure (mm Hg) Pressure Range

90 60 Borderline Low blood
Pressure

60 40 Too Low Blood Pressure

50 33 Dangerously Low Blood
Pressure

Normal Blood Pressure Range

Systolic pressure (mm Hg) Diastolic pressure (mm Hg) Pressure Range

130 85 High Normal Blood Pressure
120 80 Normal Blood Pressure

110 75 Low Normal Blood Pressure

High Blood Pressure Range

Systolic pressure (mm Hg) Diastolic pressure (mm Hg) Stages of High Blood Pressure
210 120 Stage 4
180 110 Stage 3
160 100 Stage 2
140 90 Stage 1
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1.2 Prevalence and statistics

Hypertension is the foremost contributing factor of CVD progression. Globally, premature
death associated with CVD is approximated to be around 17 million deaths a year which is a
third of the total (WHO, 2019). Hypertension accounts for roughly half of the deaths
associated with heart disease and stroke (Lloyd-Sherlock et al., 2014). An estimated 1.13
billion people worldwide are diagnosed with hypertension yet only 1 in 5 hypertensives are
effectively treated for the disease making it a major cause of premature death (WHO, 2019).
A global target for NCDs was set to reduce the prevalence of hypertension by 25% by the year
2025 (2010 Baseline; WHO, 2019). Since the implementation of the Global Hearts Initiative in
2016, up to 24 countries have presented interest in joining the initiative which may be
coupled to several notable reductions in CVD related diseases (Martinez et al., .2020). Due to
the use of hypertensive medications, global BP levels have either remained constant or
decreased however, the prevalence has increased (Mills et al., 2020). In a South African
context, blood pressure control is poor. By 2025, it is predicted that the number of
hypertensives will rise by roughly 60% to a total of 1.56 billion, mainly in developing countries
(Kearney et al.,, 2005). With respect to SubSaharan Africa, the greatest hypertension
prevalence is in South Africa (Gédmez-Olivé et al., 2017). It is estimated that only 21% of male
and 36% of female South Africans suffering from hypertension take treatment in the form
prescription medication to control their blood pressure (Rayner, 2010). In South Africa 91.1%
of hypertensive patients go undetected, are not properly diagnosed, and do not control or
take treatment for the disease thus creating a serious need for hypertension healthcare
(Berry et al., 2017). In response to the increasing affliction of non-communicable diseases, a
target was set by the South African government aimed at reducing the prevalence of
hypertensive patients by 20% in the year 2020, through improved medical care and lifestyle
changes (Wandai et al., 2020).

1.3 Renin-angiotensin-aldosterone system

Physiologically, blood pressure is maintained by the renin-angiotensin-aldosterone system
(RAAS). The RAAS (Fig. 1.1) is an essential endocrine system which facilitates blood pressure
regulation and fluid balance. The three major hormones in this system are renin, angiotensin
Il (Ang Il) and aldosterone. Renin, which was one of the first proteins within this system to

be discovered (Tigerstedt et al., 1898), is produced in the kidney via the juxtaglomerular cells
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(JGCs) (Persson, 2003) and catalyses the rate-limiting step in the formation of Ang Il. RAAS
activation begins with the release of renin into the bloodstream. Granular cells of the renal
juxtaglomerular apparatus (JGA) will secrete renin in response to low sodium levels, reduced
blood flow to the kidneys and sympathetic stimulation of i1 adrenoreceptors. Once
expressed, renin, an aspartyl protease, facilitates the cleavage of the substrate molecule
angiotensinogen forming angiotensin | (Ang I). A carboxypeptidase, angiotensin converting
enzyme (ACE), then cleaves Ang | to form angiotensin Il (Ang Il). Ang Il is able to bind to either
Ang Il type 1 receptor (AT1) or Ang Il type 2 receptors (ATz) which can signal a multitude of
effects (Ferrario, 2016; Table 1.2) and is a highly effective vasoconstrictor with antinatriuretic
capability (Sigmund, 2002). Ang Il localises its effect on the proximal convoluted tubule of the
kidney by triggering both the reabsorption of sodium and stimulating the release of
aldosterone. Aldosterone will signal the retention of salt and water by increasing the
expression of epithelial sodium channels. The collection of sodium in the kidney tissue will
reduce water excretion via osmosis resulting in increased blood volume and thus blood
pressure. In contrast, the stretching of the atria stimulates the autonomic nervous system
(ANS) triggering the release of atrial natriuretic peptide (ANP) which will inhibit renin release.
ANP will reduce blood pressure by stimulating excretion of water and sodium by the kidneys
resulting in reduced blood volume. ANP triggers the dilation of the afferent arteriole of the
glomerulus which will increase glomerular flow rate (GFR) and blood flow thus reducing blood
pressure. Although baroreceptors respond to changes in blood pressure, they cannot regulate
blood pressure in the long-term which is where the RAAS pathway comes into play. Irregular
activation of the RAAS is associated with the development of CVD including hypertension,

hypertrophy of cardiac muscle and eventual heart failure (Steckelings et al., 2009).

Renin encoded by the REN gene, plays an integral role in this system as it catalyses the rate
limiting step in the formation of Ang Il. Thus, tight transcriptional control of REN is important
in understanding hypertension progression and treatment. Despite the immense research
and data obtained around RAAS regulation and hypertension, the aetiology of the disease is
still not well understood with most studies focusing on Ang Il and its receptors excluding the

role of renin.
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Figure 1.1. Renin-angiotensin-aldosterone system. Angiotensinogen is released from the liver into the blood
plasma where it is then cleaved by renin (released by the kidney) to form angiotensin I. Angiotensin | is
further cleaved by angiotensin-converting enzyme (released by the lungs) to form angiotensin Il. Angiotensin
Il triggers the release of aldosterone (sodium reabsorption and water retention) and induces vasoconstriction
in blood vessels resulting in increased blood pressure (based on Fountain and Lappin, 2019).

Table 1. 2: AT: and AT»-receptor stimulated effects.

Effects of ATi-receptor stimulation

Effects of AT2-receptor stimulation

¢ Vasoconstriction

e Sodium retention

e Water retention (vasopressin release)

¢ Renin suppression (negative feedback)

¢ Myocyte and smooth-muscle hypertrophy

e Stimulation of vascular and myocardial fibrosis
¢ Activation of sympathetic nervous system

¢ Increase endothelin secretion

¢ Inhibition of cell growth

e Cell differentiation

e Tissue repair

e Apoptosis

¢ Vasodilation

¢ Kidney and urinary-tract development

¢ Protection against ischaemia
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1.4 Hypertension treatment

The rising global prevalence of hypertension has a huge economic impact on public
healthcare. Most approaches towards blood pressure control have relied on pharmacological
intervention of the RAAS (Fig. 1.2) through the implementation of either ACE inhibitors
(inhibiting Ang Il formation), ATi-receptor blockers (ARBs; prevention of Ang Il receptor
binding) or renin-inhibitors (prevention of renin enzyme activity in Ang Il synthesis) as the
primary treatment options (Steckelings et al., 2009). However, these treatment options
remain palliative and the use of RAAS blockers during pregnancy is reported to have adverse
effects on in utero fetuses especially during the weeks 14-27 of pregnancy (Lewis et al., 1993;
Lonn et al., 1994). Effects of which include, intrauterine growth restriction, reduced amniotic
fluid reduction, irregular renal development, oliguria, renal injury, and death (Cragan et al.,
2015; Daikha-Dahmane et al., 2006; Tabacova et al., 2003). Thus, more effective, and safer
treatments for hypertension are necessary. In addition, non-pharmacological treatments for
management of hypertension are highly recommended. This includes lifestyle changes such
as increased exercise, diet and alcohol consumption (Stoll et al., 2018). A diet of reduced
sodium intake, increased potassium, or adopting the DASH (Dietary Approaches to Stop
Hypertension) diet or a Mediterranean diet are proven to be effective in hypertension

prevention (Bazzano et al., 2013).
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Figure 1.2. Mechanism of action of common therapeutics targeting RAAS.B-adrenoreceptors will inhibit the
synthesis and release of renin triggered by sympathetic nervous system (SNS) activation while renin inhibitors
will inhibit renin activity thus stopping the conversion of angiotensinogen to angiotensin |. Angiotensin-
converting enzyme (ACE) inhibitors will prevent the conversion of angiotensin | to angiotensin Il. Lastly
angiotensin receptor blockers (ARBs) will inhibit Ang Il from binding to its AT;and AT, receptors thus
preventing vasoconstriction, aldosterone release and increased blood volume.

1.5 Renin regulation

Renin, which is encoded for by the REN gene, is an aspartyl protease. Its active site contains
two aspartate residues which use an acid-base hydrolysis mechanism to cleave peptide
substrates. Renin will cleave Ang between a leucine and valine at positions 10 and 11,
respectively to form the decapeptide Ang |. The molecular mechanisms through which renin
biosynthesis occurs are complex and under the control of several regulatory proteins that
may interact in a multitude of ways given the size and complexity of the regulatory region of
the REN gene (Fig. 1.3). The transcription of REN is maintained through multifaceted tissue
specific and developmental stage regulation (Li and Kenneth, 2005). Of particular importance
in REN expression, is the cAMP-response element binding protein (CREB). CREB is a potent
transcription factor (TF) facilitating REN induction when binding to cAMP response elements
(CRE) in the proximal promoter and enhancer (Germain et al., 1996; Adams et al., 2006; Zhou

et al., 2006; Lopez et al., 2009) region of the gene. Early studies using mouse renin-expressing
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As4.1 cells, have helped to identify this proximal promoter (-197 to -50 bp) and enhancer
(-2866 to —2625 bp) region upstream of the Ren-1c gene that may have a pivotal role in
controlling the rate of REN expression (Glenn et al., 2013). In addition, the discovery of a short
sequence within the Ren-1c promoter region (-72 to -50), essential for REN transcriptional
control, was done through in vitro experiments conducted on the As4.1 cell line. This

sequence is highly conserved in mice, rats and humans (Germain et al., 1998).
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Figure 1.3. The human REN gene structure. A simplified structure of REN showing a large regulatory region
consisting of both a distal (pink; chrl: 204 171 390 — 204 172 959) and proximal (orange; chrl: 204 168 923 —
204 171 222) enhancer, as well as a promoter (blue; chrl: 204 166 222 — 204 167 337) and silencer (grey;
chrl: 204 162 166 — 204 166 193). General CGls (green) were identified and annotated in REN. Of the five
CGls identified, two overlap the distal enhancer (211 bp and 336 bp), two overlap the proximal enhancer (405
bp and 1847 bp) and one CGl overlaps the silencer (218bp). A Bona fide CGI was identified in exon 9 (yellow;
216 bp) as well as an evolutionarily conserved (Evo) CGI was identified 33 bp upstream of the Bona fide CGI
(Adapted from Govender et al., 2020).

Although transcription is initiated via the binding of RNA polymerase Il to the promoter
regions, there are several co-regulatory elements upstream which may enhance or supress
transcriptional activity and which are critical for both rat and human REN expression
(Borensztein et al., 1994; Petrovic et al., 1996). Furthermore, the locations of these key
regulatory elements have significant homology between species (Mrowka et al., 2003;

Persson et al., 2003).

Studies on REN regulation are limited by the lack of an accurate expression model. Before the
use of the kidney-derived As.4.1 REN-expressing cell line, progress in the field was minimal

(Sigmund et al., 1990). There is still considerable caution when using animal models as no

system is without limitations such as species differences and lack of conservation between

non-coding regions in mouse and human which are a significant factor in epigenetic
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regulation. In addition, human studies on REN transcriptional regulation remain incomplete

(Glenn et al., 2013) and a mammalian cell model is therefore necessary.

CREB function is directly influenced by the biologically active metabolite of vitamin D; 1,25-
dihydroxyvitamin D3 (1,25(0OH),D3) when bound to its nuclear receptor, the vitamin D
receptor (VDR). Using a mouse model, Yuan et al. (2007) showed that liganded VDR binds to
CREB, inhibiting binding to the CRE element to effectively down-regulate REN expression.
They proposed a mechanism (Fig. 1.4) by which 1,25(0OH).D3/VDR blocks the formation of the
CRE-CREB-CBP complex that is necessary for REN expression (Yuan et al., 2007).
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Figure 1.4. Proposed mechanism of 1,25(0H),Ds/ VDR mediated inhibition of CREB induced renin
expression. In the absence of Vitamin D (A), Adenylate cyclase is activated by a GaS-coupled protein
triggering the conversion of adenosine triphosphate (ATP) into cAMP. The increased cAMP levels then signal
protein kinase A (PKA) whose catalytic subunit will move to the nucleus to phosphorylate the cAMP response
element-binding protein (CREB). CREB is then able to bind the cAMP-dependent response element (CRE) in
the promoter region of the renin gene. The recruitment of the co-activators CREB-binding protein (CBP) and
p300 co-activators form a CREB-CBP-CRE complex which induces the transcription of pro-renin mRNA. In the
presence of Vitamin D (B), the active 1,25(0OH),D3; metabolite will bind to its VDR receptor and this
1,25(0OH),D3/VDR complex will then bind to CREB and prevent it from being phosphorylated by PKA. The
unphosphorylated CREB is then unable to bind the CRE in the renin gene or recruit the necessary co-activator
molecules thus supressing pro-renin mRNA expression.
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While the interaction between VDR and CREB provides a molecular mechanism for the
reported associations (Burgess et al., 1990; Resnick, 1986) between vitamin D deficiency and
hypertension risk (Judd and Tangpricha, 2008; Kendrick et al., 2009; reviewed in Khieri et al.,
2018), mutations in the CRE element do not fully negate 1,25(0OH),D3-mediated suppression
of REN (Yuan et al., 2007). This suggests that additional cis-acting elements are present which
may be independently linked to 1,25(OH),Ds3-dependent regulation of REN. For example, a
silencer in intron A has been identified as important in cell-specific repression of REN
(Germain et al., 1999). Regulation of REN expression could thus be facilitated by TF binding
to enhancers and/ or the silencer, and crosstalk between these regions and the promoter.
Extensive research has already confirmed the importance of both the promoter (Germain
et al., 2001; Morris et al., 1994) and enhancers (Adams et al., 2006; Ekker et al., 1989; Pan et
al., 2003) in driving REN expression. However, the molecular role of 1,25(0H);D3 in REN
transcriptional regulation and particularly what drives enhancer/silencer-mediated
suppression, remains unclear. Nonetheless, it is known that the capacity of enhancers and
silencers to induce or repress gene expression is dependent on proximity and chromatin

accessibility.

1.6 Vitamin D

Vitamin D is an interesting regulator of the RAAS that is often overlooked. Several biological
systems in both the human and mouse genome associated with disease progression are either
under the direct or indirect control of vitamin D endocrine pathways (Bouillon et al., 2008). It
can therefore be assumed that vitamin D deficiency/insufficiency may have severe
consequences for human health. Some of the important physiological roles of vitamin D
include the maintenance of healthy bones, immune system functioning, insulin homeostasis,
cellular differentiation, support of lung function and cardiovascular health and regulation of
genes associated with cancer development (Wilson, 2017). Vitamin Ds is a fat-soluble pre-
hormone that has a functional role in several biological systems within the human body. It is
synthesised from its predecessor molecule, 7-dehydrocholesterol which occurs in the skin
(Fig. 1.5), through ultraviolet beta (UVB) light activation via a process known as photolysis
(MacLaughlin et al., 1982). Cholecalciferol is formed within the plasma membrane of skin
cells. This formation occurs when a cis isomer of pre-vitamin D3 which is thermodynamically
unstable, rapidly rearranges its double bonds to produce cholecalciferol (Matsuoka et al.,

1987). This newly synthesised vitamin Ds is then binds to the vitamin D-binding protein (DBP)
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and is subsequently transported in the blood to the liver where 25-hydroxylation can occur
(Christakos et al., 2010). Vitamin D3 is first hydroxylated to form 25-hydroxyvitamin Ds
(25(0OH)D3), which is the form in which Vitamin D can extracellularly circulate, making serum
25(0H)Ds levels the main biomarker of vitamin D status (Christakos et al., 2010). The serum
25(OH)Ds is transported to the kidneys or target cells for further hydroxylation at the C;
position to form the hormonally active 1,25-dihydroxyvitamin Ds/calcitriol (1,25(0OH),D3)
(Valdivielso, 2009). It is this form of vitamin D which is responsible for most of its biological
activities. Itis clear that 25-hydroxylation is an integral process in the bioactivation of vitamin
D (Zhu et al., 2013). A group of cytochrome P450 enzymes, termed vitamin D3-hydroxylases
(CYP2R1, CYP24A1, CYP27B1, CYP3A4 and CYP2D25), mediate these hydroxylation steps
(Cheng et al., 2003; Guo et al., 1993; Gupta et al., 2005; Jones et al., 2014; Kaufmann et al.,
2011). The 1lo-hydroxylation step necessary for synthesis of the biologically active

1,25(0OH),Ds is catalysed by la-hydroxylase which is encoded by CYP27B1 (Anderson et al.,

2003).
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Figure 1.5. Vitamin D endogenous synthesis and metabolism. Two main sources of Vitamin D are available
to humans. The largest source comes from sunlight exposure (80%) where UVB radiation produces Vitamin D3
via a photochemical reaction. Vitamin Dsiis first hydroxylated in the liver (25hydroxylation) and then further
hydroxylated in the kidney (1-a-hydroxylation) thus producing the metabolically active 1,25-dihydroxyvitamin
Ds (1,25[0H],D3) molecule.
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1.7 The vitamin D receptor

The Vitamin D receptor (VDR) which is a nuclear receptor, facilitates the biological functions
of 1,25(0OH)2Ds. In terms of structure, two major components that comprise the VDR include
an N-terminal which has a DNA binding domain (DBD). This domain is capable of binding major
grooves of hexameric sequences within DNA with the aid of its two zinc-finger motifs. These
site-specific DNA binding regions are termed vitamin D response elements (VDREs). The VDR
C-terminal has a ligand binding domain (LBD) with a hinge region that joins the two domains
(Bikle, 2014). This receptor is a transcription factor that is activated by ligand-binding and act
to facilitate calcium homeostasis, cell growth and differentiation, as well as regulating
adaptive and innate immunity (Baeke et al., 2011). Binding of the hormonally active ligand to
the LBD results in structural changes in the conformation of VDR which alters the DBD’s ability
to bind protein complexes that function together with the VDR to regulate transcription
(Fieldman et al., 2011). The VDR when active will occur as a heterodimer with retinoid X
receptor (RXR) forming the VDR/RXR complex (Pike et al., 2012). This complex has the
capability to bind various genomic sequences with great specificity. VDR/RXR usually carries
out its function near the promoter regions of its specific target genes or VDREs. The VDREs
typically consist of DR3 motifs where repeats of hexanucleotides have a 3-nucleotide spacing
between the half sites (Bikle, 2014). Recruitment of several transcription factors and co-
regulatory molecules is signalled by VDR (Haussler et al., 2013). In this way, VDR is able to
respond to certain cell/ environmental conditions to regulate genes associated with
molecular and cellular functions including cell proliferation and differentiation, growth
regulation, cell immunity, tumour suppression and cell cycle regulation (Kato, 2000). Binding
of the 1,25(0OH),D3- VDR complex to VDREs (Fig. 1.6) triggers the assembly co-regulatory
element complexes that allow 1,25(0H);D3 to carry out both gene and cell-type specific

translational activity.
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Figure 1.6. 1,25-dihydroxyvitamin D:/VDR mediated gene expression in target cells. Within the cytoplasm
of target cells, the active 1,25(0OH),D3; metabolite will bind to its VDR receptor now acting as a nuclear
transcription factor. This 1,25(0OH),Ds/ VDR complex will then enter the nucleus and heterodimerise with the
retinoic acid receptor (RXR). This VDR/RXR heterodimer is then able to interact with the vitamin D responsive
elements (VDREs) present in the promoter regions of various target genes to induce gene expression.

The metabolites of vitamin D have long been associated with the regulation of blood pressure
(Resnick, 1994; Vaidya and Williams, 2012). Observational studies have reported increased
blood pressure trends during the months of winter in regions further from the equator which
suggests that low ultraviolet radiation and subsequent lower capability for cutaneous vitamin
D synthesis are linked with hypertension (Rostand, 1997). Most notably, Li et al. (2002)
reported that 1,25(0OH).Ds negatively regulated the RAAS. With respect to mammals, VDR is
predominantly expressed in tissues of the kidney, intestines, skin and thyroid gland while
more moderate expression is present in almost all tissues (Bookout et al., 2006). Notably, up
to 20 000 genomic VDR-binding sites have been detected in several human cell culture model
systems in the presence of a ligand in comparison to cells not stimulated with 1,25(0OH).Ds (

Fleet et al., 2019; Meyer et al., 2012; Ding et al., 2013; Nurminen et al., 2018; Tuoresmaki et

al., 2014; Heikkinen et al., 2011). The characterisation of these VDR binding sites differ
between cell types, as well as with the time and concentration of vitamin D administration

(Carlberg et al., 2012). The ability of the
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1,25(0OH),D3-VDR complex to directly influence the expression of genes related with blood
pressure regulation could be one of the causal mechanisms linking vitamin D to cardiovascular

health.

1.8 Vitamin D and the epigenome

The use of the term “epigenetics” is credited to Conrad Waddington who described it as “the
interaction between genes and the environment to produce phenotype” (Waddington, 1942).
The prefix “Epi-” meaning “above or on top of” refers to changes in gene expression not
related to gene sequence. Epigenetics is now an extensive field of molecular biology that aims
to elucidate the role of the environment in disease progression to provide a more accurate
understanding of transcriptional regulation that encompasses both intrinsic and extrinsic
control of the genome. The common disease genetic and epigenetic (CDGE) hypothesis has
changed our understanding introduced the concept that the epigenome regulates genetic
variation by modulating gene expression via the action of proteins that induce dynamic
chromatin and DNA methylation changes (Bjornsson et al., 2004). The epigenome is, in turn,
influenced by several environmental factors such as diet (presence of methyl donors), age,
exposure to toxins, growth factors and hormones (Feinberg, 2007). The CDGE hypothesis
therefore supports the idea that epigenetic variance is of equal importance as genetic
variation when describing the influence of the environment on disease phenotype (Bjornsson
et al., 2004). In general, epigenetics encompasses all functionally relevant and potentially
heritable genomic modifications that do not alter the nucleotide sequence (Wu and Morris,
2001). It is clear that epigenetic inheritance defines cellular growth and differentiation thus
emphasising the role of epigenetics in disease progression. The structure of the genome is
often approached in a single dimension, but in reality, it exists as a complex three-dimensional
conformation within the nucleus (Dekker and Mirny, 2016; Pombo and Dillon, 2015). Gene
expression is often controlled by the distal regulatory elements that are located kb to Mb
distances away from their associated gene promoter (Bulger and Groudine, 2011; West and
Fraser, 2005). The spatial folding of chromatin defines the interaction between distal
enhancers and promoters in localised regions of the genome (Bickmore, 2013). The disruption
of enhancer-promoter crosstalk can underlie disease susceptibility and developmental
malformations. Epigenetic gene regulation is established through three major mechanisms
that are closely linked. These mechanisms include DNA methylation, post-translational

modifications of histones and long-distance chromatin interactions. Currently, the exact
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mechanisms through which DNA methylation/demethylation, as well as histone

modifications, influence gene-specific regulation of hypertension remain incomplete.

1.9 DNA methylation

Aberrant DNA methylation is associated with disease and is a widely studied epigenetic mark.
DNA methylation is a significant epigenetic mode of gene regulation and is essential in
maintaining important cell processes such as differentiation, the cell cycle and genomic
imprinting (Moore et al., 2013). DNA methylation in humans usually occurs in sequences
where a cytosine is followed by a guanine known as a CpG site. Cytosine methylation within
genomic DNA was one of the first epigenetic features identified (Holliday and Pugh, 1975). A
region of DNA enriched with CpGs is called a CpG island (CGl) (Wang and Leung, 2004). CGls
are usually enriched in the promoter regions of genes where transcriptional regulation of
genes often occurs (Saxonov et al., 2006). DNA methylation is a transient modification where
the C-5 position of a cytosine is methylated. This reaction (Fig. 1.7) is catalysed by DNA
methyltransferases (DNMTs), which use S-adenosyl-methionine (SAM) as the methyl donor
(Miranda and Jones, 2007). There are three different types of DNMTs. DNMT1 acts to
maintain established methylation patterns and is thus a maintenance methyltransferase
while de novo methylation is regulated by DNMT3A and DNMT3B. In contrast, the
demethylation process involves a group of dioxygenase proteins called ten-eleven
translocation enzymes (TETs) which oxidise 5-methylcytosine (5-mC) to 5-
hydroxymethylcytosine (5-hmC) in vivo and in vitro (Tahiliani et al., 2009; Koh et al., 2011).
The TETs may then further oxidise 5-hmC to 5-formylcytosine (5-fC) and 5-carboxylcytosine
(5-caC). Equal to DNA methylation, DNA demethylation has a significant impact on gene
expression and subsequent disease progression. DNA hypomethylation has been linked to
diseases such as systemic lupus erythematosus (Teruel and Sawalha, 2017) as well as

neurological disorders as reviewed by Bayraktar and Kreutz, (2018).
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Figure 1.7. The DNA methylation and demethylation process. At the C5 position cytosine is methylated by
DNMT1 during DNA replication or de novo by DNMT3A or DNMT3B forming S5methylcytosine (5-mC). In this
reaction the methyl donor S-Adenosyl methionine (SAM) is converted to S-Adenosyl homocysteine (SAH).
Active demethylation 5-mC can then occur through iterative oxidation by TET1/2 producing 5-
hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC), and 5carboxylcytosine (5-caC). These cytosine
analogues may hinder binding and activity of maintenance methylation machinery and chromatin
remodelling proteins. Both 5-fC and 5-caC are bases that form substrates for thymine DNA glycosylase (TDG)
which is a DNA repair protein that is able to excise various cytosine and 5-mC derivatives thus reproducing an
unmodified cytosine. Active demethylation implements both TDG and the DNA base excision repair (BER)
system to form an apurinic/apyrimidinic (AP-site; abasic; adapted from Kohli and Zhang, 2013.)

CGls are commonly enriched in the promoter regions of a gene, and this has led to the belief
DNA methylation modulates gene expression solely through promoters (Portela and Esteller,
2010). In contrast, more recent discoveries suggest the presence of intragenic regions with
CGI methylation which may also regulated gene expression (Jeziorska et al., 2017; Lee et al.,
2017). Normally, transcriptional control of gene expression is controlled through the
maintenance of hypomethylated promoter CGls and hypermethylated gene bodies in genes
that are actively transcribed. This prevents unregulated expression of genes. In contrast,
silenced genes will have higher methylation in promoter CGls with lowly methylated gene
bodies (Singal and Ginder, 1999). Aberrant DNA methylation is often associated with various
diseases states such as CVD and cancer (Bergman and Cedar, 2013). It is important to note
that genetic variation only accounts for a small fraction of these inherited diseases and the

epigenetic mechanisms driving these associations are unclear (Petronis, 2010).
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With respect to vitamin D, consistent associations between vitamin D and DNA methylation
changes have been reviewed by Fetahu et al. (2014). Additionally, sunlight exposure which is
a major source of vitamin D has been linked to methylation changes in a North American
population (Aslibekyan et al., 2014). Notably, Zhu et al. (2016) reported that vitamin D
supplementation in leukocytes of African Americans induced an increase in global DNA
methylation. In addition, a reduction in DNA methylation in the promoter of e-cadherin in
triple negative bCa (breast carcinoma) cell line MDA-MB-231 following 1,25(OH),D3
supplementation was reported by Lopes et al. (2012). Moreover, circulating 25(0OH)Ds level
correlates with changes in DNA methylation (Tapp et al., 2013; Becket et al., 2016; Zhu et al.,
2016; Meyer et al., 2017). Despite the anti-proliferative effects of vitamin D, a recent study
of prostate cancer cells reported a reduction in the expression and activity of DNMT1 and
DNMT3B in response to (Lai et al.,, 2020). Additionally, an inverse relationship between
DNMT3A mRNA and 25(OH)D has previously been reported by Castellano-Castillo et al.
(2018). Furthermore, an experimentally validated VDR binding site, overlapping the VDR
binding partners PU.1, RXR and GABPA, has been observed in the TET1 promoter region
(Fornes, 2019). In addition, it has been reported that 1,25(OH),Ds-induced active DNA
demethylation within 1-4 h of treatment in prostate cancer cells (Doig et al., 2013). This
suggests that dynamic changes to the epigenome brought about by vitamin D may be due to

the activation or deactivation of the TET and DNMT molecules.

1.10 Histone post-translational modifications

The basic unit of chromatin structure begins with DNA tightly wound around four pairs of
histone proteins (H3, H4, H2A, H2B and H1) forming the nucleosome. Modifications to these
proteins will either disrupt and loosen the chromatin forming “euchromatin” or tighten the
DNA-histone interaction resulting closely packed “heterochromatin”. These modifications will
either inhibit or enable TF access to DNA binding sites resulting in either inactivation or
activation of transcription. Histone methylation, acetylation, phosphorylation, ubiquitylation
and sumoylation are post-translation modifications that affect chromatin accessibility (Strahl
and Allis, 2000). These covalent modifications form what is considered the histone code,

which defines the transcriptional state of any local genomic region at a specific time.

Identifying these histone codes can reveal gene activation or gene silencing sites, as well as

the location of enhancers, promoters, silencers, and other gene regulatory regions. Histone
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acetylation is when an acetyl group (COCHs) is enzymatically added to the histone which
weakens the DNA-histone interaction and is necessary for various cellular processes. Histone
acetylation usually occurs near the promoters of active genes on H3 (H3K9ac and H3K27ac).
Histone methylation takes place when enzymes called histone methyltransferases (HMTs)
facilitate the transferral of a methyl group to either a lysine or arginine residue on a histone
protein. Methylation of lysine or arginine residues of histones H3 and H4 is common. Arginine
methylation is often associated with activating transcription while methylation at lysine
residues results in both site-dependent stimulation and suppression of transcription (Greer
et al., 2012). Mono-, di- or tri-methylation of lysines further specify the function at each site.
Mono-methylation (H3K4mel) and tri-methylation (H3K4me3) at K4 of histone H3 are
markers of activation which have functional diversity. H3K4me1 classically mark enhancers,
while H3K4me3 mark gene promoters. In contrast, tri-methylation of K36 on H3 (H3K36me3)
is an activation marker within gene bodies. Conversely, triple methylation of K9 and K27 of
histone H3 (H3K9me3 and H3K27me3) are known as markers of repression. Conversely, the
removal of methyl groups from histones is carried out by histone demethylases (HDMs). It
has now become clear that DNA nucleosome structures are not static, but rather their
dynamic arrangement is part of the machinery that drives cell-specific gene expression which
are involved in various disease pathways. The VDR protein is capable of contacting chromatin
modifiers through its interaction with coactivator and corepressor proteins such as HATs,
HDACs, HMTs. Interestingly several gene families involved in chromatin modification and
remodelling including Jumonji C (JmjC)-domain containing HDMs and lysine-specific
demethylases (LSDs) are major VDR targets. Lastly, evidence suggests that specific VDR
ligands are capable of demethylating DNA as treatment of cells with 1,25(0OH),Ds, coupled
with either histone deacetylase or DNA methyltransferase inhibitors are shown to have

complimentary effects (Fetahu et al., 2014).

1.11 Chromatin accessibility and long-distance interactions

It is well understood that the combined action of various transcription factors mediates cell
type specific gene expression. Chromatin, which modulates DNA accessibility, is the context
in which TF binding and gene regulation take place. Transcriptional regulation is not
accomplished via the promoter-proximal region of a gene alone, but also through distal
regulatory elements such as enhancers and silencers within the 3D genomic landscape (Yan

et al., 2019). The proximity of gene regulatory regions is controlled by chromosome territories
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and topologically associating domains (TADS); often defined by structural proteins such as
CCCTC-binding factor (CTCF) and cohesin (Andersson and Sandelin, 2020). The dynamic
chromatin landscape allows for the interaction of distal regulatory elements which
establishes various gene transcriptional states that are sometimes associated with disease
(Grubert et al., 2015). Novel techniques including chromosome conformation capture (3C)
(Sati and Cavalli, 2017) and high-throughput chromosome conformation capture (Hi-C)
(Lieberman-Aiden et al., 2009) have helped to identify long-range chromatin interactions with
high resolution and sensitivity. Although it is not well understood, the CTCF defines the 3D
genome structure through DNA loops and in 1D by defining boundaries which can isolate
different chromatin regions and with differing transcriptional states (Clarkson et al., 2019).
CTCF has shown to have multifunctional genomic roles in complex transcriptional processes
(Filippova et al., 1996). It must be noted that CTCF, a highly conserved chromatin remodeler
(Phillips and Corces, 2009), has a conserved binding site in REN intron 1, and has recently
been shown to be crucial in the regulation of REN expression (Martinez et al., 2020). In
conjunction with CTCF, the aptly named Yin Yang 1 (YY1) protein with both activator and
repressor activity, has a binding site in the silencer region. It has been reported that YY1
interacts with members of the ATF/CREB family of TFs to repress transcription (Zhou et al.,
1995). It is possible that differential methylation in the REN silencer region influences CTCF
and YY1 binding and subsequent silencer activity. Both CTCF and YY1 binding have been
described as methylation-sensitive (Hark et al., 2000; Kim et al., 2003), although some reports
have suggested binding of these TFs as methylation-independent (Maurano et al., 2015).
Moreover, an emerging model suggests that TFs like CTCF and YY1, have the ability to induce
demethylation when bound as reviewed by Héberlé and Bardet (2019). Notably, 1,25(0OH).Ds
has been shown to directly modulate genome-wide CTCF binding (Carlberg et al., 2014). The
above-mentioned associations suggest an interaction between 1,25(0H);Ds3, REN silencer
methylation and REN expression. It is thus unclear whether 1,25(0OH),Ds directs CTCF and YY1
binding to the REN silencer resulting in demethylation effects, or whether it directly induces

demethylation to influence subsequent TF binding.

Considering the significant impact of 1,25(0OH).Ds on the epigenome, coupled with its
consistent association with the RAAS, identifying therapeutic targets for the disease should
focus on epigenetic regulation of REN and the identification of proteins or DNA cis-regulatory

elements involved in enhancer-promoter or silencer-promoter crosstalk. Despite most
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Mendelian disorders falling within protein-coding regions, the larger component of these
heritable diseases lies within the non-coding regions and are most commonly found in
enhancers specific to disease related cell types (Gasperini et al., 2020). Although age, obesity
and diet influence hypertension risk, it does not fully account for hypertension prevalence.
The binding of TFs at site-specific cis-regulatory elements in DNA is able to either positively
or adversely affect the transcription of specific genes, thus resulting in specific disease

phenotypes. This suggests an epigenetic mechanism for control of hypertension progression.

It must also be noted that emerging studies have now made previous understandings of
enhancer and promoter activity not as distinct as two separate functioning regions but have
rather introduced a concept of “regulatory elements” with both enhancer and promoter
function of varying degrees (Andersson and Sandelin, 2020). Furthermore, the use of
reninproducing cell lines to identify proximal cis-regulatory elements in REN transcription in
vitro and in vivo tend to have differing significance due to difficulty in recreating the complex
physiological and nuclear micro-environment in a cell culture dish (Tanimoto et al., 2008;
Tamura et al., 2000). Most studies focusing on REN transcriptional regulation neglect the
effect of distal regulatory elements as the limited DNA fragment sizes introduced into plasmid
vectors tend to highlight more proximal regulatory elements near the coding region of the
gene. However, emerging studies have now shown that gene transcription is under the
control of more distally located regulatory elements putting greater focus on identifying

interactions with target promoters through chromatin looping (Dekker et al., 2015).

Many studies evaluating the effects of high-dose vitamin D supplementation in suppressing a
wide range of diseases have been conducted and concluded that vitamin D does have a
beneficial effect. These include maintaining bone health (Tripkovic et al., 2012), reducing CVD
risk markers (Zitterman et al., 2009) as well as survival rates of cancer patients (Akutsu et al.,
2020). There are numerous analogues of vitamin D that have been marketed towards
treatment of chronic renal failure that is linked to secondary hyperthyroidism (Dobnig et al.,
2008; Malluche et al., 2002). Implementation of 1,25(0OH).Ds and its analogues have been
reported to successfully subdue signs of cardiac hypertrophy, while the absence of VDR in
heart cells resulted in hypertrophy (Chen et al., 2011; Gardner et al., 2013). It must however
be noted that of the more than 40 randomised clinical trials aimed at identifying the effect of

vitamin D supplementation on BP, most displayed mixed and inconsistent results (Forman
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et al., 2013; Pilz et al., 2009; Pittas et al., 2010; Witham et al., 2009). This is probably due to
the gap in knowledge of vitamin D’s effect on hypertension resulting in inefficient large-scale

clinical trial designs.

Several studies have highlighted the role of 1,25(0OH),D3 at the genomic and epigenomic level
(Bouillon et al., 2008; Carlberg et al., 2012; Fetahu et al., 2014; Nurminen et al., 2018; Plum
and Deluca, 2010). 1,25(0OH).D3 may influence DNA methylation by recruiting DNA
methyltransferases (DNMTs) to methylate, or ten-eleven translocation enzymes (TETs) to
influence local genomic transcriptional states resulting in REN suppression. Flexible
modifications to the epigenome brought about by 25(0OH)Ds deficiency have been reported
to diminish the effects of the RAAS (Wimalawansa, 2018). Thus, unravelling the molecular link
between 1,25(0OH).D3, DNA methylation and REN transcription could improve our

understanding of factors involved in the development of hypertension.

1.12 Hypothesis

Thus, we hypothesise that 1,25(0OH),D3 along with its nuclear receptor, VDR, represses REN
expression through changes in DNA methylation in the CGls characterised within the
regulatory regions of REN. It is predicted that 1,25(OH),D3 will induce hypermethylation of
CGls overlapping the REN enhancer and promoter and demethylation of the CGls overlapping
the REN silencer. The observed methylation changes could be facilitated by
1,25(0OH);Dsinduced recruitment of TET and/or DNMT proteins that will alter REN
methylation, thus allowing the binding of TFs involved in transcriptional repression in the
silencer region or inhibiting the binding of transcriptional activators in the enhancer and

promoter regions.
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1.13 Aims and Objectives
The aim of this study was thus to assess the effect 1,25(0OH),D3 on REN methylation and
expression to understand the epigenetic mechanisms regulating REN transcription. To

achieve this goal, the following objectives were set:

1) To establish both control and experimental (VDR & VDR*) HEK293 cells to be treated

with and without 1,25(0OH),Ds via siRNA transfection.

2) To confirm successful gene knockdown of VDR in HEK293 cells by means of percentage

knockdown via RT-qPCR and protein expression via Flow-cytometry.

3) To obtain high-quality and pure DNA extracts to quantify changes in methylation within
the annotated CGI regions of REN in HEK293 cells following 1,25(0OH).Ds supplementation via

matrix-assisted laser desorption/ionisation-time of flight mass spectrometry (MALDI-TOF MS).

4) To extract high quality, intact RNA from HEK293 cells and quantify the effect of
1,25(0H).Ds on the expression of genes that act to regulate and maintain DNA methylation

(DNMT1, DNMT3A, DNMT3B, TET1, TET2, TET3) as well as VDR, REN and CYP24A1.

5) To use appropriate statistical tests to analyse the effect of 1,25(0OH).Ds on REN

methylation and the expression in HEK293 cells.
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Chapter 2: Methods

2.1 Cell culture and treatment

REN expressing, human embryonic kidney 293 cells (HEK293; Passage 21) were cultured with
the use of Dulbecco's Modified Eagle Medium (DMEM; Pan Biotech) supplemented with 10%
(v/v) foetal bovine serum (FBS; Pan Biotech, Aidenbach, Germany) and 1% (v/v) Penicillin
Streptomycin mix (Sigma Aldrich, St. Louis, MO) to about 80 — 90% confluency. FBS which is
the blood drawn from a bovine fetus is a necessary supplement used in the growth of in vitro
cell cultures. Several components in the serum contribute to adequate cell growth including
a buffering capacity, nutrient sources, proteins, electrolytes, hormones, carbohydrates,
enzymes, and growth factors all with a reduced level of antibodies making it compatible for
use in several cell types. Additionally, antibiotics such as penicillin and streptomycin act to
inhibit bacterial growth which would contaminate cell cultures specifically gram-positive and
gram-negative bacteria. A major consequence of bacterial contamination of in vitro cell
cultures includes the altering of cellular characteristics (cell morphology, metabolism and cell
proliferation) which would affect the reliability of experimental results thus necessitating the
use of antibiotics in cell culture medium. When the cells reached confluency they were
supplemented with either 10 nM 1,25(0OH),D3 (Sigma Aldrich, St. Louis, MO) or the vehicle
control (99% ethanol; Sigma Aldrich, St. Louis, MO) for 18 h. A concentration of 10 nM
1,25(0OH),Ds was considered effective in inducing measurable effects based on previous
studies in which the 10 nM 1,25(0OH);Ds dose induced significant cellular responses, changes
in target genes and VDR activity (Edfeldt et al., 2010; Felicidade et al., 2018; Liu et al., 2006;
Weeres et al., 2014). HEK293 cell cultures were incubated at 37°C in 5% CO,. HEK239 is an
adherent cell line and was therefore detached via trypsinisation for experimental procedures.
Cell detachment was performed by adding 2 ml of 1X trypsin (Sigma, St. Louis, MO) to cells
which were then briefly incubated for 3-5 min at 37°C. Media was then added to inactivate
the trypsin and the cells were aspirated to ensure complete detachment from the culture
dish. The detached cells were then pelleted at 500 x g and the excess media and trypsin was
discarded. Cells then resuspended in either fresh media or phosphate-buffered saline (PBS;
0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4;

Sigma, St. Louis, MO) for cell counting and viability assessment via Trypan Blue exclusion assay
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(Section 2.4). An adequate number of cells used in downstream analysis was aliquoted and

either used directly for experimentation or stored at —80°C for RNA and DNA extraction.

2.2 VDR knockdown via siRNA transfection

RNA interference (RNAI) is a conserved eukaryotic cellular mechanism which mediates
posttranscriptional gene silencing (Hannon, 2002). The absence of the VDR, can highlight
changes in cell function and reveal its complex relation to other genes in the context of
hypertension progression (National Institute of Health, 2013). VDR was silenced using small
interfering RNA (siRNA) (Ambion, VDR Silencer® Select siRNA ID: s14777 cat#: 439084, USA)
according to the manufacturer’s guidelines (Ambion Life technologies, Protocol Pub. No.
MANOO007836 Rev. 1.0). A non-targeting negative control siRNA (Ambion Silencer™ Select
Negative Control No. 1 siRNA, Invitrogen, cat#f 4390843, USA) was used prior to transfection,
the lyophilised siRNA was reconstituted in nuclease-free water to produce a stock solution
with a final concentration of 100 uM for prolonged storage. The stock was then used to make
10 uM working stocks for immediate use to avoid freeze-thaw cycles which can degrade the
siRNA overtime and reduce its efficiency. Freeze-thaw cycles can degrade siRNA due to pH
fluctuations which can aid RNase activity and physical shearing by ice-crystals (Yadava et al.,
2007). All transfection reagents were made fresh on the day of transfection. Cells were
seeded to be 75-80% confluent at the time of transfection. Cell should not be fully confluent
at the time of transfection as they do not take up foreign nucleic acids in the stationary or
guiescent phase as well as when they are actively dividing. The transfection reagent was made
by first diluting 54 pl of Lipofectamine (Thermofischer Scientific, Lipofectamine™ RNAIMAX™,
cat# 13778075) with 900 pl of antibiotic and serum-free media (for 6 reactions). The choice
of media used is important as lipofectamine is a cationic lipid-mediated mode of transfection
which can easily be affected by serum proteins thus reducing the efficacy of the siRNA.
Albumin within the serum interact with the lipofectamine reducing its interaction with the
cell membrane and cellular receptors (Wallenstein et al., 2010). Most cells will survive for
hours in serum-free medium and can be supplemented with complete medium at a later stage
thus allowing for efficient transection and successful gene knockdown. In separate tubes, 24
ul (10 uM) of the VDR siRNA or non-targeting siRNA was diluted with 900 ul of antibiotic and
serum-free media and was left to incubate at room temperature for 5 min. The HEK293 cells
were then removed from the CO; incubator and brought into the laminar hood. Old media

was discarded and 150 ul of the diluted lipofectamine was added to each transfection well
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along with 150 pl of diluted VDR/non-targeting siRNA which was then left to further incubate
at room temperature for 30 min in the wells. This incubation period allows for the formation
of the siRNA-lipid complex which is needed to penetrate the cell membrane so siRNA can
enter the cytoplasm. Following incubation, the cells were topped up with complete media to
a final volume of 4ml. The cells were then left to incubate at 37°C at 5% CO; for 1-2 days. The
recommended siRNA final concentration for transfection of 6 nM was adjusted to 10 nM per
plate for the 6-well format as it provided greater knockdown efficiencies. 1,25(0OH).Ds
treatment was done 24-hours post transfection and cells were then analysed and used for
downstream analysis within 48-hours post transfection. Percentage knockdown of VDR was
validated by gene expression analysis. Percent Knockdown (%KD) of VDR was calculated using
the AACq method (section 2.13) and samples with %KD of 80 or higher were considered
effective knockdowns and were used for further analysis. VDR protein expression was

guantified via flow cytometry (section 2.12).

2.3 Mycoplasma detection

Prior to collection of the VDR */VDR ~ samples for DNA methylation analysis, the LookOut®
Mycoplasma qPCR Detection Kit (Merck Life Science [Pty] Ltd, Modderfontein, SA) was used
to confirm that the HEK293 cell cultures used for experimentation were pure and free of
Mycoplasma contamination. The detection kit is a PCR with a specific primer and probe that
specifically detects a well conserved 23S rRNA operon coding region of the Mycoplasma
genome. Cell culture supernatants were tested directly. 100 pl of HEK293 cell culture
supernatant was collected in a sterile amplification tube and incubated at 95° C for 5 min. This
high temperature incubation step was done to denature any proteins or contaminants that
could affect the PCR reaction. Prior to use in PCR the sample was briefly centrifuged (5
seconds) to pellet any cellular debris. The PCR reactions were prepared and set according to
manufacturer guidelines (see Table 2.1). The ready-to-use lyophilised reaction mixtures
required a final reaction volume of 25 pl with one unit of Taq per reaction. 0,5 ul for the
OneTaq® 2X Master Mix DNA polymerase (NEB, Ipswich, MA, Cat.no. M0482) was diluted with
22 ul of rehydration buffer which was then added to the reaction tube. For the positive
control, 0.5 ul of the OneTaq® 2X Master Mix was diluted with 22 ul of rehydration buffer
which was then added to the reaction tube. Following rehydration of the reaction mixture, 2

ul of HEK293 cell supernatant was added to the test reaction. Both the test reaction and
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positive control reactions were mixed gently by flicking the tube. For the PCR reaction,
samples were placed in a thermal cycler (SimpliAmp™ Thermal Cycler, Cat.no.: A24811)
according to the manufacturer cycling conditions (Table 2.2). After PCR was completed,
samples were cooled to 4-8°C on ice and 8 pl of each PCR sample (Test reaction and Positive
control reaction) was loaded onto a 1.5% (w/v) agarose gel for electrophoresis (Section 2.8).
Loading gel and dye were already present in the reaction tubes and therefore not necessary.

Electrophoresis was stopped after 30 min and bands were visualised under UV light.

Table 2.1: Reaction mixture for Lookout Mycoplasma detection kit

Cycle Step Sample (ul) Positive control (ul)
DNA polymerase/ Rehydration buffer 23 25
Sample volume 2 -

DNA-free water - -

Table 2.2: Thermocycler incubation steps for Lookout Mycoplasma detection kit

Cycle Step Temperature (°C) Time (Seconds) Cycles
Initial Denaturation 94 30 1
Extension 94 30

30
55 60
Final extension 68 60 1
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2.4 Trypan blue assay

Cell viability was quantified using the trypan blue (Sigma, St. Louis, MO) exclusion assay. This
assay is based on the property that healthy cells obtain intact cell membranes which will
prevent a dye like Trypan blue from entering the cell. Conversely non-viable cells often have
degraded membrane which allow the dye to enter (Strober, 2001). By this principle, cells that
are penetrated by the trypan blue were considered non-viable, whereas cell that remained
clear were considered viable. To perform the assay, the cell suspension was diluted 2X with
trypan blue solution (i.e. 10 pl of cells was added to 10 pl of Trypan blue solution). The
solution (10 ul) was loaded onto a slide and placed into the Countess Il FL Automated Cell

Counter (Invitrogen, Carlsbad, California) from where viability was estimated.

2.5 Genomic DNA (gDNA) extraction

gDNA from 1 x 10® HEK293 cells were extracted using the QlAamp DNA Blood Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s guidelines. All extraction reagents were
kept at room temperature and centrifugation steps were done at 6 000 x g at room
temperature unless stated otherwise by the manufacturer. All working surfaces and
apparatus were thoroughly washed with 70% (v/v) Jik followed by a 70% (v/v) ethanol wipe
to ensure a nuclease-free environment and prevent DNA degradation during the extraction
procedure. Frozen cell pellets were left to thaw on ice and were resuspended in PBS to a final
volume of 200 ul followed by the addition of 20 pl of Proteinase K (Qiagen, Hilden, Germany)
which is a broad-spectrum serine protease and is used in the degradation of cellular
membrane proteins to aid in cell lysis. It also facilitates inactivation of DNases to increase the
nucleic acid isolation yield (Barrett et al., 2012). Thereafter, 3 ul of RNase A (1 mg/ml) was
added to ensure RNA degradation and prevent RNA contamination in the extracted gDNA
sample. RNase A is a digestive enzyme which specifically hydrolyses RNA but not DNA
polymers (Raines, 1998). Thereafter, 200 uL of buffer AL (Qiagen, Hilden, Germany) was
thoroughly mixed with the sample to ensure efficient cell lysis by pulse-vortexing for 15
seconds. Buffer AL is a lysis buffer containing guanidinium chloride which is a chaotropic agent
which promotes lysis of cell membranes through denaturation of membrane proteins (Hatefi
and Hanstein, 1974; Penefsky and Tzagoloff, 1971). The sample was then incubated for 10
min at 56°C in a heating block following cell lysis. The sample was then mixed with 200 ul of

100% (v/v) molecular-grade ethanol (Sigma-Aldrich, Saint Louis, Missouri, USA) by
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pulse- vortexing for 15 seconds, followed by a 1 min centrifugation step. Ethanol is used to
facilitate DNA aggregation and precipitation by removing the DNA solvation shell (Green and
Sambrook, 2016). The mixture was then moved into a QlJAamp Mini spin column (placed in a
2 ml collection tube) containing a silica-membrane and centrifuged for a further 1 min.
Adsorption of the DNA onto the QlAamp silica membrane occurs during this quick
centrifugation step. Additionally, specific pH and salt conditions are maintained in the cell
lysate to ensure that there is no retention of protein or other contaminants on the QlAamp
membrane, which could inhibit PCR or any downstream enzymatic reactions (Berensmeier,
2006; Melzak et al., 1996). Silica matrix purification is popular and effective as it works on the
principle of ion exchange where the positively charged particles on the silica membrane have
a high affinity for the negatively charged sugar-phosphate backbone of DNA (Esser et al.,
2006). The DNA will bind to the silica matrix until it is eluted. The spin column was then
transferred to a new collection tube and 500 pl of buffer AW1 (Qiagen, Hilden, Germany) was
added to the column followed by a 1 min centrifugation. Buffer AW1 serves to further
denature proteins allowing them to easily be eluted following centrifugation. Following
removal of the filtrate the spin column was then placed in a clean collection tube. Thereafter,
500 ul of Buffer AW2 was added to the sample (Qiagen, Hilden, Germany) followed by
centrifugation at full speed (16000 x g) for 4 min. AW2 is a Tris-based ethanol solution used
to remove excess salts prior to nucleic acid elution. The spin column was then placed in a
clean collection tube and 200 ul of elution buffer AE (10 mM Tris-Cl; 0.5 mM EDTA; pH 9.0)
was added to the column and incubated at room temperature (15-25 °C) for 5 min, followed
by a 1 min centrifugation step. The elution buffer is a low salt solution helps the DNA release
from the silicia membrane and be eluted from the column. The purity, quantity and quality of
the extracted gDNA were assessed using the Qubit fluorimeter (section 2.6). DNA integrity
was assessed using agarose gel electrophoresis (section 2.9). gDNA passing quality control

was stored at —30°C prior to downstream applications.

2.6 DNA quantification and purity assessment

Prior to downstream experiments, accurate and precise DNA quantification is necessary as
adequate concentrations and amounts of pure DNA within a sample are needed for reliable
methylation analysis. The Qubit 2.0 Fluorometer (Invitrogen, Cat. no. Q32866, Carlsbad,
California) was used to quantify the concentration of DNA in both VDR * and VDR ~ control and

treated HEK293 samples prior to methylation analysis. The fluorometer is used in conjunction
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with the Qubit™ dsDNA HS Assay Kit (Invitrogen, Cat. no. Q32851, Carlsbad, California). The
Qubit assay was performed at room temperature as per manufacturer’s guidelines. The
instrument must be calibrated upon each new assay. To calibrate the machine, two high
sensitivity (HS) standards were prepared from diluting both Qubit® stock standard 1 and Qubit®
stock standard 2 provided in the kit. First a Qubit® working solution was prepared by diluting
the Qubit® dsDNA HS Reagent in Qubit® dsDNA HS Buffer in a 1:200 dilution in a clean plastic
tube. The final reaction volume for each sample as well as the standards was 200 pl and each
tube required a minimum of 190 ul working solution and 1-10 ul of sample or standard. The
required number of thin, clear-walled 0.5 mL tubes for two standards and all samples was set
up. For the Qubit® standard assays, 10 ul of Standard 1 and 2 was added to 190 ul working
solution. For the sample assays 2 pl of DNA sample was added to 198 ul of working solution
and all tubes were incubated for 3 min at room temperature prior to measurement. Following
incubation both Standard 1 and Standard 2 assays were read on the Qubit 2.0 first. Following
successful calibration each sample assay was measured. The principle of Qubit fluorometry is
based on the use of fluorescent dyes. Fluorochromes present in the working solution will bind
the DNA and emit fluorescent signal which is detected by the Qubit detector. The amount of
DNA present is calculated based on the difference between bound and unbound fluoro-
molecules (Mardis and McCombie, 2017). Another method of DNA quantification is
Spectrophotometry which does not require any additional reagents. However,
spectrophotometry is limited by the fact that various molecules other than DNA also absorb
light at 260 nm including proteins, free nucleotides and RNA thus reducing the reliability of the
results making Qubit fluorometry a more reliable method quantification and purity assessment

of DNA.

2.7 RNA extraction

Total RNAs were extracted from 1 x 10% HEK293 cells using the Direct-zol™ RNA Mini-prep
kit, (Zymo Research, Irvine,CA) as per manufacturer guidelines. All centrifugation steps were
done at 16 000 x g for 30 seconds at 4°C and all steps were done on ice unless stated otherwise
by the manufacturer. All working surfaces and apparatus were thoroughly washed with 70%
(v/v) Jik followed by a 70% (v/v) ethanol wipe to ensure an RNase-free environment. Cell
pellets were resuspended in 300 pl TRI Reagent® (Sigma, St Louis, MO) and aspirated to inhibit
nuclease activity following cell lysis. An equal amount of molecular grade ethanol (99%;

Sigma, St Louis, MQO) was then added to the pellet and aspirated until the solution was clear
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pink and homogenous. The cell lysate transferred to a Zymo-SpinTM IlICG column in a
collection tube followed by centrifugation. Following centrifugation, 90 ul of a DNase |
treatment (15 ul of DNase | & 75 pul of DNA digestion buffer) was added to the column. The
column was then incubated at room temperature for 15 min. This step was recommended to
ensure DNA degradation and prevent DNA contamination in the extracted RNA sample.
Thereafter, 400 ul of Direct-zol RNA Prewash was added to the column followed by
centrifugation. This step was done twice. Following the Prewash steps, 700 pl of Direct-zol
RNA wash buffer was then added to the column followed by a 2 min centrifugation step. The
excess reagents eluted into the collection tube was discarded after each centrifugation step
prior to elution. The RNA was eluted and dissolved in 20 ul of RNase-free dH,0. The extracted
RNA quantity and quality were assessed using nanodrop spectrophotometry (Thermo
Scientific™, NanoDrop™ One microvolume UV-Vis Spectrophotometer). RNA integrity was
assessed using agarose gel electrophoresis (section 2.8). The RNA was then stored at —80°C

for later use in RT-qPCR studies.

2.8 Quantitative reverse transcriptase PCR (RT-qPCR)

To assess the role of DNMT1, DNMT3A, DNMT3B, TET1, TET2 and TET3, CYP24A1 and VDR on
1,25(0OH),D3-mediated expression of REN, cDNA synthesis and gPCR were performed using
the LunaScript® RT SuperMix Kit (NEB, Ipswich, MA, Cat.no. E3010) and the Luna® Universal
gPCR Master Mix (NEB, Ipswich, MA, Cat.no. M3003) according to manufacturer’s
instructions. Normalisation of gene expression was done against the GAPDH and UBC
reference genes. All cDNA synthesis master mixes were prepared on ice (Table 2.3). After
preparation of the cDNA reaction mixtures, the PCR reaction tubes were placed in the
SimpliAmp thermal cycler (Thermo Fisher Scientific, Waltham, MA) for cDNA synthesis (Table
2.4). After cDNA synthesis the reaction mixtures were incubated at 4°C prior to use in qPCR.
The cDNA template was added to the qPCR reaction mixture (Table 2.5). The CFX-96 Thermal
Cycler (Bio-Rad, Hercules, CA) was used to amplify the target genes according to the

appropriate cycle settings (Table 2.6). PRIMER3 software (v4.1.0; http://primer3.ut.ee/) was

used to design the primers for REN, DNMT3A, DNMT3B, TET1, TET2 and TET3, while the
primers for DMNT1, VDR, GAPDH and UBC were obtained from RTPrimerDB (Table 2.7). All
PCR products underwent gel electrophoresis to confirm specific amplification of target gene

products. (Section 2.8).
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Table 2.3: Reaction components of the cDNA synthesis reaction

Component Volume (pl) Final Concentration/ Amount
LunaScript RT SuperMix (5X) 4 1X

RNA sample variable 500 ng

Nuclease-free Water to 20

Table 2.4: Thermocycler incubation steps for the cDNA reaction

Cycle Step Temperature (°C) Time (min) Cycles
Primer Annealing 25 2 1
cDNA Synthesis 55 10 1
Heat Inactivation 95 1 1

Table 2.5: Reaction components of the qPCR reaction

Component Volume (pl) Final Concentration/Amount
Luna Universal gPCR Master Mix 5 1X

10 uM forward primer 0.25 0.25 uMm

10 pM reverse primer 0.25 0.25 uMm

c¢DNA products variable <100 ng

Nuclease-free water Upto 10

49



Table 2. 6: Thermocycler incubation steps for the gPCR reaction

Cycle Step Temperature Time Cycles
Initial Denaturation 95 °C 60 seconds 1
Denaturation 95 °C 15 seconds

40-45
Extension 60 °C 30 seconds

Melt Curve 60-95 °C 1




Table 2.7: Primer sequences used to amplify the target and reference genes

Gene Primer Sequences® Product Size (bp) RTprimerDB number Reference
DNMT1 FP: GTGGGGGACTGTGTCTCTGT 204 3628 Bestor et
al., 1988
RP: TGAAAGCTGCATGTCCTCAC
b
DNMT3A - o TGTGGGAGCCTCAATGTT 175 N/A
RP: GCAGTTGTTGTTTCCGCAC
b
DNMT3B o CTCGTGTGGGGAAAGATCAA 187 N/A
RP: CCAAATTAAAGTGCTGGCTGA
TET1 151 N/Ab
FP:AGATAAGGGCAGTGGAAAAGA
A
RP: TGGGGTTCGGTTTCACTTTT
TET2 194 N/AP
FP: GTCCTATTGCTAAGTGGGTGG
RP: CGTGCCGTATTTCCTCAGC
TET3 152 N/AP
FP: GACACACCTGCCAAGAGAG
RP: TATCACTCACCGCTCCTCC
VDR 277 2787 Vi
FP: CTGACCCTGGAGACTTTGAC 8 lenonen et
al., 2003
RP: TTCCTCTGCACTTCCTCATC
REN 129 7779
FP: GAAAGCCTGAAGGAACGA
RP:GTACTGGGTGTCCATGTAGTT
YP24A1 71 1817 zh .
¢ FP: ATGAGCACGTTTGGGAGGAT 8 aoetal,
1998
RP:TGCCAGACCTTGAG
APDH 2 Wich
G FP: GTCAGTGGTGGACCTGACCT o> 093 ichmann
et al., 2002
RP: AGGGGAGATTCAGTGTGGTG
UBC FP: ATTTGGGTCGCGGTTCTTG 133 1528 Max et al.,
2001

RP: TGCCTTGACATTCTCGATGGT

@ The Forward (FP) and reverse (RP) primer sequences are given in the 5' - 3' direction.
®Not applicable — These primers were designed using Primer3 (Untergasser et al., 2012)
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2.9 Agarose gel electrophoresis

For both DNA, RNA and PCR product quality assessment, agarose gel electrophoresis was
used. 500 ng of either RNA/DNA added and aspirated to either 2X RNA Gel Loading Dye (95%
formamide, 0.025% SDS, 0.025% bromophenol blue, 0.025% xylene cyanol FF 0.025%
ethidium bromide 0.5 mM EDTA; Thermofischer, Cat. no.: R0461, Vilnius, Lithauania) or DNA
Gel Loading Dye (6X) (10 mM Tris-HCI (pH 7.6) 0.03% bromophenol blue, 0.03% xylene cyanol
FF, 60% glycerol 60 mM EDTA; Thermofischer, Cat. no.: R0611, Vilnius, Lithauania) in a 1:6
respectively. Samples of DNA or RNA were allowed to electrophorese on a 1% (w/v) agarose
gel for 30 min while PCR products were electrophoresed on a 3% (w/v) agarose gel for 1-2
hours. In agarose gel electrophoresis, molecules are separated based on size and charge. An
electric field influences the migration of the molecules. DNA, RNA and all negatively charged
molecules migrate towards the positive pole. Large molecules migrate slower than small
molecules through the gel (Sambrook and Russell, 2001). The gel was electrophoresed in TBE
buffer consisting of 0.89 M Boric acid (Merck, Modderfontein, South Africa), 0.89 M Tris
(Sigma Aldrich, St Louis, Missouri) and 0.5 M Ethylenediamintetra-acetic acid (EDTA) disodium
salt (Sigma Aldrich, St Louis, Missouri) at a pH of 8. TBE buffer was used to prevent hydrolysis
of the DNA as due to its slightly alkaline pH which works to chelate magnesium ions needed
for hydrolysis (Stellwagen et al., 2000). To ensure visualisation of the nucleic acid, 10 mg/ml
Ethidium Bromide (9 uL per 150 ml gel, Sigma Aldrich, St Louis, Missouri) was added to the
gel before it was poured for setting. The UV-fluorescent dye, Ethidium bromide, intercalates
into the DNA which can then be visualised under a UV light. Intact DNA presents as a single
bright and distinct band while a smeared band is indicative of degraded DNA under UV light
(Mayjonade et al., 2016).

2.10 Intracellular VDR protein quantification via flow cytometry

Flow cytometry is a commonly used method for the detection and quantification of both the
physical chemical features of either a population of cells or any biological particle. A
suspension of cells within in a fluid is injected into the flow cytometer ensuring that the cells
are separated from each other and detected individually. It is commonly used to analyse the
expression of target molecules on either the cell surface or within cells. Cell surface or
intracellular molecule expression is quantified when the flow-cytometer detects and
calculates fluorescence intensity which is emitted by fluorescently labelled antibodies

(McKinnon, 2018). During experimentation, antibodies remained on ice and were protected
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from light to not affect fluorescence detection during quantification. All steps in the
preparation of reagents as well as any incubation steps were conducted at room temperature.
Buffers and solutions were prepared fresh on the day of cell harvesting. For this protocol, 1.5
x 10° cells were first washed with 100 pl of PBS to remove excess cell media. The cells were
then centrifuged at 500 x g for 5 min, to remove PBS. Cell pellets were then resuspended in
100 pl of 10% (v/v) heat-inactivated human serum in PBS and incubated for 1 min to block Fc
receptors. The human serum was obtained from the University of Johannesburg and prepared
by incubating the 10% (v/v) HS at 56 °C for 45 min. The cell samples were then centrifuged at
500 x g for 5 min and the human serum was then discarded leaving the cell pellets in the tube.
Following blocking, the cells were then fixed with 100 pl of fixation solution containing 1.5%
(w/v) paraformaldehyde (Sigma Aldrich, St Louis, MO) in PBS. Fixation is necessary to maintain
cells in stasis at a particular point to ensure minimal deterioration and fixed protein
localisation by the time they are examined (Lanier and Warner, 1981). The fixation solution
was prepared in a light protected bottle which was placed on a heated stirrer until the
paraformaldehyde was fully dissolved. The solution was cooled before being added to the
cells. The paraformaldehyde and cell solution were shielded from light and left to incubate
for 30 min. Following incubation, the cell suspension underwent a 5 min centrifugation step
at 500 x g. 150 pl of permeabilisation solution composed of 0.2% (v/v) Triton X-100 (Sigma
Aldrich, CAS# 9002-93-1, Modderfontein, SA) in PBS was then added to the cell suspension
which was then left to incubate for 15 min. Triton X-100 is a suitable permeabilisation agent
which is effective in dissolving cell membranes to improve the penetration of antibodies
(Frisch, 2004). The cells were then centrifuged at 800 x g for 8 min to discard the excess
permeabilisation solution. Cell staining was then achieved by adding 50 ul of Rabbit IgG
antihuman VDR primary antibody (Novus Bio, USA, Cat. no. NBP2-66778) diluted 1:100 in PBS
as per manufacturer protocols. The cells were then incubated in the VDR staining solution for
30 min. After primary antibody staining, 100 ul of wash buffer (0.1% Triton X-100 in PBS) was
added to the cells which was followed by centrifugation at 800 x g for 8 min. The wash step
was repeated to ensure complete removal of all unbound primary antibody. The cells were
then suspended and aspirated in 50 pl of goat anti-Rabbit IgG secondary antibody, conjugated
to Allophycocyanin (APC; R&D Systems, Canada, Cat. no. F0111), diluted 1:100 in PBS as per
manufacturer protocols. This was followed by a second 30 min incubation period at room

temperature sheltered from light. Instead of secondary antibody solution, 100 pl of 1% (w/v)
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bovine serum albumin suspended in PBS (BSA, Sigma Aldrich, St Louis, MO) was added to the
auto-fluorescent controls. Following secondary antibody staining, cells were resuspended
and kept in 150 pl 1% (w/v) BSA in PBS. Samples remained on ice prior to fluorescence
detection and measured no later than 2 hours from preparation on the BD Accuri ™ C6 Flow
Cytometer (BD Biosciences, San Jose, CA). The flow cytometer is fitted with a blue (488 nm)
and red (633 nm) laser. APC-conjugated VDR was detected at a wavelength of 633 nm
(excitation: 620-650 nm, emission: 660—670 nm). Prior to measurement, the flow cytometer
was calibrated using prepared 6- and 8-peak calibration beads (BD Accuri™ Spherotech 6-
Peak (FL4)/ 8-Peak (FL1-3) validation Beads, Franklin Lakes, NJ, USA). Distilled water was run
through the cytometer for 5-10 minutes prior to sample measurement to ensure the column

was clean.

2.11 In silico annotation of REN regulatory regions

Bioinformatics which is a sub-discipline of biology, focuses on the procurement, identification
and analysis of biological data specifically amino acid and nucleotide sequences. A variety of
computer programs, applications and software are used to determine gene and protein
functions from the vast publicly available databases and quite often is used to highlight key
regulatory characteristics from large volumes of sequence data. In order to uncover the
potential epigenetic mechanisms underlying REN regulation, a validated bioinformatic
workflow (Meyer et al., 2017) was used to annotate regions within REN where changes in

DNA methylation may have significant functional consequences.

2.11.1 Mapping of REN promoter, enhancer and silencer regions

The REN gene was analysed using Ensembl (www.ensembl.org/index.html), and data for its
transcript was annotated. The REN-201 transcript which spanned 11 518 kb, originates from
the negative strand and contains 10 exons and 9 introns (chrl: 204 154 819 — 204 166 337).
An experimentally validated promoter region was identified using the Genomatix (v3.10)
Gene2Promoter (GRCh38; December 2017) tool (Fuchs et al., 2002). This 1116kb promoter
region (chr1:204 166 222 — 204 167 337) was located upstream of REN traversing the 5° UTR
and exon 1. An experimentally validated novel proximal enhancer (chrl: 204 168 923 — 204
171 222) spanning 2 299 bp was described by Ushiki et al. (2018). A second distal enhancer
(chrl: 204 171 390 — 204 172 959) spanning 1 569 bp spanning was found using GeneHancer

(www.genecards.org/Guide/GeneCard) data which was manually annotated to predict
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enhancer regions in UCSC. Lastly, an experimentally validated silencer spanning 4028 bp (chr1:

204 162 166 — 204 166 193) was identified in intron 1 of REN (Lang et al., 1996).

2.11.2 Ranking and selection of REN CGls to undergo methylation analysis

With respect to the mapping of general CGls in REN, the Genelnfinity CGI detector tool
(geneinfinity.org/sms/sms_cpgislands.html) was used classify CGls in REN according to
specific parameters. A general CGl was considered to have a GC percentage greater than 55%,
an Observed CpG/Expected CpG ratio greater than 0.65, and a minimum gap length of 100
bp. There were 5 CGls in REN that met these guidelines. Two CGls overlapped the distal
enhancer (CGI1: 211 bp and CGI2: 336 bp) while two overlapped the proximal enhancer
(CGI3:405bp and CGIl4: 1847bp), and one in intron 1 of REN, overlapping the silencer (CGI5:
218 bp). For the identification of the EvoCGI and bona fide CGI, the March 2006 NCBI36/hg18
UCSC assembly (chrl: 202 390 571 — 202 402 088) was visualised with the publicly available
EvoCGl and bona fide CGI coordinates which were mapped onto GRCh38 build using BLAT.
This resulted in the identification of one bona fide CGl found spanning 216 bp located in exon
9 as well as one evolutionary CGI spanning 98 bp. Following annotation and mapping of key
regulatory regions and CGls within REN, a custom ranking system (Govender et al., 2021) was
used to score genetic and epigenetic overlapping features of REN to select regions with the
highest functional importance which were likely to be affected by changes in methylation.
The scoring system found high scoring regions between the promoter and enhancer region
overlapping CGI2. In order to reduce bias and represent the gene body, the highest scoring
region within the silencer overlapping CGI5 was also selected for methylation analysis. In

addition, the Bona fide CGl was also selected for further analysis.

2.11.3 Identification and annotation of putative TFBS within selected REN CGls

Following ranking and selection of the REN CGls, putative TFBS within the selected CGls were
identified using the The MatInspector tool (v.11.0; Quandt et al., 1995) available in the
Genomatix Software Suite. In total, 478 out of the 3531 of the TFBS identified for all 7 CGls.
TFBS for the 3 selected CGls were tabulated. Only TFBS core sequences with a matrix similarity
of 0.9 or higher were selected and searched using the BLAT tool using the hg38 UCSC assembly

to confirm their presence in REN.
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2.11.3 Identification putative VDR binding sites within TET1, TET2 and TET3

To confirm potential recruitment of TETs to induce active demethylation of REN in response
to vitamin D, JASPAR (http://jaspar.genereg.net) data was used to identify putative VDR
binding sites within the TETs. JASPAR, which is an open access database, contains several TF
binding profiles which are encoded as position frequency matrices (PFM). This PFM TF-model
represents the DNA binding specificity of a given TF based on the summary of each nucleotide
at each position based on experimental data. The JASPAR 2018 track (Khan et al., 2018) was
used as it contained sequences for human VDR (MA0693.3) in the collection, while the 2020
and 2022 tracks currently only have sequences for mouse VDR (MA0693.3) available as a track
in the UCSC genome browser. A PFM score of 450 and above was used to select the

highlighted putative VDR binding sites which is the equivalent of a P-value of 107>

2.12 Quantitative DNA methylation analysis by MALDI-TOF MS

High-resolution quantitative DNA methylation analysis was outsourced to Ingaba Biotech
(Biotechnical Industries (Pty) Ltd, Hatfield 0028, South Africa) who performed site-specific
methylation analysis using MALDI-TOF MS, based on the EpiTYPER® approach (Fig. 2.1)
developed by Agena Bioscience (Ehrich et al., 2007, 2005). The three highest scoring CGls,
CGI2 (Chrl: 204 171 238 — 204 171 573), CGI5 (Chrl: 204 171 238 — 204 171 573) and the
bona bide CGI (Chrl: 204 155 754 — 204 155 968) were selected for further analysis as they
yielded maximum information for single CpG dinucleotides. Primers (Table 2.8) were
designed using the EpiDesigner software (Agena bioscience,

http://www.epidesigner.com/start3.html). The software provides a detailed breakdown of

these distinct CpG sites that were covered by the assay. The selected amplicons were located
in the enhancer (CGI2) and silencer (CGI5) regions as well as intron 9 (Bona fide CGl) of REN.
First the extracted HEK293 cell genomic DNA (10 nM 1,25(0OH),Ds -treated and Control VDR *
and VDR - samples) underwent bisulfite treatment. During bisulfite-conversion
nonmethylated cytosine residues are converted into uracil while methylated cytosine
residues are not unmodified (Frommer et al., 1992; Li and Tollefsbol, 2011). This step results
in the generation of a DNA template with methylation-dependent sequence changes. The first
step of the EpiTYPER assay begins with the use of T7-promoter-tagged reverse primers which
amplify the target regions in a PCR reaction which will maintain the bisulfite -induced
sequence modifications following in-vitro transcription. Thereafter, shrimp alkaline

phosphatase (SAP) was used to dephosphorylate the deoxynucleotides in the PCR reaction to
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inactivate them dephosphorylation using. Following SAP treatment, an in vitro transcription
step results in specific cleavage at uracil residues by RNase A. MALDI-TOF MS is then used to
analyse the cleavage products. The accumulated sequence changes which are generated
through bisulfite treatment produce fragments with differing size and mass. This difference
allows the data analysis software to generate quantitative information for each analysed
target fragment. The differing mass-to-charge ratio between methylated vs unmethylated
samples produces signal intensities which are correlated with the degree of DNA methylation

which is then calculated as a percentage by the software.

Non-Methyl i DNA i i

on-Methylatec Methylated DNA Bisulfite

UG — UG - UG — UG — UG — UG CG—CG-CG—CG—CG——CG treatment
< N > N ™~

il ! PCR (SAP)
76 =T6 — TG — TG 66 -6 —C6—1C6
AC = AC — AC — AC 6C -GG — GC.—GC

In vitro
Jl ﬂ' transcription
AC-AC —AC —AC — GC-GC —GC —GC —
#1 U-AC-AC- U-GC-GC- -
; T-specific
#2 U—AC- U—cec-/ cleavage

MALDI-TOF
MS

intensity

!

R — «—» —> miz
16 Da 32Da

Figure 2.1. Overview of Epityper and MALDI-TOF MS process. Genomic DNA samples undergo bisulfite
treatment to produce methylation-dependent sequence changes which are maintained by the T7-promoter-
tagged reverse primer following in vitro transcription. The RNA fragments are then cleaved at uracil-specific
residues resulting in differing mass-to-charge ratios (m/z) between methylated and non-methylated samples.
MALDI-TOF MA analysis produces signal pattern pairs representing non-methylated (green) and methylated
DNA (blue).
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Table 2.8: Primer sequences for CGls designhed in Epidesigner for Epityper sequencing.

cal Primer Sequences Product Size (bp)

CGI2 Forward: GAGGAATTAAGTTAGTAATAGGTGGTTA 402

Reverse: ATAAAAACCCACAAACCTACAAACC

CcaGl5 324
Forward: GAATAAATTAGGTTTGGAATTATGGGT

Reverse: CAAAATTTCTCCATATTAATCAAACT

Bona fide CGI 294
Forward: GTTTTAATATGATTTGTGTATTGTAATTTG

Reverse: CAACCCTCTCCAACAAAAAAAC

2.13 Data processing and Statistical analysis

Data for RT-gPCR (Cq values), flow-cytometry (Fluorescence intensity) and methylation (%)
were checked for outliers which were removed prior to statistical testing. For the siRNA
transfection, %KD was calculated using the comparative AACq method (Livak and Schmittgen,
2001) for calculating relative gene expression by normalising to the reference gene (GAPDH)
and the non-targeting control. In RNAi experiments, normalisation the nontargeting siRNA
control is necessary to adjust for any off-target effects resulting from the transfection
procedure. Percent knockdown was calculated by subtracting the normalized AACq
expression from 1, which is set as the level of expression for the untransfected sample and
multiplying by 100. Samples with a %KD of 80 or higher were used for gene expression and
methylation analysis. Statistical analysis was conducted with IBM® SPSS® Statistics software
(v. 26; SPSS Inc. Chicago, IL). Three biological replicates, each with 2 technical replicates, was
done for the flow-cytometry, RT-gPCR and methylation experiments. For the gene expression
analysis, Ct values were normalised to the geometric mean of the reference genes (GAPDH
and UBC) and were expressed as values relative to the control average according to the MIQE

guidelines (Vandesompele et al., 2002). For Flow-cytometry, auto-fluorescence
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measurements for VDR protein level were subtracted from the Control and Treated sample
fluorescence intensity values during data processing. The gene expression, VDR protein
expression and Methylation percentage data were tested for normal distribution using the
Kolmogorov—Smirnov tests to confirm normality. The Levene’s test for equality of variance
was used to evaluate the variance of data which then informed the use of the t-test result.
An independent T-test (two-tailed) was used to assess the observed 1,25(0OH),Ds induced
changes in gene expression and protein level. Tests were analysed with a confidence interval

of 95% and a P-value of < 0.05 was considered significant.
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Chapter 3: Results

3.1 Quality control

3.1.1 HEK293 cell cultures were pure and free from Mycoplasma contamination

Mycoplasmas are a common bacterial contaminant and concern for cell culture growth as
they are resistant to most common antibiotics used and can have a variety of effects on
infected cells sometimes affecting cell viability and reducing the reliability of experimental
results (Drexler and Uphoff, 2002; Rottem and Barile, 1993). To confirm that the cell cultures
used in this study were pure and free from Mycoplasma contamination, the cultures were
tested for Mycoplasma contamination by amplifying the Mycoplasma specific 23S rRNA
operon coding gene using PCR. Both siRNA-lipofectamine transfected (VDR °) or untransfected
(VDR *) HEK293 cells were cultured and treated with or without 10 nM 1,25(0OH)2Ds and cell
culture samples were used in a Mycoplasma PCR detection kit to confirm if any Mycoplasma
was present. The results obtained showed no 259 bp band present in the test reaction lane

confirming that no Mycoplasma was present in the cell media samples (Fig. 3.1).

Figure 3.1. Representative agarose gel showing amplicon products from a Mycoplasma PCR detection test.
The above 1% (w/v) agarose gel shows the Mycoplasma detection kit PCR reaction products. Lane 1 was
loaded with a molecular weight marker. Lane 2 was loaded with the PCR product from the positive control
sample and shows a distinct 259 bp band indicative of Mycoplasma as well as a faint 481 bp band due to the
internal control DNA within the reaction mixture. Lane 3 contains the PCR product from the test sample
reaction with supernatant from the media of the HEK293 cell culture used in the experiments. Lane 3 only
contains the 481 bp band of the internal control DNA but has no bands matching the 259 bp Mycoplasma
positive control band indicating that samples were free from Mycoplasma contamination.
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3.1.2 Lipofectamine transfection and 1,25(OH).Ds supplementation induced no significant
change in cell viability in HEK293 cells

To confirm whether the siRNA lipofectamine based transfection, as well as 1,25(0OH).Ds,
influenced cell viability, the trypan blue exclusion assay was performed. It was observed that
10 nM 1,25(0H),Ds supplementation did not significantly alter cell viability in either VDR * and
VDR -~ HEK293 cells (Fig. 3.2). The lipofectamine siRNA transfection slightly reduced cell
viability when compared to untransfected cell culture models (average untransfected viability
= % vs transfected viability = %). The reduction in cell viability in the transfected cell culture
models was not significant and the HEK293 cultures maintained a viability of > 85%, which

was deemed sufficient for downstream analysis.

98.67 98.33 EIVDR Positive

100 B VDR Negative
85.67

80

[=2]
[=]

Cell Viability (%)
=
(=)

20

Control 1,25(0OH),D,

Figure 3.2. HEK293 cell viability was not significantly affected by 1,25(0H)2D3 supplementation cells. The
bar graph shows the percentage HEK293 cell viability as calculated by means of Trypan blue exclusion assay
in response to 10 nM 1,25(0OH),D; supplementation in the VDR * samples (green) and the VDR ~ samples (red).
The percentage cell viability is presented as the average ratio between the live cell count and the total cell
count for each biological replicate.

3.1.3 Nucleic acid extractions

To assess the quality of the extracted nucleic acids, a sample of RNA/DNA from cells treated
with or without 1,25(0OH),D3 was run on a 1.5% (w/v) agarose gel prior to RT-qPCR or bisulfite
sequencing, respectively. The presence of two distinct and clear bands indicative of the 28S

and 18S subunits of ribosomal RNA confirmed that the RNA extracts were intact (Fig. 3.3A).
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The presence of intact DNA was confirmed by the thick bright band at the top of the agarose
gel indicative of a high molecular weight (Fig. 3.3B). For DNA, 260/280 ratios of 1.8-2.0 and
260/230 ratios ranging between 2.0-2.2 ensured that the extracts were of high purity with
little to no protein or RNA contamination. Additionally, RNA extracts also maintained high
purity and were free from phenol and DNA contamination with 260/280 and 260/230 ratios
of 1.7-2.0 and 2.0-2.2, respectively.

Figure 3.3. A representative 1.5% agarose gel showing intact high-integrity RNA and DNA extracts from
HEK293 cells. The representative gels show RNA (A) and DNA (B) extracted from control (C) and treated (T;
10 nm 1,25(0H),Ds) HEK293 cells using the RNA miniprep extraction kit and the QlJAamp DNA Blood Mini kit,
respectively. The two bands represent the 28S and 18S subunits of ribosomal RNA (A).The gels loaded with
the nucleic acid extracts were visualised by under UV exposure and fluorescence of the intercalating agent
ethidium bromide.

3.1.4 All RT-qPCR gene products were intact and specific to the target

Gene expression analysis was done via RT-gPCR to assess the effect of 1,25(0OH).Ds3 on the
expression of several target genes that may influence the regulation of REN through
epigenetic mechanisms. The melt curve (Fig. 3.4) of each gene was analysed to verify that
only one product, indicated by a single peak, was amplified using the Bio-Rad CFX Maestro
software (v2.2) (Bio-Rad Laboratories, CA, USA). The melt-curve analysis showed that all PCR
products generated a single peak above the threshold line (based on the no template control)
with REN producing a slight shoulder peak below the threshold line. Additionally, to ensure
the correct target amplicon was amplified during RT-qPCR for REN, VDR, CYP24A1, NFKB1,
DNMT1, DNMT3A, DNMT3B, TET1, TET2, TET3 as well as the reference genes GAPDH and UBC,

all RT-qPCR products were run on 3% (w/v) agarose gels along with an appropriate molecular
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weight marker (MWM; Fig. 3.5). The product sizes predicted by in

silico PCR (https://genome.ucsc.edu/cgi-bin/hgPcr) matched the observed qPCR target

amplicon sizes. This included a 277 bp product for VDR, a 71 bp product for CYP24A1, a 129
bp product for REN, a 151 bp product for TET1, a 194 bp product for TET2, a 152 bp product
for TET3, a 204 bp product for DNMT1, a 175 bp product for DNMT3A, a 187 bp product for
DNMT3B, a 395 bp product for GAPDH and a 133 bp product for UBC.
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Figure 3.4. Representative melt curves of genes amplified by means of RT-qPCR. The melt curves show the
change in relative fluorescence units over time (-d(RFU)/dT) against temperature (°C) and shows single melt
peaks for the reference genes UBC (black) and GAPDH (dark green), as well as target genes CYP24A1 (A;

orange),TET1 (A; Cyan) DNMT1 (A; red), DNMT3A (A; grey), REN (B; Blue), DNMT3B (B; yellow), TET2 (B;
pink), VDR (C; beige) and TET3 (C; maroon).
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Figure 3.5. A representative agarose gel showing amplified genes of interest after RT-qPCR. The
representative 3% agarose gel shows the RT-gPCR products of each primer pair (Lanes from left to right: VDR,
CYP24A1, REN, TET1, TET2, TET3, DNMT1, DNMT3A, DNMT3B, UBC and GAPDH). A single band is observed
for each gene at the expected base pair (bp) size using the GeneRuler™ Ultra Low Range DNA Ladder (Thermo
Scientific™)

3.2 Both VDR mRNA and protein level increased in response to 1,25(0H).Ds supplementation
in VDR * cells

The effects of 1,25(0OH).Ds are mediated by VDR. Thus, expression of VDR may indicate an
active cellular response to 1,25(0OH);Ds treatment. To confirm whether 1,25(0OH);Ds in
conjunction with the VDR transcription factor influences REN regulation, HEK293 cells were
cultured in the presence or absence of 10 nM 1,25(0OH);D3 and both VDR mRNA and protein
levels were quantified via RT-gPCR and flow-cytometry respectively. Both VDR expression (P

< 0.050; Fig. 3.6 A) and protein level (P < 0.050; Fig. 3.6.D) was significantly increased in

response to 1,25(0OH).Ds supplementation.
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Figure 3.6. 1,25(0H),D; significantly increased both VDR mRNA and protein level in HEK293 cells. The
boxplots show the change in VDR expression (A) and protein level (D) in response to 10 nM 1,25(0H),Ds, as
guantified by RT-gPCR and flow cytometry, respectively. Pairwise comparisons indicate a significant increase
in VDR (*P < 0.050) in response to 10 nM 1,25(0H),Ds (A). The representative density plot shows the forward-
scatter (FSC-H) against the side-scatter (SSC-A) for HEK293 following gating to remove cell debris and cell
doublets where each dot represents a cell (B). The fluorescence intensity (Fl) histogram overlay displays the
relative quantification of VDR protein in control (blue) and 10 nM 1,25(0H),Ds treated (red) cells showing an
increase in the intensity of nuclear membrane expression of VDR per cell (C). Pairwise significant differences
show an increase in VDR protein expression (* P < 0.050). Error bars show 95% confidence interval (n = 3).
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3.3 CYP24A1 mRNA level increased in response to 1,25(0OH).Ds supplementation in VDR * cells
To confirm whether 1,25(0OH);Ds in conjunction with the VDR transcription factor was
functional in the HEK293 cells, the expression of CYP24A1 was quantified as a marker of VDR
activity. CYP24A1 is a primary 1,25(0OH).Ds target gene with known VDREs (Chen and Deluca,
1995; Ohyama et al., 1996; Zierold et al., 1994). As expected, CYP24A1 expression increased
significantly in response to 1,25(0OH);Ds (P < 0.050; Fig. 3.7). This confirms that VDR is not only

expressed but is functional in HEK293 cells.
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Figure 3.7. 1,25(0OH).D; induced CYP24A1 expression in VDR *HEK293 cells. The boxplot shows CYP24A1
expression in response to 10 nM 1,25(0OH),Ds5 in HEK293 cells, as quantified by RT-gPCR. Pairwise
comparisons indicate a significant increase in CYP24A1 (*P < 0.050) in response to 10 nM 1,25(OH).Ds. Error
bars show 95% confidence interval (n = 3).

3.4 REN mRNA level decreased in response to 1,25(0OH).D3 supplementation in VDR * cells

To confirm whether 1,25(0H),D3 may be associated with blood pressure and the RAAS, VDR *
HEK293 cells were cultured in the presence or absence of 10 nM 1,25(0OH).D3 and expression
of REN — the rate-limiting factor in the RAAS pathway- was quantified via RT-qPCR. REN

expression, decreased significantly in response to 1,25(0OH);Ds (P < 0.010; Fig. 3.8).
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Figure 3.8. 1,25(0OH).Ds; significantly decreased REN expression in VDR * HEK293 cells. The boxplot shows
REN expression in response to 10 nM 1,25(0OH),D; in HEK293 cells, as quantified by RT-gPCR. Pairwise
comparisons indicate a significant increase in CYP24A1 (*P < 0.010) in response to 10 nM 1,25(0OH),Ds. Error
bars show 95% confidence interval (n = 3).

3.5 10nM 1,25(0OH).Ds supplementation induced significant demethylation at the REN
silencer and increased methylation at the REN enhancer in VDR * HEK293 cells

DNA methylation, which is a widely studied epigenetic mark can affect the binding of TFs to
DNA to regulate gene expression (Esteller, 2008; Héberlé and Bardet, 2019). To confirm
whether the observed REN suppression is linked to changes in REN methylation, methylation
of high-ranking selected CGls -CGI2 (Chrl: 204 171 238 — 204 171 573), CGI5 (Chr1: 204 171
238 — 204 171 573) and a bona fide CGI (Chrl: 204 155 754 — 204 155 968) within the
regulatory regions of REN were quantified using the Epityper approach via MALDI-TOF mass
array. On average, the selected CGls were hypermethylated. On a regional level, CGI5 was
significantly less methylated than both CGI2 and the bona fide CGI for both control and
treated conditions (** P < 0.005). Additionally, there was a significant difference in regional
methylation of CGI5 between control and treated conditions (* P < 0.05), while no significant
difference in regional methylation was observed for CGI2 or the bona fide CGl in response to
10 nM 1,25(0OH),Ds treatment in VDR * HEK293 cells. On a site-specific level, CpG sites 1 and
5 of CGI5 became hypomethylated in the presence of 1,25(0OH),D with CpG site 1 methylation
significantly decreasing in response to 10 nM 1,25(OH),Ds (P < 0.050) in VDR * HEK293 cells.
In contrast, methylation of CpG sites 13 and 15-17 of CGI2 overlapping the REN enhancer
increased in response to 10 nM 1,25(0OH);Ds in the VDR * HEK293 cells (Fig. 3.9). 10 nM
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1,25(0OH),D3 supplementation does not appear to have an effect on the bona fide CGI that

overlapping intron 9 of REN.
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Figure 3.9. 1,25(0H),D; induced changes in methylation at both the REN silencer and enhancer regions in
VDR *HEK293 cells. In vitro changes in regional methylation of selected REN CGls were quantified via MALDI-
TOF mass spectrometry in both control and treated cells (treated for 18 h with 10 nM 1,25(0OH),Ds). Pairwise
comparisons indicate a significant decrease in REN methylation at CpG site 1 of CGI5 (Chr 1: 204 165 151 —
204 165 368) located near the silencer in VDR *HEK293 cells (*P < 0.050) in response to 10 nM 1,25(0OH),Ds.
Methylation at CpG sites 13, 15, 16 and 17 of CGI2 (Chrl: 204 171 238 — 204 171 573) located near the

enhancer showed increased in response to 10 nM 1,25(0OH),Ds. Average % methylation for each region was
calculated for both control and treated samples.
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3.6 TFBS were mapped and annotated within the high-ranking selected CGI regions of REN

used for methylation analysis

Gene transcriptional regulation is often mediated by TFs which are able to bind specific regions of DNA
at a given time to either induce or repress a gene’s transcription. To identify and confirm the role of
methylation-dependent TF binding in the transcription of REN in response to 1,25(0OH),Ds, the
MatlInspector tool (Matbase v11.0) (Quandt et al., 1995) from the Genomatix software suite (v3.10)
was used to identify putative TFBS in REN. The core binding sequences of TFs with a matrix similarity
score of 0.9 and above were identified. TFs known to be specifically associated with REN transcription
and exclusively expressed in the kidneys were then selected and tabulated (Tables 3.1-3.3). Each core
binding sequence provided by genomatix was then searched in the UCSC browser with the BLAT tool

to confirm their presence in REN and were then annotated on the CGI sequences (Fig. 3.10-12).
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Table 3.1: TFBS families important for expression of REN as identified using Matlnspector from Genomatix in CGI

CGl 2-Chr1:204 171 238 - 204 171 573

Matrix  Matrix Detailed Family Information Matrix score Sequence Coordinates (Chr 1)
Family

NF1F VSNF1.04 Nuclear factor 1 0.922 ATGGCGTGAACCCGGGAAGCG 204171292-204171312
MAZF VSMAZ.01 Myc associated zinc fingers 0.903 AATGGCGTGAACC 204171301-204171313
ZTRE VSZTRE.04 Zinc transcriptional regulatory element 0.998 GGCAGGAGAATGGCGTG 204171305-204171321
KLFS VSBKLF.02 Krueppel like transcription factors 0.939 TGAGGCAGGAGAATGGCGT 204171306-204171324
NDPK VSNM23.01 Nucleoside diphosphate kinase 0.918 AGGCAGGAGAATGGCGT 204171306-204171322
CREB VSXBP1.01 cAMP-responsive element binding proteins 0.920 TGGCTAACAAGGTGAAACCCC  204171397-204171417
EBOX VSMNT.01 E-box binding factors 0.990 GCTAACAAGGTGAAACC 204171399-204171415
HMTB VSMTBF.01 Human muscle-specific Mt binding site 0.902 TCGAGACCA 204171421-204171429
RBPF VSRBPJK.02 RBPJ - kappa 0.954 GGAGATCGAGACC 204171422-204171434
AP4R VSAP4.03 AP4 and related proteins 0.972 ATCATGAGGTCAGGAGA 204171430-204171446
HOXF VSNANOG.01 Paralog hox genes 1-8 from the four hox clusters A, B, C, D 0.957 GCTCACGCCTGTAATCCCA 204171473-204171491
YBXF V$YB1.01 Y-box binding transcription factors, multifunctional proteins involved in 0.933 ACGCCTGTAATCC 204171475-204171487

transcriptional and translational regulation, mRNA splicing, DNA replication and repair

NF1F VSNF1.04 Nuclear factor 1 0.929 GAAAGTAGGCTTGCGGCTGG 204171499-204171519
ZFXY VSZFX.01 Zfx and Zfy - transcription factors implicated in mammalian sex determination 0.996 GTAGAAAGTAG 204171512-204171522
EBOX VSUSF.04 E-box binding factors 0.906 GACGCCATTTGGTAAGT 204171521-204171537
ZFHX VS$SIP1.01 Two-handed zinc finger homeodomain transcription factors 0.985 ACGCCATTTGGTA 204171524-204171536
ZFHX VSDELTAEF1.02  Two-handed zinc finger homeodomain transcription factors 1.000 AGCTTAGGGACGC 204171533-204171545
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Table 3.2: TFBS families important for expression of REN as identified using Matlnspector from Genomatix in CGI5

CGI 5 (Chr1:204 171 238 — 204 171 573)

Matrix Matrix Detailed Family Information Matrix score Sequence Coordinates (Chr 1)
Family

KLFS VSGKLF.02 Krueppel like transcription factors 0.961 ATGGAGAAACCCTGTCTCT 204165154-204165172
TAIP VSCSRNP1.01 TGF-beta induced apoptosis proteins 1.000 AAGACCA 204165184-204165190
EBOX VSUSF1.01 E-box binding factors 0.956 AGCAGTGGCTCACGCCT 204165247-204165263
E2FF VSE2F1.01 E2F-myc activator/cell cycle regulator 0.992 TTTGGCCGGGAGCAGTG 204165257-204165273
XBBF VSRFX4.02 X-box binding factors 0.919 TTCTTACAAATATCAAAAG 204165279-204165297
AHRR VSAHRARNT.03  AHR-arnt heterodimers and AHR-related factors 0.971 AGTACTACAGGATAGATTCTTACAA 204165289-204165313
KLFS VSGKLF.03 Krueppel like transcription factors 0.988 TACTGTTAGTACTACAGGA 204165302-204165320
YY1F VS$YY1.02 Activator/repressor binding to transcription initiation site  0.944 TGGGCACGTTGTAAGAGCCCAGC 204165321-204165343
ZF11 VS$ZBTB3.01 C2H2 zinc finger transcription factors 11 0.995 GGAGATAAGGC 204165353-204165363
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Table 3. 3: TFBS families important for expression of REN as identified using Matlnspector from Genomatix in bona fide CGl

Bona Fide CGI (Chrl: 204 155 754 — 204 155 968)

Matrix Family Matrix Detailed Family Information Matrix score Sequence Coordinates (Chr 1)

KLFS VSGKLF.01 Krueppel like transcription factors 0.918 GGACAGAGACCCTCAAAGA 204155759-204155777
SPz1 VS$SPZ1.01 Testis-specific bHLH-Zip transcription factors 0.951 CAGGGAGAAAG 204155781-204155791
HAND VSTALL_E2A.02 Twist subfamily of class B bHLH transcription factors  0.991 TCGAGTCGGCCCCCTCGGTGG 204155792-204155812
SP1F VS$SP1.03 GC-Box factors SP1/GC 0.933 GCGGACTATGTATTTCA 204155821-204155837
KLFS VSKLF2.01 Krueppel like transcription factors 0.991 CCCCGACATCTCTTTCCAC 204155868-204155886
CLOX VSCPHX.01 CLOX and CLOX homology (CDP) factors 0.957 CGTGAAGTGTAACGAGGGCCCTA 204155891-204155913
CREB VSCREB1.02 cAMP-responsive element binding proteins 0.948 ATGTCGTGAAGTGTAACGAGG 204155897-204155917
NEUR VSNEUROD1.02 NeuroD, Beta2, HLH domain 0.972 CCCCCACCCCAGTAT 204155916-204155930
EREF VSESR2.01 Estrogen response elements 0.904 TTTGCCCCCCACCCCAGTA 204155917-204155935
MAZF VSMAZ.01 Myc associated zinc fingers 0.920 CCACCAGCGCAGG 204155980-204155992
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CGI2 Chrl: 204 171 238 — 204 171 573 (without flanking region) 336 bp

GGTGTTCTAAGGTTTGTTAAAGCCAGGTAGCCTGTTGTCTAATTGTATCAATATGGGTCTGTAGAGGAGGAATTAAGCTAGCA

ZFHX (1.000) ZFHX (0.985) NF1F (0.929) HOXF (0.957)
EBOX (0.906) | YBXF (0.933)
[ 1
ACAGGTGGCTAGCTTAGGGACGICCATTTGGTAAGTAGAAAGTAGGCTTGCG2CTGGGCG3CG4sGTGGCTCACGsCCTGTAATC
ZFXY (0.996) EBOX (0.990)
" RBF (0.954) CREB (0. 920)

AP4R (0.972) |
CCAGCACTTTGGGAGGCCGGAGGCG-;GGT GGATCATGAGGT CAGGAGATCGsAGACCATCCTGGC TAACAAGGTGAAACCCCGg

HMTB (0.902) NDPK (0.918)
T
TCTCTACTAAAAATACAAAAAATTAGCCAGGEG10CG11GTGGCG12GGCACCTGTAGTCCCAGCTACTCG13GGAGGCTGAGGC
KLFS (0.939)

ZTRE (0.998)

AGGAGAFTGGCGMTGAACCCGwGGAAGCGwFAGCTTGCAGTGAGCCGNAGATTGCGwCCACTGCAGTCCGHCAGTCCTGCC

MAZF (0.903) NF1F (0.922)
TGGGCG20ACAGAGCG21AGACTCCG22TCTCAAAAAAAAAAAAAAAGAAAGTAGGCTTGCAGGCTTGTGGGTCCTTATTATTG

Figure 3.10. The PCR-amplified region of the REN gene spanning CGl 2 containing 20 CpG sites and several putative transcription factor binding sites.
The diagram shows the PCR-amplified region (primer binding sites underlined) of REN in CGI 2 (chrl: 204 171 238 — 204 171 573; shaded in grey) and
flanking region (unshaded), used in the Epityper approach to quantification of regional methylation via MALDI-TOF mass array in response to 10 nM
1,25(0H),Ds supplementation in VDR * and VDR - HEK293 cells. The diagram shows the CpG dinucleotides covered with the Epityper assay (Shaded light
green) and the CpGs that were not covered (Shaded pink). Core binding motifs for putative transcription factor binding sites with a matrix similarity > 90%
are shown (mapped by Genomatix Matlnspector Professional v11.0).
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CGI5 Chrl: 204 165 151 — 204 165 368 (without flanking region) 218 bp

ZF11 (0.995)

|
TGATAATAACAGTACCTACTTGATGGGGCTGCTT TGGGGATTTTAGGAGATAAGGCPJTAGAAAGCTGGGCAC

YY1F (0.944)

‘ ‘ KLFS (0.988) AHRR (0.971) XBEF (0.919) E2FF (0.992)

| |
G1TTGTAAGAGCCCAGCTACTGTTAGTACTACAGGATAGATTCTTACAAATATCAAAAGCAAGGTTTGGCECG,

EBOX (0.956)

| |
GGAGCAGTGGCTCACG3CCTATAATCCCAACACTTTGGGAGGCLGLAGGGGGGCAGATCACCLGsAGGTCAGG

TAIP (1.000) KLFS (0.961)

AGTTCAAGACCAGCCTGACCAACATGGAGAAACCCTGTCTCTACTAAAAATACAAAATTAGCCGGGCGTGGT

GGCACATGCCTGTAATTCCAGCTACTTGGGAGGCTGAGGCAGGAGAATCGCTTGAACCTGGGAGGCTGAGGT

Figure 3.11. The PCR-amplified region of the REN gene spanning CGI 5 containing 5 CpG sites and several putative transcription factor binding sites.
The diagram shows the PCR-amplified region (primer binding sites underlined) of REN in CGI 5 (204 165 151 — 204 165 368; shaded in grey) and flanking
region (unshaded), used in the Epityper approach to quantification of regional methylation via MALDI-TOF mass array in response to 10 nM 1,25(0H),Ds
supplementation in HEK293 cells. The diagram shows the CpG dinucleotides covered with the Epityper assay (Shaded light green) and the CpGs that were
not covered (Shaded pink). Core binding motifs for putative transcription factor binding sites with a matrix similarity > 90% are shown (mapped by
Genomatix MatInspector Professional v11.0).
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bona fide CGI Chrl: chrl: 204 155 754 — 204 155 968 (without flanking region) 215 bp

AGCTCATGGAGGCCTTGGGAGCCAAGAAGAGGCTGTTTGATGTAAGAAGCCAAAGAGGGAAGGTGCTGTGGGTGGGGGGAGCG

CCACCTGGTATCGGCTCACAAATCCCCCAGGCAAATGAGGCCATCTCAGGCCTTCGCTTGTTCACCTCACACTCTCCACACAT
MAZF (0.941)

| |
GTGGCTGGTCACCCATGGGGCGGGGCACTGTCCCCAGCCCTCTCCAGCAGAGAGACCAGGCCACCAGEGICAGGACTCCTTGT
CREB (0.948)
EREF (0.904) CLOX (0.957)
|

|
CTGCTGAGACGzTCTTCCATACTCAAGAAGGCTCTCTTTGlCCCCCCACCCCAGTATiGTCG3T GPJAGT GTAACG4AGGGCCCTAC

KLFS (0.991) NEUR (0.972) SP1F (0.933)

| |
ACTCCCCGsACATCTCTTTCCACCTGGGAGGCAAAGAATACACGECTCACCAGCGICGsGACTATGTATTTCAGGTGAGGTTCG
SPZ1 (0.951) KLFS (0.918)

| |
sAGTEEHGCCCCCTCEIGTCECAGGGAGARAGGCTGGACAGAGACCCTCARAGAGTGACAGAT TACAATGCACAGGTCATGT
SF1F (0.958)

TAGAACTGTAGTTCTCAAACTTGGCTGTG

Figure 3.12. The PCR-amplified region of the REN gene spanning the bona fide CGI containing 11 CpG sites and several putative transcription factor
binding sites. The diagram shows the PCR-amplified region (primer binding sites underlined) of bona fide CGI (chr1: 204 155 754 — 204 155 968; shaded in
grey) and flanking region (unshaded), used in the Epityper approach to quantification of regional methylation via MALDI-TOF mass array in response to 10
nM 1,25(0OH),D3 supplementation in HEK293 cells. The diagram shows the CpG dinucleotides covered with the Epityper assay (Shaded light green) and the
CpGs that were not covered (Shaded pink). Core binding motifs for putative transcription factor binding sites with a matrix similarity > 90% are shown
(mapped by Genomatix Matlnspector Professional vi1).
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3.7 DNMT1, DNMT3A and DNMT3B gene expression did not change in response to
1,25(0OH).Ds supplementation in VDR * HEK293 cells

To assess whether the changes in DNA methylation in HEK293 cells, in response to 10 nM
1,25(0H).Ds supplementation, correspond to a change in the expression of genes encoding
DNA methylating enzymes, DNMT1, DNTM3A and DNMT3B gene expression levels were
quantified by RT-qPCR. In VDR * HEK293 cells, 10 nM 1,25(0H).Ds had no significant on
DNMT1, DNTM3A and DNMT3B expression (Fig. 3.13).
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Figure 3.14. 1,25(0OH),Ds had no significant effect on DNMT1, DNMT3A and DNMT3B expression in VDR *
HEK293 cells. The boxplot shows DNMT1, DNMT3A and DNMT3B expression in response to 10 nM 1,25(0OH).Ds;
in HEK293 cells, as quantified by RT-gqPCR. Pairwise comparisons indicate no significant increase in any of the
DNMTs in response to 10 nM 1,25(OH).Ds. Error bars show 95% confidence interval (n = 3).
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3.8 TET1 and TET2 mRNA level increased in response to 1,25(0OH).Ds supplementation while
TET3 expression was not changed in VDR * cells

To assess whether the observed 10 nM 1,25(0OH).Ds induced demethylation at the REN

silencer in VDR *HEK293 cells was mediated by the DNA demethylating enzymes, TET1, TET2

and TET3 gene expression levels were quantified by RT-qPCR. It was found that 10 nM

1,25(0H),Ds significantly induced both TET1 (P < 0.050) and TET2 expression (P < 0.050), but

induced no significant change in TET3 in VDR * HEK293 cells (Fig. 3.14).

8 | Control
I | 10 nM 1,25(0H),D,

D
— %

—
—il

Relative gene expression
S

{-
il

TET1 TET2 TET3

Figure 3.15. 1,25(0OH),D; induced TET1 and TET2 expression but had no significant effect on TET3 expression
in VDR * HEK293 cells. The boxplot shows TET1, TET2 and TET3 expression in response to 10 nM 1,25(0OH),Ds in
HEK293 cells, as quantified by RT-gPCR. Pairwise comparisons indicate a significant increase in TET1 (* P < 0.050)
and TET2 (* P < 0.050) but no significant difference in TET3 in response to 10 nM 1,25(0OH),Ds. Error bars show
95% confidence interval (n = 3).
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3.9 TET1, TET2 and TET3 contain putative VDR binding sites

To further confirm that the observed demethylation at the REN silencer in response to 10 nM
1,25(0OH),Ds was mediated via VDR recruitment of TETs, putative VDR binding sites were
identified in all 3 TETs using the JASPAR 2018 track -containing putative binding sites for
human VDR- which was added to the UCSC genome browser (https://genome.ucsc.edu/) on
the Human (GRCh38/hg38) assembly. All 3 TETs contained putative VDR binding sites
scattered across both the gene body and upstream and downstream flanking regions (Fig.

3.15). VDR binding sites were highlighted to show their position within the gene.

Scale 50 kb | hg38

chr10: 68,550,000| 68,600,000| 68,650,000/ 68,700,000|
GENCODE V39 (15 items filtered out)
SLC25A16 < TET1[ i f -t S e 5 Rt CCART1 bt-
ENSG00000260400 B CCAR1 bt
CCAR1 b}
Scale 100 kb}— = | hg3s
chrd: 105{150,000| 105.200,000| 105,250,000/ 108,300,000
GENGCQDE V39| (5 items filtered aut)
ENSG00000248373 TET2! - - B R RN7SL89P |
ENSG00000251259 [ TET2-AS1 He
TET2} - } ] B
TET2[; i + & !
TET2! i B
TET2! '
Scale 50 kb} | hg3s
chr2: 74,000,000 74,050,000| 74,100,000| 74,150,000]
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DGUOK-AS1 ¢¢<d TET3 & - Bl ENSG00000217702 b+ MOB1A®
ET3[F] b ] } b — BOLA3
ENSG00000235499 H ENSGO00000217702 b1
ENSG00000279181 | ENSGQ00002177021
BOLAS jeeeeefo
BOLA3!AS1

Figure 3.16. Putative VDR binding sites located in TETs. The UCSC genome browser was used to annotate VDR
binding sites within TET1 (yellow), TET2 (blue) and TET3 (purple). Only binding sites with a PFM of 450 and above
were highlighted. TET1 contained 6 VDR binding sites overall with one in the 5’ UTR and 5 in intronic regions.
TET2 contained 21 VDR binding sites with 4 in the 5’ UTR, 9 in intronic regions and 8 in the 3" UTR. TET3 contained
10 VDR binding sites with 6 in intronic regions and 4 in the 3" UTR.
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3.10 siRNA-mediated VDR gene knockdown established a VDR ~HEK293 cell culture

To confirm the role of 1,25(0OH).Ds and VDR in regulating REN expression, the VDR gene was
silenced in HEK293 cells via lipofectmine- based siRNA transfection in order to conduct and
compare experimental results in both VDR * and VDR ~ cell culture models. To confirm
successful gene knockdown, VDR mRNA level and protein level was quantified via RT-gPCR
and flow-cytometry respectively. Up to 80% gene knockdown was achieved (Fig. 3.16 A) in
both the control and treated samples. VDR protein expression significantly decreased (Fig.

3.16 B) following siRNA transfection in both the control and treated samples.
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Figure 3.17. Boxplots showing VDR mRNA and protein level in response to 10 nM 1,25(0H),D; in VDR *and
VDR ~ HEK293 cells. siRNA targeted against VDR was transfected into HEK293 cells and cDNA was synthesised
from RNA isolated 48 hours post-transfection. VDR and reference gene (GAPDH) cDNA was amplified by gPCR.
Relative gene expression values were used to calculate % KD following normalisation to a non-targeting siRNA
control. VDR mRNA level in the VDR-targeting siRNA treated samples significantly decreased when compared to
the untransfected samples in both the 1,25(0OH).Dstreated (** P <0.010) and vehicle control (* P <0.050) groups
in HEK293 cells (A). VDR protein level was quantified and compared between the untransfected-control, non-
targeting control and VDR-targeting siRNA samples via flow-cytometry (B). VDR protein level in VDR-targeting
siRNA treated samples significantly decreased when compared to the samples in both the 1,25(0OH),Ds treated
(*** P < 0.001) and vehicle control (** P < 0.010) groups in HEK293 cells. Pairwise significant differences are

shown. Error bars show 95% confidence interval (n = 3).
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3.11 REN, TET1 and TET2 mRNA level did not change in response to 1,25(OH).Ds;
supplementation in VDR ~ HEK293 cells

In order to confirm that the observed changes in REN, TET1 and TET2 expression in the VDR *
HEK293 cells in response to 1,25(0H).Ds were a direct result of 1,25(0OH),Ds supplementation
and subsequent VDR activity, gene expression analysis via RT-gPCR was repeated in the VDR -
HEK293 cells. No significant changes in either REN, TET1 or TET2 gene expression was
observed in the VDR ~ samples in response to 10 nM 1,25(0H),Ds (Fig. 3.17)
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Figure 3.18. 1,25(0OH).D; supplementation did not significantly effect REN, TET1 and TET3 expression in VDR ~
HEK293 cells. The boxplot shows REN, TET1 and TET2 expression in response to 10 nM 1,25(0OH),Ds in VDR -
HEK293 cells, as quantified by RT-gPCR. Pairwise comparisons indicate no significant increase in either REN, TET1
or TET2 in response to 10 nM 1,25(OH),Ds. Error bars show 95% confidence interval (n = 3).
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3.12 10nM 1,25(0OH).Ds supplementation induced no significant change in REN methylation
in VDR “ HEK293 cells

To confirm that the observed changes in REN methylation were a direct result of VDR activity,
methylation of CGI2, CGI5 and a bona fide CGl within REN was again quantified in VDR -
HEK293 cells. No significant changes in methylation at any of the 3 CGl regions were observed
in response to 10 nM 1,25(0OH);Ds (Fig. 3.18). On average, each CGI region was relatively
hypermethylated. There was no significant difference in regional methylation between the
three CGls in both the control and 10 nM 1,25(0OH);D3 conditions. On a CpG site level,
methylation of CpG site 2 of the bona fide CGl increased in response to 10 nM 1,25(0H)2Ds.
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Figure 3.19. 1,25(0H),D; induced no significant changes in methylation in REN in VDR “HEK293 cells. /n vitro
changes in regional methylation of high-ranking selected REN CGls were quantified via MALDITOF mass
spectrometry in both control and treated cells (treated for 18 h with 10 nM 1,25(0OH),Ds). Pairwise
comparisons indicate no significant changes in REN methylation at CGI2 (Chrl: 204 171 238 — 204 171 573),

CGI5 (Chr 1: 204 165 151 — 204 165 368) and a bona fide CGI (Chrl: chrl: 204 155 754 — 204 155 968) in VDR -
HEK293 cells in response to 10 nM 1,25(0OH),Ds.
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Chapter 4: Discussion

Renin is integral to the regulation of blood pressure as it catalyses the rate-limiting step in the
RAAS. Modulating REN expression is multifaceted as it appears to be controlled in part by the
interplay of the primary promoter, enhancers, and a silencer element, with inducible
transcription factors in the 3D genome. This study aimed to assess the effect of 1,25(0OH),Ds,
a key regulator of RAAS, on the methylation of a REN enhancer, silencer element, and bona
fide CGl in HEK293 cells. Results obtained show that 1,25(0OH).Ds significantly downregulated
REN expression while increasing VDR, CYP24A1, TET 1, and TET2 expression. These changes in
gene expression were linked to increased methylation in the enhancer region and decreased

methylation in the silencer region of REN in response to 1,25(0OH);Ds in VDR* cells.

4.1 Quality control

4.1.1 The HEK293 cells were free from Mycoplasma contamination

Mycoplasma are a common concern for cell culture as they are simple organisms not capable
of performing most metabolic functions on their own due to their small genome (Razin et al.,
1998). Existing as parasites, they rely on their hosts to survive with little to no observable
changes to cell cultures. Their small size allows them to go undetected within cell cultures and
are tricky to remove (Razin et al., 1998). Considering that Mycoplasma is easily spread through
cell culture labs, a PCR-based Mycoplasma detection kit was used to ensure all HEK293 cell
samples were free from contamination. Although Mycoplasma contamination can be
prevented through good laboratory practice including regular disinfection of all cell culture
equipment, workbenches and storage, they are robust and hard to detect (Lincoln and
Gabridge, 1998). Additionally, they can have negative effects on eukaryotic cells that alter cell
function thus reducing the reliability of experimental results. Several methods exist to detect
Mycoplasma such as DNA staining, agar growth, and enzyme-linked immunosorbent assay
(ELISA). PCR detection was used as it was specific, relatively quick, and inexpensive to
perform. Considering that the best approach to Mycoplasma detection is routine and regular
repeated testing, a quick and costly method like PCR was ideal. Mycoplasma detection was
especially necessary for cell culture samples used in the methylation analysis. This is because
any form of PCR-based methylation detection will have a bias towards smaller fragments of

DNA (Warnecke et al., 1997). Thus, confirming that the samples were free from Mycoplasma
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contamination (Fig. 3.1) was necessary for the reliability of the methylation results. The
contaminant Mycoplasma DNA will also result in non-specific amplification leading to

misleading results.

4.1.2 HEK293 cell viability was not affected by 1,25(0OH).D; supplementation

Cell viability assays calculate the ratio of healthy and live cells in comparison to dead cells
within a population. Routinely measuring cell viability prior to experimentation is necessary
as it measures the general health of cells as well as determining cell survival in response to
treatment. This allows for optimisation of cell culture protocols or experimental conditions to
improve cell survival and reliability of results. Supplementation with 10 nM 1,25(0OH),Ds
supplementation did not significantly change HEK293 cell viability. This indicates that a dose
of 10 nM 1,25(0OH),Ds exerts no toxic effect on the cells. The required effective dose of
1,25(OH).Ds necessary for VDR activation lies in the concentration range of 1-10 nM
(Norman, 2006) and has therefore been used for studying vitamin D effects without
compromising cell culture viability. Similarly, studies have reported no cell death effects in
response to vitamin D treatment (Djukic et al., 2014; Tobler et al., 1988). In contrast, Baek et
al. (2011) reported that vitamin D3 significantly reduced the viability of gastric cancer and
cholangiocarcinoma cells. In addition, Zhang et al. (2021) reported both the vitamin D binding
protein and 1,25(OH),Ds synergistically inhibited the viability of rheumatoid arthritis synovial
fibroblasts. However, it must be noted that the toxic effects observed are likely both dose and
time dependant. The overall cell viability of VDR ~HEK293 cells was lower than VDR * cells,
however there was not significant change in viability between control and treated VDR ~cells.
This decrease is most likely due to the Lipofectamine transfection which can often affect the
protein homeostasis of the cell (Jacobsen et al., 2009). Additionally, the serum free media
used in the initial stages of transfection can reduce cell viability due to the lack of nutrients
(Rashid and Coombs, 2019). Cell toxicity effects post-transfection will vary between cell lines
however, HEK293 is a commonly used robust transfection cell line that has shown to undergo

siRNA transfection with high efficacy.

4.1.3 Extracted nucleic acids for downstream analysis were intact and pure
Extracted DNA and RNA from the cells were non-degraded, pure, and intact (Fig. 3.3)
Considering that degraded RNA can strongly affect PCR (Imbeaud et al., 2005), high-quality

nucleic acid extracts with acceptable 260/280 and 260/230 ratios are essential for gene
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expression analysis via RT- gPCR (Vermeulen et al., 2011). RNA quality closely affects the
repeatability, reliability and accuracy of any downstream analyses which is why isolating high-
quality RNA is a necessary pre-requisite for RT-qPCR. Common contaminants in RNA
extractions include: gDNA which results in overestimation of the RNA concentration as it can
be amplified along with the cDNA, RNases which can degrade RNA before analysis, DNases
which can degrade cDNA and proteases which can denature enzymes used in downstream
analysis and hinder PCR analysis. Moreover, degraded DNA might have an impact on
downstream methods used for quantifying the methylation status leading to a false reading
due to the sensitivity of PCR- based methylation quantification methods such as Epityper
(Rhein et al.,, 2015). Importantly, there is a clear correlation between the variance of
methylation to DNA degradation levels (Rhein et al., 2015). It is therefore necessary to ensure
that all nucleic acids used in either RT-qPCR or methylation analysis are of high integrity,
quality and are and pure to achieve repeatable and reliable results. The use of agarose gel
electrophoresis and either spectrophotometry and fluorometry in the quality assessment and
guantification of all nucleic extract used for downstream analysis was imperative to ensure

the reliability of both the gene expression analysis (RNA) and methylation analysis (DNA).
4.1.4 Primers specifically amplified the gene of interest after cDNA synthesis

The target genes were amplified by RT-qPCR which was confirmed by both the amplification
curves and agarose gel electrophoresis. The presence of a single distinct band of expected
size on the agarose gel is a common indicator of specific amplification of target genes and a
successful PCR. This is necessary as a frequent difficulty in PCR is the formation of primer
dimers as well as non-specific amplification which results in incorrect fragments in addition
to your desired product thus reducing the reliability of Cq values for a specific target (Mikeska
and Dobrovic, 2009). Amplification specificity is an important consideration when using
intercalating dyes instead of probe-based assays as intercalating dyes will bind any double-
stranded DNA product and it is not necessarily sequence specific (Arya et al., 2005). For REN,
a smaller shoulder peak was observed with a lower melting temperature to the target product
(Fig. 3.4B). The double peaks observed are most likely a reflection of an intermediate state
during amplification where the DNA is both in ssDNA or dsDNA configuration which would
cause a dip in the dissociation curves and a subsequent second peak in the melt curve. It must

therefore be noted that although a single peak is often indicative of a single target amplicon,
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a double peak being produced in a melt-curve is not always confirmation of non-specific
amplification (Bruzzone et al., 2013; Dwight et al., 2011). The agarose gel electrophoresis (Fig.
3.5) further confirms the presence of a single product being generated as there is only one

band at the expected 129 bp size for the REN.
4.1.5 Successful VDR knockdown was achieved establishing a VDR - HEK293 cell culture

To confirm that the observed gene expression and methylation changes observed were a
direct result of VDR activity, a VDR HEK293 cell culture was established in order to conduct
both the gene expression and methylation analysis in the presence and absence of VDR
activity. Up to 80% VDR gene knockdown was achieved (Fig. 3.16A) and both VDR gene
expression and protein level were significantly reduced. Gene knockdown studies help to
determine the function of a specific gene as well as how it is related to other genes. A
successful gene knockdown will temporarily reduce the expression of a target gene to
essentially halt its functional activity in an organism without altering the DNA (O’Keefe, 2021).
Although quantifying gene expression alone is an accepted measure of the knockdown
efficiency, it is also recommended to confirm reduced activity of the gene at a protein level.
Often times RT- qPCR cannot detect the knockdown alone as the degradation of the 3' mRNA
fragment following siRNA mediated cleavage is prevented thus providing an mRNA fragment
that will form a template for cDNA synthesis resulting in false positives (Holmes et al., 2010).
As an added measure, VDR protein quantification via specific antibody was used to further

assess the degree of VDR knockdown.

4.2 10 nM, 1,25(0OH).Ds supplementation significantly increased both VDR and CYP24A1
while decreasing REN expression in VDR * but not VDR - HEK293 cells

10 nM, 1,25(0OH),Ds supplementation induced VDR expression (Fig. 3.6A) which was
combined with an increase in CYP24A1 expression (Fig. 3.7). This is not surprising as VDR has
long been reported to regulate transcription of CYP24A1 (Fraser, 1980; Issa et al., 1998;
Kumar, 1984; Li et al., 2016). Furthermore, CYP24A1 is expressed as a physiological response
to facilitate the catabolism of 1,25(0OH);D3 (Clements et al., 1992). Thus, reducing
1,25(0OH),Ds-related signals and in turn 1,25(0OH)Ds stores. This feedback mechanism is
necessary as increased levels of 1,25(0OH),Ds are reported to contribute to hypercalcemia

(Jones et al., 1987; Makin et al., 1989). The induction of CYP24A1 in response to 1,25(0OH).D3
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is an essential homeostatic mechanism and in turn, CYP24A1 can therefore be considered as
a marker of VDR activity. VDR mRNA and protein level (Fig. 3.1) increased in response to 10
nM 1,25(0OH),D3 which is in agreement with several reports (Blufstein et al., 2021; Chen et al.,
2017; Edfeldt et al., 2010; Liu et al., 2006) and was expected considering most of the cellular
responses to 1,25(0OH);D3 treatment are mediated by VDR activity. This observed VDR
induction serves to confirm that VDR is expressed and functional in HEK293 cells. The increase
in VDR and CYP24A1 was coupled to a significant decrease in REN expression in response to
1,25(0H).Ds. Consequently, VDR and its ligand, 1,25(0OH).Ds, may play a potential role in the
regulation and subsequent decrease in REN observed. This decrease in REN expression in
response to 10 nM, 1,25(0OH),Ds (Fig. 3.8) is in agreement with studies that report 1,25(0OH),Ds
as a negative endocrine regulator of REN (Li et al., 2002; Resnick, 1986; Yuan et al., 2007).
However, it has been shown that VDR induces CYP24A1 expression independent of
1,25(0OH)2Ds in primary keratinocytes (Ellison et al., 2007). Nonetheless, the inverse
correlation between REN and VDR expression observed here supports the longstanding model
where 1,25(0H);D3-bound VDR downregulates REN expression by preventing CREB binding to
CRE elements in REN (Yuan et al., 2007). Furthermore, observational studies in humans
reported that lower serum 25(OH)D is associated with increased RAAS activity and blood
pressure (Judd et al.,, 2008; Scragg et al., 2007). Despite the widely reported association
between Vitamin D deficiency and hypertension (Kunutsor et al., 2013; Tomaschitz et al.,
2010; Vimaleswaran et al., 2014), there is still discrepancy on the beneficial effects of vitamin
D on blood pressure as several, but not all interventional studies conclude no blood pressure
benefit from vitamin D supplementation (Beveridge et al., 2015; Kunutsor et al., 2013; Wu et
al., 2010). The disputing reports may be due to the differences in both baseline RAAS activity
and serum 25(0OH)D levels of the participants as well as different doses and metabolites of
vitamin D being repleted in the individuals. This may explain the inconsistent association
between vitamin D and hypertension and why vitamin D supplementation appears to reduce
blood pressure more effectively in individuals specifically with a low baseline vitamin D status
reviewed by Kheiri et al. (2018). Taken together the observed changes in VDR, CYP24A1 and
REN suggests an inverse association between 1,25(0H),D3 and REN expression which may

partially explain the prevalence of hypertension in Vitamin D deficient individuals.
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4.3 10 nM, 1,25(0H).Ds supplementation decreased CGI5 methylation in REN silencer region
in VDR * HEK293 cells

In response to 1,25(0OH).D3 supplementation, methylation of CpG site 1 of CGI5 which
overlaps the REN silencer region decreased significantly (Fig. 3.9). Regulation of gene
expression often focuses on gene activation and an increase in gene expression, however
gene repression and silencing is also a critical mechanism of gene regulation which is often
overlooked. Our results show that 1,25(0OH),Ds induced demethylation at the REN silencer
which was coupled to subsequent REN repression. This observation may highlight the role of
a potential REN silencer. Our findings which demonstrate an active demethylation response
are in agreement with cases of demethylation occurring within 1-4 hours (Doig et al., 2013).
Understanding the role of the REN silencer is important as several validated enhancers have
been identified from chromatin marks yet the identification of functional enhancers by either
experimental or computational methods are limited (Doni Jayavelu et al., 2020). Interestingly,
CTCF, a highly conserved chromatin remodeler (Phillips and Corces, 2009), has a conserved
binding site in REN intron 1 which has recently been shown to be crucial in the regulation of
REN expression (Donlon and Morris, 2019; Martinez et al., 2020). It is possible that CTCF
binding sites within and around the renin gene are within functional enhancers/silencer
domains which serve to maintain appropriate renin transcription activity. In conjunction with
CTCF, the aptly named Yin Yang 1 (YY1) protein with both activator and repressor activity, has
a binding site in the silencer region overlapping CpG site 1 of CGI5 (see Fig. 3.11). It has been
reported that YY1 interacts with members of the ATF/CREB family of TFs to repress
transcription (Zhou et al., 1995). Differential methylation in the silencer region may influence
CTCF and YY1 binding and subsequent silencer activity. Both CTCF and YY1 binding have been
described as methylation- sensitive (Hark et al., 2000; Kim et al., 2003), although some reports
have suggested binding of these TFs as methylation-independent (Maurano et al., 2015).
Moreover, an emerging model suggests that TFs like CTCF and YY1 can induce demethylation
when bound as reviewed by Héberlé and Bardet (2019). Notably, 1,25(0OH),D3 has been shown
to directly modulate genome-wide CTCF binding (Carlberg, 2014). It is thus unclear whether
1,25(0H).Ds directs CTCF and YY1 binding to the REN silencer resulting in demethylation
effects, or whether it directly induces demethylation to influence subsequent TF binding.
Taken together, the results obtained therefore suggest that the silencer element plays an

important role in regulating REN expression through differential methylation
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4.4 10 nM, 1,25(0H).Ds supplementation increased methylation of CGI2 in the REN enhancer
region in VDR * HEK293 cells

Gene enhancers are significant regulatory elements which function together with TFs and
protein complexes to maintain adequate gene expression. To understand the mechanisms
driving REN regulation, methylation of CGI2 which traverses the REN distal enhancer was
assessed in response to 1,25(0OH),Ds in VDR * cells. Our results showed that 1,25(0OH),Ds had
no significant effect on methylation at CGI2 (Fig. 3.9), partially spanning the enhancers which
remained in a hypermethylated state in both control and treated samples. This is not
surprising as DNA hypermethylation is often indicative of intergenic regions in order to
maintain a chromatin state that represses transcription (Herman and Baylin, 2003). REN
enhancer methylation was not significantly changed by 1,25(0OH);D3 suggesting that the
region is not responsible for driving the observed expression changes in HEK293 cells.
Enhancer-mediated gene regulation is cell context-dependent and enhancer elements may
function differently in diverse cell types, developmental stages or in response to
environmental stimuli (Levine et al., 2014). Thus, it is possible that this enhancer, originally
described by Ushiki et al. (2018) and validated in As4.1 mice cells, may not be equally
important in driving REN expression in human kidney cells (Ushiki et al., 2018). Despite human
and mouse genomes sharing roughly 95% of their protein coding genes, non-coding genes
and regulatory regions are significantly less conserved (Waterston et al., 2002; Yue et al.,,
2014). This disparity is relevant considering that human variants leading to disease
progression are often located in regions modulating gene expression, rather than protein
structure (von Scheidt et al., 2017). Indeed, relatively poor sequence conservation between
humans and mice is evident at the regulatory regions of REN, including the two regions
identified here as functionally important. In agreement, Odom et al. (2007) demonstrated
that tissue-specific TF binding sites differ greatly between human and mouse, supporting the
use of human cell culture models to study REN regulation (Odom et al., 2007). While
hypertensive mice models have been providing much insight into RAAS regulation, it has been
suggested that findings from in vivo mouse studies be validated in representative human cells
(Lerman et al., 2019). In addition, regulation of DNA methylation profiles is complex, and the
dynamic environment of the cell may influence the methylation state of the enhancer at

specific time points. Moreover, Zhou et al. (2006) reported that although deletion of the
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enhancer decreased REN mRNA levels, it did not affect tissue-specific expression of human
REN, suggesting that other regulatory elements may be necessary for tissue-specific

regulation of REN expression (Zhou et al., 2006).

4.5 10 nM, 1,25(OH).Ds supplementation had no effect on methylation of the bona fide CGI
overlapping exon 9 of REN in VDR * HEK293 cells

To confirm whether Vitamin D regulates REN via epigenetic mechanisms, methylation of a
bona fide CGI identified in exon 9 of REN was measured in response to 10 nM 1,25(0OH).Ds.
Vitamin D supplementation did not appear to have an effect on the methylation of the bona
fide CGI (Fig 3.9). This suggests that the bona fide CGl is not integral or not strongly associated
with transcription of REN. The apparent lack of association between the bona fide CGI
methylation and 1,25(0OH),Ds is possibly due the location of the CGI which overlaps exon 9
with respect the REN the TSS. Both CGI2 and CGI5 are located in closer proximity to the TSS
unlike the bona fide CGI which is located further downstream and distal to the TSS thus
affecting its ability to effectively regulate REN expression. This is supported by a study
conducted by Brenet et al. (2011), which reported that methylation of more downstream
elements is poorly associated with the degree of gene expression. In terms of the observed
REN repression, it is not surprising that the bona fide CGl remained hypermethylated prior to
and following 1,25(0OH);D3 treatment as previous reports based on the Refseq database
suggest that methylation of 3’- end elements is not as strongly related to gene silencing when
compared to 5-end elements (Brenet et al., 2011). It must however be noted that the
relationship between gene transcriptional rate and gene body methylation is largely

incomplete and can vary between cell-types and tissues.

4.6 No significant changes in DNMT1, DNMT3A and DNMT3B were observed in response to
10 nM 1,25(0OH)2Ds in both VDR * HEK293 cells

Expression of DNMTs in both VDR *and VDR ~ HEK293 cells was assessed in response to
1,25(0H).Ds to identify possible mechanisms of vitamin D-induced methylation changes in
REN. Interestingly no significant changes in either DNMT1, DNMT3A or DNMT3B was
observed (Fig. 3.13) despite a non-significant increase in methylation of CpGs within CGI2 of
REN in treated samples when compared to the control in VDR * samples. There is no

agreement on whether the effect of Vitamin D on DNMT expression is inhibitory or
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stimulatory. Research has shown a link between 1,25(0OH);D3 and changes in DNA
methylation, but the exact mechanism is unclear, and it is often assumed to be a passive
process. Previous reports have shown that treatment with 1,25(0OH).Ds increased chromatin
accessibility at several loci (Seuter et al., 2013). Additionally, Zhu et al. reported small changes
in methylation of leukocyte DNA linked to vitamin D deficiency (Zhu et al., 2013). Some studies
have reported downregulation in both mRNA level and activity of DNMT1 and DNMT3B in
response to 1,25(0OH).Ds in prostate cancer cells (Lai et al., 2020). The results of this study
therefore suggest that changes in VDR expression, does not affect the expression of DNMTs in
HEK293 cells in response to vitamin D treatment and that regulation of DNMT by VDR may be cell-

type and tissue specific.

4.7 10 nM, 1,25(OH).Ds supplementation increased both TET1 and TET2 expression while
having no significant effect on TET3 in VDR * but not VDR - HEK293 cells

Following 1,25(0OH).D3 supplementation, both TET1 and TET2 expression increased (Fig. 3.14)
with TET1 showing a non-significant trend while TET2 increased significantly (P < 0.050).
Previously it has been demonstrated that loss-of-function mutations in TET2, which are
frequently observed in hematopoietic diseases (Scourzic et al., 2015), result in enhancer DNA
hypermethylation and alter the accessibility of TFBS. Other reports suggest pioneer TFs
possibly recruit TET to facilitate modifications to the epigenome which can stimulate the of
other TFs (Hon et al., 2014; Lu et al., 2014; Rasmussen et al., 2019; Yamazaki et al., 2015). The
observed induction of TET1 in response to 1,25(0OH),Ds3 suggests that TET1 activity may be
linked to demethylation events at the REN silencer. This is in agreement with previous findings
that reported TET1 mediated demethylation of genomic loci in HEK293 cells (Guo et al., 2011;
Zhang et al., 2010). Additionally, TET1 overexpression was reported to induce slight DNA
hypomethylation of gene body regions as well as CGls in HEK293 cells (Grosser et al., 2015).
This inverse correlation suggests the activity of intronic silencers. Thus, it is possible that
1,25(0OH).Ds not only influences REN regulation through CREB-mediated effects but also
induced demethylation effects mediated by either TET1 or TET2 activity, resulting in activation
of the REN silencer. The observed changes in both TET1 and TET2 expression in response to
vitamin D suggest that TET activity influences the local chromatin environment to facilitate TF
binding to regulate REN expression. This is in agreement with recent evidence indicating an

association between TFs such as transcriptional repressors and DNA demethylation to
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increase genomic accessibility and subsequent TF binding (Mahé et al., 2017). It is not
surprising that TET1 induction was coupled to TET2 induction as they seem to have similar
functions as proposed in a viable TET1 and TET2 single-knockout mice study (Dawlaty et al.,
2011; Li et al., 2011). Additionally, studies have found overlapping loci for the TETs suggesting
they function synergistically. The lack of significant change in expression of TET3 in response
to 1,25(0OH);Ds could be due cell- specific variation in expression levels of the TETs in somatic

cells.

4.8 Putative VDR binding sites were found in TET1, TET2 and TET3

To confirm whether the observed REN silencer demethylation was due to vitamin D-induced
recruitment of the demethylating agents, putative VDR binding sites were identified within
TET1, TET2, and TET3 using the JASPAR 2018 TFBS track in the UCSC browser Human
(GRCh38/hg38) assembly. All 3 TETs contained VDR binding sites (Fig. 3.15) which is expected
as associations of Vitamin D and TET activity is often reported. This suggests that binding of
VDR and subsequent recruitment of TETs may result in the active demethylation observed at
the REN silencer in response to 10 nM 1,25(0OH),Ds. It must, however, be noted that putative
binding sequences are based on prediction models and may not be a true reflection of VDR
DNA binding activity. Nonetheless PFM TF-binding models are based on experimental data
including chromatin immunoprecipitation sequencing (ChlP-seq), DNA affinity purification
sequencing (DAP-seq), selective microfluidics-based ligand enrichment sequencing
(SMiLEseq) and high-throughput systematic evolution of ligands by exponential enrichment
(HTSELEX) experiments (Khan et al., 2018), making it a reliable indicator of potential VDR and
TET interactions. Overall, the existence of VDR binding sites within both TET1 and TET2
suggest an association between vitamin D and DNA demethylating enzymes which may be

driving REN suppression.

4.9 No significant changes in REN, TET1 and TET2 were observed in response to 10 nM

1,25(0OH)2Ds in the VDR ~ HEK293 cells

To confirm a direct link between Vitamin D-bound VDR activity and the observed changes in
gene expression, gene expression analysis was conducted in VDR ~ HEK293 cells.
Unsurprisingly, expression of REN, TET1 and TET2 was not significantly changed in response to

10 nM 1,25(0H);D3 in VDR ~ samples (Fig. 3.17). This therefore suggests that it is highly likely
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that VDR activity is responsible for the observed REN suppression and TET1 and TET2 induction
in the VDR * samples.

4.10 10 nM, 1,25(0OH).Ds supplementation induced no significant change in REN methylation
in VDR ~ HEK293 cells

To confirm a direct link between vitamin D-bound VDR activity and the observed changes in
REN methylation, REN methylation analysis was conducted in VDR ~HEK293 cells. The reduced
activity of VDR resulted in little to no significant change in REN CGI methylation (Fig. 3.18).
This suggest that significant changes in REN methylation which are linked to REN suppression
are mediated by VDR activity. Interestingly, CpG site 8 of the bona fide CGl and CpG site 18 of
the CGI2 overlapping the enhancer increased in methylation in response to 10 nM
1,25(0H)2Ds in the VDR ~samples. DNA methylation changes are transient modifications that
are often sensitive to environmental stressors. It is possible that the slight change in CpG
methylation observed in the bona fide CGl and CGI2 are a result of siRNA transfection effects
which can alter cellular processes (Daga et al., 2018). Nonetheless, overall the combined
results of this study suggests that vitamin D directly induce REN silencer demethylation via
TET activity to facilitate REN suppression and prevent overexpression of REN in the absence

of cellular signals for increasing blood pressure.
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Chapter 5: Conclusion

5.1 Research rationale

Hypertension progression and susceptibility is impacted by a multitude of factors. Like many
disorders, it has both genetic and epigenetic elements which interact together. It is a growing
public health and economic concern with South Africa having the largest measured
hypertension prevalence in Southern Africa (Bradshaw et al., 2005). Despite the immense
research and data obtained around RAAS regulation and hypertension, the aetiology of the
disease is still not well understood with most studies focusing on Ang Il and its receptors
excluding the role of renin. Hypertension is however still a modifiable risk factor for
cardiovascular morbidity and mortality (Gourgari et al., 2017). Understanding epigenetic
mechanisms regulating blood pressure is why the RAAS pathway has immense potential for
use in cardiovascular therapeutics. Current treatment for hypertension has many negative
side-effects and are often inaccessible to lower-income groups despite the disease being
common in poorer populations. Thus, a therapeutic approach such as vitamin D
supplementation may provide a more effective solution to high blood pressure. Although
vitamin D has long been linked to blood pressure, the exact molecular mechanism defining its
association to hypertension progression remains unclear. Epigenetic regulation of gene
expression and its role in disease is largely unexplored. In the context of hypertension, there
are gaps in understanding the regulation of RAAS. Our aim was to assess the effect
1,25(0OH).D3 on REN methylation and expression to understand the epigenetic mechanisms

regulating REN transcription.

5.2 Summary of findings

The major findings of the study were that scored and selected CGls overlapping the REN
silencer and enhancer region have functional importance in the vitamin D-induced epigenetic
regulation of REN (Govender et al., 2021). Following in sillico identification and annotation of
the high-scoring CGls, in vitro validation showed that renin-expressing HEK293 cells treated
with 10 nM 1,25(OH),Ds led to a decrease in REN expression which was coupled to significant
silencer demethylation while maintaining enhancer hypermethylation. The induction of TET1
and TET2 expression in response to 10 nM 1,25(0H).Ds suggests that VDR recruitment of TETs

may facilitate the observed silencer demethylation. Conducting both a gene expression and
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methylation analysis in both a VDR * and VDR ~ cell culture confirmed a direct relationship
between vitamin D and REN which validated the bioinformatic workflow and highlighted
vitamin D as a potential therapeutic agent in reducing hypertension susceptibility and
progression. Here we observed that an appropriate dose and treatment time with

1,25(0H).Ds can effectively regulate renin expression in HEK293 cells which are mediated via
VDR activity.

5.3 Implications of research

This research aimed to expand our understanding of the relationship between vitamin D, DNA
methylation and REN transcriptional control. We found that vitamin D induced changes in
methylation of the REN were coupled to a reduction in REN expression. This suggests that
vitamin D regulates REN transcriptional activity on an epigenetic level and may in part
describe the consistent association of vitamin D deficiency and hypertension progression.
Based on our findings, it is clear that an optimal vitamin D status can help to maintain a

healthy epigenome which is essential in blood pressure control.

5.4 Challenges and limitations

The observed REN gene expression and methylation changes were done in vitro and will need
to be validated in vivo. Furthermore, predictive tools used to identify gene regulatory regions
such as the promoter, enhancer and silencer are based on models such as mice which often
vary in sequence similarity to humans. Although the reported changes have confirmed a link
between REN suppression and vitamin D possibly through induced silencer demethylation, it
should be noted that in the absence of sequence level data, exact molecular mechanisms for
the observed association cannot be given. Moreover, silencer activity needs to be validated

to confirm whether the observed associations are in fact functionally relevant.

5.5 Future direction

Future work to build on this project would include confirming the changes in REN, TET1 and
TET1 mRNA levels at the protein level with either flow-cytometry or western-blot to confirm
functional and active response to 1,25(0OH).Ds. Additionally, chromatin immunoprecipitation
sequencing (CHIP-seq) can be used to confirm binding of TFs to the putative DNA-binding sites
in REN to confirm their role in the repression of the gene in response to 1,25(0OH);Ds.
Repeating the gene expression analysis using a control or alternate cell line would further

confirm the observed vitamin-D induced changes. Quantifying methylation of all 7 REN CGls
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annotated would give a clearer picture of the methylation state of REN at a basal level as
compared to its state following vitamin D supplementation. Future studies should investigate

DNA methylation-based changes of the entire gene using sequencing.
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