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Abstract

Background: Type 1 diabetes (T1D) is a T-cell mediated autoimmune disease
characterised by the presence of autoantibodies to B cell antigens such as insulin,
glutamic acid decarboxylase and most recently zinc transporter 8 (ZnT8). The exact
aetiology of T1D is not fully understood. Recently, vitamin D has been implicated in
the development of the disease. Vitamin D is a steroid hormone with a wide range of
biological functions including immunoregulation. Vitamin D exerts its
immunomodulatory effects by binding to the vitamin D receptor (VDR) which activates
a cascade of downstream signalling events. Vitamin D downregulates the expression
of pro-inflammatory cytokines resulting in a shift from the T helper 1 (Thl) pathway
(responsible for the destruction of pancreatic 3 cells) to the anti-inflammatory T helper
2 (Th2) pathway. Thus, vitamin D is believed to be protective against the development
of T1D. Four VDR gene polymorphisms (Bsml [rs1544410], Fokl [rs2228570], Apal
[rs7975232] and Taqgl [rs731236]) have been identified and shown to be associated
with the development of T1D in different population groups. In addition, polymorphisms
in vitamin D metabolising enzyme genes (CYP2R1 [rs10741657] and CYP27B1
[rs10877012]) have been associated with T1D. To our knowledge, there is no data on
the association of these polymorphisms in the South African Indian and White
populations. Therefore, the aim of this study was to determine whether polymorphisms
in the genes regulating vitamin D function and metabolism play a role in the aetiology
of T1D in the South African Indian and White populations. In addition, this study aimed
to determine whether circulating vitamin D levels are associated with the development
of T1D.

Methods: Indian (83 T1D patients and 88 control participants) and White participants
(106 T1D patients and 87 control participants) were recruited from the Gauteng and
Durban regions in South Africa. All participants were genotyped by polymerase chain
reaction- restriction fragment length polymorphisms (PCR-RFLP) for the VDR and
vitamin D metabolising enzyme gene polymorphisms. Vitamin D levels were measured
using the ClinRep kit on an high pressure liquid chromatography (HPLC) instrument.
Zinc transporter 8 (ZnT8) autoantibody positivity was measured in all participants by
Eurolmmun enzyme linked immunosorbent assay (ELISA). Glucose concentrations
were measured with the Cobas 6000 analyser. VDR mRNA expression levels were

measured by quantitative real time PCR in a subset of the White population.
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Results: The median age at diagnosis was 13.0 years with a mean duration of 11.7
years in the Indian T1D cohort. The median age at diagnosis in the White T1D patients
was 20.0 years with a mean duration of 21.8 years. ZnT8 autoantibodies were only
detected in 21.3% of the Indian T1D and 23.6% of the White T1D patients. In the Indian
population, the A alleles of Bsml, Apal and CYP2R1 polymorphisms showed
significantly higher frequencies in T1D patients as compared to controls (p = 0.023, p
=0.009 and p <0.001, respectively). Indian control participants had significantly fewer
VDR and vitamin D metabolising enzyme gene risk alleles than T1D patients (p =
0.027 and p = 0.016, respectively). The majority of the White population (60.2%) and
only 28.4% of the Indian population had sufficient levels of vitamin D. In our cohort,
low levels of vitamin D were not associated with T1D. In the total study population,
Indian ethnicity and CYP2R1 GG/GA genotype were observed to significantly
contribute to lower vitamin D levels (p <0.001 and p = 0.026, respectively).

Conclusion: VDR Bsml and Apal polymorphisms and the CYP2R1 vitamin D
metabolising enzyme gene polymorphism are associated with the development of T1D
in the South African Indian population. In addition, increasing numbers of risk alleles
were associated with T1D in the Indian cohort. Polymorphisms in the VDR gene may
alter its structure preventing the binding of vitamin D. Alternatively, it could result in
reduced transcription of the VDR. Since vitamin D exerts its immunoregulatory effects
through the VDR, this lack of VDR activation may result in the upregulation of pro-
inflammatory cytokines, B cell destruction and ultimately the development of T1D.
Polymorphisms in the CYP2R1 gene may lead to reduced activity of the 25
hydroxylase enzyme and hence reduced production of the active vitamin D metabolite.
Thus, reduced vitamin D levels will lead to T1D due to failure of the activation of the

vitamin D signalling cascade.
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1 Literature Review

1.1 Vitamin D

Vitamin D is a steroid hormone which maintains the intracellular and extracellular
homeostasis of calcium and is important for bone health (Holick, 2008). Vitamin D has
two major forms, vitamin D2 (ergocalciferol) and D3 (cholecalciferol) (Holick et al.,
2011). Vitamin D2 is found in plants and fortified foods and can therefore be obtained
through the diet (Kanis, 1982). Similarly, vitamin D3 can be obtained from the diet (egg
yolk, liver, fatty fish and fish liver oils) and supplements (Holick et al., 2011; Lehmann
and Meurer, 2010). However, the majority of vitamin D3 is synthesised in the

suprabasal and basal layers of the skin (Lehmann and Meurer, 2010).

Vitamin D3 is synthesised via ultraviolet radiation (280 - 320 nm) of 7-
dehydrocholesterol (7-DHC). The synthesis of vitamin D3 depends on several factors
such as (i) the proportion and concentration of 7-DHC in the skin (ii) Ultraviolet B (UVB)
radiation wavelength and energy of photons (iii) time of day, latitude and season (iv)
the amount of melanin in the skin (v) temperature and (vi) age (Lehmann and Meurer,
2010).

1.1.1 Metabolism of vitamin D

Vitamin D2 and D3 are inactive and require several hydroxylation steps to become
biologically active (Kanis, 1982; Lehmann and Meurer, 2010). Vitamin D binds to the
vitamin D binding protein (VDBP) in the blood and is transported to the liver. In the
liver vitamin D is hydroxylated at carbon (C)-25 by cytochrome P450 25-hydroxylase
(encoded by the CYP2R1 gene) forming 25-hydroxyvitamin D3 (25(OH)D3; Figure 1.1)
(Christakos et al., 2012). In the proximal tubules of the kidneys, 25(OH)Ds is further
hydroxylated by the 1a-hydroxylase enzyme (encoded by the CYP27B1 gene) giving
rise to the biologically active 1,25-dihydroxyvitamin D3 (1,25(0OH).D3) (Busta et al.,
2011). The activity of la-hydroxylase is regulated by parathyroid hormone (PTH),
calcitonin and fibroblast growth factor 23 (FGF-23) (Lehmann and Meurer, 2010; Bikle,
2009). PTH and calcitonin stimulate CYP27B1 expression while FGF-23 inhibits its
expression (Bikle, 2009). Excess 1,25(0OH).D3 induces CYP24 gene expression
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(Takeyama et al., 1999). The CYP24 gene encodes the 24-hydroxylase enzyme which
produces the biologically inactive metabolite 24,25 dihydroxyvitamin D (by initiating
catabolic degradation through the hydroxylation of 25(OH)Dsz or 1,25(0OH).D3 at
position C-24). This inactive metabolite is then excreted (White, 2011).
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Figure 1.1: Schematic representation of the synthesis of vitamin D

Vitamin D is synthesised within the skin or obtained from the diet. In the skin, 7-DHC is converted to
pre-vitamin D3 which spontaneously isomerises to vitamin D3. Vitamin D3 enters the circulation, where
it is bound to VDBP allowing for transport of vitamin D within the body. In the liver, vitamin D3 is
hydroxylated by 25-hydroxylase (encoded by CYP2R1) to 25(0OH)Ds. 25(0OH)Ds is then transported to
the kidneys for further hydroxylation by la-hydroxylase (encoded by CYP27B1) to give rise to the
biologically active 1,25(0OH).Ds (Mathieu and Badenhoop, 2005).

1.2 Vitamin D as an immune modulator

Vitamin D is a well-known regulator of bone metabolism and calcium homeostasis
(Cantorna, 2010). In addition, vitamin D has a wide range of biological functions.
These include inhibiting cellular proliferation, inducing terminal differentiation,

inhibiting angiogenesis, stimulating insulin production, stimulating macrophage



cathelicidin (antimicrobial peptides) production and immune regulation (Harinarayan,
2014; Holick et al., 2011).

Vitamin D exerts its immunomodulatory effects by binding to the vitamin D receptor
(VDR). The VDR consists of a highly conserved DNA binding domain (DBD), a C-
terminal ligand binding domain (LBD) which binds 1,25(0OH)2D3 and a hinge domain
(HD) which connects the two functional domains (Figure 1.2) (Matsuda and Kitagishi,
2013; Pike and Meyers, 2010; White, 2011). Most cells in the body express the VDR
(Holick, 2003) including activated T and B lymphocytes and pancreatic § cells
(Verstuyf et al., 2009).
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Figure 1.2: Schematic representation of the structure of the VDR protein

The protein is comprised of a DNA binding domain (DBD), hinge domain (HD) and the C-terminal ligand
binding domain (LBD) (Matsuda and Kitagishi, 2013).

The exact mechanism through which vitamin D/VDR signalling regulates the immune
response is not fully understood. It has been proposed that VDBP transports
1,25(0OH)2D3s into the cells. Once in the cell, 1,25(0OH).D3 dissociates from the VDBP
and binds to the VDR in the cytoplasm (Figure 1.3). Binding of 1,25(OH).D3z results in
a conformational change in the VDR which triggers binding to the retinoid X receptor
(RXR). The 1,25(0OH).Ds-VDR-RXR complex enters the nucleus where it binds to
specific sequences of DNA (termed vitamin D response elements (VDRES)) found
within the promotor region of genes. The vitamin D complex either up or down
regulates gene expression depending on the presence of inhibitory (co-repressors) or
stimulatory (co-activators) proteins (Harinarayan, 2014). When the 1,25(0OH)2D3-VDR-
RXR complex interacts with VDRES, co-repressors are released and nuclear receptor
co-activator proteins are recruited which result in the induction of chromatin
remodelling allowing for the binding of transcription factors and the initiation of
transcription (Figure 1.3). Alternatively, when the 1,25(OH).D3-VDR-RXR complex



interacts with inhibitory VDRES, co-repressors are recruited resulting in inhibition of

gene transcription (Baeke et al., 2010).
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Figure 1.3: Genetic mechanism of action of vitamin D

1,25(0OH)2Ds penetrates the plasma membrane and activates the VDR. The ligand bound receptor
results in conformational changes and triggers binding to RXR. The complex binds to the VDRE and in
the presence of co-activators or corepressors results in the upregulation or repression, respectively of
the target gene (Janssens et al., 2013).

1.3 Vitamin D and its association with disease

Vitamin D deficiency has been associated with the development and progression of
cardiovascular diseases and hypertension (Zhao et al., 2012), chronic kidney disease
(Pilz et al., 2011), metabolic disease (Beydoun et al., 2010), psychiatric disorders
(Humble et al., 2010) and cancer (Garland et al., 2005). In addition, vitamin D has
been associated with autoimmune diseases such as multiple sclerosis (Royal Il et al.,
2009), rheumatoid arthritis (Merlino et al., 2004) and type 1 diabetes (T1D) (Hypponen
et al., 2001).

1.4 Type 1diabetes

T1D is an autoimmune disease that results in the destruction of 3 cells in the islets of
Langerhans in the pancreas (Harris, 2005). Reduction in B cell population, persistent
inflammation and lack of insulin decreases the uptake of glucose by body tissues
(Wallberg and Cooke, 2013). The inability to maintain optimal blood glucose levels
renders patients with T1D insulin dependent. Inadequate control of optimal blood

glucose levels results in complications such as retinopathy, nephropathy, neuropathy,



and vascular complications (Boldison and Wong, 2016). Clinical symptoms occur
when approximately 90% of the pancreatic 3 cells are destroyed (Mehra et al., 2007).
The main symptoms of the disease include polydipsia (excessive thirst), polyphagia
(excessive hunger) and polyuria (excessive frequent urination) (Mehra et al., 2007).
There are three stages for the development of T1D in genetically susceptible
individuals (Figure 1.4). Firstly, an environmental trigger is necessary to elicit an
immune response against 3 cells. Secondly, this response must be pro-inflammatory
in nature to induce destruction of the  cells. Thirdly, there must be an ineffective
regulatory mechanism against the immune response so that the response becomes
chronic and leads to the destruction of the B cells (Wallberg and Cooke, 2013).
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Figure 1.4: Stages in the development of T1D

B cell mass declines over time from stage 1 to 3. Stage 1 is characterised by the presence of two or
more B cell specific autoantibodies in the presence of normoglycaemia. In stage 2, individuals develop
dysglycaemia but are still presymptomatic. Stage 3 is the onset of symptomatic disease (Insel et al.,
2015).

T1D is a multifactorial disease with both environmental (Knip et al., 2005) and genetic

factors (Atkinson and Eisenbarth, 2001) having been implicated in its aetiology.



1.4.1 Environmental factors

Many studies implicate environmental factors in the pathogenesis of T1D. These
environmental factors are said to play a crucial role in the initiation of an immune
process which eventually leads to the destruction of pancreatic 3 cells. Environmental
factors include exposure to certain viruses (e.g. enteroviruses, coxsackie viruses,
rubella virus), environmental toxins, early exposure to a protein diet or cow’s milk in

infancy and vitamin D deficiency (Atkinson and Eisenbarth, 2001; Busta et al., 2011).

1.4.2 Genetic susceptibility

T1D is a polygenic disease and cannot be classified into a simple dominant, recessive
or intermediate mode of inheritance. One of the earliest genes shown to be associated
with the development of T1D are those located within the major histocompatibility
complex (MHC) (Atkinson and Eisenbarth, 2001). In humans, the MHC is referred to
as the human leukocyte antigen complex (HLA). The HLA region is located on

chromosome 6p21.3, is about 4 000 kb in length and codes for over 200 genes.

HLA class Il DR and DQ alleles confer approximately 40 - 50% of the genetic risk of
developing T1D (Mehra et al., 2007; Xie et al., 2014). The inheritance of HLA DR3 and
DR4 alleles together with DQ2 and DQ8 alleles are strongly associated with
susceptibility to T1D. These high risk alleles are expressed in more than 90% of T1D
patients. The DR15 and DQG6 alleles are considered to be protective against T1D
development (Szablewski, 2014).

Genome-wide association studies have identified over 40 loci that are associated with
an increased risk for the development of T1D (Figure 1.5). These genes play a role in
immunity (e.g. protein tyrosine phosphatase non-receptor type 22 (PTPN22)), insulin
production and metabolism (e.g. insulin (INS)) and protection against B cell apoptosis
(e.g. tumour necrosis factor alpha-induced protein 3 (TNFAIP3)) (Zhang and
Eisenbarth, 2010). Of the non-HLA susceptibility genes, the INS and PTPN22 genes
confer the greatest risk of T1D development (Atkinson et al., 2014).
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Figure 1.5: Loci associated with an increased risk of T1D (Zhang and Eisenbarth,
2010)

1.4.3 The pathogenesis of T1D

T1D is known to be a T-cell mediated disease (Devendra et al., 2004). T cells are
divided into different subsets, namely T helper (Th)1, Th2, Th17 and regulatory T cells
(Pietropaolo et al., 2008). Th1 cells mediate cellular immunity through secretion of pro-
inflammatory cytokines (tumour necrosis factor alpha (TNFa), interferon gamma
(IFNy), and interleukin (IL)-2. In contrast, Th2 cells secrete anti-inflammatory cytokines
(IL-4, IL-10 and transforming growth factor-B1 (TGF-B1)) and stimulate humoral
immunity and the production of antibodies. Thl and Th2 cells directly regulate each
other’s function via their specific cytokines (Almawi et al., 1999). A disruption of the
equilibrium between the Th1/Th2 pathways is thought to play an important role in the
pathogenesis of T1D (Busta et al., 2011). Thl cells result in T1D through mediating
the destruction of the B cells, therefore, a switch from the Thl to Th2 pathway has a

protective effect (Hill et al., 2003).

The exact mechanism involved in the initiation of T1D is still unknown. It is believed
that following B cell injury, the antigen presenting cells (APC; macrophages or dendritic
cells) present 3 cell-specific antigens via MHC class Il molecules to naive CD4+ ThO

cells (Figure 1.6) (Kukreja and Maclaren, 1999). This activates the APCs to secrete



IL-12 which results in the differentiation of the ThO cells into Th1 cells. CD4* Th1l cells
secrete IFNy and IL-2. IFNy stimulates resting macrophages to secrete cytokines such
as IL-1B, TNFa and free radicals which are toxic to the pancreatic B cells. IL-2 induces
the migration of B cell autoantigen specific CD8* cytotoxic T cells. These CD8*
cytotoxic T cells damage B cells by releasing perforins and granzymes (serine
proteases). After recognition of target cells, perforins and granzymes are released
rapidly through exocytosis to induce granule-mediated cytotoxicity (Thomas et al.,
2009; Padgett et al., 2013 ). Perforins form a pore on the 8 cell plasma membranes
which allows the entry of cytotoxic granzymes. These granzymes then induce necrosis

and apoptosis of 3 cells (Padgett et al., 2013).

B cell death may also be caused by Fas-mediated apoptosis. CD8* cytotoxic T cells
are activated when the T cell receptor (TCR) binds to islet cell autoantigens presented
by MHC class | molecules on the surface of 8 cells (Kukreja and Maclaren, 1999).
Once activated, CD8* cytotoxic T cells induce B cell destruction through the binding of
the Fas ligand (FasL) to its receptor on the 3 cell. This Th1 mediated destruction of

the B cells results in T1D.

IL-4 mediated differentiation of CD4+ ThO to Th2 cells results in  cell survival (Kukreja
and MacClaren, 1999). This occurs through Th2 cell secretion of IL-4 and IL-10 which
inhibits the proliferation of Th1 cells and the activation of macrophages by IFNy (Liblau
et al., 1995; Azar et al., 1999; Vaseghi and Jadali, 2016).
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Figure 1.6: Immune pathogenesis of T1D

A shift from the anti-inflammatory Th2 to pro-inflammatory Thl pathway results in activation of
macrophages (M@) and CD8+ cytotoxic T lymphocytes (CTL) which ultimately result in the destruction
of the pancreatic B cells. B cells are destroyed via a number of mechanisms including Fas-mediated
apoptosis and granzyme-mediated cytotoxicity damage by free radicles (Yoon and Jun, 2005).

1.4.4 Autoantibodies

Autoantibodies (AAbs; antibodies raised against self-antigens) are markers of T1D as
they appear months to years before clinical onset of the disease (Hummel et al., 2004).
The presence of multiple AAbs that persist over time is associated with a rapid clinical
progression of the disease (Barker et al., 2004). The number, type and titre of the
AAbs can predict the risk and rate of disease progression and the degree of severity
of the clinical features (Schmidt et al., 2005). The Diabetes Prevention Trial Type-1,
found that the five year T1D risk in participants with one AAb was 20 - 25%, 50 - 60%
in those with two AAbs, 70% when three AAbs were present and nearly 80% when
four AAbs were present (Atkinson, 2012). AAb positivity is influenced by the age of the
patient, ethnicity, duration of disease and the screening method used (Wilmot-Roussel
etal., 2013).



Within T1D, AAbs target B cell antigens, including insulin (Palmer et al., 1983), the 65
kilodalton isoform of glutamic acid decarboxylase (GAD65; Baekkeskov et al., 1989),
insulinoma-associated atigen-2 (IA-2; Passini et al., 1995) and zinc transporter 8
(ZnT8; Wenzlau et al., 2007).

Insulin AAbs are detected in about 40% of untreated children diagnosed with T1D
(Morran et al., 2015). Once insulin therapy is initiated, the measurement of insulin
AADbs is no longer appropriate due to AAbs directed to the exogenous insulin (Winter
and Schatz, 2011). GAD65 AAbs are present in over 80% of newly diagnosed T1D
patients and persist in the sera for many years following the diagnosis of T1D (Atkinson
et al., 1994). The presence of GAD65 AAbs is a good predictor of future development
of T1D in high risk populations. IA-2 AAbs are found in 60-70% of all patients and the
frequency of 1A-2 AAb positivity tends to decline with increasing disease duration
(Raha et al., 2009; Hawa et al., 1997). ZnT8 AAbs are present in the serum of 60-80%
of patients with new onset of T1D and disappear soon after clinical manifestation of
the disease (Wenzlau et al., 2007).

1.4.5 The epidemiology of T1D

1.4.5.1 Age of onset

The onset of T1D generally occurs before the age of 30 years but peaks around
puberty (10-14 years, Borchers et al., 2010). In the European population the age at
diagnosis is reported to be between 0-14 years (Patterson et al., 2009) and 0-15 years
in the Indian populations (Menon et al., 1990). This data is similar to that seen in the
South African White population where the peak age at onset was 12-13 years (Kalk et
al., 1993). Omar and Asmal (1984) showed that the mean age of onset in South African
Indians was 17 years. In contrast, in Black South Africans with T1D, two peaks for the
age of onset were observed; a major peak at 22-23 years of age with an earlier peak

for age at onset at 14-17 years of age (Kalk et al., 1993).
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1.45.2 Incidence of T1D

The incidence of T1D is increasing rapidly with the greatest increase seen in children
less than five years of age (Weets et al., 2002). The incidence varies greatly depending
on the geographical location and ethnicity of the population (Atkinson and Eisenbarth,
2001). The highest incidence of T1D is reported in Finland (>40/100 000/year) and
Sardinia (37.8/100 000/year), while the lowest incidence rates are reported in
Venezuela (0.1/100 000/year) and China (0.1-4.5/100 000/year) (Daneman, 2006;
Borchers et al., 2009). In India, 13 years of collected data showed the incidence of
T1D to be 3.8/100 000/year (Kumar et al., 2008).

1.4.5.3 Seasonal and geographical variation

Seasonal patterns of T1D onset have been observed with studies showing a greater
number of new cases in the autumn and winter months (Dahlquist et al., 1994; Kahn
et al., 2009). There is also wide variation in the geographical incidence of T1D with
countries in the northern hemisphere having a higher incidence of the disease (north-
south gradient i.e. lower UV radiation further from the equator and therefore a lack of
sunlight) (Dahlquist et al., 1994; Kahn et al., 2009). Children born in spring are said to
be at a higher risk of developing T1D due to low circulating levels of vitamin D in
mothers and foetuses during winter pregnancies (Kahn et al., 2009). This suggests
that there is an inverse relationship between levels of sunlight generated vitamin D
and the incidence of T1D (Bailey et al., 2007). Low levels of vitamin D are thought to
increase the risk of developing T1D via mediating the expression of pro-inflammatory
cytokines. These effects of vitamin D are thought to be due to its role as an immune

modulator.

1.5 Vitamin D as an immune modulator

Vitamin D is believed to protect against the development of T1D through pathways
that regulate gene transcription (Figure 1.7). The VDR-RXR-vitamin D complex inhibits
the transcription of the pro-inflammatory cytokine IL-2 through direct competition with
the transcription factor nuclear factor activated T-cells 1 (NFATL1) for binding to the IL-

2 gene promoter. In the absence of vitamin D, NFAT1, together with activator protein
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1 (AP1), bind to the promoter resulting in increased expression of IL-2 (Kongsbak et
al., 2013). In addition, the VDR-RXR-vitamin D complex can bind directly to the
transcription factor nuclear factor kappa B (NFkB). This binding prevents NFkB binding
to the IL-12 promoter which results in inhibition of IL-12 transcription. The VDR-RXR
complex binds to the VDREs in the promotor region of the IFNy gene resulting in
decreased expression of IFNy (Borges et al., 2010; Bikle, 2009). Vitamin D, therefore,
downregulates the expression of the pro-inflammatory cytokines (IL-2, IL-12 and IFNy)
resulting in a switch from the Th1l to the Th2 pathway, suggesting a protective role for
vitamin D in T1D (Jones et al., 1998). Therefore, low levels of vitamin D can predispose
individuals to T1D.
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Figure 1.7: VDR signalling in T cells

Binding of 1,25(0OH):Ds to the VDR results in a conformational change and subsequent
heterodimerisation with RXR. This complex downregulates the expression of pro-inflammatory
cytokines through binding to transcription factors such as NFk( thereby preventing transcription of IL-
12. In addition, this complex can bind to the promotor region of IL-2, which prevents the NFAT-1
transcription factor binding and thus inhibits IL-2 transcription. Finally, the complex is able to bind
directly to VDREs and downregulate transcription of IFNy (adapted from Kongsbak et al., 2013).
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1.6 Vitamin D deficiency

There is a global pandemic of vitamin D deficiency (defined as a vitamin D
concentration less than 24.96 nmol/L) or insufficiency (vitamin D concentration
between 24.96-49.92 nmol/L) (Gallagher and Sai, 2010; Holick, 2007; Chen and
Holick, 2008). The prevalence of vitamin D deficiency ranges from 30% to 93%
depending on the populations studied (McKenna, 1992; Nesby-O'Dell S et al., 2002;
Isaia et al., 2003). In the United States of America (USA) approximately 36% of healthy
young adults (18 - 29 years of age) have been reported to have low vitamin D levels
(<50 nmol/L; Tangpricha et al., 2002). Similarly, 42% of black women (15 - 49 years
old; Nesby-O'Dell et al., 2002), 41% of outpatients (49 - 83 years old; Malabanan et
al., 1998) and approximately 57% of general medicine patients in Massachusetts

(Thomas et al., 1998) had low vitamin D levels.

Studies have shown that individuals who emigrate from Asia to countries of higher
latitude fail to maintain optimal levels of vitamin D (serum vitamin D levels >50 nmol/L)
irrespective of age and gender (Arneil, 1975; Dunnigan et al., 1962; Holmes et al.,
1973). Studies from North India found that 96% of neonates (Sachan et al., 2005),
91% of healthy school girls (Puri et al., 2008), 78% of healthy hospital staff (Arya et
al., 2004) and 84% of pregnant women (Sachan et al., 2005) had hypovitaminosis. In
addition, studies conducted on South Indian populations showed levels of vitamin D
deficiency ranged from 44% to 83% (Harinarayan, 2005; Harinarayan et al., 2007,
Harinarayan et al., 2008). Interestingly, a study conducted on Bangladeshi women
showed that levels of vitamin D in this population were not influenced by age, lifestyle

or clothing choice (Islam et al., 2006).

In the South African context, vitamin D deficiency was found to be higher in Indian (24
— 67 %) as compared to Black (5 - 36.5 %) and White (21.5 %) participants (George
et al., 2014; Naidoo et al., 2018). In contrast, a study conducted in Gauteng showed
that mean plasma vitamin D levels in Black and White individuals were within the

normal range (84.4 nmol/L and 92.4 nmol/L, respectively) (O’ Neill et al., 2013).
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1.6.1 Vitamin D deficiency and T1D

Epidemiological studies have shown an association between vitamin D deficiency and
T1D (Staples et al., 2003; Hypponen et al., 2001). Children at the age of one year,
who are vitamin D deficient, have a fourfold greater risk of developing T1D than those
who are considered to be vitamin D sufficient (Hypponen et al., 2001). Studies
investigating the effect of vitamin D in early childhood showed that children that
received vitamin D supplements were less likely to develop T1D than those who did
not receive supplements (The EURODIAB Substudy 2 Study Group, 1999; Hypponen
et al., 2001; Zipitis and Akobeng, 2008). In addition, the intake of vitamin D rich foods,
by mothers during pregnancy (Fronczak et al., 2003) or children in the first year of life
(Stene et al., 2003), is significantly associated with a reduced risk of T1D development.
However, a large cohort in Finland showed no association between the intake of
vitamin D and the risk of T1D in offspring with a high genetic risk of T1D development
(Li et al., 2014).

Vitamin D deficiency at the cellular level is not only due to environmental and social
factors but due to variations in the VDR and vitamin D metabolising enzyme genes
(Lemos et al., 2008; Mohammadnejad et al., 2012; Abd-Allah et al., 2014; Ramos-
Lopez et al., 2007; Hussein et al., 2012).

1.7 VDR polymorphisms and T1D

Four polymorphisms within the VDR gene (Bsml (rs1544410; Morrison et al., 1992),
Fokl (rs10735810; Gross et al., 1996), Apal (rs7975232; Faraco et al., 1989) and Tag|
(rs721236; Morrison et al., 1994) have been shown to be associated with T1D
(McDermott et al., 1997). These polymorphisms are commonly referred to by the name
of the restriction enzymes used to genotype participants by PCR-RFLP analysis
(Ginter and Simko 2012). For the purpose of this dissertation, we will be referring to

the polymorphisms by the restriction enzyme used for genotyping.
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1.7.1 The Bsml polymorphism

The Bsml polymorphism results from a G>A transition and is found in intron 8 of the
VDR gene (Morrison et al., 1992). Numerous studies have looked at the association
of the Bsml polymorphism and T1D; however, the results have not been consistent.
Studies conducted on Egyptian, Indian Asian and Greek populations showed that the
A allele had a significantly higher frequency in T1D patients than controls and that this
allele conferred a greater risk of developing T1D (Abd-Allah et al., 2014; McDermott
et al., 1997; Panierakis et al., 2009). In contrast, a study conducted by Pani et al.
(2000) showed the A allele to be protective in a German population. Similarly, studies
conducted in Taiwanese and Japanese populations found the A allele of the VDR Bsml
polymorphism at a lower frequency in T1D patients when compared to control
participants (Chang et al., 2000; Motohashi et al., 2003). Studies conducted on
Chilean, Portuguese, German, Japanese and Finnish populations showed that there
was no difference in allelic frequency distribution between T1D patients and controls
(Angel et al., 2004; Lamos et al., 2008; Nejentsev et al., 2004; Yokota et al., 2002;
Turpeinen et al., 2003).

1.7.2 The Fokl polymorphism

The Fokl polymorphism is found in exon 2 of the VDR gene and results from a T>C
transition. The C allele results in the generation of a second initiation codon, leading
to a more active VDR protein that is three amino acids shorter than the wildtype protein
(Gross et al., 1998). Studies conducted on a Japanese population showed that the C
allele was associated with an increased susceptibility to T1D (Ban et al., 2001). This
is in contrast to studies conducted on Egyptian, North Indian, Dalmatian and Greek
populations which showed that the T allele was significantly increased in patients and
carried a higher risk of developing T1D (Abd-Allah et al., 2014; Israni et al., 2009;
Zemunik et al., 2005; Panierakis et al., 2009). However, studies conducted on
Portuguese, Iranian and Finnish populations showed that there was no association
between the Fokl polymorphism and T1D (Lamos et al., 2008; Mohammadnejad et al.,
2012; Turpeinen et al., 2003).
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1.7.3 The Apal polymorphism

The Apal polymorphism results from a C>A transversion and is found in intron 8 of the
VDR gene (Faraco et al., 1989). Studies conducted on Taiwanese and Greek
populations showed that the A allele was more frequent in T1D patients as compared
to control participants and was associated with an increased risk of T1D (Chang et al.,
2000; Panierakis et al., 2009). Conversely, a study by Pani et al. (2000) on a German
population showed that the A allele was the protective allele. Furthermore, studies
conducted on Chilean, Portuguese, German, Japanese and Finnish populations failed
to show an association between this polymorphism and T1D (Angel et al., 2004,

Lamos et al., 2008; Nejentsev et al., 2004; Turpeinen et al., 2003).

1.7.4 The Taql polymorphism

The Tagl polymorphism results in a silent T>C transition and is found in exon 9 of the
VDR gene (Morrison et al., 1994). In studies conducted on Indian, Iranian and
Romanian populations, the C allele of the Taql polymorphism was shown to increase
the risk of T1D (McDermott et al., 1997; Mohammadnejad et al., 2012; Guja et al.,
2002). In contrast, a study conducted on a German population showed that the T allele
had a higher prevalence in T1D patients as compared to controls (Fassbender et al.,
2002). Similarly, a study conducted on another German population found the C allele
to be protective (Pani et al., 2000). However, studies conducted on Chilean children,
Portuguese, and Finnish populations failed to show an association between this
polymorphism and T1D (Angel et al., 2004; Lamos et al., 2008; Turpeinen et al., 2003).

In addition to the VDR polymorphisms, polymorphisms in the vitamin D metabolising
enzyme genes (CY27B1 and CYP2R1) have been associated with T1D (Rose et al.,
2013).

1.8 Polymorphisms in the vitamin D metabolising enzyme genes and their

association with T1D

The metabolising enzyme gene polymorphisms will be referred to by their coding gene
name, CYP2R1 and CYP27B1.
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1.8.1 The CYP2R1 polymorphism

The CYP2R1 gene encodes the cytochrome P450 enzyme 25-hydroxylase which
catalyses the hydroxylation of cholecalciferol to 25(0OH)D3 (Christakos et al., 2012).
The gene is located on chromosome 11p15.2, has five exons and is approximately
15.5 kb long (Cheng et al., 2003). A transition mutation (G>A; rs10741657) at position
99 of this gene results in the substitution of the amino acid proline with leucine. This
substitution results in the elimination of 25-hydroxylase enzyme activity (Cheng et al.,
2004). A study conducted by Hussein et al. (2012) in Egyptian children showed that
patients with the GG genotype had a 2.6 fold increased risk of developing T1D. In
addition, a study conducted on German individuals showed that the G allele of the
CYP2R1 polymorphism is frequently passed from mothers to T1D affected children,
thus indicating the association of this allele with susceptibility to T1D. (Ramos-Lopez
etal., 2007). Furthermore, in both these studies, the G allele was associated with lower
vitamin D levels in patients compared to control participants (Hussein et al., 2012;
Ramos-Lopez et al., 2007). In a British cohort, the CYP2R1 AA genotype was shown
to be protective against T1D (Cooper et al., 2011).

1.8.2 The CYP27B1 polymorphism

The CYP27B1 gene (located on chromosome 12g13.1-q13.3) encodes the
cytochrome P450 1a-hydroxylase enzyme which hydroxylates 25(OH)D3z to 1,
25(0OH)2Ds (Busta et al., 2011). A polymorphism (rs10877012) located in the promoter
region (-1260) results in a G>T substitution (Bailey et al., 2007). This polymorphism
has been associated with an increased risk of T1D development. A study conducted
by Ramos-Lopez et al. (2004) in a German population showed that the G allele was
found at a higher frequency in patients with T1D compared to control participants. In
addition, the GG genotype has been shown to be associated with decreased
CYP27B1 mRNA expression levels in German patients when compared to control
participants (Ramos-Lopez et al., 2007). Furthermore, a study conducted on Egyptian
children showed that patients with the GG genotype had a 3.7 fold increased risk of
T1D development compared to control participants (Hussein et al., 2012). The G allele
leads to decreased expression of 1a-hydroxylase mRNA, hence reduced production

of the enzyme, leading to lower levels of 1,25(OH)2Ds and an increased risk of T1D
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development (Amit et al., 2014). However, a study conducted by Fichna et al. (2010)
on a Polish population showed no difference in the distribution of allelic and genotypic

frequencies in T1D patients and controls.

There is sparse data on the role that vitamin D plays in T1D in the South African Indian
and White populations. Thus, we investigated the associations of serum levels of
vitamin D, VDR gene polymorphisms, vitamin D metabolising enzyme gene
polymorphisms and VDR mRNA expression levels, on the development of T1D in the

South African Indian and White populations.

1.9 Aim and objectives

The main aim of this study was to determine whether polymorphisms in the genes
regulating vitamin D function and metabolism play a role in the aetiology of T1D in the
South African Indian and White populations. Therefore, the specific objectives of the
study were:

e To measure and compare serum vitamin D concentrations in South African Indian
and White T1D patients (cases) and non-diabetic participants (controls)

e To screen participants for four polymorphisms in the VDR gene (rs1544410
[Bsml], rs7975232 [Apal], rs2228570 [Fokl], rs731236 [Taql]) and compare allelic
and genotypic frequencies between cases and controls and relate these to serum
vitamin D levels

e To determine the prevalence of polymorphisms in genes involved in the metabolic
pathway of vitamin D (CYP2R1 [rs10741657] and CYP27B1 [rs10877012]) and
compare allelic and genotypic frequencies between cases and controls and relate
these to serum vitamin D levels

e To determine ZnT8 autoantibody positivity in cases and controls

e To compare ZnT8 autoantibody positivity in patients across the genotypes of all

polymorphisms studied and relate to circulating vitamin D levels
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2 Methods

2.1 Participant recruitment

Clinically diagnosed Indian (n=83) and White (n=106) South African T1D patients were
recruited, through convenience sampling, from Helen Joseph Hospital, Charlotte
Maxeke Johannesburg Academic Hospital, Inkosi Albert Luthuli Central Hospital and
the Centres for Diabetes and Endocrinology (CDE) in Houghton and Lenasia. Non-
diabetic Indian (n=88) and White (n=87) participants were recruited from South African
National Blood Services (SANBS) blood drives and Wits Medical School. Participants
with clinical evidence of chronic pancreatitis, pregnancy related diabetes or type 2

diabetes were excluded from the study.

All participants were required to provide informed consent and complete a
guestionnaire (Appendix 1) after which anthropometric measurements (weight, height,
hip and waist circumference) were taken. In addition, three blood tubes (1 x
ethylenediamine tetra-acetic acid (EDTA), 1 x heparin and 1 x serum separator tube
(SST)) were collected from all participants. A sodium fluoride tube was collected from
control participants to confirm normoglycaemia (non-fasting glucose levels <11.1

mmol/L).

Ethics clearance was obtained from the Wits Human Ethics research committee and
from the SANBS ethics committee (clearance certificates M180536 and 2014/19,
respectively; Appendix 2).

2.2 Sample processing

Blood samples were centrifuged for 10 minutes at 770 x g in a Beckman Coulter
Allegra X-22R centrifuge (Beckman Coulter, California, USA) to obtain the desired
fractions. The buffy coats were collected from the EDTA and heparinised tubes and
stored for subsequent DNA extraction and isolation of peripheral blood mononuclear
cells (PBMC), respectively. Serum from the SST tubes and plasma from EDTA was
removed and aliquoted into 1.5 ml microcentrifuge tubes for vitamin D and ZnT8 AADb

analysis, respectively. All the samples were stored at -80°C until required. The sodium
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fluoride tubes were sent to the National Health Laboratory Service’s Chemical

Pathology Diagnostic Laboratory for random blood glucose measurement.

2.3 DNA extraction

DNA was extracted from buffy coats, using the FlexiGene DNA extraction kit (Qiagen,
Hilden, Germany), according to the manufacturer’s instructions. All centrifugation
steps were performed in a Hettich Mikro 200 centrifuge (Labcare Ltd,
Buckinghamshire, England). FG1 lysis buffer (500 ul) was pipetted into 1.5 ml
centrifuge tubes. Buffy coat (200 ul) was added and the tubes mixed by inversion. The
tubes were centrifuged at 10 000 x g for 20 seconds. The supernatant was discarded
and the tubes were inverted onto clean paper towel for two minutes. A 10:1 mixture of
FG2 buffer and protease (100 pl) was added and the tubes vortexed to completely
homogenise the pellets. The tubes were then centrifuged briefly and incubated at 65°C
for five minutes. Isopropanol (100 ul) was added and the tubes were mixed by
inversion until the DNA precipitate was visible. The tubes were then centrifuged for
three minutes at 10 000 x g and the supernatants discarded. Ethanol (70%; 150 ul)
was added and the tubes were vortexed for five seconds followed by centrifugation for
three minutes at 10 000 x g. The supernatants were discarded and the DNA pellets
air-dried. FG3 buffer (200 pl) was added, and the DNA resuspended by incubating the
tubes for one hour at 65°C in a water bath. The DNA was stored at -20°C until needed.

2.4 Genotyping participants for polymorphisms in the VDR gene

The genotypes for the four VDR polymorphisms (Bsml (rs1544410), Apal (rs7975232),
Fokl (rs2228570), Taqgl (rs731236)) were determined by polymerase chain reaction
(PCR) amplification and restriction enzyme digestion of the PCR products.

2.4.1 Polymerase chain reaction of the VDR gene

Primer sequences for the amplification of the portions of the VDR gene containing the

relevant polymorphisms were obtained from the literature (Israni et al., 2009). The

respective primer sequences and resultant PCR product size are shown in Table 2.1.
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Table 2.1: Primer sequences for the amplification of the four polymorphisms within the

VDR gene

VDR SNP | Primer sequence PCR product
size (bp)

Bsml F:5'-CAACCAAGACTACAAGTACCGCGTCAGTGA-3' 822

G>A R: 5-AACCAGCGGGAAGAGGTCAAGGG-3'

Fokl F: 5-AGCTGGCCCTGGCACTGACTCTTGCTCT-3' 267

T>C R: 5-ATGGAAACACCTTGCTTCTTCTCCCTC-3'

Apal F: 5-CAGAGCATGGACAGGGAGCAAG-3’ 745

C>A R: 5-GCAACTCCTCATGGCTGAGGTCTCA-3'

Taq! F: 5-CAGAGCATGGACAGGGAGCAAG-3' 745

T>C R: 5-GCAACTCCTCATGGCTGAGGTCTCA-3'

PCR reactions were set up in 0.2 ml microcentrifuge tubes. Each reaction consisted
of 1x Kapa Taq Ready Mix (New England Biolabs, Massachusetts, USA), 0.39 uM of
both the forward and reverse primers (Ingaba Biotechnical Industries, Pretoria, South
Africa), approximately 50 ng template DNA and distilled water to bring the final volume
to 18 ul. Each run included a non-template control (negative control) to ensure that
there was no contamination. The PCR reactions were carried out under the following

conditions:

Initial denaturation: 95°C for three minutes

Denaturation: 95°C for 30 seconds

Annealing: 61 - 64.8°C (Table 2.2) for 30 seconds 30 cycles

Extension: 72°C for one minute

Final extension step: 72°C for one minute
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Table 2.2: Annealing temperatures required for the amplification of the regions

containing the VDR gene polymorphisms

VDR SNP Annealing temperature
Fokl 61.0°C
Bsml 61.2°C
Apal/ Taql 64.8°C

Following amplification of the DNA, PCR products were visualised on a 1% agarose

gel to verify successful amplification.

2.4.2 Agarose gel electrophoresis

A 1% agarose gel was made by mixing 0.5 g of agarose (Thermo Scientific,
Massachusetts, USA) in 50 ml of 1x Tris-Borate-EDTA (TBE) buffer (Tris: Sigma-
Aldrich, St. Louis, Missouri, USA; Boric acid: Sigma- Aldrich, St. Louis, Missouri, USA,;
EDTA: VWR International, Pennsylvania, USA). The agarose-TBE mixture was heated
to dissolve the agarose and allowed to cool. Ethidium bromide (VWR International,
Pennsylvania, USA; 15 pg) was added to the gel prior to pouring. Ethidium bromide
intercalates into double stranded DNA allowing for visualisation of the DNA fragments
under UV light. Once the gel had set, 2 pl of PCR product (mixed with 0.4 pl of 6x
loading dye) was loaded on to the gel. The gel was run at 100 volts for 30 minutes and
visualised using the ChemiDoc MP Imaging System (Biorad Laboratories (Pty) Ltd.,
Hercules, California, USA).

2.4.3 Restriction Fragment Length Polymorphism (RFLP) for genotyping
participants for the VDR polymorphisms

Successfully amplified products were digested with the appropriate restriction
enzymes (Table 2.3) for genotyping. Restriction enzyme (5 — 10 units (U)), 1x
restriction enzyme buffer, and 5 uyl of PCR product were added to a 0.2 ml
microcentrifuge tube and made up to a final volume of 20 pl with distilled water. The

reagents were mixed and incubated at 37°C for two hours and the enzymes
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deactivated at 65°C for 20 minutes with the exception of the Taql digest which was

incubated at 65°C for 2 hours followed by enzyme deactivation at 80°C for 20 minutes.

Table 2.3: Restriction enzymes and buffers used for digestion of VDR PCR products

VDR SNP Restriction Restriction Manufacturer
enzyme enzyme buffer

Bsmi Bsmi Buffer R Thermo Scientific, Waltham,
(20 U/pul) Massachusetts, USA

Fokl Fokl CutSmart New England Biolabs, Ipswich,
(5 U/ul) Massachusetts, USA

Apal Apal Buffer B Thermo Scientific, Waltham,
(20 U/pl) Massachusetts, USA

Taq|l Taql Buffer Taql Thermo Scientific, Waltham,
(20 U/pl) Massachusetts, USA

The digested product (15 pl) was mixed with 2.5 pl of 6x loading buffer and run on a 2
% agarose gel at 100 volts for 45 minutes. The gels were visualised using the
ChemiDoc MP Imaging System. Participants were genotyped based on the resultant
fragment sizes (Table 2.4).
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Table 2.4: Fragment sizes generated from PCR-RFLP for genotyping of the four VDR

polymorphisms

SNP Restriction enzyme Genotype and respective fragment sizes
Bsml Bsml GG: 651 and 171 bp
G>A GA: 822,651 and 171 bp
AA: 822 bp
Fokl Fokl TT: 206 and 61 bp
T>C TC: 667, 206 and 61bp
CC: 267 bp
Apal Apal CC: 528 and 217 bp
C>A CA: 745, 528 and 217 bp
AA: 745 bp
Taql Taql TT: 494 and 251 bp
T>C TC: 494, 293, 251 and 201 bp

CC: 293, 251 and 201 bp

2.5 Genotyping participants for polymorphisms in the vitamin D metabolising

enzyme genes

The genotypes of the two vitamin D metabolising enzyme gene polymorphisms
(CYP2R1 [rs10741657] and CYP27B1 [rs10877012]) were determined by PCR

amplification and restriction enzyme digestion of the PCR products.

2.5.1 Polymerase Chain Reaction of the vitamin D metabolising gene

polymorphisms

Primer sequences used for the amplification of the portions of the CYP2R1 and

CYP27B1 genes containing the polymorphisms were obtained from Hussein et al.
(2012) (Table 2.5).
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Table 2.5: Primer sequences for the amplification of the region of the vitamin D

metabolising enzyme genes containing CYP2R1 and CYP27B1 polymorphisms

Gene SNP

Primer sequence

CYP2R1 G>A

F: 5-GGGAAGAGCAATGACATGGA-3
R: 5-GCCCTGGAAGACTCATTTTG-3'

CYP27B1 G>T

F:5-GTGTTCCCTAAGTGTTGTCTC-3'
R: 5-GCTGACTCGGTCTCCTCTG-3'

A 287 bp and 317 bp region of the CYP2R1 and CYP27B1 genes, respectively, were

amplified in a final volume of 20 pl according to Table 2.6.

Table 2.6: Reagents for amplification of CYP2R1 and CYP27B1 polymorphisms

Reagent

Manufacturer Final concentration

2 x Kapa Taq Ready

Master Mix

New England Biolabs, 1x
Massachusetts, USA

10 uM forward primer

Ingaba Biotechnical Industries, 0.39 uM

Pretoria, South Africa

10 uM reverse primer

Ingaba Biotechnical Industries, 0.39 uM

Pretoria, South Africa

Template DNA

- ~50 ng

Distilled water

- Variable

Each run included a non-template control (negative control) to ensure that there was

no contamination. The PCR reactions were carried out under the following conditions:

Initial denaturation: 95°C for three minutes

Denaturation: 95°C for 30 seconds
Annealing: 57°C (CYP2R1) and 61°C (CYP27B1) for 30 seconds 30 cycles

Extension: 72°C for one minute

Final extension step: 72°C for one minute
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2.5.2 Restriction Fragment Length Polymorphism for genotyping participants
for the CYP2R1 and CYP27B1 polymorphisms

Successfully amplified CYP2R1 and CYP27B1 PCR products were digested with Mnli
(20 U/pul; buffer G) and Tfil (10 U/ul; buffer O), respectively. Briefly, 5 U of restriction
enzyme, 1x restriction enzyme buffer and 5 pl of PCR product were added to a 0.2 ml
microcentrifuge tube and made up to a final volume of 20 ul with distilled water. The
reagents were mixed together and incubated at 37°C for two hours and the enzymes
deactivated at 65°C for 20 minutes. The digests were run on a 2 % agarose gel at 100
volts for 45 minutes and visualised using the ChemiDoc MP Imaging System.

Genotypes were assigned based on the fragment sizes generated (Table 2.7).

Table 2.7: Fragment sizes generated from PCR-RFLP for genotyping of the vitamin D

metabolising enzyme gene polymorphisms

SNP Restriction enzyme Genotype and respective
fragment sizes

CYP2R1 Mnll GG: 149, 108 and 29 bp

G>A (Thermo Scientific, Waltham, | GA: 257, 149, 108 and 29 bp
Massachusetts, USA) AA: 257 and 29 bp

CYP27B1 Tfil GG: 176 and 141 bp

G>T (Thermo Scientific, Waltham, | GT: 317, 176 and 141 bp
Massachusetts, USA) TT:317 bp

2.5.3 Sanger sequencing -

Three samples (representing the three possible genotypes) for each SNP studied were
sent to Ingaba Biotechnical Industries (Pretoria, South Africa) for sequencing to
confirm the correct amplification of the region of interest and the correct genotyping by
PCR-RFLP. Sequences were analysed using Sequencher software (Gene Codes
Corporation, Michigan, USA).
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2.6 Gene expression studies for the VDR gene

Gene expression studies for the VDR gene were performed on RNA isolated from the
PBMCs of a subset of randomly selected T1D patients (n = 7) and control participants
(n=9).

2.6.1 Isolation of peripheral blood mononuclear cells

Buffy coats collected from heparinised vacutainer tubes were used for PBMC isolation
through density gradient centrifugation using Ficoll (GE Healthcare Biosciences,
Uppsala, Sweden). The buffy coats were diluted with 1ml of 1 x PBS and overlaid onto
1 ml of Ficoll in a 15 ml conical tube, ensuring that no mixing occurred. The tubes were
centrifuged (Beckman Coulter, California, USA) at 400 x g for 30 minutes at room
temperature with the brake switched off. Ficoll centrifugation separates blood into red
blood cells, granulocytes, PBMCs and plasma layers (GE Healthcare Biosciences,
2014). The layer containing the PBMCs was aspirated into a 15 ml conical tube and 1
x PBS added to bring the volume to 10 ml. The PBS and PBMCs were mixed gently
and centrifuged at 300 x g for 10 minutes at room temperature and the supernatant
discarded. The pellet containing PBMCs was washed by the addition of 10 ml 1 x PBS
followed by a 10 minute centrifugation step at 300 x g. The supernatant was discarded
and the wash step repeated. The pellet was then resuspended in 1 ml 1 x PBS and

stored at -80°C until needed.

2.6.2 RNA extraction

RNA was extracted from PBMCs using the RNeasy Mini Kit (Qiagen, Hilden,
Germany), according to the manufacturer's instructions. PBMCs (350 pl) were
aliquoted into 1.5 ml microcentrifuge tubes. Buffer RLT (350 pl) was added to disrupt
the cells. The cells were homogenised by pipetting the lysate up and down several
times followed by centrifugation for two minutes at full speed (14 000 x g) in a Hettich
Mikro 200 centrifuge (Labcare Ltd, Buckinghamshire, England). Ethanol (70%; 350 ul)
was added to the lysate and the samples were mixed by pipetting. Half of the sample
volume (525 pl) was then transferred to RNeasy spin columns in 2 ml collecting tubes
and centrifuged for 15 seconds at 8 000 x g. The flow-through was discarded. As the

maximum volume the spin column can accommodate is 700 ul, this process was
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repeated to allow for all RNA in the sample to adhere to the column. RW1 (700 pl) was
added to the RNeasy column and centrifuged for 15 seconds at 8 000 x g and the flow-
through discarded. Buffer RPE (500 pl) was added to the column and centrifuged for
15 seconds at 8 000 x g and the flow-through discarded. An additional 500 ul buffer
RPE was added to the column and the tubes centrifuged for two minutes at 8 000 x g.
The collecting tubes were discarded with the flow-through. The RNeasy columns were
placed into new 2 ml collecting tubes and centrifuged for one minute at 8 000 x g to
remove any residual buffer. The collection tubes were discarded with the flow-through.
The RNeasy columns were then placed in a new 1.5 ml tube, RNase free water (50
pl) added and tubes allowed to stand for one minute. The tubes were centrifuged for

one minute at 8 000 x g to elute the RNA.

2.6.3 DNase digestion

Contaminating genomic DNA was removed from the eluted RNA sample through
DNase | digestion (Sigma- Aldrich, St. Louis, Missouri, USA). The extracted RNA (6
pl), 10x reaction buffer (1 pl), DNase | (10 U/ul; 1 yl) and RNase-free water (2 pl) were
added into a 0.2 ml microcentrifuge tube and mixed gently. The reaction was incubated
for 15 minutes at room temperature, following which stop solution (1 ul) was added
and the mixture incubated for an additional 10 minutes at 70°C. The microcentrifuge
tubes were briefly placed on ice and the purified RNA samples were subsequently

used for cDNA synthesis.

2.6.4 cDNA synthesis

cDNA synthesis was performed using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific, Massachusetts, USA), according to the manufacturers
instructions. Total RNA (50 ng) was added to sterile nuclease-free tubes (on ice)
followed by the addition of oligo(dT)1s primers (1 pl) and made up to a volume of 12 pl
with nuclease-free water. The tubes were gently mixed, briefly centrifuged and
incubated for five minutes at 65°C before being returned to the ice. Reaction buffer
(5x; 4 pl) was added to the RNA-primer mix followed by 1 U RiboLock RNase Inhibitor
(20 U/ul), 10 mM dNTP mix (2 ul) and 10 U RevertAid M-MuLV Reverse Transcriptase

(RT; 200 U/ul) to a final volume of 20 ul. A reverse transcriptase (RT) negative control
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was included to control for genomic DNA contamination from the RNA extraction. The
RT negative control has template in the reaction but no RT. The tubes were gently
mixed, briefly centrifuged and incubated for an hour at 65°C. The RT was deactivated
at 75°C for five minutes. The cDNA was stored at -70°C until needed.

2.6.5 Quantitative real time PCR

Samples were run in duplicate with primers against S-actin (reference gene; designed
by TIB MOLBIOL, Berlin, Germany) and the VDR gene (Israni et al., 2009) (Table 2.8).
The B-actin and VDR gene were amplified in separate reactions using the same
volume of cDNA from the same cDNA preparation to allow for relative quantification.
PCR reactions were set up in 0.1 ml tubes and were amplified in a final volume of 25
Ml according to Table 2.9. Each run included a non-template and RT negative control

to ensure that there was no contamination.

Table 2.8: Primer sequences for VDR and B-actin gene amplification

Gene Primer sequence PCR product
size (bp)
VDR F: 5-AGCTGGCCCTGGCACTGACTCTTGCTCT-3' 267
R: 5-ATGGAAACACCTTGCTTCTTCTCCCTC-3'
B-actin F: 5-CATGTACGTTGCTATCCAGGC-3' 250
R: 5'-CTCCTTAATGTCACGCACGAT-3'

Table 2.9: Reagents for amplification of the VDR and $-actin genes

Reagent Manufacturer Final concentration
2 x Luna universal SYBR | New England Biolabs, 1x

green qPCR Master Mix | Massachusetts, USA

10 uyM VDR or B-actin | Ingaba Biotechnical Industries, 0.16 uM
forward primer Pretoria, South Africa

10 uM VDR or B-actin | Ingaba Biotechnical Industries, 0.16 uM
reverse primer Pretoria, South Africa

Template cDNA - ~ 50 ng
Distilled water - Variable
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The quantitative real time PCR reactions were carried out under the following

conditions:

Initial denaturation: 95°C for two minutes

Denaturation: 95°C for 30 seconds
Annealing: 61°C for 30 seconds 40 cycles

Extension: 72°C for one minute

The threshold line was set at a level such that the fluorescent intensity of the reaction
was above the background levels. The cycle number at which the amplification curve
rose above the threshold (Ct) was determined for both the VDR and B-actin PCR
reactions for each participant. The relative amount of VDR mRNA in each sample was
calculated as the ratio between the Ct of the VDR PCR and the B-actin PCR

(endogenous control) using the ACt method.

2.7 Measurement of serum vitamin D

The production of 25(OH)Ds is not regulated, therefore, serum concentrations of this
metabolite reflect its dietary absorption and cutaneous synthesis (Harinarayan and
Joshi, 2009). 25(0OH)Ds has a half-life of 2-3 weeks which is considerably longer than
that of 1,25(OH).D3s, which is approximately four hours. In addition, the circulating
levels of 1,25(0OH).D3z are a thousand fold less than that of 25(OH)D3s (Holick, 2009).
Thus, the most reliable indicator of vitamin D sufficiency is the measurement of serum
25(OH)Ds.

Vitamin D levels were, therefore, assessed by measuring vitamin D3 on the Shimadzu
Nextera High Performance Liquid Chromatography (HPLC) instrument using the
ClinRep HPLC Complete Kit (Recipe, Munich, Germany).
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2.7.1 Extraction of vitamin D

Vitamin D was extracted using the ClinRep HPLC Complete Kit according to a
modified version of the manufacturer’s protocol. Briefly, precipitation reagent P (250
pl) was pipetted into microcentrifuge tubes together with 200 ul internal standard (1S)
and 200 pl of either the serum sample, control or standard. For a three point standard
curve, standard one was made with 50 pul serum calibrator and 150 ul water, standard
two with 100 pl serum calibrator and 100 pl water and standard three with 200 pl serum
calibrator only. The IS was added last and kept at -20°C until needed. The tubes were
each vortexed for 30 seconds and then centrifuged in a Hettich Mikro 200 centrifuge
(Labcare Ltd, Buckinghamshire, England) for five minutes at 10 000 x g. The upper
phase of the supernatant was collected and 50 pl was injected into an isocratic HPLC

system.

Separation of vitamin D3, IS and vitamin D2 was performed on a reverse phase
column with UV detection at a wavelength of 264 nm. Chromatograms were integrated
and vitamin D quantitated using the heights of the peak and IS, as compared to the
standard curve. The IS is similar to the analytes in terms of behaviour during sample
preparation and chromatography. Any losses during the sample preparation are
therefore taken into account by quantitation of the internal standard height.
Extrapolation to 100% recovery allows one to establish the concentration of vitamin D

in the sample.

Recovery rate = Area IS (sample)/Area IS (calibrator)
Concentration = Area (sample) x Concentration (calibrator)/Area (calibrator) x

recovery rate.

Vitamin D status was assessed according to the criteria set out by the Department of
Chemical Pathology diagnostic laboratory. Participants were classified as sufficient if
they had vitamin D levels > 72.5 nmol/L; insufficient if they had vitamin D levels

between 50.0 - 72.5 nmol/L and deficient if their levels were < 50.0 nmol/L.
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2.8 Measurement of ZnT8 AADbs

ZnT8 AAb detection was performed using the Eurolmmun Anti-ZnT8 ELISA kit
(Eurolmmun, Lubeck, Germany), according the manufacturer's instruction.
Calibrators, negative controls, positive controls and patient plasma samples (25 pl)
were pipetted into individual microplate wells. The first well was left for the blank. The
plate was covered, placed on a THERMOstar shaker (BGM labtech, Ortenberg,
Germany) for five seconds at 500 rpm and incubated at 8°C for 20 hours. The wells
were emptied and washed three times with 1x wash buffer (350 ul). Excess liquid in
the wells was discarded by tapping the plate face down on absorbent paper. Cold
biotin-labelled ZnT8 (100 pl) was pipetted into each well with the exception of the blank
well. The plate was covered and incubated at 8°C for one hour. The plate was washed
as previously described. Peroxidase-labelled avidin (enzyme conjugate; 100 pl) was
pipetted into each well with the exception of the blank well. The plate was covered and
incubated at room temperature for 20 minutes on a plate shaker at 500 rpm. The plate
was washed as described above. Chromogen/substrate solution (100 pl) was pipetted
into each well. The plate was incubated at room temperature for 20 minutes in the
dark. The reaction was stopped with the addition of 100 ul stop solution to each well.
The plate was shaken to ensure homogenous distribution of the solution and
measured at a wavelength of 450 nm and 405 nm. All samples with a concentration
greater than calibrator 3 (75 relative (R) U/ml) were read on the 405 nm standard curve
and those with a concentration less than calibrator 3 were read from the 450 nm

standard curve.

2.9 Measurement of serum glucose

The blood glucose levels were measured on the Roche Cobas® 6000 analyser series
at the Charlotte Maxeke Johannesburg Academic Hospital, NHLS Chemical Pathology
laboratory using the Glucose Hexokinase Generation 3 (GLUH_3) method. The

principle of this method is described below.

Hexokinase catalyses the phosphorylation of glucose to glucose-6-phosphate (G-6-P)
by adenosine triphosphate (ATP). In the presence of nicotinamide adenine

dinucleotide phosphate (NADP), G-6-P is oxidised to gluconate-6-phosphate and
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NADPH by G-6-P dehydrogenase. The resultant NADPH is directly proportional to the
glucose concentration. Thus, photometric measurement of NADPH at 340/410 nm is

used to determine the glucose concentration.

2.10 Statistical analysis

Statistical analysis was performed using Statistica software Version 13.5.0.17 (TIBCO
software Inc., California, USA). Normally distributed data was represented as mean *
standard deviation. Data that was not normally distributed was log transformed before
use and represented as median [upper quatrtile; lower quartile]. Categorical data were
compared between cases and controls and across genotype groups using the Chi-
squared (x)? test. Continuous variables between two groups were compared using the
students t-test and for more than two groups an Analysis of variance (ANOVA) was
used. Correlation between continuous variables was analysed using Pearson
correlation. A stepwise backwards multiple regression analysis was used to isolate the
principal determinants of serum vitamin D levels. Minor genotypes were combined with
heterozygous genotypes for statistical analysis. The control population was used to
calculate Hardy-Weinberg equilibrium (HWE) and for the comparison with
polymorphism alleles from the 1000 Genome study populations. T1D participants were
omitted from these analyses as they are expected to have higher frequencies of the
risk alleles and thus may skew the data. Phi was used to represent the effect size.

Statistical differences were considered significant if p <0.05.
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3 Results

3.1 Characteristics of the study population

A total of 364 participants were recruited for this study. The study population consisted
of 171 Indian participants (83 T1D patients and 88 control participants) and 193 White
participants (106 T1D patients and 87 control participants).

Vitamin D levels in the total cohort ranged from 2.9 to 228.1 nmol/L with 46.5% of
participants having sufficient vitamin D levels (> 72.5 nmol/L), 28.5% having
insufficient levels (50.0 - 72.5 nmol/L) and 25.0% of participants being vitamin D
deficient (< 50.0 nmol/L). In the Indian population, the median vitamin D levels were
56.2 nmol/L, with 41.9% of participants being vitamin D deficient, 29.7% vitamin D
insufficient and 28.4% having sufficient vitamin D levels. In the White population the
median vitamin D levels were 78.1 nmol/L. The majority of the White participants
(60.2%) had sufficient levels of vitamin D with 28.7% having insufficient levels and
only 11.0% of participants being vitamin D deficient. There was no significant
difference in the vitamin D status (deficient, insufficient or sufficient) between patients
and controls in both the Indian and White population (p = 0.161 and p = 0.678,
respectively; Table 3.1). The White population, as a whole, had higher vitamin D levels
than the Indian population irrespective of whether they were patients or controls. This
difference in vitamin D concentration is population specific. In addition, there was no
difference in vitamin D levels based on the season during which participants were
recruited (p = 0.075; Figure 3.1).

Table 3.1: Vitamin D status in the Indian and White population

Vitamin D Indian White
status T1D Control p T1D Controls p
patients | participants | value | patients | participants | value
(%) (%) (%) (%)
Deficient 49.4 34.6 12.9 8.8
Insufficient 27.3 32.1 0.161 26.7 27.5 0.678
Sufficient 23.4 33.3 60.4 63.8

*p value is significant at p < 0.05
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Figure 3.1: Box and whisker plot showing the vitamin D concentrations (hmol/L) in the

total cohort, based on the season of recruitment

3.2 Anthropometric and clinical characteristics of participants in the Indian

and White populations

The anthropometric and clinical characteristics of the Indian and White T1D patient
and control participants are summarised in Table 3.2. Indian control participants were
significantly older than Indian patients (34.1 vs. 25.1 years; p = 0.001), whereas White
control participants were significantly younger than White patients (26.3 vs. 42.3 years;
p <0.001). There were significantly fewer females in the Indian control group than in
the patient group (36.6 vs. 52.4%; p = 0.041). In contrast, the White control group had
significantly more female participants than the patient group (62.1 vs. 56.6%; p =
0.042). In addition, the White control group had a lower BMI (24.2 vs. 25.6 kg/m?; p =
0.046) and smaller waist circumference (79.4 vs. 84.0 cm; p = 0.043) than the White
T1D participants.
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Glucose levels were significantly lower in both Indian and White control participants
compared to their respective patient group (6.5 vs. 8.8 nmol/L; p <0.001 and 5.4 vs.

7.0 nmol/L; p <0.001, respectively).

In the Indian population the median age at which T1D was diagnosed was 13.0 years,
with a mean duration of 11.7 years. In the White T1D patient group the median age at
diagnosis was 20.0 years with a mean duration of 21.8 years. Approximately a fifth of
the Indian patients (21.3%) and a quarter (23.6%) of White patients were ZnT8 AAb

positive.
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Table 3.2: Anthropometric and clinical characteristics of the Indian and White populations

Variables Indian population White population

T1D patients Controls p value T1D patients Controls p value

n =383 n =388 n =106 n =387

Age (years) 251+11.8 34.1+16.1 <0.001* 42.3 £ 13.7 26.3+9.7 <0.001*
Age at diagnosis

13.0 [8.0; 17.0] - - 20.0 [11.0; 19.0] - -
(years)
Duration of disease

11.7 + 8.8 - - 21.8+12.6 - -

(years)
Gender (% male) 47.6 63.4 0.041* 43.4 37.9 0.042*
Glucose (mmol/L) 8.8[6.9; 11.8] 6.5[5.2; 8.1] <0.001* 7.0[5.8;11.0] 5.4 [4.8; 6.5] <0.001*
HbAlc (%) 8.8 [7.7; 10.0] - - 7.9[7.1; 8.7] - -
BMI (kg/m?) 24.2 +6.8 25.1+5.0 0.342 25.6 £4.0 242 +£5.6 0.046*
Waist  circumference
cm) 85.3 [76.5, 96.0] 82.3 [75.5; 91.5] 0.111 84.0 [76.1; 93.0] 79.4 [71.6; 87.0] 0.043*
cm
Vitamin D3z (nmol/L) 49.6 [30.6; 70.2] 57.6 [34.6; 79.7] 0.271 74..8 [61.4; 95.5] 79.2 [59.8; 100.7] 0.235
Total vitamin D (nmol/L) | 54.5[32.1; 71.2] 59.2 [46.9; 76.4] 0.133 77.4 [64.5; 97.0] 79.9 [59.7; 100.3] 0.728
ZnT8 AAD positivity (%) 21.3 0.0 <0.001* 23.6 0.0 <0.001*

*p value is significant at p < 0.05; results expressed as mean + standard deviation or median [lower quartile; upper quartile]; HbAlc = glycated haemoglobin,
BMI = body mass index, ZnT8 AAb = zinc transporter 8 autoantibodies
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3.2.1 Comparison of anthropometric and clinical characteristics between
Indian and White T1D patients

Indian T1D participants were significantly younger (25.1 vs. 42.3 years; p <0.01), with

a younger median age at diagnosis (13.0 vs. 20.0 years; p <0.001) and shorter disease

duration (11.7 vs. 21.8 years; p <0.001) when compared to White T1D patients (Table

3.3). HbA1lc levels were significantly higher in Indian compared to White T1D patients
(8.8 [7.7; 10.0] vs. 7.9 [7.1; 8.7]; p <0.001). In addition, vitamin D levels were
significantly lower in Indian T1D patients compared to White patients (vitamin D3: 49.6
[30.6; 70.2] vs. 74.8 [61.4; 95.5]; p <0.001 and total vitamin D: 54.5 [32.1; 71.2] vs.

77.4 [64.5; 97.0]; p <0.001).

Table 3.3: Comparison of anthropometric and clinical characteristics between Indian

and White T1D patients

T1D Indian T1D White p value
Variables patients patients
n=_84 n =106
Age (years) 25.1+11.8 42.3 £ 13.7 <0.001*
Age at diagnosis (years) 13.0 [8.0; 17.0] 20.0[11.0; 19.0] <0.001*
Duration of disease (years) 11.7 + 8.8 21.8+12.57 <0.001*
Gender (% male) 47.6 43.4 0.570
Glucose (mmol/L) 8.8 [6.9; 11.8] 7.0 [5.8; 11.0] 0.088
HbAlc (%) 8.8 [7.7; 10.0] 7.9[7.1;8.7] <0.001*
BMI (kg/m?) 24.2+6.8 25.6 + 3.96 0.099
Waist circumference (cm) 85.3 [76.5, 96.0] 84.0 [76.1; 93.0] 0.066
Vitamin Ds (nmol/L) 49.6 [30.6; 70.2] 74.8 [61.4; 95.5] <0.001*
Total vitamin D (nmol/L) 54.5[32.1; 71.2] 77.4 [64.5; 97.0] <0.001*
ZnT8 AAD positivity (%, (n)) 21.3 (17) 23.6 (25) 0.706

*p value is significant at p < 0.05; results expressed as mean = standard deviation or median [lower
quartile; upper quartile]; HbAlc = glycated haemoglobin, BMI = body mass index, ZnT8 AAb = zinc

transporter 8 autoantibodies
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3.2.2 Distribution of age at diagnosis of T1D participants
The majority (53%) of Indian patients were diagnosed between 6 and 15 years of age
while two peaks for the age at diagnosis were seen in the White T1D patients (Figure

3.2). The first peak in the White T1D patients occurred at 11-15 years of age (19%)

with the second peak occurring at 26-30 years of age (17%).
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Figure 3.2: Distribution of age at diagnosis in Indian and White T1D participants

Frequency
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3.2.3 ZnT8 autoantibody status and clinicopathological variables in T1D

patients

There was no statistically significant difference in age at diagnosis between individuals
who were ZnT8 AADb positive and those who were ZnT8 AAb negative in either the
Indian (p = 0.130) or White (p = 0.266) T1D patients (Table 3.4). When comparing
disease duration between ZnT8 AAb positive and negative T1D patients, no difference
was seen in the Indian cohort (p = 0.526). However, in the White T1D patients, the
ZnT8 AAb positive participants had a significantly shorter disease duration when
compared to the ZnT8 AAb negative participants (p = 0.005). No significant differences

were observed for the remaining variables investigated.
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Table 3.4: Comparison of clinicopathological variables and ZnT8 AADb status in Indian and White T1D patients

AAD status in Indian T1D patients

AAD status in White T1D patients

Positive Negative p value Positive Negative p value
(n=17) (n =63) (n = 25) (n=81)
Age at diagnosis | 8.5[6.0;12.5] 14.0[10.0; 17.0] 0.130 20.0 [15.0; 25.0] | 18.0[11.0; 29.0] 0.266
(years)
Duration (years) 104+£7.3 12.0+94 0.529 155+ 9.7 23.6+12.8 0.005*
BMI (kg/m?2) 21.1+4.4 25.0+7.1 0.044* 249+ 3.6 25.8+4.1 0.363
Glucose (mmol/L) 8.2 [5.6; 12.4] 8.9 [7.0; 11.8] 0.471 7.0[4.7;9.7] 7.5[6.2; 11.0] 0.533
HbAlc (%) 9.6 [8.8; 10.5] 8.6 [7.6; 9.8] 0.198 7.8[6.9; 8.3] 7.9[7.1,; 8.8] 0.445
Vitamin D3 (nmol/L) 39.9[27.8; 65.6] | 48.9[3.3; 71.3] 0.860 75.5[55.1; 93.2] | 74.5[61.4; 95.6] 0.783
Total vitamin D | 42.9[27.8;65.6] | 52.8 [33.0; 75.9] 0.950 78.4 [64.5; 97.0] | 76.6 [64.0; 97.2] 0.808
(nmol/L)

*p value is significant at p < 0.05; results expressed as mean + standard deviation or median [lower quartile; upper quartile]; HbAlc = glycated haemoglobin,

BMI = body mass index
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3.3 Genotyping participants for the VDR and vitamin D metabolising enzyme
gene polymorphisms

The DNA fragments containing the VDR and vitamin D metabolising enzyme gene
polymorphisms were amplified using PCR (see Appendix 3 for gel images of PCR
products). The PCR amplicons were digested with their respective restriction enzymes
(see Table 2.4 and Table 2.7), run on a 2% agarose gel and participants genotyped
based on the fragment patterns generated (Figure 3.3).
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Figure 3.3: Restriction enzyme digestion profiles for the VDR ((A) Bsml, (B) Fokl, (C)
Apal and (D) Taqgl) and vitamin D metabolising enzyme gene ((E) CYP2R1 and (F)
CYP27B1) polymorphisms run on a 2% agarose gel

A: Lane 1 and 7: 100 bp DNA ladder, Lane 2-5 and 8: heterozygous participants (GA), Lane 6:
participant homozygous for the A allele, Lane 9: participant homozygous for the G allele.

B: Lane 1: 100 bp DNA ladder, Lane 2 and 5: heterozygous participants (TC), Lane 3: participant
homozygous for the T allele, Lane 4: participant homozygous for the C allele.

C: Lane 1: 100 bp DNA ladder, Lane 2 and 4: participants homozygous for the A allele, Lane 3:
participant homozygous for the C allele, Lane 5: heterozygous participant (CA).

D: Lane 1: 100 bp DNA ladder, Lane 2: participant homozygous for the C allele, Lane 3-6: participants
homozygous for the T allele, Lane 7: heterozygous participant (TC).

E: Lane 1: 100 bp DNA ladder, Lane 2, 4 and 7: participants homozygous for the G allele, Lane 3, 5
and 6: heterozygous participants (GA), Lane 8: participants homozygous for the A allele.

F: Lane 1: 100 bp DNA ladder, Lane 2: participant homozygous for the G allele, Lane 3-5: heterozygous
participants (GT), Lane 6: participant homozygous for the T allele.
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3.4 Sanger sequencing of VDR and vitamin D metabolising enzyme gene PCR

products

Samples representing the different genotypes, determined through PCR-RFLP, for the
VDR and vitamin D metabolising enzyme gene polymorphisms were sequenced.
Sequencing was performed to confirm that participants were genotyped correctly by
the PCR-RFLP assay. The sequencing results for the CYP2R1 polymorphism are
shown in Figure 3.4. Chromatograms for the remaining polymorphisms investigated

can be found in Appendix 4.
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Figure 3.4: Chromatograms showing the portion of the CYP2R1 gene containing the
CYP2R1 polymorphism, from individuals genotyped as (A) homozygous G, (B)
homozygous A and (C) heterozygous GA for the CYP2R1 polymorphism through
PCR-RFLP. The box indicates the position of the polymorphism in the chromatogram.

3.5 Genotypic and allelic frequencies for the VDR and vitamin D metabolising

enzyme gene polymorphisms in the Indian and White control populations

The Indian and White control populations were determined to be in HWE for all
polymorphisms investigated with the exception of CYP27B1 which was not in HWE in
either population (Table 3.5 and Table 3.6).
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Table 3.5: HWE results for the VDR and vitamin D metabolising enzyme gene

polymorphisms in Indian control participants

Genotype model Participants (n) x? p value
Bsml

GG 0.40 (34) 1.614 0.204
GA 0.41 (35)

AA 0.19 (16)

Fokl

TT 0.04 (3) 0.046 0.830
TC 0.29 (24)

CC 0.67 (56)

Apal

CC 0.20 (17) 1.343 0.246
CA 0.42 (36)

AA 0.38 (32)

Taqgl

TT 0.51 (42) 0.164 0.685
TC 0.40 (33)

CcC 0.10 (8)

CYP2R1

GG 0.52 (43) 0.097 0.756
GA 0.40 (33)

AA 0.07 (6)

CYP27B1

GG 0.24 (19) 4.397 0.036*
GT 0.61 (49)

TT 0.15 (12)

*p value is significant at p < 0.05
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Table 3.6: HWE results for the VDR and vitamin D metabolising enzyme gene

polymorphisms in White control participants

Genotype model

Bsml
GG
GA
AA

Fokl
TT
TC
CC

Apal
CC
CA
AA

Taqgl
TT
TC
CC

CYP2R1
GG
GA
AA

CYP27B1
GG

GT

TT

Participants (n)

0.34 (28)
0.49 (41)
0.17 (14)

0.12 (10)
0.53 (43)
0.35 (28)

0.22 (17)
0.43 (33)
0.34 (26)

0.38 (29)
0.48 (37)
0.14 (11)

0.48 (39)
0.40 (32)
0.12 (10)

0.21 (17)
0.63 (52)
0.16 (13)

0.024

1.107

1.080

0.021

0.711

6.036

p value

0.878

0.293

0.299

0.884

0.399

0.014*

*p value is significant at p < 0.05
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3.5.1 Comparison of allelic frequencies for VDR and vitamin D metabolising
enzyme gene polymorphisms between the Indian and White South African

control cohorts and populations in the 1000 genomes project

No significant differences in allelic frequencies were found between our South African
Indian population and South Asian populations listed in the 1000 genomes project
(Table 3.7). However, differences in allelic frequencies were observed for the four VDR
polymorphisms (p <0.001) and the CYP2R1 (p = 0.011) polymorphism when
comparing our Indian cohort to the 1000 genomes East Asian populations. In addition,
our Indian population had a significantly lower CYP27B1 G allele frequency than the
1000 genomes African (0.54 vs. 0.92; p <0.001) and European (0.54 vs. 0.68; p =
0.042) populations.

No significant differences in allelic frequencies were found between our South African
White and 1000 genomes European populations with the exception of the CYP27B1
polymorphism (C allele frequency 0.52 vs. 0.68; p = 0.021) (Table 3.8). In contrast,
the Bsml G allele (0.58 vs. 0.27; p = 0.026), Fokl T allele (0.39 vs. 0.19; p = 0.002)
and CYP27B1 T allele (0.48 vs. 0.08; p <0.001) frequencies were significantly higher
in our White population compared to the 1000 genomes African populations. In
addition, the Bsml G allele (0.58 vs. 0.94; p <0.001), Apal C allele (0.44 vs. 0.71; p
<0.001), Taql T allele (0.66 vs. 0.93; p <0.001) and CYP27B1 T allele (0.48 vs. 0.64;
p = 0.023) frequencies were significantly higher in our White population compared to

the 1000 Genomes East Asian populations.
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Table 3.7: Genotypic and allelic frequencies of the VDR and vitamin D metabolising enzyme gene polymorphisms in our Indian

population and populations from the 1000 Genomes project

SNP Our study South p value | European | p value African p value East p value
(allele f) (Indian) Asian Asian
Bsml

0.60 0.52 0.254 0.60 1.000 0.73 0.051 0.94 <0.001*
(G allele)
Fokl

0.18 0.26 0.172 0.38 0.002* 0.19 0.856 0.42 <0.001*
(T allele)
Apal

0.42 0.41 0.886 0.45 0.669 0.36 0.384 0.71 <0.001*
(C allele)
Taql

0.71 0.63 0.229 0.60 0.102 0.71 1 0.93 <0.001*
(T allele)
CYP2R1

0.73 0.64 0.171 0.62 0.097 0.78 0.411 0.68 0.438
(G allele)
CYP27B1

0.54 0.49 0.479 0.68 0.042* 0.92 <0.001* 0.36 0.011*
(G allele)

*p value is significant at p <0.05 when compared to the frequency of our Indian South African cohort, Genomes Project et al., 2015; f= frequency
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Table 3.8: Comparison of allelic frequencies of the VDR and vitamin D metabolising enzyme gene polymorphisms between our White

population and populations from the 1000 Genomes project

SNP Our study | European | p value South p value African p value East p value
(allele f) (White) Asian Asian
Bsml

0.58 0.60 0.774 0.52 0.394 0.73 0.026* 0.94 <0.001*
(G allele)
Fokl

0.39 0.38 0.884 0.26 0.050 0.19 0.002* 0.42 0.666
(T allele)
Apal

0.44 0.45 0.887 0.41 0.668 0.36 0.248 0.71 <0.001*
(C allele)
Taql

0.66 0.60 0.380 0.63 0.658 0.71 0.447 0.93 <0.001*
(T allele)
CYP2R1

0.68 0.62 0.374 0.64 0.551 0.78 0.111 0.68 1.000
(G allele)
CYP27B1

0.52 0.68 0.021* 0.49 0.671 0.92 <0.001* 0.36 0.023*
(G allele)

*p value is significant at p <0.05 when compared to the frequency of our White South African cohort, Genomes Project et al., 2015; f= frequency
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3.5.2 Genotypic and allelic associations of the VDR and vitamin D metabolising

enzyme gene polymorphisms with T1D in the study cohort

Genotypic and allelic frequencies were compared between T1D and control
participants for both the Indian (Table 3.9) and White (Table 3.10) populations.

Genotypic frequencies were significantly different between Indian T1D patients and
control participants for the Bsml, Apal and CYP2R1 polymorphisms (p = 0.023, 0.007
and 0.002, respectively). The T1D associated risk alleles for the Indian population
were found to be the A allele for the Bsml (0.53 vs. 0.39; p = 0.023), Apal (0.72 vs.
0.59; p=0.009) and CYP2R1 (0.46 vs. 0.27; p <0.001) polymorphisms. The remainder
of the polymorphisms investigated showed no association with T1D in the Indian

population.

No statistically significant differences in the genotypic and allelic frequencies between
the White T1D patients and control participants were found for any of the VDR
polymorphisms studied, nor for the CYP2R1 polymorphism. However, a significant
difference in genotypic frequencies for the CYP27B1 polymorphism was found
between patients and controls (GG genotype: 0.49 vs. 0.21; p = 0.003). In addition,
White patients were found to have a significantly higher frequency of the CYP27B1 G
allele compared to control participants (0.70 vs. 0.52; p = 0.001).
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Table 3.9: Genotypic and allelic frequencies of the VDR and vitamin D metabolising

enzyme gene polymorphisms in the Indian population

SNP Frequency (n) x> p value
T1D patients Controls (phi)

Bsml

Genotype model

GG 0.20 (16) 0.40 (34) 7.553 0.023*

GA 0.56 (44) 0.41 (35) (0.21)

AA 0.24 (19) 0.19 (16)

Allele model

G 0.47 (76) 0.61 (103) 5.151 0.023*

A 0.53 (82) 0.39 (67) (0.13)

Fokl

Genotype model

TT 0.13 (10) 0.04 (3) 4.418 0.110

TC 0.28 (22) 0.29 (24) (0.16)

CC 0.60 (48) 0.67 (56)

Allele model

T 0.18 (42) 0.18 (30) 0.002 0.962

C 0.82 (188) 0.82 (136) (0.00)

Apal

Genotype model

CcC 0.04 (3) 0.20 (17) 10.046 0.007*

CA 0.47 (37) 0.42 (36) (0.25)

AA 0.49 (38) 0.38 (32)

Allele model

C 0.28 (43) 0.41 (70) 6.656 0.009*

A 0.72 (113) 0.59 (100) (0.14)
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Taql

Genotype model
TT

TC

CC

Allele model
T
C

CYP2R1
Genotype model
GG

GA

AA

Allele model
G
A

CYP27B1
Genotype model
GG

GT

TT

Allele model
G
T

0.39 (30)
0.44 (34)
17 (13)

0.61 (94)
0.39 (60)

0.28 (22)
0.53 (42)
0.20 (16)

0.54 (86)
0.46 (74)

0.21 (16)
0.51 (39)
0.28 (21)

0.47 (71)
0.53 (81)

0.51 (42)
0.40 (33)
0.10 (8)

0.70 (117)
0.30 (49)

0.52 (43)
0.40 (33)
0.07 (6)

0.73 (119)
0.27 (45)

0.24 (19)
0.61 (49)
0.15 (12)

0.52 (87)
0.46 (73)

2.985

3.172

12.387

12.332

3.748

1.832

0.225
(0.14)

0.075
(0.10)

0.002*
(0.28)

<0.001*
(0.20)

0.153
(0.16)

0.176
(0.08)

*p value is significant at p <0.05
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Table 3.10: Genotypic and allelic frequencies of the VDR and vitamin D metabolising

enzyme gene polymorphisms in the White population

SNP Frequency (n) %2 p value
T1D patients Controls (phi)

Bsml

Genotype model

GG 0.26 (29) 0.34 (28) 1.320 0.517

GA 0.60 (59) 0.49 (41) (0.08)

AA 0.14 (14) 0.17 (14)

Allele model

G 0.57 (117) 0.58 (97) 0.044 0.841

A 0.43 (87) 0.42 (69) (0.01)

Fokl

Genotype model

TT 0.07 (7) 0.12 (10) 1.915 0.384

TC 0.60 (62) 0.53 (43) (0.10)

CC 0.34 (35) 0.35 (28)

Allele model

T 0.35 (72) 0.39 (63) 0.501 0.479

C 0.65 (132) 0.61 (99) (0.04)

Apal

Genotype model

CcC 0.22 (23) 0.22 (17) 1.398 0.550

CA 0.51 (52) 0.43 (33) (0.09)

AA 0.26 (27) 0.34 (26)

Allele model

C 0.48 (98) 0.44 (67) 0.549 0.459

A 0.52 (106) 0.56 (85) (0.04)
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Taql

Genotype model
TT

TC

CC

Allele model
T
C

CYP2R1
Genotype model
GG

GA

AA

Allele model
G
A

CYP27B1
Genotype model
GG

GT

TT

Allele model
G
T

0.38 (39)
0.47 (48)
0.15 (15)

0.62 (126)
0.38 (78)

0.37 (39)
0.42 (44)
0.21 (22)

0.58 (122)
0.42 (88)

0.49 (51)
0.40 (42)
0.11 (11)

0.70 (146)
0.30 (64)

0.38 (29)
0.48 (37)
0.14 (11)

0.66 (115)
0.34 (59)

0.48 (39)
0.40 (32)
0.12 (10)

0.68 (110)
32 (52)

0.21 (17)
0.63 (52)
0.16 (13)

0.52 (86)
0.48 (78)

0.018

0.761

3.354

3.747

15.850

11.412

0.990
(0.01)

0.383
(0.04)

0.187
(0.13)

0.053
(0.10)

0.003*
(0.30)

0.001*
(0.18)

*p value is significant at p <0.05
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3.6 Association of clinicopathological variables with VDR and vitamin D
metabolising enzyme gene polymorphisms in the Indian and White T1D

participants

We investigated whether the VDR and vitamin D metabolising enzyme gene
polymorphisms studied were associated with any of the anthropometric and clinical

characteristics in the Indian and White T1D patient groups (Table 3.11 and 3.12).

In the Indian patients, there was no statistically significant difference between the
patient characteristics and genotypes, with the exception of the Apal polymorphism.
T1D patients with the combined Apal CA and CC genotypes had an older age at
diagnosis (15.0 [11.0; 19.0] vs. 10.5 [6.5; 15.5] years; p = 0.018) and higher glucose
levels (10.2 [7.6; 13.4] mmol/L vs. 8.2 [5.8; 11.0]; p = 0.035) when compared to
patients with the AA genotype.

No significant differences were found between any of the polymorphisms investigated

and the clinicopathological variables in the White population.

53



Table 3.11: Association between VDR and vitamin D metabolising enzyme gene polymorphisms and clinicopathological variables in

Indian T1D participants

Variables Fokl Apal

CC TT + TC* p value AA CC + CA* p value
Age at diagnosis (years) 13.5[9.0; 17.0] 12.0 [8.0; 16.0] 0.810 10.5 [6.5; 15.5] 15.0 [11.0; 19.0] 0.018*
BMI (kg/m?) 243+7.1 245+6.4 0.886 23.1+54 255+7.8 0.144
Glucose (mmol/L) 9.3[6.9; 12.8] 8.6 [7.0; 10.5] 0.421 8.2 [5.8; 11.0] 10.2 [7.6; 13.4] 0.035*
HbAlc (%) 9.0 [7.7; 10.0] 8.8 [7.9; 10.5] 0.838 9.4[8.1; 11.1] 8.6 [7.4; 9.6] 0.148
Vitamin D3 (nmol/L) 49.8[30.3;70.7] | 49.7[32.1;70.4] | 0.968 49.8[32.1;73.2] | 49.7[27.8;65.0] 0.475
Total vitamin D (nmol/L) 75.8 [58.7;106.4] | 49.7 [32.1; 70.4] 0.884 52.1[32.1; 83.0] 56.0 [30.1; 65.6] 0.586
ZnT8 AAD positivity (%, (n)) 19.6 (9) 25.8 (8) 0.517 30.6 (11) 12.8 (5) 0.061
Variables Taq|l CYP2R1

TT CC+TC* p value GG AA + GA*# p value
Age at diagnosis (years) 11.5[9.0; 16.0] 14.0 [8.0; 18.0] 0.087 13.0 [9.0; 23.0] 12.0 [7.0; 17.0] 0.134
BMI (kg/m?) 245+7.1 243 +6.0 0.901 254 +7.38 240+6.4 0.425
Glucose (mmol/L) 10.4 [7.0; 12..1] 8.3[6.3; 11.0] 0.142 10.2 [8.2; 12.4] 6.9 [5.8; 8.7] 0.107
HbAlc (%) 9.6 [8.1; 11.7] 8.6 [7.8; 9.5] 0.256 9.6 [7.7; 11.5] 8.6 [7.7; 9.5] 0.070
Vitamin D3 (nmol/L) 48.0[34.9;61.4] | 49.9[28.3;76.3] | 0.914 38.1[18.7; 71.3] 56.0 [34.4; 73.2] 0.241
Total vitamin D (nmol/L) 48.2 [35.2;63.4] | 57.8[30.1;82.9] | 0.853 36.0 [16.6;82.2] | 56.2[36.1; 71.2] 0.215
ZnT8 AADb positivity (%, (n)) 21.4 (6) 19.6 (9) 0.867 20.0 (4) 22.8 (13) 0.795
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Variables Bsml CYP27B1
GG GA AA p value GG GT TT p value
Age at diagnosis (years) 11.0 14.5 13.0 0.500 11.0 14.0 13.5 0.572
[8.0; 17.0] [10.0; 18.0] | [8.0; 15.5] [10.0; 16.5] | [8.0;17.0] [9.0; 19.0]
BMI (kg/m?) 24.1+6.1 244 +7.2 24.8+6.8 0.961 225+4.1 25.8+8.0 244 +5.9 0.295
Glucose (mmol/L) 7.2 9.7 8.3 0.829 11.0 9.1 9.8 0.722
[6.5; 12.1] [6.8; 12.8] [7.0; 11.2] [7.0; 14.6] [7.0; 11.7] [6.5; 10.8]
HbAlc (%) 8.6 8.6 9.5 0.101 9.1 8.6 9.4 0.477
[6.9; 9.7] [7.6; 9.5] [8.3; 11.7] [8.6; 9.5] [7.6; 10.0] [7.9; 11.9]
Vitamin D3 (nmol/L) 39.5 44.8 55.9 0.286 56.0 49.8 37.5 0.493
[35.1; 61.4] | [30.6;67.9] | [28.3;92.7] [34.6; 71.7] | [32.2;72.6] | [27.8; 61.3]
Total vitamin D (nmol/L) 61.4 56.0 52.1 0.274 56.0 56.4 375 0.391
[49.5; 79.2] | [44.9;81.3] | [32.1; 83.0] [34.6; 71.9] | [34.6; 79.8] | [27.8;61.4]
ZnT8 AAb positivity (%, (n)) 20.0 (3) 18.6 (8) 26.3 (5) 0.790 31.3 (5) 18.4 (7) 20.0 (4) 0.567

*p value is significant at p < 0.05; results expressed as mean + standard deviation or median [lower quartile; upper quartile]; HbAlc = glycated haemoglobin,
BMI = body mass index, ZnT8 AAb = zinc transporter 8 autoantibodies, # homozygous T, C, C and A genotypes for the Fokl, Apal, Tagl and CYP2R1
polymorphisms, respectively, were combined due to small (n) number
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Table 3.12: Association between VDR and vitamin D metabolising enzyme gene polymorphisms and clinicopathological variables in

White T1D participants

Variables Fokl Apal

CC TT + TC* p value AA CC + CA* p value
Age at diagnosis (years) 17 [12.0; 25.0] 21.0 [12.0; 30.0] 0.426 21.5[14.0; 31.0] 18.5[11.0; 27.0] 0.306
BMI (kg/m?) 25.0+4.1 25.8+3.9 0.394 254+44 25.6 +3.8 0.776
Glucose (mmol/L) 7.5[6.1; 10.0] 7.5[5.7; 11.0] 0.711 8.7 [5.7; 11.3] 7.5[5.8; 11.0] 0.850
HbAlc (%) 7.9[7.2; 8.4] 7.9[7.0; 8.8] 0.833 7.7[7.0; 8.7] 7.9[7.1; 8.7] 0.432
Vitamin D3 (nmol/L) 70.5 [55.1; 98.8] 74.8 [62.7; 88.9] 0.553 75.0 [63.0; 95.5] 74.0 [58.3; 87.7] 0.562
Total vitamin D (nmol/L) 75.8 [68.7; 106.4] | 75.9[64.5; 93.6] 0.789 86.5 [65.1; 106.4] 75.6 [63.3; 93.4] 0.299
ZnT8 AAb positivity (%, (n)) 28.6 (10) 21.7 (15) 0.441 25.9 (7) 24.0 (18) 0.842
Variables Taql CYP2R1

TT CC+TC* p value GG AA + GA*# p value
Age at diagnosis (years) 18.0 [11.0; 23.0] 20.5[11.0; 29.0] 0.212 23.0 [11.0; 30.0] 18.0 [11.5; 25.0] 0.515
BMI (kg/m?) 25.8+4.2 255+3.8 0.824 26.1+4.1 25.3+3.9 0.353
Glucose (mmol/L) 7.4[5.8; 9.0] 8.3 [5.8; 12.0] 0.240 7.2[5.4;11.0] 7.51[6.1; 11.0] 0.942
HbAlc (%) 7.9[7.0; 8.7] 7.9[7.2;8.7] 0.673 7.7[7.0; 8.6] 7.9[7.2; 8.8] 0.628
Vitamin D3 (nmol/L) 74.8[63.5;87.68] | 75.0[57.9;107.2] | 0.678 | 69.6[54.3;83.5] | 75.8[63.0;101.3] | 0.077
Total vitamin D (nmol/L) 77.4[69.6;88.8] | 77.7[64.5;107.2] | 0.436 | 73.5[56.7;88.4] | 78.3[66.0;103.6] | 0.067
ZnT8 AAD positivity (%, (n)) 20.5 (8) 27.0 (17) 0.460 23.1(9) 24.2 (16) 0.892
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Variables Bsml CYP27B1
GG GA AA p value GG GT TT p value

Age at diagnosis (years) 18.0 21.0 21.0 0.408 20.0 20.0 25.0 0.175
[11.0; 22.5] | [11.0; 29.0] | [16.0; 30.0] [11.0; 29.0] | [13.0; 30.0] | [18.0; 30.0]

BMI (kg/m?) 26.1+4.0 | 256+4.0 | 243+44 0.411 25.7+3.9 25.7+4.0 242 +4.2 0.295

Glucose (mmol/L) 7.5 7.0 6.9 0.939 7.5 7.2 9.0 0.616
[6.3;10.0] | [5.2;10.9] | [5.2;12.5] [5.6; 11.0] [5.8; 11.0] [6.2; 12.0]

HbAlc (%) 8.2 7.7 7.8 0.918 7.9 8.0 7.3 0.408

[7.0; 8.8] [7.1; 8.7] [7.2; 8.7] [7.1; 8.7] [7.3; 8.8] [7.0; 8.2]

Vitamin D3 (nmol/L) 74.9 71.3 88.8 0.928 74.8 73.7 69.6 0.985
[63.0; 88.4] | [57.8; 92.0] | [72.3; 106.4] [61.4; 95.5] | [56.5; 103.8] | [58.7;97.2]

Total vitamin D (nmol/L) 75.89 74.5 88.8 0.605 76.7 77.9 69.6 0.833
[69.2; 97.2] | [58.3; 93.4] | [72.3; 106.4] [64.0; 97.0] | [63.6; 103.8] | [58.7; 97.2]

ZnT8 AAb positivity (%, (n)) 20.7 (6) 25.4 (15) 21.4 (3) 0.868 29.4 (15) 21.4 (9) 9(1) 0.315

*p value is significant at p < 0.05; results expressed as mean + standard deviation or median [lower quartile; upper quartile]; HbAlc = glycated haemoglobin,
BMI = body mass index, ZnT8 AAb = zinc transporter 8 autoantibodies # homozygous T, C, C and A genotypes for the Fokl, Apal, Tagl and CYP2R1

polymorphisms, respectively, were combined due to small (n) number
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3.7 The association of increased numbers of VDR and vitamin D metabolising
enzyme gene polymorphism risk alleles with T1D in Indian and White

populations

Each individual can have a maximum of eight, and a minimum of zero, VDR risk alleles
with respect to the four VDR polymorphisms. Similarly, individuals can have a
maximum of four, or a minimum of zero, vitamin D metabolising gene risk alleles with
respect to the CYP2R1 and CYP27B1 polymorphisms. For the purpose of this study,
the VDR risk alleles were defined as Bsml: A, Fokl: C, Apal: A and Taql: C. The vitamin
D metabolising risk alleles were defined as CYP2R1: A and CYP27B1: G. The Fokl
and Tagql risk alleles were based on data from the literature whereas the Bsml, Apal,
CYP2R1 and CYP27B1 risk alleles were chosen based on the associations found
within our study. The effect of increasing numbers of these T1D risk alleles on the
development of T1D in the Indian and White populations was assessed (Table 3.13
and Table 3.14). In the Indian population, control participants had significantly fewer
VDR and vitamin D metabolising enzyme gene risk alleles than Indian T1D patients (p
=0.027 and p = 0.016, respectively). There was no association with the number of risk

alleles and the presence of T1D in the White population (p = 0.872 and p = 0.412).

3.7.1 Comparison of clinicopathological variables and the number of VDR gene
risk alleles in the Indian and White T1D patients

A comparison of anthropometric and clinical characteristics with the number of VDR
risk alleles in the Indian and White T1D patient is summarised in Table 3.15. There
was no significant difference in the clinicopathological variables with an increasing

number of VDR risk alleles in either the Indian or White T1D patients
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Table 3.13: Comparison of the number of VDR risk alleles between T1D patients and controls in the Indian and White population

Number of Indian White

risk alleles T1D patients Control a p value T1D patients Control %2 p value
(n) participants (n) (phi) (n) participants (n) (phi)

1-2 2 14 24 17

3-4 30 32 0.027* 27 24 0.872

9.190 0.315
5-6 32 28 (0.25) 29 24 (0.04)
7-8 9 7 8 6

*p value is significant at p < 0.05

Table 3.14: Comparison of the number of vitamin D metabolising enzyme gene risk alleles between T1D patients and controls in the

Indian and White population

Number of Indian White

risk alleles T1D patients Control %2 p value T1D patients Control x2 p value
(n) participants (n) (phi) (n) participants (n) (phi)

0 3 9 19 9

1 22 32 38 27

2 26 27 12.150 0.016* 32 35 3.960 0.412

3 20 10 (0.28) 13 8 (0.15)

4 4 0 2 2

*p value is significant at p < 0.05
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Table 3.15: Clinicopathological variables and the number of VDR gene risk alleles in the Indian and White T1D patients

positivity (%, (n))

Variables Indian T1D patients?” White T1D patients
3-4 risk 5-6 risk 7-8 risk p 1-2 risk 3-4 risk 5-6 risk 7-8 risk p
alleles alleles alleles value alleles alleles alleles alleles value
(n = 30) (n=32) (n=9) (n =24) (n =27) (n =29) (n=18)
Age at diagnosis | 12.0[10.0; | 13.0[6.0; | 19.5[15.0; | 0.718 | 15.0 [10.0; | 22.0[10.0; | 19.5[13.0; | 19.5[15.0; | 0.157
(years) 17.0] 17.0] 29.5] 20.0] 31.0] 30.0] 29.5]
BMI (kg/m?) 244+6.1 | 248+7.7 | 23.1+7.0 | 0828 | 25.6+4.1 | 26.5+3.9 | 246+3.8 | 245+52 | 0.281
Glucose 9.9[7.2; 10.2 [6.8; 9.0[4.2; 0.440 | 7.5][6.2; 7.0[5.7; 6.9 [5.8; 9.0[4.2; 0.965
(mmol/L) 12.1] 13.2] 13.0] 10.2] 11.0] 10.9] 13.0]
HbAlc (%) 8.6 [7.7; 9.1[8.1; 8.2[7.8; 0.899 | 8.2[7.0; 7.9]7.1; 7.6 [7.0; 8.2[7.8; 0.734
9.7] 10.5] 9.1] 8.8] 8.7] 8.4] 9.1]
Vitamin D3 | 49.7 [27.8; | 56.0[30.3; | 83.4[53.2; | 0.530 | 82.1[71.3; | 71.0[59.9; | 75.4 [60.1; | 83.4 [53.2; | 0.651
(nmol/L) 65.0] 72.0] 100.9] 92.8] 83.7] 95.1] 100.9]
Total vitamin D | 49.7 [27.8; | 56.0 [30.6; | 83.4[53.2; | 0.449 | 82.1[71.3; | 74.0[64.2; | 76.7 [66.0; | 83.4[53.0; | 0.627
(nmol/L) 65.4] 76.3] 100.9] 92.8] 91.5] 95.7] 100.9]
ZnT8 AAb | 14.3 (4) 29.0 (9) 22.2 (2) 0.394 | 25.0(6) 19.4 (7) 31.0 (9) 25.0 (2) | 0.0763

*p value is significant at p < 0.05; HbAlc = glycated haemoglobin, BMI = body mass index, ZnT8 AAb = zinc transporter 8 autoantibodies, # data for the 1-2
risk alleles is not shown as there were only two participants and thus no statistical analyses could be performed with such a small number
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3.7.2 Comparison of clinicopathological variables and the number of vitamin D

metabolising gene risk alleles in the Indian and White T1D patients

A comparison of anthropometric and clinical characteristics with an increasing number
of vitamin D metabolising gene risk alleles in the Indian and White T1D patient is
summarised in Table 3.16. There were no significant differences in the
clinicopathological variables and the number of vitamin D metabolising gene risk
alleles in both the Indian and White T1D patients.
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Table 3.16: Clinicopathological variables and the number of vitamin D metabolising gene risk alleles in the Indian and White T1D

patients

Variables Indian T1D patients White T1D patients
0-1 risk?” 2 risk 3-4 risk p 0 risk 1 risk 2 risk 3-4 risk? p
alleles alleles alleles value | alleles (n | alleles (n | alleles (n alleles value
(n = 25) (n = 26) (n = 24) =19) = 38) =32) (n = 15)

Age at diagnosis 14.5 12.0 14.0 0.070 17.5 20.0 20.5 19.0 0.579

(years) [10.0; 23.0] | [6.0;16.0] | [8.0; 19.0] [9.0; 27.0] | [12.0;29.0] | [13.0; 28.0] | [13.0; 25.0]

BMI (kg/m?) 24.3+8.0 249+59 254+65 | 0.861 | 26.7+4.2 | 25.3+3.7 | 251+43 25.8+3.8 0.583

Glucose 10.2 8.1 8.3 0.400 7..0 7.5 7.3 8.5 0.564

(mmol/L) [7.9;13.2] | [6.7;11.4] | [6.5; 10.8] [4.8;11.0] | [6.2;10.9] | [4.8;10.0] | [6.9;13.1]

HbAlc (%) 9.1 8.7 9.3 0.871 8.4 7.7 7.5 8.2 0.061
[7.7; 9.9] [7.9,10.3] | [7.9;9.8] [7.1;9.2] | [7.0;8.2] | [7.0;8.8] [7.6; 8.8]

Vitamin D3 55.9 36.6 54.5 0.516 78.7 74.9 72.2 74.4 0.970

(nmol/L) [30.6; 87.7] | [24.9; 63.4] | [34.4; 65.0] [61.9; 98.8] | [60.1; 88.4] | [60.7; 92.6] | [67.0; 107.2]

Total vitamin D 56.1 37.4 56.5 0.518 80.7 77.9 72.2 88.8 0.990

(nmol/L) [30.6; 92.5 | [28.3;63.4] | [36.7; 72.0] [69.6; 98.6] | [64.5; 94.5] | [60.7; 92.6] | [68.0; 107.2]

ZnT8 AAb | 20.0 (5) 29.2 (7) 16.7(4) | 0.269 | 27.8(5) 23.7 (9) 25.0 (8) 20.0 (2) 0.960

positivity (%, (n))

*p value is significant at p < 0.05, HbAlc = glycated haemoglobin, BMI = body mass index, ZnT8 AAb = zinc transporter 8 autoantibodies, # risk allele data

were combined due to small number of participants

62




3.8 Multivariable linear regression model to determine which variables

contribute to vitamin D levels in the total cohort

A multiple linear regression model was run to investigate which variables contribute to
vitamin D levels in the total population (Table 3.17). VDR and metabolising enzyme
gene polymorphisms, patient/control, ethnicity, age, BMI, smoking, time outdoors, sun
exposure and season of collection were included in this model. Indian race (p <0.001)
and CYP2R1 AA/GA genotype (p = 0.028) were found to significantly contribute to
vitamin D3 levels in the total population (p < 0.001 and 0.026, respectively). Indian
race was associated with vitamin D3 levels 25.05 nmol/L lower than vitamin D levels
in the White population. In addition, the CYP2R1 GG genotype was associated with
vitamin D3 levels approximately 8.29 nmol/L lower than levels in individuals with the
GA or AA genotypes. This model accounts for 36.6% of the contributors to vitamin D

levels.

Table 3.17: Variables associated with levels of vitamin D3 in the total population

Dependant Independent b value p value R and (p)
variables variable value for

whole model

Vitamin D3 Indian race -25.05 <0.001* 0.366 (0.000)
CYP2R1 8.29 0.026*
AAIGA

*p value is significant at p < 0.05

When determining what variables contributed to total vitamin D levels in the total
population (Table 3.18), only Indian race remained significantly associated (p < 0.001);
with individuals of Indian ethnicity having vitamin D levels that were on average 24.13
nmol/L lower than those of White ethnicity. This model accounts for 34% of

contributors to vitamin D levels.
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Table 3.18: Variables associated with levels of total vitamin D in the total population

Dependant Independent b value p value R and (p)
variables variable value for
whole model

Total vitamin D | Indian race -24.13 <0.001* 0.343 (0.000)

*p value is significant at p < 0.05

To determine population specific contributors to vitamin D levels, the regression model
was repeated in each individual population group using the variables described above,
with the exception of race. None of the variables contributed to serum vitamin D levels
in the Indian population. However, in the White population (Table 3.19) the CYP2R1
genotype was found to significantly contribute to both vitamin D3 and total vitamin D
levels (p =0.010 and 0.003, respectively). Within the White population, individuals with
the CYP2R1 GG genotype had vitamin D3 levels 13.19 nmol/L and total vitamin D
levels 15.04 nmol/L lower than individuals with the AA/AG genotypes. These models
account for approximately 20% of variables affecting both total vitamin and vitamin D3

levels.

Table 3.19: Variables associated with levels of vitamin D in the White population

Dependant Independent b value p value R and (p)
variables variable value for

whole model

Vitamin D3 CYP2R1 13.19 0.010* 0.194 (0.000)
AAIAG

Total vitamin D | CYP2R1 15.04 0.003* 0.223 (0.000)
AA/AG

*p value is significant at p < 0.05

3.9 Comparison of relative VDR mRNA expression levels between White T1D

patients and control participants

A pilot study to compare VDR mRNA expression levels between White T1D patients
(n = 7) and control participants (n = 9) was carried out (Table 3.20). Relative VDR

MRNA expression was expressed as a ratio between the Ct of VDR and the Ct of the
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B-actin reference gene. There was a significant difference in VDR mRNA expression
levels between T1D patients and controls (0.88 + 0.07 vs. 0.76 + 0.074, p = 0.007).
Representative amplification curves, melt curves and agarose gel electrophoresis of
the real time assay are shown in Appendix 5.

Table 3.20: Comparison of VDR mRNA expression between White T1D patients and
control participants

Gene White T1D patients White control p value
participants
n MRNA n MRNA
expression® expression”
VDR 7 0.88 = 0.07 9 0.76 £ 0.07 0.007

*p value is significant at p < 0.05; # medium quantification of mMRNA expression
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4 Discussion

In this study we investigated the association of the VDR and vitamin D metabolising
enzyme gene polymorphisms with T1D. The VDR gene polymorphisms Bsml, Apal
and CYP2R1 showed a significant difference in allele frequency between Indian T1D
patients and controls. The A alleles of the Bsml, Apal and CYP2R1 polymorphisms
were found at higher frequencies in Indian T1D patients than control participants. In
the White population, no significant difference was observed for any of the
polymorphisms investigated between patients and controls, with the exception of the
CYP27B1 polymorphism, where the GG genotype/G allele frequencies were
significantly higher in the patient group. In the White population, the majority (60.2%)
of the participants had vitamin D levels greater than 72.5 nmol/L, whereas only 28.4%
of Indian participants had sufficient levels. The main determinants of vitamin D levels
in the total cohort was found to be ethnicity and CYP2R1 GG/AG genotype.

4.1 Anthropometric and clinical characteristics of the White and Indian

populations

In the White population, the control participants were significantly younger than T1D
participants (p <0.001). This can be explained by the fact that the majority of the White
controls were students recruited from Wits Medical School and thus had a younger
age. In contrast, in the Indian population, the T1D participants were younger than
control participants (p <0.001). This may be due to the fact that the majority of control
participants were recruited from SANBS blood drives which may draw from an older

population (personal observation of the recruiter).

The White T1D participants had a higher BMI (p = 0.046) and larger waist
circumference (p = 0.043) than control participants. This is not unexpected as the
White control group is significantly younger than the T1D participants and older age is
known to be associated with increased BMI and waist circumference (Peter et al.,
2015).

The White and Indian control group had lower glucose concentrations than T1D

participants (p <0.001). This finding is expected because T1D is a disease that results
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in B cell destruction and hence low insulin levels (Denis Daneman, 2006). Insulin is
necessary to regulate glucose levels in the blood, thus in the absence of insulin,

hyperglycaemia is found (Joshi et al., 2007).

The higher percentage of males in the Indian control population may be due to the fact
that they were recruited from SANBS blood drives. According to the SANBS 2017
integrated report, there is strong evidence that iron deficiency is more prevalent in
female donors (SANBS, 2017), thus less women would be eligible to be blood donors.
In addition, the World Health Organisation reported that globally, only 30% of blood
donors are female (WHO, 2017).

In contrast, there was a higher percentage of females in the White control population.
These discrepancies are likely due to the composition/nature of the participants
approached to participate in this study. In addition, data from 2017 showed that there
was a greater percentage of female students enrolled at WITS University compared
to male students (54.9 vs. 45.1%) which could explain the greater number of female
participants in the White control group (Wits University Report, 2018). Both the Indian
and WhiteT1D patient groups showed a similar percentage of females as to males.
Studies conducted by Kalk et al. (1993) and Omar and Asmal (1984) in South African
populations showed a predominance of females. It is observed that a predominance
of females in T1D is mostly seen in countries with a low incidence while the opposite

is true in country with a high incidence such as Europe (Karvonen et al., 1997).

The majority of the Indian population (41.9%) were vitamin D deficient, while 29.7%
had insufficient levels and 28.4% of participants had sufficient levels of vitamin D. This
is in agreement with a study conducted by George et al. (2014) which showed that a
South African Indian population had a higher percentage of vitamin D deficiency
(28.6%) as compared to White South Africans.

The majority of the White population (60.2%) were vitamin D sufficient with 28.7%
having insufficient levels and only 11.0% of participants being vitamin D deficient. This
is similar to another study undertaken in Gauteng, which showed that the majority of
the White population (70%) had sufficient vitamin D levels (O’ Neill et al., 2013). The
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similarities between the two studies is expected as both studies looked at a common

population group, i.e. White participants recruited from Gauteng province.

4.2 Characteristics of the Indian and White T1D participants

4.2.1 Indian T1D patients have a younger age at diagnosis than White T1D

patients

The White T1D patients had a significantly older median age at diagnosis than the
Indian T1D patients (20.0 [11.0; 19.0] vs. 13.0 [8.0; 17.0] years; p < 0.001). When
looking at the distribution for the age at diagnosis in the White T1D participants, two
peaks were observed (11-15 years and 26-30 years), whereas a single peak at 11-15

years was observed in the Indian T1D population.

The peak age at diagnosis seen in our Indian cohort is similar to that described by
Omar and Asmal (1984) who showed a peak age at diagnosis of 17 years in the
Durban Indian population. Similarly, in South Indian populations, the peak age at

diagnosis was 12-15 years (Mylariah and Kumar, 2015).

The first age at diagnosis peak seen in the White T1D patients corresponds to studies
in South African White and European populations which found the age of diagnosis to
be 12-13 years and 10-14 years, respectively (Patterson et al., 2009; Kalk et al., 1993).
A recent study conducted in the United Kingdom on the frequency of T1D in the first
six decades of life observed that about 42% of their T1D participants were diagnosed
between 31 and 60 years of age (Thomas et al., 2017). In our White cohort 18.3%
were diagnosed between 31 and 60 years of age. This is in contrast to the Indian
population where only 9.1 % of individuals were diagnosed after the age of 30 years.
The UK study found that there were no differences in clinical characteristics between
T1D cases diagnosed <30 years of age and those diagnosed at >30 years of age.
However, when comparing T1D individuals diagnosed between 31-60 years of age
with T2D patients, significant differences in clinical characteristics (BMI, use of insulin
within a year of diagnosis and presence of ketoacidosis) were identified (Thomas et
al.,, 2017). These differences in clinical characteristics suggest that the T1D

participants with the older age at diagnosis are not misdiagnosed T2D patients.
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Studies conducted in Italy and Lithuania showed an increasing incidence of T1D in all
age groups, including those diagnosed at 40 years or older (Bruno et al., 2009;
Pundziute-Lycka et al., 2003). These findings challenge the notion of a shift to an
earlier age of onset and also reveal the increasing incidence of both childhood and
adult onset T1D (Borchers et al., 2009). Thus, it is probable that the older age at
diagnosis seen in our White T1D population is due to an increased incidence of T1D
later in life as well as fewer late onset T1D participants being misclassified as T2D
patients. It is possible, however that some of these late onset T1D participants may
have latent autoimmune diabetes in adults (LADA), which is similar to late onset T1D,

but has a slower disease progression (Stenstrom et al., 2005).

4.2.2 A low prevalence of ZnT8 AAb positivity in South African Indian and
White T1D patients

ZnT8 AAbs are found in the majority (60-80%) of newly diagnosed White T1D patients
(Wenzlau et al., 2007; Vaziri-Sani et al., 2010) whereas in the Indian population ZnT8
AAD positivity was shown to be 31.8% (irrespective of duration of disease). This AAb
frequency increased to 45% in newly diagnosed T1D patients (Shivaprasad et al.,
2014). In our cohort, 21.3% of the Indian and 23.6% of the White T1D patients were
ZnT8 AAD positive. The ZnT8 AAb positivity in our Indian cohort was similar to that
described by Shivaprasad and colleagues in an Indian study (21.3 vs. 31.8%; p=
0.122). In contrast, we found a much lower ZnT8 AAb positivity in the White South
African T1D participants when compared to published literature (21.5 vs. 60%;
p<0.001). The low percentage of AAb positivity in the White patients may be due to
their long disease duration (21.8 = 12.6 years). Wenzlau et al. (2010) showed that
ZnT8 AAD positivity declined from 64% at disease onset to only 6.7% after a disease
duration of 25 years. In addition, our White cohort did not contain any newly diagnosed
participants which is significant as ZnT8 AAb positivity is known to decline after

manifestation of clinical symptoms of the disease (Vaziri-Sani et al., 2010).
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4.2.3 Indian T1D patients have poorer glucose control than White T1D

patients

HbA1c is a measure used to determine long term glucose control in diabetic patients.
HbA1c is formed by the exposure of haemoglobin A beta chain to plasma glucose and
its synthesis is equivalent to the relative plasma glucose concentration (Stettler et al.,
2000). Indian T1D patients had a higher HbAlc than the White population (8.8 [7.7;
10.0] vs. 7.9[7.1; 8.7] %; p<0.001). Indian patients were recruited primarily from public
hospitals whilst the White participants were recruited through private clinics. It is
therefore possible that the discrepancy in the HbAlc results is due to less intensive
education and less frequent contact between patient and doctor in public compared to
private institutions. Factors such as economic status (Viana et al., 2016), interaction
with healthcare practitioners and diabetes care access (Schwartz et al., 2010) have
been associated with poor glycaemic control and adherence to diabetic treatment,
especially in adolescents. The Indian T1D patients were also significantly younger
than the White T1D patients which may further explain the poorer glycaemic control
observed in the Indian patients. A study conducted on adolescents showed that poor
glycaemic control is prevalent in this age group due to psychosocial and life stress
(Goldston et al., 1995).

4.2.4 Indian T1D patients have lower vitamin D levels than White T1D patients

The lower levels of vitamin D seen in the Indian patients compared to the White
patients is likely to be due to skin pigmentation, clothing choices and a lack of vitamin

D supplementation (discussed in more detail in section 4.9).

4.3 Genotypic and allelic frequency of the VDR and vitamin D metabolising

enzyme gene polymorphisms in the study population

We investigated the genotypic and allelic frequency of VDR and vitamin D
metabolising enzyme gene polymorphisms associated with the development of T1D
in the South African White and Indian populations. All the polymorphisms were in HWE
with the exception of the CYP27B1 polymorphism. Our cohort is thus not considered

representative of the population as a whole for the CYP27B1 polymorphism. A
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possible reason for this is the relatively small sample size of the study. However, for
the purpose of this dissertation the data for the CYP27B1 polymorphism was included

in all analyses.

4.3.1 VDR polymorphism allelic frequencies in South African Indian and White
participants are not significantly different from population matched

frequencies in the 1000 Genomes project.

The allele frequencies of the four VDR polymorphisms investigated in the Indian
population were statistically similar to the South Asian populations in the 1000
Genome project. Similarly, in the White population, the VDR allele frequencies were
not significantly different to those of the European populations in the 1000 genomes
project. These findings are not unexpected as the majority of the Indian population in
South Africa originate from South Asia (Anahita Mukherji, 2011), and the White

population originates from Western Europe (John Hunt, 2005).

In addition, the frequencies of the Apal and Tagl alleles in our Indian and White control
participants was not significantly different to those reported by Ojwang et al. (2001)
who conducted a study on healthy Indian and White blood donors in the Durban
metropolitan area of South Africa.

4.3.2 The frequency of the CYP27B1 polymorphism in the White South African
population is significantly different to published literature

The frequency of the CYP27B1 G allele did not differ between our Indian population
and the 1000 Genome project South Asian populations. However, the frequency of the
CYP27B1 G allele in the White population was significantly lower than that seen in the
1000 Genome project European population. However, the CYP27B1 polymorphism
was not in HWE, which may explain why the results obtained in our study differ from
that seen in the 1000 Genomes project. No significant differences in the CYP2R1
allelic frequencies were found between the South African Indian and White populations
and the South Asian and European populations, respectively in the 1000 Genomes

project.
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4.4 The association of VDR polymorphisms with T1D in the South African

Indian and White population

4.4.1 The Bsml and Apal VDR polymorphisms are associated with T1D in the
South African Indian population

Within the Indian cohort, the Bsml and Apal AA genotypes were found at higher
frequencies in theT1D as compared to control participants. In addition, the Bsml and
Apal A alleles were found at higher frequencies in the T1D group compared to the
control population. Thus, the A allele for these two polymorphisms is associated with
an increased risk of T1D in the South African Indian population. No significant
differences in either genotypic or allelic frequencies were found between Indian T1D
and control participants for the Fokl and Taqgl polymorphisms. Thus, these

polymorphisms are not associated with T1D in this South African Indian cohort.

The association of the Bsml A allele with T1D in our Indian population is supported by
studies carried out in Egyptian, Indian Asian and Greek populations that similarly
showed that the Bsml A allele is the risk allele for the development of T1D (Abd-Allah
et al.,, 2014); McDermott et al., 1997); Panierakis et al., 2009). However, studies
conducted on Taiwanese and Japanese populations found the Bsml A allele at a lower
frequency in T1D patients when compared to control participants (Chang et al., 2000;
Motohashi et al., 2003). A study conducted by Pani et al. (2000) on a German
population showed the A allele to be protective. Conversely, studies conducted on
Chilean, Portuguese, German, Japanese and Finnish populations showed that there
was no difference in allelic frequency distribution between T1D patients and controls
(Angel et al., 2004; Lamos et al., 2008; Nejentsev et al., 2004; Yokota et al., 2002;
Turpeinen et al., 2003).

Studies conducted on Egyptian, North Indian, Dalmatian and Greek populations which
showed that the Fokl T allele frequency was significantly increased in patients thus,
individuals with the T allele appeared to carry a higher risk of developing T1D (Abd-
Allah et al., 2014; Israni et al., 2009; Zemunik et al., 2005; Panierakis et al., 2009). In
contrast, a study by Ban et al. (2001) showed that the Fokl C allele was associated

with T1D susceptibility in the Japanese population. Our observation in both the White
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and Indian populations are similar to studies conducted in Portuguese, Iranian and
Finnish populations (Lamos et al., 2008; Mohammadnejad et al., 2011; Turpeinen et
al., 2003), where there was no association observed between the Fokl T allele
polymorphism and T1D.

Studies conducted on Taiwanese and Greek populations showed that the Apal A allele
was more frequent in T1D patients as compared to control participants and is
associated with an increased risk of T1D (Chang et al., 2000; Panierakis et al., 2009).
These studies support our findings in the Indian population. In contrast, a study
conducted on a German population showed that the Apal A allele was protective (Pani
et al., 2000). In addition, no association was found between the Apal polymorphism
and T1D in Chilean, Portuguese, German, Japanese and Finnish study populations
(Angel et al., 2004; Lamos et al., 2008; Nejentsev et al., 2004; Turpeinen et al., 2003).

Studies conducted on Indian, Iranian and Romanian populations showed that the Taql
C allele increased the risk of T1D (McDermott et al., 1997; Mohammadnejad et al.,
2011; Guja et al., 2002). However, a study conducted by Fassbender et al. (2002) on
a German population showed a higher frequency of the Tagl T allele in T1D patients.
The lack of an association of the Taql polymorphism with T1D in our study cohort is
supported by studies in the Chilean, Portuguese, and Finnish populations where they
found no association between this polymorphism and T1D (Angel et al., 2004; Lamos
et al., 2008 and Turpeinen et al., 2003).

The Bsml and Apal A alleles may alter the transcription rate of the VDR gene. A
decreased transcription rate results in less VDR available for binding to the available
vitamin D. This would in turn result in an increase in the transcription of the pro-
inflammatory cytokine genes (IL-12, IL-2, INFy) which subsequently lead to the

destruction of the beta cells and development of T1D.

A possible reason as to why our results differ from other studies may be because the
VDR polymorphisms studied are not the polymorphisms which are responsible for the
changes in protein transcription and activity, but are in linkage disequilibrium with the
polymorphisms responsible for the effect. Different population groups may have

different alleles in linkage equilibrium with the disease causing variant.
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4.4.2 The VDR polymorphisms are not associated with T1D in the South
African White population

In the White population, there was no significant difference observed in the genotypic
and allelic frequencies of the VDR gene polymorphism Bsml, Fokl, Apal and Taq|l

between T1D patients and controls.

4.5 The association of vitamin D metabolising gene polymorphisms with T1D

in the South African Indian and White population

45.1 The CYP2R1 polymorphism is associated with T1D in the South African

Indian population

A statistically significant difference in the genotypic and allelic frequencies for the
CYP2R1 polymorphism between Indian patient and control groups was seen with the
A allele associated with T1D. This finding is in contrast with a study conducted by
Ramos-Lopez et al. (2007) on German individuals which showed that the G allele was
associated with susceptibility to T1D. The G allele of CYP2R1 results in reduced
enzyme activity of 25-hydroxylase. As CYP2RL1 is responsible for the hydroxylation of
vitamin D into 25(OH)Ds3, a decrease in enzymatic activity is associated with a reduced
concentration of 25(OH)D3z available to be hydroxylated by CYP27B1 into the active
1,25(0OH)2D3 (Cheng et al., 2014). Thus the CYP2R1 G allele results in a decreased
amount of the biologically active form of vitamin D. The reason our results differ from
other studies may be because the CYP2R1 polymorphism is not the polymorphism
which is responsible for the changes in enzyme activity, but s in linkage disequilibrium
with the polymorphism which is responsible for the effect. Different population groups

may have different alleles in linkage equilibrium with the disease causing variant.
We found no association between the genotypic and allelic frequencies for the

CYP27B1 polymorphism studied between the T1D and control participants in the

Indian population.
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4.5.2 The CYP27B1 polymorphism is associated with T1D in the South African
White population

Within the White cohort, the CYP27B1 polymorphism showed a significant difference
in the genotypic and allelic frequencies between T1D patients and control participants.
For this polymorphism, the GG genotype/G allele was associated with T1D. However,
as this polymorphism was not in HWE, the results we obtained are not reliable.
However, the GG genotype/ G allele results in decreased CYP27B1 mRNA expression
G allele (Ramos-Lopez et al., 2007; Amit et al., 2014). Reduced mRNA is thought to
results in decreased protein expression and thus less enzyme available to metabolise
vitamin D to its active form. Thus whilst we cannot be certain of these results, it does

match with the literature.

A study conducted on a German population showed the CYP27B1 G allele to be at a
higher frequency in T1D patients and the GG genotype was associated with decreased
expression levels of CYP27B1 mRNA (Ramos-Lopez et al., 2004, Ramos-Lopez et
al., 2007). Hussein et al. (2012) showed that there is a 3.7 fold increased risk of
developing T1D patients with the CYP27B1 GG genotype.

No statistically significant differences in the genotypic and allelic frequencies were
found between patients and controls for the CYP2R1 polymorphism in the White

population.

The CYP2R1 polymorphism findings in our White population are similar to a Polish
study and a pilot study in Germany where they failed to show any association between
the vitamin D metabolising enzyme gene polymorphisms and T1D as there was no
difference in the distribution of genotypic and allelic frequencies in patients and
controls (Fichna et al., 2010; Rose et al., 2013).

4.6 Apal genotypes contribute to differences in clinicopathological variables

in Indian T1D participants

Indian T1D patients with the Apal CC/CA genotype had a significantly older age at

diagnosis and higher glucose levels when compared to patients with the AA genotype
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(p = 0.018 and p = 0.035). This is in contrast to a study conducted by McDermott et
al. (1997) in an Indian Asian population. In this study, they did not observe a difference
between age at diagnosis and the genotypic distribution of Apal (p = 0.90), Bsml (p =
0.87) and Taql (p = 0.84) in T1D patients diagnosed at <15 or = 15 years of age. In
our study, when patients were split into two groups based on their age at diagnosis
i.e. those diagnosed at <15 or = 15 years of age, no significant difference was
observed between Apal genotypes and age at diagnosis (p = 0.060). This matches
the findings in the McDermott study. It is possible that if the McDermott study had
analysed their data as continuous rather than categorical data as we did, they might

have observed similar results.

A study conducted on a Japanese population showed that the Fokl C allele was
associated with a younger age at diagnosis as compared to patients with the T allele.
However, no association was found between Apal and Tagl genotypes and age at
diagnosis (Yokota et al., 2002). The discrepant results in the above mentioned studies
may be due to the different sample sizes in each study and selection of a specific age
at diagnosis cut-off (0.4-18 years; Yokota et al., 2002). In addition, the conflicting

results could be due to the different ethnic groups that the studies were conducted in.

4.7 VDR and vitamin D metabolising enzyme gene polymorphisms are not
associated with lower levels of vitamin D in South African Indian and
White T1D patients

No significant difference was observed between the VDR gene polymorphisms and
vitamin D levels in either the Indian or White population. Since Bsml, Apal and Taq|l
are non-coding variants, they are not expected to affect the structure of the VDR
protein. However, they may result in different transcription rates of the VDR and thus
slower uptake of vitamin D into the cell despite normal levels of vitamin D. Alternatively,
itis possible that serum levels of vitamin D showed no association with VDR genotypes
within our cohort as individuals may have been on vitamin D supplementation giving

falsely elevated vitamin D concentrations.

No significant difference was observed between the vitamin D metabolising enzyme

gene polymorphisms and vitamin D levels in either the Indian or White population.
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These polymorphisms have been observed to have an effect on enzymatic activity of
25-hydroxylase and 1 a-hydroxylase resulting in lower concentrations of vitamin D and
hence T1D. However, it is possible that it is in fact the presence of another
polymorphism, in linkage disequilibrium with the polymorphism that is causing this
effect. This would explain why we do not see an association of these polymorphisms
with T1D in our cohort. Alternatively, the lack of association may be due to the sample

size being too small.

4.8 An increasing number of VDR and vitamin D metabolising enzyme gene
polymorphism risk alleles are associated with T1D in the Indian but not

White population

Allele risk scores combine multiple genetic variants that are associated with a specific
risk factor of a disease (Burgess and Thompson, 2013). The Indian population showed
that an increasing number of VDR gene risk alleles is associated with T1D, where
control participants had fewer risk alleles than T1D patients (p = 0.027). Similarly, there
was an association between the number of vitamin D metabolising enzyme gene risk
alleles and T1D in the Indian population (p = 0.016). However, there was no
association between the number of VDR or vitamin D metabolising enzyme gene risk
alleles and T1D in the White population.

In both the Indian and White T1D patients, there was no significant difference between
clinicopathological variables and an increasing number of VDR or vitamin D

metabolising enzyme gene risk alleles.

Interestingly, vitamin D levels tended to increase with an increasing number of VDR
risk alleles. This is contrary to what one would expect if low levels of vitamin D are
associated with the development of T1D and further investigations are warranted to

explain this finding.
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4.9 Indian ethnicity and the CYP2R1 GG genotype contribute to lower vitamin

D levels

In the total study population, Indian ethnicity and CYP2R1 genotype were observed to
be independent contributors to vitamin D levels (p = 0.000 and p = 0.026, respectively).
We observed that individuals of Indian ethnicity had 24 - 25 nmol/L less vitamin D
levels than the White population. The reason the Indian population has lower vitamin
D levels might be due to skin pigmentation and skin coverage due to their traditional
clothing style reducing vitamin D synthesis in the skin. Skin pigmentation and dress
code are some of the factors that are thought to affect vitamin D synthesis
(Harinarayan and Joshi, 2009). Another reason for the difference in vitamin D levels
might be that the some of the participants may be taking multivitamins which contain
vitamin D3 or taking vitamin D3 supplements which may account for the differences in
vitamin D levels observed. Individuals with the CYP2R1 GG genotype had 8.29 nmol/L
lower vitamin D levels than individuals with the AA/AG genotype. It is likely that the
CYP2R1 polymorphism remains significantly associated with both total serum vitamin
D levels (combined vitamin D3 and D2) and vitamin D3 as 25 hydroxylase
hydroxylates both vitamin D2 and D3 to 25(OH)Ds and thus would have an effect of

vitamin D levels irrespective of supplementation.

In the White population only the CYP2R1 AA/GA genotype was found to be an
independent contributor to vitamin D levels (p = 0.010). Individuals with the CYP2R1
GG genotype had vitamin D levels 13-15 nmol/L lower than individuals with the AA/GA

genotypes.

These findings are similar to a study conducted on Germans where T1D patients with
the CYP2R1 GG or GA genotype had lower vitamin D levels than those with the AA
genotype (Ramos-Lopez et al., 2007). CYP2R1 has an effect on vitamin D levels
because the CYP2R1 G allele results in a change in 25-hydroxylase enzyme activity

which then results in low levels or lack of 25(0OH)D3 leading to T1D.
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4.10 VDR mRNA expression is higher in T1D patients when compared to

control participants

This experiment was conducted on a very small sample therefore the results might not
be representative of the whole population and no definite conclusion can be drawn.
However, despite the small sample a significant difference was observed in the VDR
MRNA expression levels between T1D patients and controls (p = 0.007). Since this
was a pilot study, the study will need to be conducted on a larger sample size to see
if the effect of the observed difference will still be present. There was greater mRNA
expression levels in T1D patients. This was unexpected as increased VDR is
expected to result in increased transfer of vitamin D into the cell and enhanced
initiation of the VDR-RXR-vitamin D signalling cascade which promotes transcription
of the anti-inflammatory cytokines that inhibit beta cell destruction. However, it is
possible that the mRNA levels do not match the protein levels and thus western blot
analysis would be required to confirm this finding. Furthermore, increased mRNA
stability has been associated with the Fokl and Tagl C allele (Ogunkolade et al., 2002).
However, this association was not replicated in our study as we did not observe any
differences in allelic frequencies associated with mRNA stability between the T1D
patients and controls. Our findings are in agreement with studies conducted on VDR
polymorphisms and mRNA stability which showed that the polymorphisms did not
influence mRNA stability (Gross et al., 1998; Durrin et al., 1999; Verbeek et al., 1997).
Therefore, the observed differences in the mRNA expression is not due to the
presence of the alleles associated with mRNA stability.

4.11 Limitations of the study

One of the limitations of the study is that was carried out on a relatively small sample.
This may have prevented the detection of small associations of the polymorphisms
with both serum vitamin D levels as well as T1D. In addition, the small sample size

might explain why the CYP27B1 polymorphism was not in HWE.

Not all patients/controls were matched across season of collection, age and BMI which

may have altered comparative vitamin D levels and influenced the outcome of the
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study. In addition, it is unknown how many participants were taking vitamin D

supplementation and did not declare this.

Whilst all of the participants were recruited based on a clinical diagnosis of T1D (i.e.
started on insulin treatment within six months of diagnosis), it is possible that some
patients were in fact LADA patients and not true T1D patients. To confirm this, we

would need to screen patients for GAD65 AADbs.

This study did not look at whether the polymorphisms within our study were in linkage
disequilibrium with each other or with any other polymorphisms within the VDR,
CYP2R1 and CYP27B1 genes. In addition, this study did not address haplotypes.

Finally, time constraints prevented a more comprehensive study into VDR mRNA
expression levels in these populations and prevented elimination of primer dimers for

a more accurate assay.

Thus future studies would entail the recruitment of additional participants paying
particular attention to matching patients and controls for both BMI, age and season of
recruitment. In addition, the completion of the mRNA expression studies in both
population groups should be continued with larger numbers and perhaps the use of a
probe based assay rather than the current SYBR green assay. In addition, other
polymorphisms on the VDR and/or those of the vitamin D binding protein genes and
their association with T1D can be determined.
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5 Conclusions

In conclusion, our study showed that the A alleles of the VDR Bsml and Apal
polymorphisms and the CYP2R1 vitamin D metabolising enzyme gene polymorphism
are associated with the development of T1D in the South African Indian population.
Our study also showed that an increasing number of risk alleles are associated with

T1D in the Indian population.

We did not see an association with vitamin D levels and T1D in either the Indian or
White cohorts. However, CYP2R1 genotype and ethnicity were shown to be
determinants of vitamin D levels. We did not see differences in vitamin D levels across
the VDR and vitamin D metabolising enzyme gene genotypes in both the Indian and
White cohort.

ZnT8 AAD positivity was lower (especially in our White T1D patients) than that reported
elsewhere. This may be due to the lack of newly diagnosed patients in our cohort as
it is known that ZnT8 AAb positivity declines with increasing duration of disease. In
addition, it may be due to the fact that we saw a second, much later, peak for the age
at diagnosis in this cohort. ZnT8 AADb titres are lower in patients with an older age at
diagnosis (Vaziri-Sani et al., 2010) and it is possible that they were too low to detect
in our patient group with the older age at diagnosis. It would be interesting to look at
GADG65 and 1A-2 AAD positivity in this cohort.

With an increasing number of studies implicating low levels of vitamin D with T1D and
other diseases, intervention may be appropriate. Health care workers should consider
recommending vitamin D testing and supplementation for individuals who may be at
risk of vitamin D insufficiency and deficiency (i.e. infants, T1D patients, the elderly,

dark skinned individuals and individuals who have limited sun exposure).
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7 Appendices

7.1 Appendix 1: Informed consent and questionnaire

7.1.1

Informed consent

INFORMATION LEAFLET AND INFORMED CONSENT FORM FOR
ADULTS FOR CLINICAL STUDY / INTERVENTION RESEARCH

1. STUDY TITLE
The role of vitamin D in the aetiology of type 1 diabetes mellitus (T1D) in the
South African Indian and White populations.

2. THE NATURE AND PURPOSE OF THIS STUDY

Hello. My nameis , and | am doing a research study on diabetes and the
effect that vitamin D might have in causing this disease. | am a student at WITS doing a
research study for my Masters degree. The aim of this study is to evaluate the role genes
and antibodies play in causing diabetes.

Diabetes affects different age groups:
Babies Kids Young Adults Older Adults

Some diabetics are very thin and some are overweight, Why diabetes should affect these
different types of people is not very clear.

Genes are present in every cell of your body and they are responsible for the differences
we see between people (like hair colour for example). Different genes may also explain
why some people get diabetes and why some people don’t.  Antibodies are molecules
that your body makes to protect itself against strange proteins in your body (your body
makes antibodies against germs for example). Sometimes the body makes antibodies
against itself. It can make against antibodies against insulin for example and that may
cause diabetes.

We want to study the genes and antibodies in people with diabetes. We are especially interested
in vitamin D as studies have shown that that low levels of vitamin D can increase a person’s risk
of developing diabetes. We would also like to look at the genes that are linked to vitamin D (the
genes to make vitamin D and involved in the transport of vitamin D in the body) as thesc have
also been shown to be linked to the risk of getting diabetes.

This information leaflet is to help you decide if you would like to participate in our
study. You should fully understand what is involved before you agree to take part in
this study.

If you have any questions, please don’t hesitate to ask me.

3. EXPLANATION OF PROCEDURES TO BE FOLLOWED

Should you agree to volunteer, the study involves answering some questions with regard
to your diabetes, sun exposure, weight, height, hip and waist measurements and blood
drawn. This will all be done on the same day as you are visiting the clinic. Three blood
samples (Sml each) will be taken and some blood will be analysed and some blood
samples will be stored for testing at a later stage. Any tests done on these blood samples
will only be related to diabetes.

4. RISK AND DISCOMFORT INVOLVED
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The only risk and discomfort involved is the taking of blood from a vein and the
measuremnent of your waist and hips,

5. POSSIBLE BENEFITS OF THIS STUDY

The findings of a study such as this will not benefit vou personally but will lead to a
better understanding of how diabetes and possibly its complications is caused and may
lead to new treatments in future. For those who do not have diabetes we will be testing
your glucose so that if you have high blood glucose (diabetes) when we test you, you
will be referred for the right treatment.

6. If you do not want to participate in this study, you will still receive standard
treatment for your illness.

7. Youmay withdraw from this study at any time.

8. INFORMATION
If vou have any questions concerning this study, you should contact: Dr C Padoa, Tel :
011 480 8514,

9. CONFIDENTIALITY

All records obtained whilst in this study will be regarded as confidential, Results will be
published or presented in such a fashion that patients remain unidentifiable. All samples
will be given a unique study number and any links to the participant will be kept in a
separate file stored securely in Dr Padea’s office in the department of Chemical
Pathology. This information will only be available to Dr Padoa.
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CONSENT TO PARTICIPATE IN THIS STUDY

I have read or had read to me in a language that I understand the above information
before signing this consent form. The content and meaning of this information have been
explained to me. | have been given opportunity to ask questions and am satisfied that
they have been answered satisfactorily. | understand that if | do not participate it will not
alter my management in any way. I hereby volunteer to take part in this study.

I have received a signed copy of this informed consent agreement.

..................................................................................................

Patient’s name Patient’s signature
HOSPIBLDIIDETE: o < csmms woinps o measmmeadis dr ke A s S A AR S S e aa
Telephone number of self or best possible contact:.............cccvvvnivninnnne
RIAPB e cosrmxrmrssssaiacisaasrsies

Investigator's name Investigator’s signature
DAL .cvoserensrmssrrnmsarassrpmrensssas

VERBAL PATIENT INFORMED CONSENT
(applicable when patients cannot read or write)

I, the undersigned, Dr ........cccovununs , have read and have explained fully to the
patient, named .............cocoun and/or his/her relative, the patient information leaflet,
which has indicated the nature and purpose of the study in which I have asked the
patient to participate. The explanation I have given has mentioned both the possible
risks and benefits of the study and the alternative treatments available for hisher
illness. The patient indicated that he/she understands that he/she will be free to
withdraw from the study at any time for any reason and without jeopardising his/her
further treatment.

I hereby certify that the patient has agreed to participate in this trial.

..................................................................................................................

Patient's name Witness’s signature
DBYE:cieviiiisonsesiassinassapassssasaissrasbisess
Investigator's Name Investigator’s Signature

3of5
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7.1.2 Questionnaire

Questionnaire:

Demographics

Study number '
Date of visit (dd/mmiyyyy): :

Biogram

Age:

Gender: M / F - 1
Race: B -

Family history of diabetes:

On Mothers side:

On Fathers side:;

Of Siblings:
Risk factors
Smoking: Y / N/ Ex [/ U Comments: {mx > 1yr stopped)
Snuffuserr ¥ / N / Ex { U Comments: {ex > 1yr stopped)

Random Capillary Glucose {from file):

Hb&1c within last 4 months:

Urine dipstick (from file): Glucose: Ketones: Protein: Blood:

| Blood pressure (rmmHg):

Weight (kg):

Height {ecm}:

Waist circumference {cm):

Hip circumference (cm}:

Acanthosis Nigricans: Y I N/ U Where:

. Clinical judgement on type of DM: 1 f 2 DM year of diagnosis: | |
T1 = age of diagnosis before 30 {and on insulin within 1 yr of dx) or on ingulin within 1 yr of diagnosie regardless of age of diagnosis
Hypertension on treatment: Y LN U Year of diagnosis:

History: Bl

4of5

102



1. Presentation at time of diagnosis

DKA or severe hyperglycemia requiring hospitalization YI/N/U
Coincidental finding, e.g. at surgery or other illness YINTU
Symptoms such as polyuria/polydipsia causing patient

to visit a health care facility YINTU
Weight loss at time of diagnosis Y/N/U
2. Insulin started at time of diagnosis? Y/N/U
3. If on insulin now, was it started within 1 year of diagnosis? Y I NTU

4. Complications
| Macro: MI Stroke Revascularization Amputalion

Micro:  Lasered MNephropathy Meuropathy)

Medication (from list)

Insulin

Oral medication

Others

Supplementation
1. Are you on vitamin D supplements YINIU

Other diseases

Sun exposure

1. Please circle which best describes vour main occupation:

Mainly indoors
Half indoors and half out doors
Mainly outdoors

Sof5
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7.2 Appendix 2: Ethics Certificates

7.2.1 Wits Human Ethics Committee certificate

UNIVERSTIY OF THL (&2
WITWATERSRAND
IOHANNESBURG

R14/48 Ms Nompumasnio Msaza
HUMAN RESEARCH ETHICS COMMITTEE (MEDICAL)

CLEARANCE CERTIFICATE NO, M180536

NAME: Ms Nompumelelo Malaza
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PEPARTMENT: Chemical Pathology
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10 oanry ot I above-mentioned research and Wwe urderiskes to ensure comaiancs with hess condtions.
Should any departure be confempiated, from e resesrch protocol 36 approved. Iwe undertaks o
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7.2.2 SANBS Ethics Committee certificate

Dear Dr Carolyn Padoa

DATE OF COMMITTEE MEETING: 10 April 2014

PROJECT TITLE: Phenotypic and genotypic characterization of
patients diagnosed with diabetes mellitus
before the age of 40 in South Africa (NRR)
Donors

DECISION OF THE COMMITTEE: Approved

CLEARANCE CERTIFICATE NO: 2014/19

e Execution of the study must be compliant with applicable guidelines and policies.

* Any amendment, extension or other modifications to the protocol must be subnutted to
this Ethics Comnuttee for approval pnor to implementation.

e The Comnuttee must be informed of any senous adverse event, planned and unplanned ternunation of
the study.

* A progress report should be subnutted yearly for long-term studies and a final report at completion of
both short term and long term studses.

e Kindly refer to the SANBS HREC clearance certificate number on all future comrespondence on this
study to the HREC secretanat.

e  This approval 15 valid for 5 years from the date stated above,

COMMITTEE GUIDANCE DOCUMENTS:

e Intemnational Conference on Harmonization (ICH) Good Clinical Practices (GCP) Guidelme (ICH,
1996), Ethics in Health Research: Principles, Structures and Procedures (SA Department of Health,
2004), Guidelines for Good Practice in the Conduct of Chmscal Tnals in Human Participants in South
Afnca (SA Department of Health, 2006), Ethical Principles for Medical Research Involving Human:
Declaration of Helsink: (World Medical Association, 2013); Reviewing Clhinical tnals: A Gude For
Ethics Comnuttees (Karlberg and Speers, 2010)

%_{_ 27 February 2015

CBAIRPERSOMT JN. Mahlangu DATE
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7.3 Appendix 3: PCR gels

100

500

100

Figure 7.1: PCR products VDR ((A) Bsml, (B) Fokl, (C) Apal/ Tagl and vitamin D

metabolising enzyme gene((D) CYP2R1 and (E) CYP27B1) run on a 1% agarose gel
A: Lane 1: 100 bp ladder, lane 2 and 3: 822 bp PCR product, lane 6: negative control

B : Lane 1: 100 bp ladder, lane 2-6: 267 bp PCR product, lane 8: negative control

C: Lane 1: 100 bp ladder, lane 2 and 3: 754 bp PCR product, lane 4: negative controls

D: Lane 1: 100 bp ladder, lane 2-5: 287 bp PCR product, lane 8: negative control

E: Lane 1: 100 bp ladder, lane 2-4: 317 bp PCR product, lane 5: negative control
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7.4 Appendix 4: Chromatograms

c AT T € C C A AT
d TAA 8 4 d T TA

d T 3 12 4 4 A I d

«BMS_BSMIR_EO2_1 'agment base #679. Base 679 of B26 -
A

*BMS_ BSMIF D02 11 Eragment bose #6417 Dace 812 :-f?52
A G A C A G G CC T G C cC A T T €C C C A A T
A G ACAG G CCTT G T CHRTELCAT TTCTCTCRAR AT

Figure 7.2: Chromatograms showing the portion of the VDR gene containing the Bsml
polymorphism, from individuals genotyped as heterozygous GA for the Bsml
polymorphism through PCR-RFLP.

= APA-TAQ_APA-TAQ F_FO0Z_17 Fragment base #541. Base 5341 of 72T =
C A G C Ta 6 cH@c c T ¢ AC TG C T C
d AJ 3 313 d A 4 4 A 9 T d A I d A d

=" e}
T~
=¥
—
(=

EFA-TAQ_AFP-TAL H_B0Z_20 Fragment bace 5455 Base 458 of 117
C A G C T 6 G G C ﬂ C C T ¢ A C T G C
C A G CTOGGG CATCTCTTCATLCTTGTC

]
=4

Figure 7.3: Chromatograms showing the portion of the VDR gene containing the Apal
polymorphism, from individuals genotyped as heterozygous CA (top) and homozygous
AA (bottom) for the Apal polymorphism through PCR-RFLP.
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APA-TAL _APA-TAQ R_GIZ_2XD Fragment base £223. Base 223 of T20

A G C A G TGAGTGHEAG C CCA GG C TG A G A G

T 2 47T 2 A 23T 23 J2J A3 d 4 4T 3 d A T I T I
=APA-TAQ_APA-TAQ F_F02_17 Fragment base #186. Base 186 of 726 =

A G CA GT GAG GEHGC CC CAGTC TG AG A G

A G CA G T G A G G EKEGCCICATIGT LCTIG AG A G

Figure 7.4: Chromatograms showing the portion of the VDR gene containing the Taq|l
polymorphism, from individuals genotyped as homozygous TT (top) and heterozygous
GT (bottom) for the Taql polymorphism through PCR-RFLP.
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7.5 Appendix 5: Real time PCR amplification graphs and melt curves

A" B

KEY: [ Negative control

Figure 7.5: Amplification (A) and melt (B) curves for quantification of the VDR gene

The negative control is represented by the green colour and participant samples by the remaining

colours

Key: []Negative control

Figure 7.6: Amplification (A) and melt (B) curves for quantification of the -actin gene
The negative control is represented by the green colour and participant samples by the remaining

colours
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Figure 7.7: Amplification products of the VDR and $-actin genes used for relative
guantification run on a 1% gel showing no contamination but primer dimer amplification

in the negative controls.
Lane 1: 100 bp ladder; lane 2: B-actin PCR product; lane 3: empty; lane 4: VDR gene PCR product;

lane 5: B-actin negative control, lane 6: VDR negative control
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