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Abstract
Phosphate is an essential nutrient and its level in the blood is tightly regulated by
well-studied hormonal and non-hormonal factors. The renal sodium phosphate
cotransporter (SLC34A1) is essential to maintaining Pi homeostasis. Recently two
novel factors have emerged that potentially modulate phosphate body levels; a noncoding SLC34A1-antisense transcript and the gut microbiome.
The first part of this study aimed to understand the coordination between SLC34A1sense/antisense transcripts in the human renal epithelial cell lines HEK293 and
HKC8. In both cell lines SLC34A1-sense/antisense RNAs are expressed at very low
levels. Transcription of SLC34A1 was stimulated using the epigenetic modifiers
Zebularine (Zeb) and dexamethasone (Dex) and its coordinated expression was
assessed by RT-qPCR. HKC8 cells treated with Zeb showed that SLC34A1sense/antisense transcripts are positively correlated, i.e. concordantly upregulated. A
similar expression pattern was recorded in HEK293 cells following Dex treatment.
The expression changes were paralleled by a reduction in DNA methylation of the
sense/antisense promoter regions. In addition a significant increase in histone
acetylation (H3K27Ac) at the sense promoter and a decrease in H3K4Me3 at the
antisense promoter were detected after 5 days of Dex treatment.
After establishing a system to induce SLC34A1-sense/antisense expression with the
aid of Zeb and Dex, we sought to experimentally manipulate SLC34A1 locus
expression by introducing polyadenylation signals using CRISPR/Cas9 to silence
sense or antisense transcription, respectively. Sense- antisense expression was
quantified by RT-qPCR using different primer sites up- and downstream of the
insertion site. Unexpectedly, termination was incomplete and read-through
transcripts were generated. Again, SLC34A1-sense/antisense transcripts were
concordantly upregulated regardless of the orientation of the read-through transcript.
From a functional perspective, both strategies -hormonal induction and read-through
transcription- led to an increase in SLC34A1 protein expression as determined by
western blot and 32Pi uptake experiments.
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The second part of the thesis aimed to determine the impact of a high/low Pi diet on
the human gut microbiome. The experimental strategy included a dietary intervention
in two healthy groups of volunteers followed by stool sampling, DNA extraction and
sequencing. Alpha and beta diversity examination indicated that both high and low Pi
regimens resulted in only minor alterations in bacterial compositions. However, a
focus on the relative abundance of bacterial phyla and species demonstrated a
reduction in Bacteroidetes among probands with reduced Pi intake suggesting
potential involvement of this bacterial species in Pi homeostasis.
To summarise, this PhD investigated two novel aspects in the field of microbiology of
Pi homeostasis; noncoding RNAs and the microbiome. The concordant expression
of SLC34A1-sense/antisense transcripts confirms the impact and biological
importance of the antisense transcript on SLC34A1-sense expression, potentially
affecting renal Pi reabsorption. On the other hand, consuming a high or low Pi diet
may have an impact on the abundance of certain bacterial species, but only
insignificant effects on the overall composition of the microbiome. A potential link
between the affected bacterial groups and Pi homeostasis remains to be
investigated in depth.
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Chapter 1: Literature review

Phosphorous is a pivotal element abundantly distributed in all cells and tissues of
living organisms. In the human body phosphorus is present in two forms, organic and
inorganic phosphate. Organic phosphate was found in combination with lipids,
carbohydrates, proteins and accounts for two-thirds of total serum phosphate.
Inorganic phosphate (Pi), which is routinely measured in clinical laboratories in blood
and urine, is combined with calcium, magnesium or sodium ions (Sabbagh et al.,
2011).

1.1. Physiological functions of Pi
Pi plays a critical role in a wide range of biological structures and processes such as
intracellular signalling, bioenergetics (ATP and ADP), metabolic regulation
(glycolysis or oxidative phosphorylation), cell membrane structure and function
(phospholipids) and nucleic acids (DNA and RNA). In adults, about 85 % of total
body phosphate is deposited in the skeleton and teeth complexed with calcium in the
form of hydroxyapatite crystals, Ca5(PO4)3(OH). Adequate mineralization of bone is
essential in providing physical support (Amini et al., 2012). In the plasma, urine, and
extracellular fluid, Pi is found in the form of protein-bound structures and 10-15 % of
circulating Pi is present in the form of monovalent (H2PO4-) or divalent anions
(HPO42-). Because of its pKa in the physiological range, Pi is considered as titrable
buffer with an essential role in maintaining acid-base balance (McNamara and
Worthley, 2001; Alizadeh Naderi and Reilly, 2010). The important physiological
functions of Pi and its disposition to form precipitates with divalent cations (Ca2+)
require tight control of Pi homeostasis.
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1.2. Pi homeostasis
The diet represents the sole source of Pi to the body. Studies showed that the
recommended average daily intake of phosphate in adults ranges between 500 and
700 mg (Brown and Razzaque, 2015). Organic phosphate is available from animal
and plant sources whereas free Pi is found either in food additives or released after
hydrolysis by phosphatases of gastrointestinal tract bacteria which also compete with
the host for Pi (Knöpfel et al., 2017). Two main mechanisms have been established
for Pi uptake in the digestive tract (Wagner et al., 2014): first, the para cellular route,
which is poorly characterised but is thought to be based on passive diffusion and
accounts for most of the Pi uptake under normal conditions (Knopfel et al., 2017).
Second, the transcellular uptake via the sodium phosphate cotransporters (SLC34A2
and SLC20). SLC20 is reported to play a housekeeping role in fulfilling the cellular
requirements for Pi (Forster et al., 2013) whereas SLC34A2 plays an important role
in whole body Pi absorption . The daily average rate of Pi absorption by the intestinal
sodium-phosphate cotransporters (SLC34A2) in adult human is in the range of 10-12
mg/kg, yet the absorption ratio depends on physiological status, sex, race, and
geographical factors (Quann et al., 2015).
Individual age was also shown to have a most significant impact on intestinal Pi
uptake ratio. For instance, the concentration of plasma Pi in newborn was found to
be two-fold higher than in adults due to high Pi requirement during growth (newborn
4.5-9.0 mg Pi/dL, children 4.5-5.5 mg Pi/dL and adults 2.7-4.5 mg Pi/dL)(Fischbach
and Dunning, 2009).
In adults, 20-30 % of body Pi contributes to biological processes intracellularly, in
blood and interstitium (Pi pool in Figure 1.1). Only 60-70 % is stored in bones, and
the remaining 20 % is excreted by the kidneys in a tightly controlled process. The
renal sodium-phosphate cotransporters (SLC34A1 and SLC34A3) are considered
the main regulators of Pi homeostasis (Figure 1.1) (Berndt and Kumar, 2009)
(Segawa et al., 2015).
Accordingly, several hormones known to balance Pi levels such as parathyroid
hormones (PTH), vitamin D3, FGF23 and growth hormone as well as metabolic
factors (blood Pi levels, pH) influence the expression level and activity of SLC34A
cotransporters (Berndt and Kumar, 2009) (discussed in detail in 1.4).
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Body Pi concentration is tightly controlled, both under- and over-supply have
deleterious consequences predominantly on skeleton and the cardiovascular system
(Ghezzi et al., 2011). Bone deformities such as osteoporosis and rickets are related
to hypophosphatemia (Pi in plasma is < 2.7 mg/dL). On the other hand,
hyperphosphatemia results in renal complications such as kidney stones as well as
to cardiovascular disease such as vascular calcification and atherosclerosis.
Importantly, hyperphosphataemia is a major complication in patients with later stage
chronic kidney disease (CKD) (Tonelli et al., 2009; Tonelli, 2013). Furthermore, other
pathological conditions that affect the kidney and bones induce a dysregulation of
entire body Pi levels (Kendrick et al., 2011; Lederer, 2014).
In order to obtain a comprehensive image of the mechanisms which maintain body
Pi levels, it is essential to understand the regulatory factors that affect the
absorption/excretion rate of Pi.

Figure 1. 1: Factors that contribute to Pi homeostasis. Pi is absorbed in the intestine via
SLC34A2 and via paracellular paths. From the plasma Pi is transported into cells or stored in
bones. Pi excretion occurs in the kidneys by controlled tubular reabsorption via SLC34A1
and SLC34A3. The main factors that regulate Pi levels in the body such as parathyroid
hormone (PTH), Vitamin D3 (1,25(OH)2D) and FGF23 are indicated. Figure adopted from
(Segawa et al., 2015).
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1.3. SLC34 family of sodium-dependent phosphate co-transporters
The solute transporter family SLC34A (or NaPi-II), is essential for maintaining Pi
homeostasis in the body. The protein family consists of three members which are
classified according to their phylogeny into SLC34A1, SLC34A2 and SLC34A3.
SLC34A1 (NaPi-IIa) and SLC34A3 (NaPi-IIc) are both located in renal proximal
tubular cells whereas SLC34A2 (NaPi-IIb) is mainly expressed in intestine and lung.
The level of expression of these transporters is dependent on the body Pi demand
and the dietary phosphate levels. Many studies using genetically modified mice have
confirmed the physiological importance of Slc34a in maintaining Pi levels (Hediger et
al., 2004). To avoid confusion, SLC34A terminology will be used in the thesis.
1.4.1 Renal SLC34A1 and SLC34A3
Human SLC34A1 was first cloned by functional expression of a human cDNA library
in Xenopus laevis oocytes (Magagnin et al., 1993; Capuano et al., 2007). It is almost
exclusively expressed at the brush border membrane (BBM) of the early convoluted
proximal tubule, though immunohistochemistry studies have reported staining in the
late proximal tubules (Custer et al., 1994a; Levi et al., 1994; Bergwitz et al., 2006).
Human SLC34A1 is localised on chromosome 5q35.3, is 13 kb in length and
composed of 13 exons and 12 introns. A shorter isoform contains 9 exons and 8
introns encompassing 6.1kb, though there is no evidence that this form displays any
function. The SLC34A1 protein consists of 639 amino acids and, depending on the
glycosylation status, the functional protein migrates between 75–90 kDa as
determined by western blots experiments (Hartmann et al., 1996; de la Horra et al.,
2001). SLC34A1 is electrogenic as manifested by voltage-dependent cotransporter
activity with a 3:1 ratio of
Na+: HPO42-. On the other hand, transporter activity is highest at neutral pH and
decreases significantly under acidic conditions (Fenollar-Ferrer et al., 2015a).
Mice lacking Slc34a1 transporters suffered from hyperphosphaturia and increased
levels of vitamin D3 and Ca+ in their serum. Moreover, experiments with mutant mice
revealed that a mutation in Slc34a1 led to accumulation of the protein inside the cell
with cytotoxic effects which contribute to the development of Fanconi syndrome
(Magen et al., 2010).
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In contrast to SLC34A1, SLC34A3 is localized predominantly at the apical
membrane of proximal tubules of deep nephrons. SLC34A3 is found on chromosome
9q34 with 5.8 kb in length and the gene contains 13 exons. The gene encodes a
protein of 599 amino acids with an apparent molecular weight of 75 kDa (Bergwitz et
al., 2006).
Functional analysis of SLC34A3 using Xenopus laevis oocytes revealed
electroneutral activity (2Na/1Pi stoichiometry) with optimal function at alkaline pH
(pH 8.5) (Bergwitz et al., 2006; Yamamoto et al., 2007). Clinical studies linked
mutations found in the SLC34A3 transporter gene in humans to the development of
hypophosphatemic rickets with hypercalciuria (HRHH) (Lorenz-Depiereux et al.,
2006).
Conversely, in mice mutations of Slc34a3 had no effect on plasma and urine Pi
levels but elevated serum Ca+ and vitamin D3 were recorded (Beck et al., 1998;
Jones et al., 2001; Bergwitz et al., 2006; Segawa et al., 2009b; Dasgupta et al.,
2014). Studies by Myakala et al., confirmed that knock-out (KO) of Slc34a3 did not
have a significant effect on the renal Pi reabsorption/excretion rate. Pi homeostasis
appeared unaffected suggesting that Slc34a3 transporters are not essential for
maintaining Pi balance in mice (Myakala et al., 2014).

1.4.2 Intestinal Pi transporter: SLC34A2
SLC34A2 was first discovered as an expressed sequence tags (EST) clone from
alveolar tissue (Hilfiker et al., 1998b). The transporter is located in the brush border
of enterocytes in the small intestine, at the apical membrane of mammary gland
ducts, in hepatocytes, lung and testis (Lesser et al., 2019). The chromosomal
location of SLC34A2 is 4p15, the gene is 14.25 kb in length divided into 13 exons.
The primary structure of SLC34A2 is slightly different from other family members as
it has 690 amino acids and includes a cluster of cysteine residues at the C-terminus.
On western blots, the protein is detected between 77-108 kDa depending on the
glycosylation status. SLC34A2 has electrogenic activity and transports 3 Na+ ions
together with one HPO42- ion. Transport is pH dependent and most active at acidic
pH (Hilfiker et al., 1998a).
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Homozygous Slc34a2-KO mice show a high rate of embryonic lethality whereas
milder mutations cause respiratory complications such as pulmonary alveolar
microlithiasis (PAM) and testicular microlithiasis (TM) (Corut et al., 2006; Huqun et
al., 2007).
In Slc34a-KO mice, an essential component of the regulatory system that controls Pi
balance is removed. This affects blood parameters including hormones, metabolic
factors and electrolytes related to Pi homeostasis. The major changes are listed
below in table 1.1.

Table 1. 1: Physiological parameters of Slc34a transporter knock-out mice. Low plasma
Pi levels with high rates in renal Pi excretion and bone deformities have been noticed mainly
in Slc34a1 (or in combination with Slc34a3) -KO mice.

Parameter
Plasma Pi
Pi excretion
Vitamin D3
FGF23
Linked
disordered

Slc34a1KO mice

Slc34a2KO mice

Slc34a3KO mice

Slc34a1/Slc34a3
double KO mice

(Beck et al.,
1998)

(Sabbagh et al.,
2011)

(Segawa et al.,
2009b)

(Segawa et al.,
2009a)

Low
High
High
Low
Skeletal
abnormalities

Low/normal
Low
High/normal
Low/normal
Pulmonary
alveolar
microlithiasis

Normal
Normal
High
Low

Low
High
High
Low
Osteoporosis
and rickets

---

All Slc34a isoforms have comparable primary amino acid sequence. This suggest a
common protein structure, however no crystal structure of a Slc34a transporter has
yet been solved. Instead, a homology 3D model has been proposed based on a
related crystal structure of VcINDY a bacterial Na+ dependent dicarboxylate
transporter, as presented in figure 1.2.
Further conformation analysis has been performed on the suggested model by
mutating predicted key residues with functional consequences (Fenollar-Ferrer et al.,
2014a; Fenollar-Ferrer et al., 2015b; Patti et al., 2016).
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Figure 1. 2: Proposed model of the human SLC34A isoform based on the VcINDY
crystal structure. The purple spheres represent Na+ ions, the yellow/red spheres represent
Pi. Adopted from (Fenollar-Ferrer et al., 2014b).

1.4. Regulators of Pi homeostasis
Many factors have been identified that help to maintain Pi levels in the body. These
factors have been studied extensively and their physiological importance in
regulating Pi levels are well documented (Prasad and Bhadauria, 2013). The main
factors include parathyroid hormone (PTH), vitamin D3 (vitD3) and fibroblast growth
factor (FGF-23), which will be described in detail below.

1.4.1. Parathyroid hormone (PTH)
PTH or parathyrin is synthesised by chief cells in the parathyroid gland and plays an
important role in controlling blood Ca2+, Pi and vitD3. PTH is released into the blood
after the stimulation of calcium-sensing receptors (CaSR) in the parathyroid gland in
response to hypocalcemia, decreased serum vitD3 and/or hyperphosphatemia. PTH
exhibits its main effects on bones and kidneys- and to a lesser extent on intestine- as
shown in figure 1.3.A (Kumar and Thompson, 2011).
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In bones, PTH contributes to bone remodelling and osteoclast proliferation and,
importantly, enhances bone resorption and the release of Ca2+ and Pi from
osteoclasts (Talmage and Mobley, 2008). Whereas in kidney, PTH controls the
reabsorption/excretion threshold of calcium and phosphate in opposite manner to
keep the solubility product of Ca2+ and Pi low.
While it upregulates Ca2+ reuptake, PTH decreases renal Pi reabsorption by inducing
the retrieval of the Pi cotransporter SLC34A1 from the apical membrane (Figure
1.3.B) (Kempson et al., 1995; Picard et al., 2010). The inhibition of renal
cotransporter activity was linked to both protein kinase C (PKC) and protein kinase A
(PKA) mediated phosphorylation (Bacic et al., 2006).
Direct phosphorylation of SLC34A1 has not been demonstrated, the sodiumhydrogen exchanger regulatory factor (NHRF-1) which also binds to SLC34A1 is a
likely target instead. This leads to the internalization of the Pi transporter and its
degradation in lysosomes (Pfister et al., 1998). Furthermore, PTH has a stimulatory
effect on vitD3 hydroxylation in the proximal renal tubule (as described below).
Consequently, PTH indirectly induces the expression of the intestinal Pi transporter
(SLC34A2) via the elevation of plasma vitD3 levels (Figure 1.3.B).
Pathological disorders that cause an excess secretion of PTH from the parathyroid
gland severely influence Ca2+ and Pi metabolism. The bones and kidney are mainly
affected, in addition, debilitating complications including cardiovascular disease are
observed. Likewise, patients with secondary hyperparathyroidism (SHPT) often
exhibit signs of reduced kidney function manifested by hyperphosphaturia,
hypophosphatemia, high plasma Ca2+ and low vitD3 levels (Tomasello, 2008).
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B

A

Figure 1. 3: The physiological role of PTH on the different organs in the body. A) PTH
targets bone, kidneys and indirectly intestine. In bone, PTH induces bone resorption which
increases Ca2+ and Pi in the plasma whereas in kidney PTH induces Pi excretion and Ca2+
retention. The action of PTH in intestine is indirect via vitamin D3. B) Proposed inhibitory
mechanism of PTH on SLC34A1 transporter in renal cells. PTH binds to its receptor (PTH1R) and triggers NHERF-1 phosphorylation by PKC and PKA which leads to the endocytosis
of SLC34A1, figures adopted from (Hinson A.M.; Jacquillet and Unwin, 2019).

1.4.2. Vitamin D3 (vitD3)
Vitamin D3 is an essential Pi regulator. Organs that contribute to maintaining Pi
homeostasis such as kidneys and bones are also involved in vitD3 synthesis. The
synthesis process starts in skin where 7-dehydrocholestol (ergosterol) is transformed
into cholecalciferol in the presence of UV-light. Cholecalciferol is then hydroxylated
in the liver by CYP2R1 which converts cholecalciferol into 25-hydroxycholecalciferol
25(OH)vitD. The active form of vitD3 is produced in proximal renal tubular cells which
convert 25-dihydroxycholecalciferol to 1,25-dihydroxycholecalciferol 1,25(OH)2D by
the 1α-hydroxylase (CYP27B1).
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In vivo and in vitro investigations showed that vitD3 induces an upregulation of the
intestinal sodium phosphate cotransporter, reduces FGF-23 and PTH secretion
(Figure 1.4).

Figure 1. 4: Synthesis of vitamin D3 and target organs. Following sun exposure and
dietary intake of ergocalciferol and cholecalciferol synthesis in liver, the active form of vitD3;
1,25(OH)2D is produced in renal proximal tubules. 1,25(OH)2D induces bone resorption and
the release of Ca2+ and FGF-23. In the intestine, vitD3 increases Pi uptake by the intestinal
SLC34A2 transporter. Moreover, 1,25(OH)2D causes a decrease in PTH secretion by
parathyroid glands. The figure is adapted from (Raubenheimer and Noffke, 2011; Boudal
and Attar, 2012).

KO-mice lacking the vitD3 receptor (VDR) suffer from low intestinal Pi uptake
(because of Slc34A2 downregulation), hypophosphatemia and shorter life span
(Kato et al., 1999). Another report found VDR knock out caused upregulation of the
renal Pi cotransporters (Slc34a1 and Slc34a3) to compensate the Pi wasting (Marks
et al., 2010). Conversely, vitD3 injection in healthy mice caused an upregulation of
Slc34a2 expression, which was attributed to transcriptional stimulation of Slc34a2 by
vitD3 (Hattenhauer et al., 1999).

1.4.3. Fibroblast growth factor (FGF-23)
The FGF protein family plays an important role in various biological processes during
embryonic development, wound repair and tissues regeneration (Yamashita et al.,
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2000; Yoshiko et al., 2007). FGF-23 is the latest member in the family and is
characterised by an endocrine-like function. FGF-23 is triggered in response to high
levels of plasma Pi, PTH, and vitD3 (Itoh and Ornitz, 2011). FGF-23 is expressed
mainly in osteoblasts and osteoclasts, in addition to other organs such as heart,
parathyroid gland, small intestine and thymus. In kidney, FGF-23 binds
predominantly to cell-surface receptors-1 (FGF-23 receptor-1, FGFR1).
Activation of FGFR1 by FGF-23 results in the formation of a tertiary complex in the
presence of α-Klotho enzyme causing a reduction of SLC34A1 and SLC34A3
cotransporters in the membrane (Ruta et al., 1989; Powers et al., 2000; Ranch et al.,
2011; Martin et al., 2012). Moreover, FGF-23 plays an important feedback role in 25hydroxycholecalciferol to 1, 25-dihydroxycholecalciferol hydroxylation by inhibiting
1α-hydroxylase (CYP27B1) via the ERK1/2 pathway (extracellular signal-regulated
protein kinases 1 and 2) (Perwad et al., 2007). FGF-23 was also reported to
decrease SLC34A2 transporter abundance in intestine as a result of reduced vitD3
synthesis (Figure 1.5) (Miyamoto et al., 2005).
In addition to the PTH, vitD3 and FGF-23 a number of other factors affect both renal
and intestinal sodium/phosphate cotransporters (i.e. SLC3434A1/SLC34A3 and
SLC34A2), listed in table 1.2.
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Figure 1. 5: Regulatory role of FGF-23 in Pi homeostasis. FGF-23 is secreted mainly by
bone cells and decreases renal Pi reabsorption via SLC34A1 and SLC34A3. Intestinal
absorption of Pi by SLC34A2 is also decreased due to the inhibitory effect of FGF-23 on 1αhydroxylase reducing vitD3 synthesis. Figure adopted from (Beck-Nielsen, 2012).

Despite the many established hormones and metabolites that affect Pi balance,
novel mediators have recently emerged that potentially influence SLC34A
expression, for example Natural Antisense Transcripts (NATs) or the microbiome.
These factors are not well-established and will be discussed in more details later in
this chapter and throughout the thesis.
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Table 1. 2: Regulators of Pi homeostasis. Hormonal and non-hormonal factors that
influence body Pi balance. Most of these factors affect the expression of SLC34A
cotransporters in the renal and intestinal epithelium (Knöpfel, 2016). Red arrows refer to an
increase and black arrows to a decrease in transporter expression.

Regulator (s)

Cotransporter

Dietary Pi

SLC34A1, A2
and A3

Growth
hormone
(Insulin growth
factor-1, IGF-1)

Glucocorticoids

SLC34A1/A3

SLC34A1/A3

Thyroid
hormone

SLC34A1

Calcitonin

SLC34A1/A3

Glucagon

SLC34A1/A3

Phosphatonins

SLC34A1/A3

Prostaglandins

SLC34A1, A2
and A3

Blood calcium

SLC34A1, A2
and A3

Insulin

SLC34A1, A2
and A3

Mechanism of action
The expression of SLC34A2 decreases
significantly in response to high Pi diet. In
contrast, with low Pi diet, all SLC34A
transporters are increased (Wen et al., 1978).
IGF-1 is produced in kidney and has a
stimulatory effect on the transporter activity
by activating phospholipase C (Hammerman
et al., 1980; Rogers and Hammerman, 1989;
Caverzasio et al., 1990).
The effect of steroids depends on dose, time
and experimental conditions. Diverse effects
on transporter activity and protein abundance
including SLC34A1/A3 have been reported
(Noronha-Blob and Sacktor, 1986; Ambühl et
al., 1998). The potential molecular
mechanism of action will be discussed
extensively elsewhere in this thesis.
Rats administrated parenterally with T4
showed a significant increase in BBM
SLC34A1 (Beers and Dousa, 1993).
Calcitonin increases cytoplasmic levels of
Ca2+ in renal BBM vesicles and inhibits Pi
reabsorption (Berndt and Knox, 1984).
Glucagon induces phosphaturia (Ahloulay et
al., 1996).
The best-studied Phosphatonins such as
sFRP-4 reduce vitD3 by inhibition of 1-αhydroxylase (Masi, 2011).
PGE2 produced in the kidney act to
antagonise PTH action (Dominguez et al.,
1984).
In vivo studies showed that high blood Ca2+
levels result in a decrease in SLC34A1/A3
activity in renal BBM (Rouse and Suki, 1985;
Caverzasio and Bonjour, 1988).
Insulin induces renal Pi reabsorption and
antagonises PTH action (Hammerman and
Rogers, 1987).
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Gene expression is a tightly controlled process that involves a wide range of factors
at both transcriptional and/or post-transcriptional levels. The process starts with a
reduction in chromatin compaction, unwinding of the DNA helix, recruiting of
transcriptional factors and RNA polymerases at specific regulatory sites such as
enhancer and promoter sequences.
In eukaryotes, a generic promoter sequence consisted of two parts (i) the TATA box
located at 25-30 nucleotides upstream of the transcription start site (TSS) and (ii) the
CAAT box which located at 60-100 nucleotides upstream of the TSS and contains
the consensus sequence 5’-GGCCAATCT-3’. Alternatively, CpG islands act as
frequent promoters, generally associated with housekeeping and developmentally
regulated genes (Deaton and Bird, 2011).
On the other hand enhancers promote transcription from distant sites often several
kilobases up- or downstream of the TSS. The distant regulation is achieved when a
protein or a complex of proteins simultaneously binds to enhancer elements and
proximal regulatory elements forming DNA loops. Once transcription factors bind to
enhancer and promoter sequences, the transcription machinery is assembled, RNA
pol II is recruited and the transcription process begins in 5’ to 3’ direction
(Schoenfelder and Fraser, 2019).
RNA Pol II slows down over the termination sequence at the 3’ end of the gene due
to recruitment of cleavage and polyadenylation specificity factors (CPSF) that
recognise the AAUAAA motif at nascent transcripts. A further reduction in Pol II
speed is observed when nascent transcripts invade the DNA duplex resulting in R
loop structures. Eventhough CPSF promote the detachment of mRNA from
chromatin, Pol II continues to transcribe the DNA template. The resulting transcripts
are short-lived due to the activity of the exonuclease Xrn2 that degrades the
transcript from its 5′ end and eventually displaces Pol II from the DNA (torpedo
mechanism) (Platt, 1986; Proudfoot, 2016).
Transcription termination is a critical step, read-through or incomplete termination
have been reported particularly in cells exposed to stress factors such as osmotic- or
heat shock, viral infection or cancer-inducing mutations (Nielsen et al., 2013).
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1.5. Non-coding RNA (ncRNA)
The Human Genome Project revealed that approximately 2 % of the entire human
genome are transcribed into mRNA and translated into proteins (Djebali et al.,
2012b). The vast majority of the transcriptional output is non-coding and was often
considered as transcriptional noise and referred to as “dark matter’’ of the genome
(Kiyosawa et al., 2003).
The various ncRNAs make up a heterogeneous group of RNAs and many share
common characteristics with mRNAs such as transcription by RNA polymerase II,
the splicing process, polyA tailing and the cap-structure. However, unlike mRNAs,
ncRNAs lacks of long protein coding potential, nonetheless experimental studies
have shown that many of these transcripts are biologically active. Various
approaches have been used to identify ncRNAs including large-scale sequencing
(Mercer and Mattick, 2013), hybridization techniques and bioinformatic analyses
(Wang et al., 2005). These techniques resulted in identification of a wide range of
noncoding transcripts with different characteristics.
Based on experimental considerations an initial classification of ‘long’ and ‘short’
noncoding RNAs was introduced. A length of 200 nucleotides was considered as cut
off between short and long noncoding transcripts (the latter bind to the column matrix
whereas the former remain in the flow through in column-based RNA purification
kits).
The short RNA group includes; miRNA (microRNA) snoRNA (small nucleolar RNA),
snRNA (small nuclear RNA), piRNA (Piwi-interacting RNA), endogenous siRNA
(endo-siRNA) and tRNA (transfer RNA), though these short RNAs are not the focus
of this thesis. The long noncoding RNA family includes; NATs (natural antisense
transcripts), eRNA (enhancer ncRNA), intergenic ncRNA (lincRNA) and pseudogene
gene derived ncRNA, as listed in table 1.3 (Kowalczyk et al., 2012a).
Some studies focusing on lncRNAs have classified noncoding transcripts according
to their genomic localisation, related to the closest neighbouring protein coding gene.
For instance, a lncRNA which is localised in an intergenic region is known as
intervening lncRNA or lincRNA. In contrast, those lncRNA which are exonic, intronic
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or fully overlapping with a protein coding gene are referred to as genic ncRNA
(Derrien et al., 2012; Aprea and Calegari, 2015).

Table 1. 3: Classification of ncRNA and their biological roles in mammals. The
transcript length is referred to in nucleotides (nt). The approximate number of transcripts in
the human genome is also given as well as a summary of features and functions.

ncRNA

number of
genes

Features and function

Short RNAs (<200 nt)
- 21–23 nt,
- transcribed by polymerase II & III,
- bind to 3’ untranslated region of mRNAs
regulating >15000 genes (Chou et al., 2018;
Kozomara et al., 2019)
>1,500
- 60–300 nt,
snoRNA
- involved in modification, maturation and
stabilisation of ribosomal RNAs (Jorjani et al.,
2016; Bouchard-Bourelle et al., 2019).
>1,900
- about 150 nt,
snRNA
- contribute to processing of pre-mRNA in the
nucleus (Becker et al., 2019).
>90
- 25–33 nt,
piRNA
- repress retrotransposition of repeat elements
(Liu et al., 2019).
>500
- 73–93 nt,
tRNA
- transfer of amino acids, involved in translation of
mRNA into protein (Torres et al., 2019).
Long noncoding RNAs (>200 nt)
>5,500
- variable transcript length,
NATs
- mostly unknown function, but some are involved
in gene regulation through transcriptional or posttranscriptional interference (Barman et al., 2019).
>2,000
- variable transcript length,
eRNA
- hallmark of active enhancers,
- some eRNA interfer with target gene
transcription (Ding et al., 2018)
>6,500
- variable transcript length,
lincRNA
- some are involved in gene regulation (Ransohoff
et al., 2018)
Pseudogene
>700
- mostly unknown function, but some may act as
lncRNA
miRNA sponges (Kowalczyk et al., 2012b; Ji et
al., 2015).
miRNA

>2500
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In-depth computational annotation revealed that coding and noncoding transcripts
are often clustered in the same genomic loci but are transcribed in opposite
orientations. Approximately 20 % of mammalian lncRNA were found to be
transcribed in the opposite direction from protein coding genes (i.e. divergent) (Luo
et al., 2016) whereas the majority shows convergent transcription generating
complementary transcripts (Figure 1.6).

Figure 1. 6: Proposed arrangement of lncRNAs in the human genome. Depending on
the intersection with protein-coding genes, there are intergenic and genic lncRNAs which
include exonic, intronic and overlapping patterns (upper panel). Another classification of
lncRNA is based on the transcription orientation in relation to the protein coding gene (lower
panel). The latter classification includes convergent and divergent pattern of transcription.

1.5.1. Natural antisense transcripts (NATs)
Among the large family of non-coding RNAs, NATs are a particularly interesting,
well-defined group of transcripts. NATs were first detected in 1982 in prokaryotes
and later the scale of antisense transcription became apparent through large scale
sequencing (cDNAs and ESTs) and especially from the FANTOM project to
sequence all mouse transcripts (Kiyosawa et al., 2003).
In 2004, Chen et al., suggested that approximately 20 % of protein coding genes in
humans form duplexes between sense and antisense transcripts (Chen et al., 2004).
Thereafter, the advances in nucleic acid sequencing technology and systematic,
large-scale cDNA analysis (FANTOM3 project) revealed that sense/antisense co17

expression is widespread. Moreover, in many cases the experimental perturbation of
one transcript was shown to alter the expression of the partner transcript (Katayama
et al., 2005a; Wight and Werner, 2013).
NATs have been identified in all eukaryotes including human, mouse and yeast.
They are defined as capped, mostly polyadenylated RNAs transcribed in the
opposite direction to protein coding genes and often partly complementary to sense
protein coding transcripts.
The majority of NATs are expressed at low levels and show high tissue specificity
and co-expression with their related sense transcripts. The examined NATs either
repress or promote the expression of the cognate sense transcripts in a concordant”
pattern (expression of sense/antisense transcripts both increased or decreased), or
in discordant pattern (expression of sense reduces antisense expression, and vice
versa) (Wang et al., 2014; Balbin et al., 2015).
NATs are sub-classified into two major categories according to their origin and mode
of action (Lavorgna et al., 2004; Li et al., 2006): cis-NATs are transcribed from the
opposite strand of protein coding genes and display perfect (partial) complementarity
to their sense RNA strand. The resulting sense/antisense transcripts appear in three
different configurations: head-to-head (5’ overlap), fully overlapping and tail-to-tail (3’
overlap) (Figure 1.7).
Cis-NATs constitute the vast majority of lncRNA antisense transcripts. For instance,
Zhoe et al., investigated the role of NATs transcripts during muscle development for
two different breeds of pigs. The transcriptome analysis showed that 80 % (i.e. about
1200 out of 1400 transcripts) of the detected NATs were transcribed in cis and
concordantly co-expressed with their sense transcripts (Zhao et al., 2016).

The second group of NATs known as trans-NATs, are transcribed from a separate
genomic locus as their potential target and have only partial complementarity to the
sense transcripts (Kiss, 2002). Most of the identified trans-NATs show imperfect
base-pairing with the target RNA molecules (Brennecke and Cohen, 2003). In
general, trans-acting transcripts are less abundant than cis antisense transcripts. It
was suggested that trans-NATs could form complex networks targeting different
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sense transcripts at the same time due to the lack of perfect complementarity
between sense RNA and trans-NATs (Li et al., 2006). However, more recently this
hypothesis was disputed, instead these pseudogene-derived transcripts appear to
act as competitors (sponges) for microRNAs rather than as antisense lncRNAs.

Trans NATs

Figure 1. 7: Genomic configurations of Trans NATs. Sense and cis-natural antisense
transcripts in head-to-head configuration (top), tail-to-tail (middle) and overlapping (bottom).

1.5.2. NATs mode of function
There are a number of hypothesised mechanisms that explain how NATs can
regulate gene expression. It is generally assumed that NATs interfere with the
expression of the sense transcripts and consequently induce a phenotypic change.
This view has been confirmed by overexpression or knockout experiments of NATs
(i.e. loss-of or gain-of function experiments) (Kiyosawa et al., 2003).
Well-studied examples of functional NATs include transcripts from parentally
imprinted genes where the antisense RNAs induce the silencing of the sense
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transcripts (Airn, Kcnq1ot1 and Tsix) (Brown et al., 1991; Penny et al., 1996; Sleutels
et al., 2002). Expression of these NATs leads to chromatin modifications and
transcriptional gene silencing of the related sense genes (Jeon and Lee, 2011).
Although the mechanism of action of many NATs remains to be established, three
plausible sense/antisense interaction pathways have been suggested as below
(Faghihi and Wahlestedt, 2009; Werner, 2013; Wight and Werner, 2013);

1.5.3. Transcription- related modulation (or transcriptional interference)
In convergent transcription, the polymerase complexes on both sense and antisense
strands move towards each-other and eventually stall or collide. This mechanism
was suggested to account for a large number of discordantly regulated senseantisense transcript pairs (Katayama et al., 2005a). This hypothesis has been
studied in detail in Escherichia coli and yeast, Saccharomyces cerevisiae, by using
promoters that send polymerase complexes on collision course and atomic force
microscopy (Prescott and Proudfoot, 2002; Crampton et al., 2006).
In E. coli the transcription of oppositely oriented RNA polymerases (RNAP) resulted
in collision and stalling of the transcriptional machinery while one or both RNAP
remained attached to the DNA template after the collision. In S. cerevisiae, the
GAL10 and GAL7 genes for example are arranged in convergent orientation and the
model has been extensively studied. Transcription of both genes was initiated
efficiently, however transcript elongation became limited once the polymerase
approached each other, suggesting that the polymerases stall or collide and thus the
level of both transcripts is reduced (Prescott and Proudfoot, 2002). It’s worthwhile to
mention that transcriptional collision has been engineered in mammalian cell lines,
however, this mechanism appears unlikely to be of relevance in higher eukaryotes
(Osato et al., 2007).

1.5.4. Double stranded RNA formation (RNA- RNA interactions)
The sense mRNA expression can also be modulated by antisense transcripts as a
result of sense–antisense RNA duplex formation. Such duplexes were detected in
20

cytoplasm and nucleus and are assumed to occur directly after transcription. For
example, a number of cellular stress factors such as hydrogen peroxide, serum
starvation and reduction in oxygen supply induce nuclear duplex retention
particularly for antisense transcripts, which is accompanied by changing levels of the
cognate sense transcripts in human HEK293-SW cells (Faghihi et al., 2008b).
Likewise, the duplex between sense mRNA and antisense transcript in the
cytoplasm was found to affect mRNA stability by protecting it from degradation.
Bolland et al., showed that the β-site amyloid precursor protein-cleaving enzyme 1
(BACE1) mRNA was stabilised by the antisense transcript BACE1-AS. The latter
transcripts mask a miRNA binding site on the sense transcript thus increasing its
stability. Additionally, the HIF1a-antisense transcript blocks adenylate-uridylate-rich
elements (AU-elements) at 3’-UTR end of the sense transcript, suggesting that
antisense transcript protects the target mRNA transcript from degradation (Rossignol
et al., 2004).

Because dsRNA mimics a viral infection and poses a potential threat to cells,
hybridisation between NATs and cognate sense transcripts stimulates enzymes
which resolve/edit dsRNA. For example, members of the adenosine deaminase
acting on RNAs enzyme family (ADARs) were found to be activated by dsRNA
duplex formation. ADARs alter the nucleotide sequence by converting adenosine to
inosine and thus ‘melt’ the dsRNA duplex. Widespread editing from A-to-I can be
found in transcripts from repetitive genome sequences (Athanasiadis et al., 2004) or
at specific sites in some neurotransmitter receptors (Sapiro et al., 2019).
Other studies found that cytoplasmic dsRNA from endogenous (mitochondrial and
repetitive genes) as well as external sources (dsRNA viruses) triggers an innate
immune response mediated by protein kinase-R (PKR). PKR recognises its target
with two dsRNA binding domains which activates the kinase and triggers
translational inhibition and an IFN-mediated innate immune response (Marchal et al.,
2014).
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1.5.5. NATs regulate chromatin status
Some NATs are thought to work independently of the sense transcripts. A well
characterised example is HOTAIR, a noncoding RNA originating from the HOXC
locus on human chromosome 12. The 5’-UTR of HOTAIR acts as scaffold for
polycomb repressive complex 2 (PRC2) which in turn enhances histone lysine 27
trimethylation (H3K27me3) over the entire HOX locus and induces transcriptional
silencing. In contrast, the 3’end of HOTAIR is reported to enhance lysine-specific
histone demethylase 1A (LSD1) with a positive effect on sense and antisense
transcription.
Other cis-antisense transcripts work as platforms for histone/chromatin modifying
enzymes which affect the cognate sense genes as well as up-and down-stream
neighbouring genes (Bernstein and Allis, 2005). This mode of action has been
proposed in different imprinted autosomal loci were genes are expressed
monoallelically from either the paternal or maternal chromosome. For example the
expression of the lncRNA, Arin, plays an important role in inducing transcriptional
silencing of Igf2r by inducing promoter methylation and histone H3K9 methylation

(Andergassen et al., 2019). Whereas in Tsix/Xist, the expression of of the noncoding
RNA Tsix blocks H3K4me3 methylation leading to an accumulation of RNA pol II and
impaired Xist expression, other mechanisms of transcript silencing have also been
suggested (Galupa et al., 2020).
An inverse relationship has been detected between the tumour suppressor gene p15
and its antisense transcripts, p15-AS. The upregulation in p15-AS is linked to the
silencing of p15 transcripts. The antisense transcripts induce DNA methylation of the
p15 promoter and trigger heterochromatin formation (Yu et al., 2008). A similar
mechanism was reported for the alpha-globin gene (HBA2) and its antisense
transcripts LUC7 (Tufarelli et al., 2003; Piatek et al., 2016; Zinad et al., 2017).
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1.6. Epigenetics and gene expression
Eukaryotic chromatin represents packed genetic material that contains information
required for the different biological activities in a cell. Epigenetic marks such as DNA
methylation and post translational modification of histone tails represent another
reservoir of genetic information (Jaenisch and Bird; Jenuwein and Allis, 2001).
Global genomic DNA methylation and histone modifications have been established
for many cells and organs in the ENCODE project (Encyclopedia of DNA Elements)
(Birney et al., 2007). Both epigenetic marks were found to be highly conserved and
to correlate with activating and/or silencing of particular genomic loci (Jenuwein and
Allis, 2001). Therefore, the cell-specific chromatin structure influences the
expression pattern of both coding and noncoding transcripts and may provide clues
to the biological function of the genes.

1.6.1. DNA methylation
DNA methylation is an epigenetic modification where methyl groups (-CH3) from the
methyl donor S-adenosyl-L-methionine (SAM) are transferred to C5 of cytosine in a
CpG (cytosine phosphate guanine) context (Bird, 2002). The importance of DNA
methylation is to induce long term gene silencing and to provide stable epigenetic
information for many cell generations without altering the nucleotide sequence
(Cedar and Bergman, 2012; Smallwood and Kelsey, 2012).
DNA methylation is prominently implicated in genomic imprinting, transposon
silencing and X-chromosome inactivation (Esteller, 2007; Santos-Reboucas and
Pimentel, 2007). In mammals, 60-80 % of CG residues are methylated. In CpG
islands associated with promoter regions, 70-90 % of CGs are preserved from
methylation. However, methylation of promoters in a non-CG context has been
discovered in few cell types such as embryonic stem cells, oocytes and brain cells
(Law and Jacobsen, 2010; Tomizawa et al., 2011; Kobayashi et al., 2012).
In mammalian cells, DNA methylation occurs in various genomic regions, most
prominently in satellite DNA such as LINEs (long interspersed transposable
elements) and parasitic SINES (short interspersed transposable elements) (Yoder et
al., 1997). The enzymatic methylation system consists of two main components,
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DNA methyltransferases (DNMTs) which catalyse the DNA methylation reaction
(writers), and the methyl-CpG binding proteins (MBDs), which are responsible for
‘reading’ the methylated marks (readers) (Mayer et al., 2000).
Furthermore, DNMTs can be classified into de novo methyltransferases (DNMT3A
and DNMT3B) which are important for initial DNA methylation in embryogenic
tissues (Okano et al., 1998; Okano et al., 1999). On the other hand, DNMT1 is
responsible for the methylation of hemi-methylated DNA thus maintaining the
epigenetic imprint after cell division (Figure 1.8) (Okano et al., 1999; Hermann et al.,
2004). The presence of a methyl group at cytosine inhibits transcription factors from
binding to the DNA template and enables the interaction with methyl-CpG binding
proteins, both repressing gene expression (Robertson, 2002).
DNA methylation is reversible process. Demethylation opposes the effects of
methylation and has been reported mainly during mammalian embryogenesis (Kohli
and Zhang, 2013). Other studies propose that demethylation can happen without cell
replication in response to environmental stimuli. Hence, two main mechanisms have
been identified that induce DNA demethylation (Wu and Zhang, 2010): first, active
demethylation involves the release of 5-methylecytosine (5meC) by specific yet
uncharacterised enzymes. Second, passive demethylation occurs during
embryogenesis or after mutating, blocking or knocking-out DNMT enzymes followed
by progressive cellular divisions.
Recent large-scale DNA methylation studies provided a new tool to investigate gene
expression patterns (Laird, 2010). Bisulphite sequencing is the quantitative
technique used for this purpose and involves treating of genomic DNA with bisulphite
compounds to differentiate between the methylated and non-methylated cytosine
residues (Lister et al., 2009; Laurent et al., 2010). Many research groups have also
illustrated a crosstalk between DNA methylation and histone modification influencing
gene expression in different organisms (Du et al., 2015).
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Figure 1. 8: DNA methylation and demethylation. De novo methyltransferases (DNMT3A,
DNMT3B) add methyl groups during early development. The methylation pattern is
transferred to the daughter cells during replication in the presence of DNMT1. Absence of
DNMT1 leads to passive demethylation in contrast to active demethylation that happens
under the effect of yet unrecognized enzymes. Figure adopted from (Wu and Zhang, 2010).
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1.6.2. Histone modification
In eukaryotes, negatively charged DNA is wound around a positively charged protein
complex, forming the so-called nucleosome. Each nucleosome is composed of two
copies the histone proteins H2A, H2B, H3 and H4 plus 147 bp of DNA and appears
as thread like structure (Luger et al., 1997). The transcriptionally silent and tightly
packaged chromatin (i.e. heterochromatin), results from hydrogen bond formation
between histone tails with the adjacent nucleosome. These bridges prevent
transcription factors from accessing the promoter region in the chromatin. Histone
modifications are considered as short-term epigenetic marks which are lost after few
cell divisions (Ma et al., 2015). Histones are modified mainly by
methylation/acetylation and their influence on the structure of chromatin is well
established (Strahl and Allis, 2000). However, other modifications such as
phosphorylation, ubiquitination and SUMOylation, facilitate/restrict access to DNA
and are associated with active/ silenced genes.

1.6.3. Histone Methylation
Methylation of histone proteins represents a prominent post translational modification
by which methyl groups are added to the N-terminus of histone H3 on arginine and
lysine residues only. Arginine is found to be either mono- or di-methylated with
symmetrical or asymmetrical configuration. The methylation reaction is catalysed by
protein arginine methyltransferases (PRMTs I & II). On the other hand lysine
methylation can involve a single, two or three methyl groups and all reactions are
catalysed by the histone lysine methyltransferase (HKMT) (Zhang and Reinberg,
2001; Andreoli and Del Rio, 2015), as shown in figure 1.9.
In contrast to acetylation, histone methylation does not change histone charge
distribution and establishes a base for the binding of regulatory proteins. Hence,
histone methylation shows diverse effects on transcription which can be activating or
repressive depending on the genomic context and the degree of methylation (Black
et al., 2012). Moreover, glutamine, aspartic acid and proline have also been
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identified as potential methyl group acceptors (Bannister and Kouzarides, 2011;
Tessarz et al., 2014).

Figure 1. 9: Histone (H3) methylation of lysine and arginine residues. The PRMT
enzyme induces arginine methylation to form mono or di methylarginine. Arginine di-methyl
configuration can be symmetric or asymmetric. Lysine methylation catalyzed by HMT leads
to mono, di and tri-lysine methylation (Zhang and Reinberg, 2001).

1.6.4. Histone Acetylation
The acetylation of lysine residues affects the charge of histones i.e. it reduces the
affinity to negatively charged phosphate groups in the DNA and introduces a bulky
side chain. Thus, the modification decreases the DNA – histone affinity and loosens
the wrapping of DNA around the histone core. As a result, the DNA becomes more
accessible to transcription factors.
The acetylation status of lysine residues at the N-terminus of histones is regulated by
histone acetyltransferase (HAT) or by histone de-acetylase (HDAC) enzyme activity
(Carrozza et al., 2005).
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While histone acetylation correlates with actively transcribed loci, deacetylation has
the opposite effect and leads to repressed transcription (Figure 1.10) (Zhang and
Tang, 2003; Sims et al., 2006).

Figure 1. 10: Acetylation of histone lysine residues. Addition of an acetyl group to the
histone tail catalysed by histone acetyl transferase (HAT). The removal of acetyl residues is
mediated by histone deacetylases (HDAC) (left panel). Histone acetylation makes DNA more
accessible to the transcriptional machinery, this is reversed by the action of the HDACs
resulting in transcriptionally silent compact chromatin (right panel).

The epigenetic imprint of SLC34A1-sense and-antisense promoters is not
established. Though epigenetic regulatory mechanisms involving DNA methylation
and histone acetylation are hypothesised to influence the transcriptional activity of
the SLC34A1 locus. This hypothesis will be addressed in this thesis using different
cellular models.
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1.7. Microbiome and phosphate
Microbiota refer to groups of microorganisms such as bacteria, archaea, fungi and
viruses that reside inside and/or outside a mammalian body. In human, the microbial
communities vary between body organs and this variation depends on the presence
or absence of essential growth requirements within the environment. Because of its
pivotal role in human health and its interaction with other systematic organs, some
recent studies consider the microbiota as an actual organ in the body (Huttenhower
et al., 2012).
The gastrointestinal tract (GI) is colonized by approximately 100 trillion prokaryotic
cells which belong to about 1000 bacterial species (Clark and Coopersmith, 2007;
D’Argenio and Salvatore, 2015). Bacteria are considered as the main component of
the microbiological ecosystem in different parts of the GI tract. The composition of
the so-called microbiome is particularly well investigated in five different body sites,
namely gut, skin, respiratory airways, oral cavity and urogenital tract. The
percentage of the different bacterial phyla in an adult human are represented in
figure 1.11 (Clark and Coopersmith, 2007; D’Argenio and Salvatore, 2015).
In the GI tract the microbes mainly colonise the mucosal layer of the gut in about
equal proportions to the number of host cells (Sender et al., 2016) Moreover, the gut
microbiome varies along the GI tract, for example the commensal bacteria in
stomach are significantly different from those in colon. This is mainly due to the
variations in the physicochemical environment such as intestinal motility, pH level
and host secretion of bile, gastric acid and enzymes. In addition, external factors
contribute in shaping the final format of gut microbiome such as antibiotic usage,
aging, dietary status and general health (Figure 1.12) (Woodmansey, 2007;
Gerritsen et al., 2011).
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Figure 1. 11: Bacterial phyla diversity across well-investigated human body sites. The
microbiome complexity is comparable in airways and oral cavity. Data from (Grice et al.,
2009; Dewhirst et al., 2010; Arumugam et al., 2011; González et al., 2014; D’Argenio and
Salvatore, 2015).
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Figure 1. 12: Impact of environment on the most common bacterial species within the
human GI tract. The bacterial diversity in the stomach is smaller than in small intestine and
colon due to the low pH (Zhang et al., 2015b).

1.7.1. The microbiome impact on health
Under homeostatic conditions in the GI tract, the commensal microbiome is
responsible for many basic duties (Mueller and Macpherson, 2006; Hill and Artis,
2010): first, it breaks down and digests macromolecules from nutrients into small
molecules and thereby increases the bioavailability of vitamins, carbohydrates and
minerals. In addition, certain E. coli strains have the ability to synthesise vitamin K2
and perform redox reactions within the large intestine (Bentley and Meganathan,
1982). Second, other bacterial species such as Bifidobacterium longum,
Lactobacillus reuteri are playing a role in enhancing enteric nerve function and
enteric angiogenesis (Kunze et al., 2009; Bercik et al., 2011). Third, some
commensal bacteria provide mechanical support to the gut epithelial membrane and
enhance barrier integrity by preventing pathogenic bacteria from penetrating the
mucosa (Ubeda et al., 2017). Finally, bacteria contribute to the development and
adaptation of the host immune system, such as direct interaction with the mesenteric
lymph nodes and other gut-associated lymphoid tissue (GALT) (Macfarlane and
Cummings, 1999).
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All these roles are essential for enteric homeostasis which refers to the balanced
status of bacterial communities and their direct interaction with host tissue and
dietary factors. An abnormal dietary change could induce the development of a state
of microbial imbalance or dysbiosis which eventually could lead to serious
pathological conditions such as inflammatory bowel disease and other
gastrointestinal (GI) disorders, including gastritis (Bohn et al., 2006; Ding and
Schloss, 2014). Despite significant variation of GI microbial load among different
individuals, the core components of the microbiome have been identified and show
characteristic features in different stages of life (Table 1.4) (Turnbaugh and Gordon,
2009; D’Argenio and Salvatore, 2015).

Table 1. 4: Microbiota in healthy human gut at different stages of life. In general, the
most complex bacterial structure is observed during adulthood whereas infants and the
elderly tend to have less microbial variety. Factors that essentially affect the composition of
the microbiome are listed in the right panel. Table adapted from (Turnbaugh and Gordon,
2009; D’Argenio and Salvatore, 2015).

Age

Dominant bacterial Phyla

Determining factor(s)

(from highly to less abundant)

Infant
(2-3
years)

Adult

Elderly
(>70
years)

− Vaginal vs caesarian delivery
− Gestational age
− Infant hospitalization
− Breast vs formula fed
− Age at solid food introduction
− Malnutrition
− Antibiotic treatments
− Diet
− Hormonal cycle
− Travel
− Therapies
− Illness
− Lifestyle changes
− Nutritional changes
− Inflammatory diseases
− Increasing use of medication

Actinobacteria,
Proteobacteria,
Firmicutes,
Bacteroidetes

Firmicutes,
Bacteroidetes,
Actinobacteria,
Proteobacteria
Firmicutes,
Actinobacteria,
Bacteroidetes,
Proteobacteria
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1.7.2. Diet and microbiome composition
Many factors play pivotal roles in determining the composition of bacterial species in
the GI tract. These factors are of physiological, pathological and dietary nature and
each one promotes the growth of particular bacteria (Macfarlane et al., 2009).
Recent evidence suggests that a change in gut bacterial composition could promote
progression of pathological conditions and disrupt symbiosis (Ramezani and Raj,
2014). The diet is considered as a particularly important factor that affects bacterial
colonization in the intestine. The infant gut for example, contains a significantly
different bacterial load in breast versus formula milk fed babies (Fallani et al., 2010;
Brown et al., 2012).
The effects of diet on the gut microbiome have been intensely studied. Tachon et al.,
reported a remarkable difference in the bacterial microbiome between one group of
mice fed a western diet and other group fed a low-fat-chow-diet. Accordingly, an
increase in Bacteroidetes and Proteobacteria was found in the low-fat diet group
whereas a decrease of Firmicutes was observed with the western diet. Interestingly,
Lactobacillus gasseri was reported to form 4.3 % of the total bacterial load in the lowfat-chow-group whilst this bacterium could not be detected in the western diet group
(Tachon et al., 2014).
Another study involved two groups of healthy volunteers fed a short-term animalbased or a plant rich diet. Bacterial sequencing showed an increase in bile tolerant
bacteria such as Alistips, Bilopila and Bacteroides in the animal-protein diet group as
well as a decrease in carbohydrate fermentation. The short intervention indicates
that the composition of the GI tract microbiome rapidly adapts to dietary changes
(David et al., 2014).
A similar study included 98 healthy volunteers divided into two groups: the first group
was given a long- term high fat/low fibre diet while the second group received a
short-term low fat/high fibre diet. The dietary intervention resulted in an altered
composition of GI tract bacteria which occurred within 24 h (Lee et al., 2006).
Since Pi is essential for many biological structures and processes, it is in consistent
demand for both eukaryotes and prokaryotes. This suggests a potential competition
between the host and the microbiome for Pi in the gut.
33

There is growing concern about the high Pi levels in the western diet, generally in
processed food which often contain Pi as a preservative. Many reports recorded
clinical and subclinical disorders in response to Pi imbalanced diet, such as impaired
renal function, hyperphosphatemia and cardiovascular calcifications (Uribarri, 2007;
Sullivan et al., 2009). On the other hand, epidemiological studies indicate that Pi-rich
processed food may be associated with microbial imbalance in the GI tract (Ohnishi
and Razzaque, 2010; Ritz et al., 2012b).
Approximately 50-70 % of dietary phosphate is absorbed in the intestine mainly via
SLC34A2 transporter (Knöpfel et al., 2017). This raised the question of how the
microbiome competes with intestinal epithelial cells to take up Pi from the diet.

1.7.3. Bacterial genome sequencing approaches

The Human Microbiome Project Consortium has demonstrated that the GI tract
alone contains over 3 million bacterial genomes. The characterisation of GI tract
bacterial communities by traditional standard microbiological techniques which are
based on biochemical and phenotypic characteristics is time consuming and very
challenging. Fastidious growth requirements for many well-known bacterial species
complicate culture and yet uncultured species are difficult to characterise
(Weinstock, 2012).
Various genetic methods have been developed and have contributed to the
exponential increase of studies focusing on host- microbiome interactions over the
last 25 years. These methods are based on PCR product sequencing and analysis of
16S ribosomal RNA (rRNA). The 16S rRNA genes are well conserved between
different species with more than 97 % identity. However, the 1.5 kb sequence
contains 9 short hypervariable regions that allows for classification (Olsen et al.,
1986). The specific approach starts with amplifying the full sequence of the
16S rRNA using primers to highly conserved regions. The resulting fragments are
then cloned and sequenced with Sanger sequencing. The major drawback in
applying this technique is limited sequencing throughput. Moreover, the
determination of the exact proportions of individual bacterial species in specimens by
this method is difficult (Bent et al., 2007).
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Nowadays, next generation sequencing (NGS) or high throughput sequencing is the
method of choice for microbiome analysis. This method is considered as an
advanced version of shotgun sequencing and includes the entire scale of genetic
material (both 16S rRNA and whole-genomes) in microbial communities (Angelini et
al., 2016). In NGS, millions of genomic fragments are sequenced in parallel in four
main steps: library preparation, cluster generation, sequencing and alignment, and
data analysis. The analysis and interpretation of the collected data requires
advanced bioinformatics expertise (Claesson et al., 2010).

35

1.8. Aims

Considering the impact of epigenetics and the gut microbiome on general health, this
PhD aims to explore these novel physiological regulators in the context of Pi
homeostasis. The specific aims are:
•

To study the expression and the epigenetic status of the bidirectionally
transcribed SLC34A1 locus in renal epithelial model cell lines. In
particular, compounds to modify epigenetic marks are applied to induce the
expression of SLC34A1 loci. These are zebularine, an inhibitor of DNA methyl
transferases (DNMTs), trichostatin A which inhibits histone deacetylases
(HDACs) (Chapter 3) as well as dexamethasone, which interferes with histone
acetyl transferases (Chapter 4).
This part of the project aims to determine the methylation status of promoter
sites for the SLC34A1-sense and-antisense transcripts and to quantify histone
acetylation marks. In addition, transcription of the locus is altered via
CRISPR-Cas9 knock-in experiments (Chapter 5).

•

To determine the impact of oral Pi supply on gut microbiota.
Two groups consisting of four volunteers each are included in a cross-over
study. At the end of each intervention stool samples are collected (16 in total).
High throughput sequencing is used to determine the microbiome diversity in
the samples (Chapter 6). This part of the PhD is a collaboration with the group
of Prof Carsten Wagner (University of Zurich, Switzerland), Dr Lindsay Hall
(Norwich Medical School, University of East Anglia, Norwich, UK) and Dr
Christopher J. Stewart (Translational and Clinical Research Institute,
Newcastle University, Newcastle Upon Tyne, UK).
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Chapter 2: Material and methods

2.1. Cell lines and tissue culture
Human renal proximal tubular epithelial cell lines (HEK293 and HKC8) were cultured
in DMEM-high glucose (HEK293) or DMEM/HAM-F12 medium (HKC8),
supplemented with 10 % fetal calf serum (FCS), 2 mM L-glutamine, 1 % nonessential amino acid (NEAA), 100 U/mL penicillin and 100 µg/mL streptomycin. Cell
culture media and supplementary reagents were purchased from (Sigma-Aldrich,
UK). Both cell lines were incubated at 37 ⁰C in 5 % CO2 in humidified incubators.
Culturing procedures were performed under aseptic conditions in a laminar flow
hood. Cells were passaged every 3 days or when flasks became 80 % confluent.
Most of the cell lines used in the thesis were obtained from the Cell Bank
(Biosciences Institute, Newcastle University), at which cells are purchased from
repositories such as ATCC, authenticated, cryopreserved according to established
guidelines, in addition to the screening for mycoplasma contamination tests
(Geraghty et al., 2014).

2.1.1. Cell treatment
Zebularine (Zeb, DNMT inhibitor) and dexamethasone (Dex) were obtained from
Abcam, UK, while trichostatin A (TSA, HDAC inhibitor) was from Sigma-Aldrich, UK.
Stock solutions were dissolved in water unless otherwise stated and aliquoted, each
containing sufficient material for one experiment. Several studies were performed in
different cell lines with the various compounds and a wide range of concentrations:
Zeb 25, 50, 100 and 200 µM; TSA 0.1, 0.2, 0.5, 1 and 2 µM and Dex 0.01, 0.1, 1,
10 µM were used. Furthermore, HEK293 and HKC8 cells were treated with each
compound in time-and-dose dependent manner to determine the optimal treatment
conditions to promote SLC34A1-sense and- antisense expression levels.
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2.1.2. Cell viability (XTT assay)

HEK293 and HKC8 viability was measured using the colorimetric 2,3-bis-(2methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay (Roche,
Sigma-Aldrich, UK) as previously described (Hahm et al., 2001). Briefly, cells were
seeded in 6 replicates for each treatment condition at 4×104 cells/well in a 96-well
plate and incubated for 24 h followed by drug treatment for 12, 24, 48, 72, 96
and 120 h.
At the day of the experiment, the XTT reagent was mixed with the electron coupling
agent at (50:1) and added to each well for 1-2 h. The absorbance was measured
using an iMark™ Microplate Absorbance Reader (Bio Rad, USA) at 415 nm
wavelength. The data were compared to non-treated cells (control) and cell culture
medium alone. The experiments were repeated at least in three independent
biological replicates.

2.2. Real time quantitative PCR (RT-qPCR)/two-steps

2.2.1. TRIzol®-based RNA extraction
RNA was extracted form confluent cell monolayers using TRIzol® Reagent (Ambion,
UK). 1 mL of Trizol was used per 10 cm2 of culture and cells were lysed by pipetting
up and down several times. Chloroform was added to separate the phases (200 µl/
1 mL of Trizol). After centrifugation (14,000 rpm, 15 min at 4 ⁰C) the upper aqueous
phase containing the RNA was transferred to an RNase-free tube and precipitated
using 100 % isopropanol (500 µl/ 1 mL of Trizol). After centrifugation as above the
RNA pellet was washed with 1 mL of 75 % ethanol, air-dried and re-suspended in
20 µl of RNase-free water.
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2.2.2. DNase-I treatment
The extracted RNA was treated with DNaseI (2 U/µl) (ThermoFisher, UK) for 30 min
at 37 ⁰C. The resulting RNA was purified through SigmaSpin™ reaction clean-up
columns (Sigma-Aldrich, UK). The concentration and the purity (ratio of absorbance
at 260/280 nm) of the extracted RNA was determined using Nano drop (Thermo
scientific, UK).

2.2.3. RNA gel electrophoresis
RNA integrity was tested by agarose gel electrophoresis. 2 % agarose powder
(Bioline, UK) was dissolved in 1x TAE buffer (w/v) (40 mM Tris-acetate and 10 mM
EDTA). The mixture was boiled using microwave (SHARP, Japan) on mid-power for
1 min with constant agitation. The nucleic acid dye GelGreen (Biotium, USA) was
added to the melted mixture at a 1:10,000 ratio. Melted agarose was poured into an
RNase-free casting tray and allowed to solidify for 1 h.
About 500 ng of purified RNA were mixed with equal volumes of Gel Loading Buffer
II (Invitrogen, UK). Heat denaturation at 65 ⁰C for 15 min followed by instant cooling
on ice for 5 min was performed prior to electrophoresis. Samples were loaded onto
the gel and run at 60 V for 45 min. The RNA was visualised using a Gel Doc XT+ Gel
Documentation System (Bio Rad, USA).

2.2.4. Reverse transcription

For single stranded cDNA synthesis, the Omniscript RT-PCR kit (Qiagen, Germany)
and random nonamer primers (2.5 µM, Sigma-Aldrich, UK) were used following the
manufacturer’s protocols. The total volume of the reactions was scaled down to 10 µl
containing: 2 µl RNA template (50 ng- 1 µg), 1 µl of Random nonamers, 1 µl 10x RT
buffer, 1 µl of dNTP mix (5 mM), 0.5 µl of RNase inhibitor (40 U/µl), 0.5 µl of
Omniscript Reverse Transcriptase (4 U/µl) and RNAse free water up to the final
volume. The reactions were incubated at 37 ⁰C for 1 h followed by denaturation for
10 min at 65 ⁰C. Samples were stored at – 20 ⁰C.
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2.2.5. Reaction assembly
To optimise qPCR conditions for the SLC34A1-sense transcript, RNA from day
0 (freshly isolated) and day 10 (sub cultured) human primary renal proximal tubule
epithelial cells (PT cells) was used (gift from Dr Colin Brown, Newcastle University,
UK). Human testis RNA (HT) was used as a positive control to assess SLC34A1antisense transcripts expression (TaKaRa, USA) (Cabili et al., 2011; Washietl et al.,
2014).
The transcriptional profile of genes was determined by quantitative RT-qPCR using
LightCycler® 480 System Technology (Roche). All primer pairs were synthesised by
IDT (UK) (Table 2.1). The cDNA was diluted (1:3) in RNase free water for the
housekeeping gene (GAPDH), t to monitor SLC34A1-sense/antisense gene
expression 1 µl of cDNA per 96 well were used. Master-mixes comprising of
LightCycler ® 480 Sybr Green I Master mix, primers and water were made prior to
distribution into 96-well plates. Each well contained 5 µl of LightCycler ® 480 Sybr
Green I Master mix, 0.5 µl forward primer of 10 µM stock, 0.5 µl reverse primer of 10
µM stock, 3 µl water and 1 µl cDNA, RNA or water. Plates were centrifuged for two
20 second intervals at full speed prior to loading into the LightCycler ® 480. Other
samples such as RNase-free water and (1:10) diluted RNA were included and used
as negative template control (NTC).
Amplified products were initially examined on 2 % agarose gels followed by sending
purified PCR product for custom Sanger sequencing. The temperatures and cycle
conditions are listed below:
Step
Pre-incubation

Temp. Time
(⁰C)
95
10 min

Cycle
number
1

Initial Denaturation

95

1 min

Denaturation
Annealing
Extension

96
55
72

20
30
10

Melting Curve

95
60
95
40

15
15
sec
0
30 sec

Cooling

40

1
sec

45

Expression levels for each gene were normalised to the internal reference gene
GAPDH. All samples including target genes (i.e. SLC34A1-sense and -antisense),
NTC and GAPDH were run in triplicate on one plate and each experiment was
performed in at least three biological and technical replicates. All data were carefully
scrutinised using melting curves and Ct values above 36 were discarded as not
significant above background levels.

2.3. Column-based RNA purification and One-step RT-qPCR
Due to an increasing number of samples (i.e. different treatment conditions and
knock-in cell lines), the toxic nature of TRIzol® Reagent and concerns with DNA
contaminations during RNA extraction, an alternative protocol including a columnbased RNA purification kit and one-step RT-qPCR were established for quantitative
expression analysis.
Cells were seeded 24 h prior to the treatment in 6 well plates at 0.8x 106 cell density.
On the following day, the cells were washed with 1x PBS (Sigma-Aldrich, UK). Total
RNA was extracted using a Quick-RNAtm Miniprep Plus Kit (Zymo Research, USA).
According to the protocol 600 µl of RNA lysis buffer were used per well (5x106-107
cells) followed by mechanical homogenisation using a syringe with a 25-G needle.
For DNA digestion, 5 U of DNase I mixture (provided in the kit) were placed on RNA
containing columns, followed by washing steps performed according to the provided
protocol. Total RNA was eluted and quantified using Nano drop (Thermofisher, UK)
and the integrity was confirmed by 2 % agarose gel electrophoresis prior to qPCR
experiments (2.2.3).
For the RT-qPCR experiments, the Luna Universal One-Step RT-qPCR kit (New
England Biolabs, UK) was used. The samples containing 100 ng/µl of purified RNA
for SLC34A1-sense/antisense transcripts and 25 ng/µl for GAPDH were used.
Reactions were assembled in 96 well plates and run using a Lightcycler 480 (Roche)
qPCR machine with the following cycling conditions:
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Step
Reverse
transcription
Initial Denaturation

Temp. Time
(⁰C)
55
10 min

Denaturation
Extension

Melting Curve
Cooling

Cycle
number
1

95

1 min

1

95
60

10 sec
10 sec

45

95
60
95
40

15
15
sec
0
30 sec

Primers used for the RT-qPCR reactions are listed in table 2.1 and the expression of
the tested genes was compared the non-treated samples and the fold change (R)
was calculated as ΔΔCt value (Cikos et al., 2007):

ΔCt = Ct gene of interest– Ct reference gene
ΔΔCt = ΔCt (non-treated) – ΔCt (treated)
R= 2

(-ΔΔCt)

Table 2. 1: Primer sequences and product length for RT-qPCR of SLC34A1
sense/antisense and GAPDH.

Oligo ID
SLC34A1-F
SLC34A1-R
SLC34A1-AS-F
SLC34A1-AS-R
GAPDH-F
GAPDH-R

Sequence
(5’-3’)
CAGCCCTCAGGTCCTACACA
CTCTGGCTTCTGCTCCTCCT
TGGGCGACTGGAAGGTCTACA
GTCTTCGGCACCACCACAATTA
TGAAGGTCGGAGTCAACGGATTTG
CATGTAAACCATGTAGTTGAGGTC
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Amplicon
(bp)
163
182
128

2.4. Nuclear and cytoplasmic RNA purification
For nuclear and cytoplasmic RNA separation from HEK293 cells, the SurePrep™
Nuclear or Cytoplasmic RNA Purification Kit (Fisher BioReagents, UK) was used.
The separation steps were performed according to the manufacturer’s protocol with
few modifications: the cells were initially washed with 1x PBS and lysed with ice-cold
lysis buffer (provided by the kit). The cell lysates were centrifuged at 21000xg at 4 ºC
for 30 min (Eppendorf™ 5424R Microcentrifuge, Fisher Scientific, UK).
Approximately 70 % of the supernatant were collected and later used to isolate the
cytoplasmic RNA. The rest of the supernatant was carefully removed and the pelletcontaining Eppendorf tubes were placed upside-down at 4 ⁰C for 30 min prior to
purification of nuclear RNA. Cytoplasmic and nuclear RNA was then extracted as
described using the Quick-RNA Miniprep Plus Kit. One-step RT-qPCR were
performed (section 2.3) and the fold change (R) was calculated as ΔCt value:

ΔCt = Ct (gene from nuclear/cytoplasmic RNA) - Ct (gene from total RNA)
R= 2

(-ΔCt)

2.5. SLC34A1 transporter functional tests/ Western blot
2.5.1. Preparation of whole cell protein extract
Prior the experiment, 1x Tris-buffered saline (TBS) buffer was prepared and filtered
using 0.2 µM pore size filters. Culture plates were washed with 500 µl of 1x ice-cold
PBS followed by cell lysis. The lysis buffer contained 10 mL TBS (5 mM Tris-Cl pH 8,
15 mM NaCl) with 50 µl of Igepal® CA-630 and cOmplete™ EDTA-free Protease
Inhibitor Cocktail (one tablet/ 10 mL extraction buffer) (Sigma-Aldrich, UK). 500 µl of
lysis buffer cocktail was added and the plates were kept on ice for 15 min.
Mechanical homogenisation with 25-G syringe (5-10 times) was performed and
protein lysates were cleared by centrifugation for 2 min at 12,000 rpm.
All the steps were performed on ice and the extracted protein samples were kept at 80 ⁰C until the day of the experiment.
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2.5.2. Determination of protein concentration

The protein concentration was quantified using a DC protein quantification assay
(BioRad, USA) with bovine serum albumin (BSA) as a standard. The experiments
were performed using 96-well plates and in triplicates according to the provided
protocol. Absorbance was measured using a microplate reader, MQX200 uQuant
(Biotek spectrophotometer) at a wavelength of 595 nm.

2.5.3. Polyacrylamide gel electrophoresis (SDS-PAGE)
DL-dithiotreitol (DTT) (Fluka, USA) powder was freshly dissolved in 100 µl of distilled
water at a final concentration of 1 M. Sodium dodecyl sulphate polyacrylamide gels
were prepared from 20 % SDS, Acrylamide stock, Ammonium persulfate, TEMED
and Tris HCl (pH 8.8 and 6.8). All reagents were purchased from (Sigma-Aldrich,
UK) and gels prepared according to published protocols (He, 2011) . 40 µg of cell
extract were loaded per lane in 20 µl total volume including 5 µl of loading buffer.
Mouse renal brush border membrane protein extract was used as a positive control
in addition to a ready to use molecular weight ladder (Precision Plus Dual Color
standard (Bio Rad, USA). Gels were run in SDS-PAGE 1x running buffer (25 mM
Tris base, 192 mM Glycine and 1 % of SDS) at a constant current of 120 mA for 2 h.

2.5.4. Protein blotting
Following protein separation on SDS-PAGE, proteins were blotted onto
polyvinylidene fluoride (PVDF) membrane (Millipore, Switzerland) by wet transfer (25
mM Tris, 192 mM glycine, 20 % (v/v) methanol, pH 8.3) at 100 volts for 1 h.
Blotting efficiency was examined using Ponceau S staining (2.5.5). Blots were
blocked in blocking solutions, 5 % milk powder (Coop, Switzerland) dissolved in TBS
for at least 30 min at room temperature with constant agitation, then blots were
incubated with the primary antibody overnight at 4 ⁰C. The dilutions of the antibody
are shown in table 2.2.
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On the next day, membranes were washed 3 times with TBS for 15 min, followed by
a second blocking step as above. Membranes were rinsed briefly with 1x TBS buffer
and treated with secondary antibody conjugated with horse radish peroxidase (GE
Healthcare, UK) (Table 2.2) for 2 h at room temperature. The blots were washed
3 times with TBS followed by chemiluminescent detection according to the
manufacturer’s protocol (Supersignal, West Pico, USA). The chemiluminescent
signals were detected using a LAS-4000 luminescent image analyser (Fujifilm, USA)
at different exposure times (10, 20, 30 and 60 sec).

Table 2. 2: Primary and secondary antibodies used for western blotting.

Antibody
Rabbit α-mouse
Slc34a
Rabbit α-mouse
Slc34a1
Goat or mouse αrabbit HRP
Rabbit α-mouse βactin

Dilution Specificity
Manufacturer
1:2000
N-terminal Designed and produced at the
peptide
Institute of Physiology, Zurich
1:3000
C-terminal University, Zurich, Switzerland
(Custer et al., 1994b).
peptide
1:5000
Promega AG, Switzerland
1:5000

Sigma-Aldrich, Switzerland

2.5.5. Ponceau S staining

To confirm the efficiency of protein transfer from the SDS-gel to the PVDF
membrane, protein bands on the membrane were visualized with Ponceau stain (0.5
g Ponceau stain, 1 % acetic acid (v/v) and 10 mL distilled water). Blots were stained
for 3 min, imaged and rinsed with distilled water twice for 5 min to remove the
staining.
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2.6. Northern blotting
2.6.1. Probe preparation

Approximately 50 ng of newly prepared cDNA template was used to amplify
SLC34A1-sense/antisense and GAPDH probes with an additional T7 promoter
sequence at the 3’end of the reverse primers (Table 2.3). The PCR products were
examined on a 1 % agarose gel, purified using a GeneJET PCR Purification Kit
(Thermo Scientific, UK) according to the provider’s protocol. DNA concentrations and
purity were determined using Nanodrop (Thermo Scientific, UK).

Table 2. 3: Primers for the preparation of northern blot probes. Lowercase letters
represent the T7 promoter sequence.

Oligo ID

Sequence (5’-3’)

SLC34A1-F
T7–SLC34A1-R

CTTCACCTGGGTCACAG
agccactaatacgactcactatagggCTCTGCAGGA
CATTGATGA
CACTCGGAGCGCGATG
agccactaatacgactcactatagggGTGGAAACTTT
CCTGCTG
GTGGATATTGTTGCCATC
agccactaatacgactcactatagggCAGTGATGGC
ATGGACTGTG

SLC34A1-AS-F
T7–SLC34A1AS-R
GAPDH-F
T7–GAPDH-R

Amplicon
(bp)
667

650

466

Approximately 50 ng of the PCR product with added T7 binding site were used as
template for in vitro transcription using the MEGAscript™ T7 Transcription Kit
(Invitrogen, UK). For control purposes, the probes were in vitro transcribed in two
forms, as unlabelled probe using MEGAscript™ provided nucleotides and as labelled
probes with digoxigenin labelled UTP (DIG RNA Labelling Kit, Table 2.4). Both
reactions were assembled on ice and incubated at 37 ⁰C for 2 h. Labelled and
unlabelled probes were denatured at 65 ⁰C for 10 min and chilled on ice for 5 min
prior to examination on a 2 % agarose gel.
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Table 2. 4: Northern blot probe in vitro transcription using labelled and unlabelled
nucleotides.

Unlabelled
Reagent
Volume (µl)
T7 enzyme mix
1
10x buffer
1
PCR product
50 ng
ATP, GTP,
1 each
CTP, UTP
Water
Up to 10 µl

Labelled
Reagent
Volume (µl)
T7 enzyme mix
1
10x buffer
1
PCR product
50 ng
10x DIG mix
1
Water

Up to 10 µl

2.6.2. Northern blotting- RNA electrophoresis

The RNA separation for northern blotting was similar to routine RNA agarose gel
electrophoresis, however no nucleic acid dye was added to the gel. 7.5-10 µg of
RNA were mixed with RNA loading buffer, heat-denatured and loaded on 2 % TAE
agarose gels. The samples were run at 90 volts for 120 min. Following RNA
electrophoresis, the gel was soaked in 20x SSC buffer (3 M NaCl in 0.3 M sodium
citrate, pH 7.0, all reagents from Sigma-Aldrich, UK) for 30 min prior to RNA blotting
(Masek et al., 2005).

2.6.3. RNA capillary blotting
For blotting, two sponge pads (8 x 11 cm) were soaked in 10x SSC buffer (1.5 M
NaCl and 150 mM sodium citrate, pH 7.0), the positively charged nylon membrane
(Roche, UK) was cut to gel size, wetted in distilled water and soaked for 5 min in
10x SSC. In a shallow tray filled with 10x SSC, the blotting stack was assembled in
the following order: sponge pads, sponge size Cellulose Chromatography Papers
(Whatman paper, GE Healthcare Life Sciences, USA), overturned gel (the well
openings facing the Whatman paper), positively charged blotting membrane (no
bubbles between the gel and the membrane), membrane size Whatman paper stack
(10-15 sheets), paper towel stack and a weight on top. The assembled stack was left
at room temperature for 6 h with periodical refilling of the transfer buffer (10x SSC).
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After blotting, gel slots were marked on the membrane with a pencil. The membrane
was washed with 1x SSC buffer and moist RNA blots were cross-linked using a
UV crosslinker, setting ‘autocrosslink’, 1200 µJoules (Stratalinker 2400, Stratagene,
USA).

2.6.4. Pre-hybridisation and hybridisation
For pre-hybridisation, the cross-linked membrane was placed in a 50 mL Falcon tube
(Starlab, UK) and incubated in 5 mL of pre-warmed (55 ⁰C) hybridisation buffer
(10 % of blocking reagent DIG Easy Hyb, Roche, in 0.1 M maleic acid (pH 7.5),
0.15 M NaCl and 0.3 % (v/v) Tween 20). Pre-hybridisation was performed in a HB1000 hybridizing oven at 55 ⁰C for 60 min, with continuous tube rotation.
For hybridisation, 10 µL of the DIG-labelled probes were mixed with 10 mL of
pre-warmed at 55 ⁰C hybridisation buffer. This was added to the membrane and
incubated at 55 ⁰C overnight, again with continuous rotation. Blots were then washed
with 15 mL of 0.5x SSC at room temperature for 15 min. This step was repeated
twice with 0.1x SSC at 55 ⁰C for 15 min.

2.6.5. Detection
For detection, blots were processed according to the DIG Detection system manual
with slight modifications. The blots were washed with 1x washing buffer (0.1 M
maleic acid, 0.15 M NaCl; pH 7.5; 0.3% (v/v) Tween 20) twice for 15 min at room
temperature with continues agitation followed by blocking with 10 mL blocking buffer
(10 % of blocking reagent in maleic acid buffer (w/v, 0.1 M maleic acid, 0.15 M NaCl;
adjust with NaOH to pH 7.5)) at room temperature for 30 min. The membranes were
then incubated with Anti-Digoxigenin antibody (Roche, UK) in blocking buffer
(1:10,000) for 30 min at room temperature. In a dark container, blots were briefly
washed with 1x washing buffer, followed by addition of 5 mL of detection buffer
(0.1 M Tris-HCl, 0.1 M NaCl, pH 9.5) and incubation for 5 min.
The blots were sprinkled with approximately 1 mL of CSPD ready-to-use solution
(Roche, UK) and wrapped in cling film. After 5 min incubation at room temperature,
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the blots were visualised using a GBOX-Chemi-XRQ gel documentation system
(Syngene) with multiple exposure times.

2.7.

32

P uptake measurements

The 32P uptake protocol was adopted from published methods (Brown et al., 2008).
HEK293 cells were seeded in 24-well plates (Sigma Aldrich, UK), at a density of
5x104 cells in 500 µl of medium per well. The experiments were designed in four
replicates for each treatment condition. Once the cells reached 75-80 % confluency,
Dex (100 nM/mL) was added. Dex-containing growth medium was replaced after
every 48 h.
On the day of the 32P uptake experiment, the number of cells were counted from a
representative well for each treatment condition using a Cellometer Auto T4 Bright
Field Cell Counter (Nexcelom, UK). Counts were used for uptake normalisation.
For the uptake experiments, the cells were washed gently 3 times with 500 µl of
warm phosphate-free Kreb’s buffer (140 mM NaCl, 5.4 mM KCl, 1.2 mM, MgSO4,
4 mM glucose, 2 mM CaCl2, 10 mM HEPES/Tris pH 7.4). 1 mL of Kreb’s buffer was
added per well and the plates were placed on a thermostat-controlled platform at
37 ⁰C for 30 min. In timed steps, the cells were exposed to 1 mM NaHPO4 containing
1 µC/mL 32P tracer for 5 min followed by three washes with ice cold Kreb’s buffer.
Cells were lysed with 250 µl of 0.1 % SDS (v/w). Radioactive Pi was quantified by
scintillation counting (Beckman LS5000 liquid scintillation counter, Beckman-Coulter,
UK).

2.8. Pyrosequencing
Pyrosequencing is a real-time quantitative approach in which the methylation
percentage of target CpGs dinucleotides at promoter regions is quantified. This
reaction starts with the bisulphate conversion of unmethylated cytosines to thymines,
followed by PCR amplification and quantitative sequencing as described below:
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2.8.1. Genomic DNA (gDNA) purification
In order to study the methylation level of the promoter regions, HEK293 and HKC8
cells were seeded in 6 well plates at 0.8x106 cells/well, after 24 h the cells were
treated with the appropriate drug. At the harvesting day, the plates were washed
gently with 1x PBS. DNA was purified using the Wizard® Genomic DNA Purification
Kit (Promega, UK). 600 µl of the lysis buffer were added per well followed by
mechanical lysis using a G-25 needle, for 10-15 times. Cell lysates were applied to
the columns, followed by centrifugation. The columns were washed 3 times with
1x washing buffer followed by DNA elution with 400µl of nuclease-free water.

2.8.2. Bisulfite modification and Pyrosequencing
The methylation status of the promoters was measured using the Pyromark Q96 ID
system (Qiagen). 450-500 ng of gDNA were subjected to sodium bisulfite treatment
using the EZ DNA Methylation Gold Kit (Zymo research, USA). Four CpG rich
promoter regions (S1, S2, AS1 and AS2) were PCR amplified using forward and
biotinylated reverse primers (S=SLC34A1-sense, and AS=SLC34A1-antisense,
Table 2.5). PCR products were examined on a 2 % agarose gel and confirmed by
Sanger sequencing (GATC Biotech, Germany). Using PCR plates, 25 µl of PCR
amplicons were mixed with Binding Buffer (Qiagen, Germany), then Streptavidin
Sepharose High Performance beads were added (GE Healthcare, Life Sciences,
UK). Beads were washed progressively on the PyroMark vacuum workstation with
the following solutions: 70 % ethanol, PyroMark Denaturation Solution, PyroMark
Washing buffer (Qiagen, Germany) and high-purity water. Annealing Buffer and the
sequencing primers were added to the washed amplicons and mixed.
Pyrosequencing plates were then processed using the PyroMark pyrosequencer
(Tost and Gut, 2007; Au - Cummings et al., 2013).
As a positive control (100 % methylation), 0.5 µg gDNA from HEK293 and HKC8
cells were treated with 10 U of CpGs methyltransferase (M.SssI) (New England
Biolabs, UK) in the presence of 32 mM S-adenosylmethionine (SAM) at 37 ⁰C for
1 h. The enzyme was heat inactivated at 65 ⁰C for 20 min followed by purification
using SigmaSpin™ reaction clean-up columns (Sigma-Aldrich, UK).
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To generate unmethylated DNA (0 % methylation), a whole genome amplification kit
was used (Qiagen, Germany) with 100 ng of gDNA for amplification followed by
column purification.

Table 2. 5: Pyrosequencing primers. All primers were designed using MethPrimer
webtools and synthesised by IDT, UK.
Oligo ID

Orientation

Sequence (5’-3’)

AS1
AS1-(bio)

F
R

AS1
AS1

SP
Sequencing
entry

AS2

F

AS2- biotin

R

AS2
AS2

SP
Sequencing
entry
F

SP

TTTGTAGGAAGGTGTGTTTGTT
CTAAAAAATCTACATCAATACAA
TAC
TTTGTAGGAAGGTGTGTTTGTT
C/TGGTTTC/TGTGAGTAC/TGTTT
ATTTTTTGC/TGGC/TGAGATGGT
C/TGTTAGTAGGTT
GTATTGTATTGATGTAGATTTTTT
AG
CCTAAACAACATAATAAAACCTC
ATCTC
TTGTGAGGTAGGTTGGG
C/TGGGGTTGTGAC/TGTTATATA
AGGC/TGTC/TG
AGTGGGAGTAAATTTTTATGGAG
GT
CATCCCAACAAACTAAAATCAAA
A
AGTGGGAGTAAATTTTTATGGAG
GT
C/TGTTTTTTTTAGTGTTTTC/TGC
/TGGAGATTC/TGTTTTTTTAGTGT
TTTC/TGC/TGGAGGTTC/TGTTTT
TTTAG
TATAGGATGTTTGGGTTATTTTTT
G
CTATAATCAAATTCTTCCCATCA
AC
GTTTTTGTTTGTAGG

Sequencing
entry

C/TGGGGGATGTGTTTGGGTC/T
GTGGTTG

SLC34A1S1SLC34A1S1biotin
SLC34A1S1SLC34A1S1-

SLC34A1S2SLC34A1S2biotin
SLC34A1S2SLC34A1S2-

R
SP
Sequencing
entry

F
R
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bp

No. of
CpG

173

3

461

5

339

7

148

2

2.9. Global histone acetylation (H3Ac27)
2.9.1. Histone extraction
Total histones were extracted from HEK293 and HKC8 cells using the EpiQuik Total
Histone Extraction Kit (EpiGentik, USA). The extraction steps were followed
according to the provided protocol. Cells were seeded in 6-well plates, treated with
the corresponding drugs, washed with 1 mL of pre-lysis buffer and kept on ice for
10 min. Cells were detached from the well by pipetting force and pelleted at
15,000xg for 1 min. Cell pellets were lysed and homogenised with a 25-G needle.
The homogenate kept on ice for 30 min and precipitates were separated by
centrifugation (15,000xg for 5 min). The pellet was dissolved in 50 µl of DTT- buffer.
The concentration of the extracted proteins was determined with Nanodrop
(absorbance coefficient 4120). The samples were aliquoted and stored at -80 ⁰C.
Approximately 10 µg of cell extract samples were run on a 9 % SDS-PAGE gel (as
described in 2.5.3). Purified Caf1 protein (Mw: 15.5 kDa) was included as a positive
control, kindly donated by Prof. Jeremy Lakey (Biosciences Institute, Newcastle
University, UK) in addition to a molecular weight ladder (Precision Plus Dual Color
standard (Bio Rad, USA).

2.9.2. Quantification of acetylated histone protein
The level of acetylated histones was determined by sandwich ELISA, EpiQuik Total
Histone H3 Acetylation Detection Fast Kit (EpiGentik, USA). Histone protein samples
were thawed on ice and about 50-200 ng of purified protein were incubated in wells
coated with anti-acetyl histone H3 antibody. The captured histones were detected by
the secondary antibody conjugated to horseradish peroxidase. The colour intensity
was measured by an iMark™ Microplate Absorbance Reader (Bio-Rad, USA) at
450 nm.
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2.10. SLC34A1-sense and -antisense genome editing
The strategy to edit SLC34A1-sense/antisense genes by CRISPR-Cas9 is outlined
below (Ran et al., 2013b; Goyal et al., 2017):

gRNA design
(cloning into
Cas9 expressing
plasmid)

Co-transfection
and antibiotic
selection

Establishing
transfection
efficiency

gRNA efficiency
test

Cloning by
serial dilution

Genotyping of
clones

(T7E)

Preparing HDR
cassette

Figure 2. 1: SLC34A1-sense/antisense genome editing strategy.

2.10.1. Single guide RNA (sgRNA) preparation
sgRNAs were designed using the online tools. Suggested sgRNA were examined
carefully and only those with a CG content between 40 and 80 % and a high ontarget probability were considered. Oligonucleotides encoding the sgRNA sequences
were ordered from IDT (UK).

sgRNA-top
sgRNA-bottom

CACCgNNNNNNNNNNNNNNNNNNN
AAACNNNNNNNNNNNNNNNNNNNc

*N refer to specific gene sequence

Each of the sgRNA oligonucleotides (top and bottom) were designed containing BbsI
overhangs to enable vector ligation. The vector pSpCas9 (PX458, Figure 2.2) was
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linearised with BbsI at 37 ⁰C for 1 h (1 µg of plasmid DNA, 2 µl of 10x buffer G, 2 µl
of BbsI (Thermofisher, UK) and nuclease free-water to 20 µl). The digested plasmid
was run on a 1 % agarose gel and purified from the gel using the GeneJET PCR
Purification Kit (Thermo Scientific, UK).

Figure 2. 2: pSpCas9 (PX458) vector map used for SLC34A1sense/antisense gene
editing. Annealed oligonucleotides (sgRNA pairs) were cloned into the gRNA scaffold at the
BbsI site.
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Top and bottom strand oligonucleotides were annealed and phosphorylated using
T4 polynucleotide kinase kit (New England Biolabs, UK). 100 µmoles of each oligo
were incubated with 0.5 U of T4 PNK kinase in 1x T4 ligation buffer. The reaction
was incubated at 37 ⁰C for 30 min, heated to 95 ⁰C for 5 min and then cooled to
25 ⁰C at 5 ⁰C/ min steps to anneal the phosphorylated oligonucleotides. 3 µl (50 ng)
of linearised vector and 1 µl of 1:200 diluted, annealed oligonucleotides were then
ligated using Quickligase (Thermofisher, UK) for 50 min. Ligated DNA was used to
transform OneShot chemically competent Stbl3 E. coli (Thermofisher, UK). 50 µl of
transformed cells were plated on Luria broth (LB) agar plates containing carbenicillin
(100 µg/ml). Transformed bacteria were incubated at 37 ⁰C for 24 h. Colonies were
screened by colony PCR using the PX458 universal forward primer (U6F, 5’GAGGGCCTATTTCCCATGATTCC-3’) and the reverse sgRNA oligos. The reaction
master mix and PCR conditions are as follows:

Table 2. 6: Colony PCR Master Mix and cycling conditions.

Master Mix
Reagent
15μl
2x Gotaq master
mix
(Promega, UK)
U6F (10 μM)
Reverse gRNA
(10 μM)
Nuclease-free
water

7.5

Step

PCR conditions
Temp Time
(⁰C)

Cycles

Initial
Denaturation

94

4 min

1

0.5
0.5

Denaturation
Annealing
Extension

94
55
72

30sec
10sec
30sec

25

6.5

Final
Extension
Hold

72

2min

1

4-10 ⁰C

2 µl of the reactions were analysed on a 1 % agarose gel, positive colonies were
sub-cultured, and plasmids were isolated using the Isolate II Plasmid Mini Kit
(Bioline, UK). Sequences were confirmed by DNA Sanger sequencing (GATC
Biotech, Germany) using a plasmid specific primer pSp-R
(5’-TAGGGGGCGTACTTGGCATATG-3’).
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2.10.2. gRNA transfection
HEK293 cells were seeded in 24-well plates at 1.3 x105 cells in 500 µl complete
growth medium. On the next day, the growth medium was replaced with fresh
complete growth medium 2 h prior to transfection. Cells were transfected with 500 ng
of pSpCas9 (PX458)-gRNA using Lipofectamine 2000 reagent (Lifesciences, UK)
following the standard protocol (Ran et al., 2013b). After 24 h, 1 mL of fresh growth
medium was added. The transfection efficiency was measured by counting green
fluorescent cells expressing GFP using a Nikon fluorescence microscope.
Transfected cells were incubated for at least 72 h before testing for Cas9 induced
DNA nicks.

2.10.3. sgRNA efficiency test (T7 – endonuclease)
In order to determine the efficiency of the gRNAs, genomic DNA was isolated from
the transfected HEK293 cells. For the detection of nicked DNA, the EnGen Mutation
Detection kit (New England Biolabs, UK) was used. According to the protocol,
primers were designed to amplify a genomic region >1000 bp that spans the gRNA
sequence asymmetrically (for example, 400 bp upstream and 600 bases downstream of the gRNA sequence, Table 2.7).
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Table 2. 7: Oligonucleotide sequences used for the T7-endonuclease test. The primers
were ordered from IDT, UK.

Oligo ID
S-g-1F
S-g-1R
S-g-2F
S-g-2R
S-T7E1R
S-T7E123
F+
S-T7E123
F++
S-T7E123
R+
S-T7E123
F
S-T7E23
R

Sequence (5’-3’)
GTGAGGGTGTGTGGG
CATGAGT
GAGCAGACGAAG
AGGTAGAG
CTCTACCTCTTCGTC
TGCTC
CAG CCT TACTGG
GGTCACGCT
CAGGGGCAGGTGTG
CTCAGC
CAAGCCTCTGGTTCG
GAGC
CTGGGCGTCCTCAGT
TCTC
GTCCAGGGAGCAGAC
GAAGAG
CTGGGCTAGAGCTCA
ATAATAC
GTGTAGGACTAGGGA
GGGAG

Oligo ID
AS-T7E1234
F
AS-T7E1234
F+
AS-TE71234
R
AS-TE71234
R+
AS-T7E5678
F
AS-T7E5678
F+
AS-T7E5678
R
AS-T7E5678
R+
AS-T7E1234
F
AS-T7E1234
F+

Sequence (5’-3’)
CTCTAAATTCACCCAC
CTCAG
CAGCCACACATCACTC
CTTCCTG
CATCAGGGTGTCAGG
CTGGAG
CTAGGGACTCCGCAG
CTGAG
CTCAAAATCCCGGCTC
CACCAG
CAAGTGGAGGAGGAG
CCAGC
CATGCGGACAACAGCT
GCGTG
GAAGGTCTACATCAGT
GCAGTG
CTCTAAATTCACCCAC
CTCAG
CAGCCACACATCACTC
CTTCCTG

The PCR reactions were performed using a proofreading polymerase (Q5 Hot StartHigh Fidelity, New England Biolabs) to minimise PCR errors. The cycling conditions
are given in table 2.8.
Table 2. 8: PCR Master Mix and cycling conditions.

Master Mix
Reagent
Q5 Hot Start-High
Fidelity 2X Master
Mix
Forward (10μM)
Reverse (10μM)

25μl
12.5
1.25
1.25

Template DNA
(ng)

500

Nuclease-free water

to 25

Step
Initial
Denaturation
Denaturation
Annealing
Extension
Final
Extension
Hold

PCR conditions
Temp.
Time
(⁰C)

Cycle

98

30 sec

1

98

25

72

5 sec
10 sec
2 min

72

2 min

1

*

4-10 ⁰C

* annealing temperature was determined according to the IDT oligo analyser tool,
however it generally varied between 56-63 ⁰C.
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For hetroduplex formation, approximately 250 ng (5µl) of unpurified PCR product
was denatured and annealed (Table 2.9). DNA mismatches formed between Cas9
mutated and wild type alleles were then detected and cleaved by the T7
endonuclease. Following digestion, the reaction was examined on a 2 % agarose gel
and the intensity of the bands was determined using a Gel Doc XT+Gel
Documentation System (Bio Rad, USA).

Table 2. 9: Thermocycler conditions for heteroduplex formation in the T7
endonuclease assay.

Cycle step
Initial Denaturation

Temp (⁰C)
95

Annealing

95–85
85–25

Hold
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Ramp rate
-------

- 2 ⁰C/sec
- 0.1 ⁰C/sec
4–10 ⁰C

Time
5 min

2.10.4. Homology directed repair (HDR)
Once efficient sgRNAs were determined for both SLC34A1-sense and- antisense,
the homology repair template was designed with up- and down-stream
recombination arms that centre around the predicted CRISPR-Cas9 cleavage site.
A transcriptional termination cassette which contains an antibiotic selection marker
(puromycin) driven by the CMV promotor and a transcriptional terminator sequence,
BGH-PolyA (boving growth hormone polyadenylation), were designed to be
integrated into the SLC34A1 sense and antisense loci (Liu et al., 2017). The knock-in
cassette is shown in figure 2.3.

Figure 2. 3: Homology directed repair template for CRISPR-Cas9 knock-in
experiments.

2.10.5. Cloning of SLC34A1-sense and- antisense homology repair template
Nested PCR was used to amplify SLC34A1-sense/antisense flanking arms from
HEK293 genomic DNA, the strategy is explained in figure 2.5. In a first step,
forward and reverse primers were designed to amplify approximately 2500 bp of
DNA (PCR1). Further PCR primers were designed according to NEBuilder® HiFi
DNA Assembly (New England Biolabs, UK) containing a 15-20 nucleotide overlap
with the adjacent fragments. Amplicons from PCR1 were used as a template for the
nested PCRs to amplify 5’ and 3’recombinatation arms (PCR2 and PCR3,
respectively).
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In parallel, the CMV-PURO-BGH cassette (PCR4) was amplified from the plasmid
obtained from Hengmi Cui, Yangzhou University, China (Liu et al., 2017). All PCR
fragments were examined on a 1 % agarose gel, purified using the GeneJET PCR
Purification Kit (Thermo Scientific, UK) and sequenced (GATC Biotech, Germany).
PCR Mix and cycling conditions are given in table 2.8. Oligonucleotides were
purchased from IDT, UK, and are listed in table 2.10 below:

Table 2. 10: Primers used to generate the HDR template. Lowercase letters show the
overlapping region with adjacent fragments. S and AS refers to SLC34A1-sense andantisense transcripts, respectively.

Oligo ID
S-PCR1-F
S-PCR1-R
S-PCR2-F
S-PCR2-R
S-PCR3-F
S-PCR3-R
S-PCR4-F
S-PCR4-R
AS-PCR1-F
AS-PCR1-R
AS-PCR2-F
AS-PCR2-R
AS-PCR3-F
AS-PCR3-R
AS-PCR4-F
AS-PCR4-R

Sequence (5’-3’)
CACCGCGCCCCATATAACATGTC
CAATGCCCTGGCCTACGGATTC
CAACTCTTCACACCCCTACAAC
caaatgtaacgcgtctcatagGACAACATCCTGGGCACCCAC
gttacattttgctcacgtctcgcTACTACGGAGAGAGGCTGGGG
TCCCCTGCTG
cattttgctcacgtctcgctacTACGGAGAGAGGCTGGGGTC
gtgggtgcccaggatgttgTCCTATGAGACGCGTTACATTTG
gaccccagcctctctccgtagTAGCGAGACGTGAGCAAAATG
GAGTTCCTCCCTCTAGTCCAG
CTGGGCAACATAGTGAGACCTC
CAGCACCATCTCCCCTCAAAGAC
gtaacgcgtctcatagggggGCATCCTCAACAAGAC
tgttgaggatgccccccTATGAGACGCGTTACATTTG
gacgcggcgtacattagCGAGACGTGAGCAAAATG
ctcacgtctcgctaATGTACGCCGCGTCGG
CTCGCTCTGTGGCTCAGGCT

2.10.6. HDR fragment assembly
PCR fragments were assembled using the NEBuilder® HiFi DNA Assembly Cloning
Kit (New England Biolabs UK). The proportion of each fragment was calculated
according to NEBuilder Calculator (New England Biolabs, UK, Table 2.11).
Assembled reactions were incubated in a thermocycler at 50 ⁰C overnight. On the
next day, 5 µl of the ligated reaction was examined on a 1 % agarose gel together
with non-ligated PCR fragments.
60

The other 5 µl of the ligated construct were used to transform OneShot Stbl3
chemically competent E. coli (Thermofisher, UK). Resulting colonies were screened
by colony PCR and submitted for sequencing (GATC, Biotech, Germany) using the
primers listed in table 2.12.

Table 2. 11: HiFi assembly reaction to generate the HDR cassette. The volume of each
fragment was adjusted to achieve equimolar concentrations in the final reaction.

Amplicon Concentration

Fragment ID

Volume added to

(bp)

(ng/ µl)

assembly reaction (µl)

PCR2

850

50

0.7

PCR3

940

50

0.7

PCR4

1890

50

1.0

pMiniT2.0 vector

2610

50

2.0

NEB Master Mix

-------

-------

5

Nuclease free-water

--------

-------

0.6

Table 2. 12: Sequencing primers for the SLC34A1-sense and- antisense HDR
cassette.
Oligo ID

Sequence (5’-3’)

F1-Puro

GTCGACAATCAACCTCTG

R1-Puro

AGAAGGCACAGTCCTAGAG

R2-Puro

CAGAATAGAATGACACCTAC

R3-Puro
F2-Puro

GAAGGCATAGGCAGAGGTC
CTCTAGGACTGTGCCTTCT
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Figure 2. 4: Cloning strategy for SLC34A1-sense/antisense HDR templates. The
individual amplicons were assembled using a HiFi assembly cloning kit. PCR1 represent the
first PCR products (black), PCR2 (blue) and PCR3 (green) are the 5’ and 3’ flanking arms.
PCR4 (yellow) represents the transcription termination cassette (CMV-PURO-BGH).

2.10.7. Antibiotic killing curve
Prior to the co-transfection of HEK293 cells with the Cas9 plasmid and the HDR
constructs, the susceptibility of cells to the selective antibiotic, puromycin, was
determined. HEK293 cells were seeded in 24-well plates at a density of 5x104 cells
in 500 µl of complete growth medium per well. On the next day, confluent cells were
exposed to a range of puromycin concentrations, i.e. 0, 0.1, 0.25, 0.5, 1, 2, 3, 4, 5, 6,
8 and 10 ug/mL. The media containing the antibiotic were replaced every 48 h. The
wells were examined daily, and images were taken using the EVOS™ XL Core
Imaging System.
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The optimal antibiotic concentration was determined as the lowest antibiotic dose
that kills all the cells after 7 days of treatment. A similar approach was followed for
neomycin and hygromycin which were also used in other experiments.

2.10.8. Co-transfection and serial dilution
HDR plasmids were linearised with BamHI enzyme (NEB, UK). The digestion
reaction was assembled as in table 2.13. Next, 1 µl of the linearised plasmid was
analysed on a 1 % agarose gel and the rest was purified using the GeneJET PCR
Purification Kit (Thermo Scientific, UK). Eluted DNA concentrations were quantified
with Nanodrop (Thermofisher, UK).

Table 2. 12: HDR cassette linearisation with BamHI
Reagent

Volume
(µl)
®
10x CutSmart Buffer
2
BamHI
1
DNA (1-2ug)
variable
Nuclease-free water
To 20
incubation at 37 ⁰C for 1 h

For co-transfection, HEK293 cells were seeded in 24-well plates at 5x104 cells in
500 µl of complete growth medium per well. At 70-80 % confluency, the growth
medium was replaced with 500 µl of pre-warmed medium for 2 h prior to cotransfection. HEK293 co-transfection was performed in duplicates for each condition
using Lipofectamine 2000 (Thermo Scientific, UK) as follows:
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Table 2. 13: HEK293 HDR and sgRNA co-transfection conditions.

Co-transfection
condition

pSp-Cas9 (ng)

1

250

Linearised
HDR cassette
(ng)
None

2
3

250
None

250
250

4

None

None

Note

Plasmid integrity/GFP,
Cas9 and gRNA
expression
Co-transfection
Transfection efficiency
(HDR cassette
cytotoxicity)
Negative control

On the following day, the transfection mix was replaced with fresh pre-warmed
medium and the transfection efficiency was measured using fluorescence
microscopy (Nikon A1R fluorescence microscope, Bio-Imaging Facility, Newcastle
University). Transfected cells were incubated for at least 72 h prior to antibiotic
selection.
In order to isolate single clones with an integrated HDR cassette in SLC34A1-sense
and- antisense orientation, co-transfected cells were serially diluted in a 96-well
plate. An initial cell inoculum (4000 cells) was placed in A1 of the 96-well plate and
then diluted across the entire plate (Figure 2.5). Complete growth medium
supplemented with puromycin (1 µg/mL) was used to grow the cells and was
replaced twice a week. At day 10, wells were examined and wells which showed a
single cell colony were marked and transferred into a 24-well plate in duplicates. The
first well was used for gDNA extraction, the second one was further propagated.
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Figure 2. 5: Serial dilution of co-transfected HEK293 cells in 96 well plates.

2.10.9. Genotypic PCR
The gDNA was purified from one of the two wells using the Wizard® Genomic DNA
Purification Kit (Promega, UK). For detection of the HDR cassette within SLC34A1sense and- antisense genomic regions, HDR-targeted genotyping was performed
according to Ran et al (2007). Primer pairs which anneal approximately 500 bp
up- and down-stream of the HDR cassette were designed (Table 2.15).

Table 2. 14: SLC34A1-sense/antisense genotyping PCR primers and amplicon lengths.

Oligo ID

Sequence (5’-3’)

Sense-F

CACCGCGCCCCATATAACATGTC

Sense-R

CAATGCCCTGGCCTACGGATTC

Antisense-F

CATGGGACTTCCTGCCTCGCTG

Antisense-R

CATCGTGGGCCATGCGGACA
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Amplicon

Amplicon

(Knock-in)

(control)

4112

2222

4315

2425

PCR annealing and extension temperatures for SLC34A1- sense and-antisense
primers pairs were optimised (Table 2.16) using the GoTaq® Long PCR 2 x Master
Mix. PCR products were separated on a 1 % agarose gel and clones which showed
mono- or bi-allelic HDR cassette insertion were confirmed by sequencing (GATC
Biotech, Germany).

Table 2. 15: PCR master mix and cycling conditions for SLC34A1-sense andantisense genotyping.

Master Mix
Reagent

25 μl

GoTaq® Long 12.5
PCR 2xMaster
Mix
Forward
1.25
(10μM)
Reverse
1.25
(10μM)
Template
DNA
Nuclease-free
water

100 ng

PCR conditions
Temp ⁰C
Time
S
AS
S
AS

Step
Initial
Denaturation

94

94

2 min

2 min

Denaturation
Annealing
Extension

94
59
65

94
59
70

30 sec
10 sec
4 min

30 sec
10 sec
3 min

Final
Extension

72

72

10 min

10 min

to 25
4-10 ⁰C

Hold

66

Cycle
1

25

1

2.11. Chromatin Immunoprecipitation (ChIP)
To perform ChIP experiments, HEK293 cells were seeded at 1.5x106 cells in T-25
flasks. When cells reached 70-75 % confluency, the growth medium was replaced
with medium containing 100 nM/mL Dex. Treated and non-treated cells were
maintained 5 days and growth media (±Dex) were replaced every 48 h. ChIP
experiments were planned and executed in collaboration with Prof Jelena Mann,
Translational and Clinical Research Institute, Newcastle University.

2.11.1. Crosslinking and chromatin sharing
Chromatin was cross-linked by adding 1 % formaldehyde to the cell medium, gentle
swirling and incubation for 5 min at room temperature. The crosslinking reaction was
terminated by adding 0.125 M glycine for 5-10 min. Cells were washed with 1x PBS
and harvested using a cell scrapper in 10 mL of ice-cold PBS. The cells were
centrifuged (15,000xg for 5 min), the resulting cell pellets were lysed in SDS lysis
buffer and incubated on ice for 20-25 min (1 % SDS, 10 mM EDTA, 50 mM Tris-HCl
pH 8.1, 300 µl/ 2-3x106 cells).
The lysed cells were sonicated using a Bioruptor® Pico sonication device (Diagenode
sonication, UK), with 10 cycles at high intensity for 30 sec on and 20 sec off. After
completion, samples were centrifuged for 10 min at 17,000xg at 4 ⁰C and the
supernatant was collected. Chromatin concentration (2 µl of supernatant in 98 µl of
water) was measured using Nanodrop (Thermofisher, UK). The chromatin samples
were stored at -80 ⁰C.
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2.11.2. Immunoprecipitation
For the immunoprecipitation reactions, sheared chromatin samples were diluted 1:10
in dilution buffer (0.01 % SDS, 1.1 % Triton, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8.1
and 167 mM NaCl). 50 µl of Pierce™ Protein A/G Magnetic Beads (Thermo Scientific,
UK) were added to each 1 mL of the diluted chromatin samples and incubated at
4 ⁰C for 15-20 min, with constant rotation to remove material that binds unspecifically
to the beads. The mixture was centrifuged using a table top centrifuge at 4500xg,
4 ⁰C for 5 min and the supernatant was recovered. 5 µg of the selected antibodies
(Table 2.17) were added to the cleared supernatant and incubated overnight at 4 ⁰C.
On the next day, another 50 µl of Protein A/G Magnetic beads were added and the
mixture was incubated for 45 min at 4 ⁰C and 15 min at room temperature. The
chromatin bound to the beads was centrifuged as above and the pellet was washed
twice with 1 mL of low salt buffer (0.1 % SDS, 1 % Triton, 2 mM EDTA, 20 mM TrisHCl pH 8.1 and 150 mM NaCl), high salt buffer (0.1 % SDS, 1 % Triton, 2 mM EDTA,
20 mM Tris-HCl pH 8.1 and 500 mM NaCl), LiCl buffer (0.25 M LiCl, 1% NP40, 1 %
deoxycholate, 1 mM EDTA and 10 mM Tris-HCl, pH 8.1) TAE buffer (Tris-EDTA)
followed by centrifugation in a refrigerated table top centrifuge (5000x g for 1 min).
Chromatin was eluted with 250 µl of nuclease free water.

2.11.3. Reverse crosslinking and DNA purification
20 µl of 5 M NaCl were added to 500 µl of immunoprecipitated chromatin. The
samples were incubated at 65 ⁰C for 4 h. Histones were digested with proteinase K
(2 µl of 10 mg/mL stock) at 45 ⁰C for 1 h after adjusting the reaction conditions with
10 µl of 0.5 M EDTA, 2 µl 1M Tris-HCl, pH 6.5. DNA was recovered by
phenol/chloroform extraction and ethanol precipitation. Recovered DNA was
dissolved in 40 µl of nuclease-free water.
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Table 2. 16: Antibodies used for HEK293 Chromatin immunoprecipitations.

Amount used/

Antibody

Source

Cat no.

LOT no.

H3K27ac

Diagenode

C15410174

A7071-001P

5

H3K4me3

Diagenode

C15410030

002

5

Rabbit IgG

Diagenode

C15410206

RIG001S

4

IP (µg)

2.11.4. ChIP-qPCR
Real time PCR was used to quantify the level of histone modification at SLC34A1sense and- antisense promotor and enhancer regions. Three pairs of primers were
designed to anneal approximately 400- 500 nucleotides upstream of the
transcriptional start site (TSS) of SLC34A1-sense and (700-800) nucleotides
upstream of the first SLC34A1-antisense transcript exon. Additional primers were
designed to span an SLC34A1-sense intronic enhancer region (Table 2.17, Figure
4.9).

Table 2. 17: Primers for ChIP-qPCR and product length. Amplicons cover the
SLC34A1-sense and -antisense promoters and an SLC34A1-sense internal
enhancer (i.e. SLC34A1-B).
Oligo ID

Sequence (5’-3’)

Amplicon
(bp)

SLC34A1-A-F3

GCCATAGGATGTTTGGGTCA

SLC34A1-A-R3

AGCTCTGCATGGGGAATCTA

SLC34A1-B-F2

GTGTTTGTGCGTGTGAGTCT

SLC34A1-B-R2

CCACTATGAGGTCTGCAGGT

AS-SLC34A1-F3

TATAGGATCGTGTCGCTGCA

AS-SLC34A1-R3

ACGCCTGTAATCTCGTCACT

167

193

193

ChIP-qPCR comprised 5µl Sybr Green I Master mix, 0.5 µl forward and 0.5 µl
reverse primers (10 µM), 2 µl of the eluted DNA and 2 µl of water per well. Plates
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were centrifuged briefly using a plate centrifuge for 2 × 20 sec intervals at full speed;
the temperatures and cyclic conditions are given in table 2.19.

Table 2. 18: ChIP-qPCR cycling conditions.

Step

Temp ⁰C

Time

Cycles

Pre-incubation

95

10 min

1

Initial Denaturation

95

1 min

1

Denaturation
Annealing
Extension

96
57
72

20 sec
30 sec
10 sec

Melting Curve
Cooling

95
60
95
40

15
15
0

45

sec
30 sec

2.11.5. ChIP- qPCR data normalization
All ChIP-qPCR data were normalized to the negative control consisting of rabbit antiIgG precipitated material. The fold change (R) was determined using the formula
below (Haring et al., 2007):

(Ct of H3K27Ac/H3K4Me3 – Ct of IgG)
R= 2
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2.12. Microbiome experiment design
The microbiome part of this thesis represents a significant part of an extended
project previously designed by Prof Carsten Wagner, Institute of Physiology, Zurich
University. The study aimed to mimic high/low Pi – but a low Pi diet without medical
reason is a health risk, hence Pi binders were used to lower dietary Pi load.
Two groups of probands consisting of eight male volunteers each were included in a
cross-over study (Figure 2.6): The first group started with a high phosphate diet for 5
days (1000 mg/lunch and dinner meal) followed by a wash-out period of 10 days and
a period of phosphate binder intake with normal Pi diet for 5 days. The second
proband group followed a similar regime, however they started with the phosphate
binder. At the end of the intervention, samples of stool, urine and blood were
collected.

Figure 2. 6: Schematic presentation of the high and low Pi diet regime applied in the
human cross-over study.

While other parameters such as urine phosphorus level, kidney function and liver
function were measured using the urine and serum samples, the collected stool
samples were shipped in to the Institute of Food Research in (Norwich, UK) for
downstream analysis.
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2.12.1. DNA extraction from stool samples
DNA was extracted from stool samples using the FastDNA™ SPIN Kit for Soil (MP
biomedicals, UK). Stool samples were thawed on ice for 1 h prior to the experiment.
Approximately 500 mg of each sample was weighted and loaded on Lysing Matrix E
tubes containing 987 µl of PBS and 122 µl of MT buffer. Samples were homogonised
using a Fast Prep homogeniser (MP Biomedicals, UK) for 40 sec at 6.0 speed
setting. Contaminating debris were eliminated by centrifugation at 14,000xg for
15- 30 min.
The supernatant was transferred to a 1.5 mL Eppendorf tube containing 250 µl of
protein precipitation solution and mixed immediately by inverting the tubes 4- 6
times. The samples were centrifuged at 14000xg for 5 min and the supernatant was
collected in 1.5 mL Eppendorf tubes. 1 mL of binding matrix suspension was added,
mixed by inversion for 2 min and the tubes were left for 3 min for the resin to settle.
500 µl of the supernatant were discarded carefully and the remaining matrix was
transferred into SPIN™ Filter columns and centrifuged at 14,000xg for 1 min. The
filters were washed with 500 µl of SEWS-M solution and air dried for 5 min at room
temperature. Genomic DNA was eluted by adding 30 µl of nuclease free water and
centrifugation at 14,000xg for 1 min. The collected DNA samples were quantified and
stored at -20 ⁰C.

2.12.2. DNA quantification
The extracted DNA was quantified using a Qubit Fluorometric Quantitation unit
(Invitrogen, UK). According to the manufacturer’s instruction, a working solution was
prepared by diluting the Qubit reagent in dsDNA Qubit buffer (1:200) for both
standard and test samples. 190 µl of working solution were used for the standard
and 198 µl for the test samples and the volume was brought to 200 µl with the
standard and DNA samples, respectively. The tubes were vortexed for 2-3 sec,
incubated at room temperature for 2 min and DNA concentrations were recorded
from the Qubit® 2.0 fluorometer. DNA extraction was repeated for samples that
showed a concentration of less than 30 ng/µl.
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2.12.3. DNA sequencing and data analysis
Approximately 500 ng of genomic DNA per sample were custom sequenced at the
Sanger Institute, Cambridge, UK using a MiSeq platform (Illumina) following
established protocols.
The data were analysed in collaboration with Dr Christopher J. Stewart. The cut-off
level of sample readout was set at 95,200 reads to eliminate noise that could result
from the DNA extraction procedure. The bacterial communities were visualised using
R (R Development Core Team, 2014). Statistical analysis to determine Alpha
diversity was done by Kruskal–Wallis testing and determination of the Shannon
index (Kruskal and Wallis, 1952; DeJong, 1975). The differences in the microbial
composition between samples (Beta diversity, or Bray Curtis) were assessed using
Permutational analysis of variance (PERMANOVA). Using the R lm () function simple
regression models to compare multiple measures in alpha diversity or for multiple
taxonomic genera were created.

2.13. Statistical Analysis
Unpaired student t-testing was used to compare pyrosequencing data. For RT-qPCR
data, one-way ANOVA followed by Games-Howell Post-Hoc test or Tukey’s test for
multiple comparisons was performed using GraphPad Prism version 6.00 (GraphPad
Software, USA). Values of p<0.05 were considered as significant, unless otherwise
mentioned. Data are presented as mean ± standard error of the mean (SEM).
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Chapter 3: The impact of DNMT and HDAC inhibitors on SLC34A1sense and SLC34A1-antisense expression

3.1. Introduction
Eukaryotic chromatin represents packed genetic material that encodes for proteins
with biological activities to coordinate development, metabolism and ensure tissue
specificity. As described in Chapter 1, DNA methylation and histone modifications
regulate the transcription process (on/off switch). These marks are called epigenetic
modifications and are defined as regulators of gene expression independent of
specific genomic sequences. Aging as well as nutritional and environmental factors
affect the epigenetic status (Heerboth et al., 2014). For example, natural and
synthetic compounds can induce alterations in epigenetic marks with a regulatory
effect on specific genes or genome wide expression (Ma et al., 2014).
Aberrant DNA methylation interferes with the expression of coding and noncoding
genes and may result in pathological conditions and promote tumorigenesis.
Hypermethylated DNA is transcriptionally inactive, but compounds that reduce global
DNA methylation can activate gene expression. Inhibitors of DNA methylation act
either by forming a covalent bond with the DNMT enzymes (DNMT1, DNMT2,
DNMT3a, DNMT3b, and DNMTL) and/or by substrate competition as cytidine
analogues (Zhou et al., 2002).
Zebularine (Zeb) is a potent second-generation DNMT inhibitor, a member of a drug
family which also includes 5-azacytidine and decitabine, and acts as a cytidine
analogue (Figure 3.1). In comparison to 5-azacytidine and decitabine, Zeb is
characterised by low cytotoxicity and a long half-life at different environmental pH
(i.e. the half-life of Zeb at pH 1.0 is 44 h and at pH 7.0 is 508 h) (Cheng et al., 2003).
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Figure 3. 1 : Chemical structure of cytidine and its analogue Zebularine. The structure
of Zebularine is almost identical to cytidine with only the amino acid group at position
4 lacking (Yoo et al., 2004).

Histone de-acetylase (HDAC) inhibitors are another group of powerful epigenetic
regulators of gene expression. For example, trichostatin A (TSA), an irreversible
inhibitor of HDAC
type I and II enzymes, has diverse effects on both coding and noncoding RNA
expression and has been applied in various cells models (Serman et al., 2006; So et
al., 2007; Yang et al., 2013).
In the present study, we hypothesised that the two drugs Zeb (DNA methylation
inhibitor) and TSA (histone deacetylation inhibitor) could potentially induce
transcription of the bi-directional SLC34A1 locus, thus providing clues for the
biological function of the antisense transcript.

3.2. Aims:
This chapter aimed to establish and characterise a cellular system that enables
research into the expression of endogenous sense and antisense RNA and their
interaction at transcriptional level. The specific goals are:
•

Identify one or more cell lines that express SLC34A1-sense/antisense
transcripts in response to DNMT and HDAC inhibitors. Moreover, the
expression levels of both transcripts will be quantified.

•

Determine the epigenetic imprints that may be responsible for the
transcriptional changes.
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3.3. Results
3.3.1. Optimisation conditions
Total RNA was purified from human-derived kidney cell lines including HEK293,
HKC8 and HK2 in addition to primary human renal epithelial cells at the time they
were taken into culture (PT0) and after 10 days (PT10) as positive controls. TRIzol®
was used for RNA extraction followed by DNase-I digestion. RNA integrity was
usually examined by 2 % agarose gel electrophoresis (Figure 3.2). The experiment
was repeated routinely following RNA extraction for each treatment condition.
Control tissue

Cell lines

Figure 3. 2: RNA integrity test. About 0.5-1µg of purified RNA was examined using 2 %
agarose gel electrophoresis prior to cDNA synthesis and RT-qPCR.

To establish a robust PCR-based quantification strategy, a total of eleven primer
pairs for each SLC34A1-sense and SLC34A1-antisense transcripts were designed
and tested by RT-PCR (Appendix A and B). As positive controls, proximal tubular
cells and human testis RNA (HT) were used, shown in figure 3.3.B. The sense
primer pairs 4, 5, 10 and 11 and the antisense primer pairs 2 and 9 showed specific
amplicons of the correct size. The assays including primers 5 and 9 for the sense
and antisense, respectively, were selected for RT-qPCR after sequence
confirmation. Since RT-qPCR is very sensitive and secondary primer products could
form, different annealing temperatures were tested. Gradient PCR examination
showed that 63 ⁰C were considered as the optimal temperature for SLC34A1sense/antisense as well as GAPDH amplification as illustrated in figure 3.3.C.
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A

B

C

Figure 3. 3: Optimisation experiments for RT-qPCR. A) Diagram of SLC34A1 locus
showing primer pairs that target SLC34A1-sens/antisense transcripts. B) RT-PCR for eleven
different SLC34A1-sense/antisense primer pairs using PT and HT RNA, respectively. The
lanes labelled (+) refer to control reactions using plasmid DNA as a template. Negative
template control (NTC, no DNA) were included. C) Different annealing temperatures were
tested for the chosen SLC34A1-sense/antisense and housekeeping (GAPDH) genes. Red
highlighted pairs/conditions were chosen for further experiments. The red highlighted
numbers indicate to the optimally working primer pairs and annealing temperature.
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3.3.2. Screening of cell lines
The next step was to establish the expression status for SLC34A1-sense andantisense transcripts in the human renal cell lines HKC8, HK2 and HEK293. Human
primary renal proximal cells (PT0 and PT10) and human testis RNA (HT) were
included as controls in RT-qPCR experiments.
As presented in figure 3.4.A, SLC34A1-sense expression was found at various levels
in HKC8, HK2, PT0, PT10 and HT, but not in HEK293 cells. Interestingly, HKC8 cells
were found to express SLC34A1-sense transcripts at higher levels than HK2 cells
(ΔCt 18.56 ±1.19 versus 21.39 ±0.46). This suggested that HKC8 may be used to
study the sense transcript expression in further investigations during the thesis.
In line with observations in the Brown lab, a gradual reduction in transporter mRNA
levels was observed between PT0 and PT10 cells (ΔCt 12.40 ±0.12 and 20.70
±0.52, respectively) which points to altered primary cell characteristics with
continued culture time (Kaur and Dufour, 2012).
On the other hand, none of the tested cells expressed the SLC34A1-antisense
transcript. Only the positive control, HT, showed a detectable signal (ΔCt average
18.5 ±49) as demonstrated in figure 3.4.B.
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B

A

Figure 3. 4: SLC34A1-sense/antisense gene expression using RT-qPCR. A) SLC34A1sense expression in PT0, PT10, HKC8, HK2, HEK293 cells and HT. B) SLC34A1-antisense
gene expression. Data presented are from three independent experiments each done in
triplicate. The data were normalised to GAPDH, and gene expression calculated as ΔCt. For
clarity reason the difference shown as (40- ΔCt).

The antisense transcript expression was previously detected in HEK293 cells (Piatek
et al., 2016), however, these findings were later suspected to be a PCR artefact.
However, NATs expression could also be variable and inconsistent with different cell
passages. Hence, HEK293 and HKC8 cells were therefore used for further
experiments.

3.3.3. The effect of Zeb and TSA on cell viability

The effect of Zeb and TSA on HEK293 and HKC8 cells was determined using the
XTT assay (Berridge et al., 2005). The assay is based on the reduction of the XTT
(2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) into
orange coloured formazan salts in the presence of mitochondrial dehydrogenases
(Figure 3.5). The accumulation of formazan salts changes the colour of the growth
medium to dark-brown which is subsequently quantified by spectrophotometry. The
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absorbance values were corrected by subtracting the background (growth medium
alone) and normalised to the negative control (non-treated cells).

Figure 3. 5: Mechanism of action for the XTT assay. XTT is reduced to formazan in the
presence of mitochondrial dehydrogenases, figure adapted from (Berridge et al., 2005).

HEK293 and HKC8 cells were seeded in 96-well plates and each treatment condition
was tested in 6-wells. Zeb was used at 25, 50, 100 and 200 µM concentrations and
viability was assessed after 12, 24, 48, 72 and 96 h of treatment.
HEK293 cells showed reduced viability in a time-depended manner when treated
with 25, 50, 100 and 200 µM Zeb for 96 h to 62.6, 56.6, 54.3 and 37.8 %,
respectively. In contrast, HKC8 showed decreased viability only with the two highest
concentrations tested (100 and 200 µM, 30.2 and 13.04 % remaining of viability,
respectively). The effect was seen across all time-points (Figure 3.6.A).
The histone deacetylase inhibitor TSA was used at various concentrations, i.e. 0.25,
0.5, 1 and 2 µM. In HKC8, TSA treatment with 1 and 2 µM of the drug was found to
dramatically reduce metabolic activity in a time-and -dose dependent manner. At
concentrations higher than 1 µM the drug gradually killed the cells within about five
days. Conversely, HEK293 were more resistant to TSA, as demonstrated in (Figure
3.6.B).
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A
HKC8-Zeb

HEK293-Zeb

B
HEK293-TSA

HKC8-TSA

Figure 3. 6: HEK293 (left panel) and HKC8 (right panel) cell viability in response to Zeb
and TSA treatment. A) Zeb induced reduction in viability in HEK293 and HKC8 cells. B)
TSA treatment reduced cell viability in HKC8, and to lesser extend in HEK293 cells.
Measurements were corrected for the absorbance of the culture medium and then
normalised to the control sample (non-treated condition).

3.3.4. Zebularine induces SLC34A1-sense upregulation
The effect of DNMT inhibitors on the transcription of SLC34A1-sense and- antisense
RNAs has not been investigated and may reveal mechanistic insights into the
regulatory impact of NATs in somatic cells. Previous work showed that continuous
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treatment of the human bladder transitional carcinoma-derived cell line T24 with low
concentrations of Zeb resulted in reduced DNMT activity and global demethylation.
As a consequence, increased expression of various genes was driven by poorly
methylated CpG-rich promoters (Cheng et al., 2004). Comparable observations were
made with human breast cancer cell lines (MDA-MB-231 and MCF-7) where Zeb
induced the expression of p21 and decreased cyclin-D transcription in timedepended manner. These results suggested that Zeb could be used as a potent
demethylating agent (Baubec et al., 2009; Billam et al., 2010). Hence, we
hypothesised that continuous exposure to Zeb could also impact on transcription
levels of the SLC34A1 locus.
Based on the results of the XTT assay, HKC8 and HEK293 cells were treated with
Zeb at different concentrations (i.e. 25, 50, 100 and 200 µM) for 72 h followed by
RNA extraction and RT-qPCR. The data were normalised to GAPDH and expression
changes refer to non-treated cells.
In general, Zeb induced upregulation of SLC34A1-sense in a dose-dependent
manner in HKC8 and HEK293 cells after 72 h, however no effect on the SLC34A1antisense transcript was detected. HKC8 cells showed significant upregulation of
SLC34A1-sense transcripts at 50 µM (2.99 ±0.84-fold, p<0.05), whereas with 100
and 200 µM SLC34A1-sense increased 1.06 ±0.55 and 1.74 ±0.37-fold, respectively.
In contrast, HEK293 cells exposed to 50 µM Zeb for 72 h only showed a slight
increase of SLC34A1-sense expression (1.40 ±0.67-fold) with minimal effects of
other doses of Zeb (Figures 3.7.A and B). The observation that 100 and 200 µM of
the drug reduced the expression of the SLC34A1-sense transcript as compared to
the 50 µM dose is probably due to toxicity of the drug at higher doses and a
concomitant decrease in RNA quality (Figure 3.7).
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Figure 3. 7: Zebularine upregulates SLC34A1-sense expression in HKC8 and HEK293
cells in a dose-independent manner. A) HKC8 and B) HEK293 cells were treated with 25,
50, 100 and 200 µM of Zeb for 72 h. The experiments were performed in three independent
replicates. Experimental controls from human proximal tubular cells and human testis (PT
and HT) were routinely included in RT-qPCR experiments. The data were normalised to
GAPDH and the fold change (2-ΔΔCt) were calculated in comparison to the non-treated cells.
To compare between treatment conditions, statistical differences were determined by OneWay ANOVA and Games-Howell Post-Hoc test (* P<0.05).

3.3.5. Temporal effect of zebularine on SLC34A1-sense and- antisense transcripts
Since both SLC34A1-sense and SLC34A1-antisense transcripts derive from the
same bidirectional genomic locus, it is conceivable that potential epigenetic
modifications would impact on the expression levels of both transcripts in a timedependent manner. Therefore, a time-course investigation was performed to further
characterise the effect of Zeb on the potentially co-regulated locus. HEK293 and
HKC8 cells were treated with 50 µM Zeb for 12, 24, 48 and 72 h followed by RNA
extraction and RT-qPCR.
In HEK293 cells, neither sense nor antisense expression was detected at any tested
time-points, except the slight upregulation of SLC34A1-sense in response to 50 µM
after 72 h (as described in 3.3.4).
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In contrast, time-dependent expression was observed for both SLC34A1-sense and
SLC34A1-antisense transcripts in HKC8 cells (Figure 3.8). Zeb exposure induced a
gradual increase in sense transcripts levels of 0.92 ±0.61-fold after 12 h, 1.85 ±0.31
after 24 h, 2.90 ±0.31 after 48 h and 2.66 ± 0.60 after 72 h. Changes were
statistically significant at 48 and 72 h (at P<0.05). Meanwhile, expression of the
antisense transcript coincided with an increase of the sense transcript. SLC34A1antisense transcripts were only transiently detected after 24 h of drug treatment (i.e.
0.90 ±0.51-fold).

Figure 3. 8: Temporal expression of SLC34A1-sense and- antisense transcripts after
treatment with zebularine. HKC8 cells were treated with 50 µM of Zeb and RNA was
extracted at different time points (12, 24, 48 and 72 h) followed by RT-qPCR. The
experiments were performed in three independent replicates. Experimental controls from
human proximal tubular cells and human testis (PT and HT) were routinely included in
RT-qPCR experiments. The data were normalised to GAPDH and the fold change (2-ΔΔCt)
were calculated in comparison to the untreated cells. To compare between treatment
conditions, statistical differences were determined by One-Way ANOVA and Games-Howell
Post-Hoc test (* p<0.05).
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3.3.6. Effect of TSA on SLC34A1-sense and- antisense expression
Previous experiments with HKC8 and HEK293 cells treated with TSA at different
concentrations (0.1, 0.2, 0.5, 1 and 2 µM) confirmed the effect of the drug on cell
viability. It was therefore conceivable that TSA may induce SLC34A1-sense and
SLC34A1-antisense expression. According to TSA toxicity testing (Figure 3.6.B),
HKC8 cells were treated for 24 h and HEK293 for 48 h with the indicated
concentrations of TSA followed by total RNA extraction and RT-qPCR. The
RT-qPCR data showed that TSA affected neither SLC34A1-sense nor the antisense
expression in the tested cell lines (all values were within 10% of the untreated
controls), hence global acetylation and H3 acetylation was assessed. HEK293 and
HKC8 cells were treated with TSA at 0.1, 0.2, 0.5, 1 and
2 µM for 24 h followed by purification of histone fractions and SDS-PAGE separation.
Furthermore, the level of H3 acetylation were quantified using EpiQuik Total Histone
H3 Acetylation Detection Fast Kit. The absorbance ratios were first normalised to
blank and the acetylation percentage were calculated based on the non-treated
conditions (as discussed in section 2.9).
The result showed that high doses of TSA (i.e. 1 and 2 µM) increased acetylated
H3 in both HEK293 and HKC8 cells, however, with a more pronounced effect in
HEK293 cells. For instance, 0.5, 1 and 2 µM TSA in HKC8 caused a 20-30 %
increase in H3 acetylation (127.9, 121.14 and 126.49 %, respectively). On the other
hand, in HEK293 cells the amount of acetylated H3 increased significantly at 1 and 2
µM TSA to 202.13 and 191.98 %, respectively (Figures 3.9.A and B).
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Figure 3. 9: Global histone H3 acetylation. A) HKC8 and B) HEK293 cells show a dosedependent response to TSA. The data were normalised to control cells (non-treated) and
treatment conditions were compared by One-Way ANOVA test using Tukey’s test (* p< 0.05,
** p< 0.01).

3.3.7. The effect of Zeb and TSA in combination on SLC34A1 locus
Previous work by Olaharski et al., have shown that both Zeb and TSA target different
epigenetic marks and could have synergistic effects when used in combination
(Olaharski et al., 2006). This assumption has also been approved in human breast
adenocarcinoma cells when the combination between Zeb and TSA induced
upregulation in tumor necrosis factor-related apoptosis inducing ligand (TRAIL)
transmembrane protein family (Kong et al., 2019). Hence, Zeb and TSA were applied
together to further characterise the effect of histone deacetylation and promoter
demethylation on transcriptional activity of the SLC34A1 locus. The dose response
of both compounds was tested in HKC8 and HEK293 cells with working
concentrations of 50 µM Zeb and 1 µM TSA. The combination experiments were
performed in three forms as suggested by (Herman et al., 1995; Herman et al., 1996)
and illustrated in figure 3.10: (i) Zeb at 50 µM for 72 h followed by TSA at 1 µM for 24
h, (ii) 1 µM TSA for 24 h followed by Zeb at 50 µM for 72 h and (iii) both Zeb and
TSA for 24 h at 50 µM and 1 µM, respectively.
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RT-qPCR showed that none of the drug regimens had an impact on SLC34A1-sense
and- antisense expression (all values were within 5% of the untreated controls).
These findings were somehow unexpected since Zeb alone upregulated the
expression of SLC34A1-sense and- antisense in a time-dependent manner. A
possible explanation for the contradictory finding is that TSA combined with 5-mC
inhibitors may have antagonistic rather than synergistic activity (Yang et al., 2013).
To further investigate the effect of Zeb on SLC34A1-sense/antisense expression,
methylation of both sense- and antisense promoter regions was assessed by
pyrosequencing.

Figure 3. 10: Chart of combined Zeb and TSA incubation. The treatment included
three conditions; the blue bars refer to 50 µM Zeb and the red to 1µM TSA.
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3.3.8. Pyrosequencing Optimisation experiments
The reason of using this technique is to estimate and quantify the methylation
percentage of target promoter in response to treatment with epigenetic compounds
(see Section 2.8). However, defining the CpG rich promoter regions and the design
of pyrosequencing primers is challenging because bisulfite treatment alters the DNA
sequence depending on the methylation status of cytosines. The UCSC
(http://genome.ucsc.edu/) and Methprimer (http://www.urogene.org/cgibin/methprimer/methprimer.cgi) genome browsers were used for these purposes
(Kent et al., 2002; Li and Dahiya, 2002). The identified CpG islands and the primers
to amplify the particular regions after sodium bisulfite treatment are shown in figure
3.11.

Figure 3. 11 : SLC34A1-sense and antisense regions identified for pyrosequencing. S1
and S2 refer to the sense regions with nine CpG sites whereas a region with six CpGs sites
was examined in the antisense promoter region (AS). The pyrosequencing entry sequences
are shown with the CpGs of interest in red.

Using bisulfite converted DNA as a template for end-point PCR proved difficult. To
overcome this challenge, various polymerases were tested in addition to adjusting
the annealing temperature and reducing the extension temperature to 60 °C for
5 sec (Figures 3.12.A and B) (Su et al., 1996; López-Barragán et al., 2011). All PCR
products were examined on agarose gels (Figure 3.12.C), purified, sequenced and
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confirmed against bisulfite converted DNA sequences before moving to the actual
pyrosequencing experiments.

A

PCR reaction optimisation

B

Annealing temp. optimisation

C

Promoter amplification

Figure 3. 12: PCR- optimisation for pyrosequencing experiments. A) Different
polymerases used in end-point PCR for amplifying the target region using bisulfite modified
DNA. B) Followed by gradient annealing temperature optimisation using Go Taq
polymerase. C) Similar steps were applied to the other regions (S1, S2 and AS) and
examined on 2 % agarose gel electrophoresis. The lengths of the amplified region as follow
S1=339, S2= 148 and AS1=173bp.

3.3.9. Analysis of methylation status of selected promoters
For SLC34A1-sense, two regions were identified with typical promoter features, S1
(chr5: 176823406-176823435) and S2 (chr5:176811239-176811258) with nine CpG
sites overall. For SLC34A1-antisense, one CpG island was amplified in two
fragments; however, due to problems with PCR amplification, only one region was
investigated with six CpG sites (AS, chr5:176827416-176827447) as demonstrated
in figure 3.11.
To generate fully methylated DNA (100 % methylation) as reference sample, gDNA
from non-treated HKC8 and HEK293 cells was incubated with CpG
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methyletransferase (M.SssI) to obtain the 100 % methylation control. In addition,
whole genome amplification (WGA) was used to generate unmethylated DNA (0 %
methylation). Samples were treated with M.SssI followed by PCR amplification of the
fragments S1, S2 and AS. The methylation of the different fragments was quantified
by pyrosequencing (Table 3.1).

Table 3. 1: Average values of DNA bisulfite conversion controls (0 and 100%) in S1, S2
and AS promoter fragments.

% of CpG methylation
in HEK293
Promoter
region
AS1
S1
S2

% of CpG methylation
in HKC8

0

100

0

100

1.5
4.4
2.3

89.7
93.8
97.8

1.8
4
1

98.8
93.8
99.1

Based on the expression changes established by RT-qPCR, the methylation status
was measured after treatment with Zeb (50 µM) for 24 and 72 h in HKC8 cells and
for 72 h in HEK293 cells, respectively. The methylation status of DNA from treated
cells was compared with non-treated controls. All experiments were repeated in
three independent biological replicates.
In HKC8, an inverse relationship between the sense and the antisense CpG marks
was found after 24 h drug treatment when the antisense promoter showed significant
hypomethylation (p<0.01) while sense promoter methylation remained unchanged
(Figure 3.14.A). Whereas after 72 h of Zeb treatment, the cells showed
hypomethylation in all promoter-related CpG islands, S1, S2 and AS (p<0.05, p<0.01
and p<0.01, respectively). Interestingly, this finding correlated with a detectable
increase in SLC34A1-sense mRNA levels as shown in figure 3.7.A. Although
hypomethylation of SLC34A1-antisense promoter was observed, no SLC34A1antisense transcripts could be detected.
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On the other hand, HEK293 cells showed significant hypomethylation of the S1
promoter region at p<0.05, but not S2 or AS (Figure 3.14.B). This finding indicates
that the S1 promoter is poorly methylated and likely plays a role in SLC34A1-sense
expression, moreover, S1 is located closely to the transcription start site (TSS).
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Figure 3. 13: DNA methylation analysis of SLC34A1-sense (S1, S2) and SLC34A1antisense (AS) promoters. A) HKC8 cells treated for 24 and 72 h with 50 µM zebularine.
B) HEK293 cells treated for 72 h with 50 µM zebularine. Statistical analysis for comparing
the treated cells with the control was performed by unpaired students t-test, (*= p<0.05 and

**= p<0.01).
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3.4. Discussion
Most of renal proximal epithelial-derived cell lines have their SLC34A1 locus
silenced, with the exception of expression of SLC34A1-sense in OK (opossum
kidney) cells and the SLC34A1-antisense transcripts in HEK293 cells, respectively.
In order to establish a system where the interplay between sense and antisense
transcripts could be studied, the expression of both transcripts was assessed in
various established cell lines including HEK293 cells, HKC8 and HK2 at the
beginning of this thesis. These cell lines have been used previously in the lab to
assess the expression of exogenous SLC34A1 wild-type and mutant transporters.
The proteins were found to be sorted to the apical membrane as expected in renal
epithelial cells(Fearn et al., 2018). However, RT-qPCR data showed that none of the
above-mentioned cell lines expressed neither the sense nor the antisense transcript
at significant levels (i.e. both transcripts were below detection limits). This finding
attributed to two possibilities: either the cells are de-differentiated, or the expression
of these transporter has been down regulated as suggested by (Lorenz-Depiereux et
al., 2006).
The cell screening results agree with Wu et al., who assessed SLC34A1-sense
transporter expression in kidney-derived cells (Wu et al., 2013). The researchers
concluded that the transporter loci are mostly silenced in immortalised cell lines due
to the deleterious effect of excess Pi inside the cells. Thus, epigenetic compounds
(such as Zeb and TSA) may re-activate the SLC34A1 locus and enabling research
into the interplay of sense and antisense transcript expression.

3.4.1. The effect of Zeb and TSA on cell viability

The XTT assay showed that Zeb reduced HEK293 and HKC8 viability in a dosedependent manner. This pattern of response was also observed by Nakamura et al.,
who found that Zeb at relatively high doses (i.e. higher than 100 µM) could induces
cell apoptosis in various human epithelial cells (Nakamura et al., 2015). In contrast,
others reported that Zeb preferentially reduces the growth rate of cancerous cell
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lines, but not primary cells. This effect was linked to the hypomethylation of the p16
locus (multiple tumor suppressor 1 locus) (Yoo et al., 2008; Andersen et al., 2010).
TSA reduced HEK293 and HKC8 cells viability in a dose-and-time dependent
manner. This result was expected as the majority of HDAC inhibitors were reported
to induce cell death of transformed- but not in primary cells (Ruefli et al., 2001;
Ungerstedt et al., 2005a; Ungerstedt et al., 2005b).

3.4.2. The effect of Zeb and TSA on SLC34A1 locus expression

Zeb appeared to gradually upregulate the sense transcript in HKC8 cells, reaching
the peak after 48-72 h, as shown in figure 3.8. Meanwhile, the antisense transcript
was only co-expressed after 24 h, suggesting that the antisense RNA could play a
transcriptional regulatory role in repressing the sense transcript (Shen et al., 2018).
Another possible interpretation for the observed antisense expression pattern could
be that the sense transcript is dominantly expressed and overcomes the lower
expressed antisense transcript according to the genetic “switch off’’ theory between
sense and antisense-related transcripts (Xu et al., 2011).
Zeb promotes demethylation and consequently the transcription process within
SLC34A1 locus. Collectively, these observations agree with Horillo et al., who
reported that mouse embryonic stem cells (mESCs) treated with Zeb had a
significantly altered expression profile including 266 genes i.e.119 genes upregulated and 147 genes were down-regulated (Horrillo et al., 2013).

TSA on the other hand is known to inhibit HDAC enzymes (I and II) with an impact
on the expression of various coding and noncoding genes as well as global histone
H3 acetylation. In this thesis, no detectable impact of TSA on the transcription of the
SLC34A1 locus was detected. Nevertheless, the elevation in H3 acetylation
confirmed that TSA induced global changes of H3 acetylation in dose-dependent
manner as reported earlier. The differences in global acetylation levels in response
to TSA between HEK293 and HKC8 cells could be due to variability of intrinsic
HDAC activity between the two cell lines (Chang et al., 2012).
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Cell viability, RT-qPCR and H3 acetylation results suggest that the SLC34A1 locus is
either highly acetylated or type I and II HDAC family members have no impact on the
tested locus (Sanchez et al., 2018).
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3.5. Conclusions

To understand the dynamic interactions between SLC34A1-sense and SLC34A1antisense transcripts, it was essential to establish one or several cell lines where the
expression of the transcripts could be influenced experimentally. HKC8 were chosen
as cells that expressed SLC34A1-sense and HEK293 for the antisense transcript
expression. Furthermore, to identify an inducible system with epigenetic drugs, Zeb
and TSA were used at different concentrations and time-points. Cell viability assays
showed that these compounds were absorbed and induced changes in chromatin
marks.
Under specific treatment conditions with Zeb (50 µM for 24 h) both SLC34A1-sense
and SLC34A1-antisense transcripts were slightly upregulated. This concurs with
reduced methylation levels of the sense and antisense promoters in HKC8 cells.
The gathered data from this chapter suggested that both SLC34A1-sense and
SLC34A1-antisense transcripts may interact in a concordant manner and the mode
of response appears to be cell-context dependent. Therefore, an alternative
epigenetic modifying compound with a dual effect on DNMTs and HDACs may
induce a stronger stimulatory effect.
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Chapter 4: Dexamethasone-induced expression of SLC34A1-sense
and SLC34A1-antisense transcripts

4.1. Introduction
In the previous chapter, the impact of DNMT and HDAC inhibitors on the SLC34A1
locus were investigated in HEK293 and HKC8 cells. Zeb was shown to induce
SLC34A1-sense/antisense gene expression. The increase was accompanied with a
reduction in SLC34A1-sense/antisense promoter methylation. On the other hand, no
effect of TSA on sense/antisense expression were recorded, however, TSA
significantly increased the levels of total H3 acetylation. Hence, we hypothesised that
an alternative epigenetic reagent with dual impact on DNA methylation and histone
acetylation (DNMT inhibitor and stimulatory effect on histone acetyl transferases,
HAT) could potentially influence transcription of the SLC34A1 locus.
Dexamethasone (Dex) is a synthetic glucocorticoid which is prescribed to treat
various conditions, such as skin diseases, asthma and rheumatoid fever. Dex
mechanism of action is well documented- what is maybe not fully understood is the
number of receptors Dex binds to and eventually which genes are affected in
different contexts.
Generally, Dex predominantly binds to glucocorticoid receptors (GR) which are
distributed in the cytosol. Upon stimulation, GR enter the nucleus and bind to specific
DNA sequences known as glucocorticoid response elements (GREs). This leads to
altered transcription of responsive genes (Newton, 2000). Furthermore, Dex binds to
other receptors such as the pregnane X receptors (PXR) on the nuclear membrane
and, consequently affects different genes as compared to GRs (Pascussi et al.,
2000).
Epigenetic investigations reported that Dex could modulate the level of DNA
methylation levels. For example, it has been found that Dex induces DNA
demethylation of CpG-dinucleotides in the enhancer region of the rat liver-specific
tyrosine aminotransferase (Tat) gene (Thomassin et al., 2001). Likewise, neuronal
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stem cells (NSCs) treated with Dex showed decreased DNMT1 expression and
significantly reduced global DNA methylation (Bose et al., 2015).
Other epigenetic research showed that Dex treatment stimulates HAT, which
consequently reduces the overall chromatin compaction. For instance, L6 myotube
cells treated with Dex exhibited enhanced HAT activity mediated by CREB-binding
protein (CBP) and other transcription associated cofactors (Figure 4.1), which act as
intrinsic modulators of HAT activity (Yang et al., 2007).

Figure 4. 1: The role of dexamethasone in the activation of histone acetyl transferases
(HATs). DEX bound GR molecules activate GREs in the genome. CBP and other co-factors
are involved in recruiting HATs to increase histone acetylation. Consequently, chromatin
adopts a more open conformation and RNA pol II can bind. Figure adopted from (Adcock et
al., 2004).
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4.2. Aims

This chapter aims to:
1- Investigate the effect of the epigenetic modifier dexamethasone on the
transcriptional activity of the SLC34A1 locus. For this purpose, HEK293 and
HKC8 cells were treated with the drug followed by cytotoxicity testing and the
quantification of SLC34A1-sense and SLC34A1-antisense transcripts by
RT-qPCR.
2- Characterise the epigenetic status of the SLC34A1 locus after
dexamethasone treatment. This will be achieved by measuring the
methylation status of CpG-dinucleotides within SLC34A1-sense/antisense
promoters using pyrosequencing. Moreover, the enrichment of H3K27Ac and
H3K4me at SLC34A1-sense/antisense promoter regions will be determined
by chromatin immunoprecipitation (ChlP). The functional consequences of the
induced transcription will be tested using northern blotting and 32Pi tracer
uptake measurements.
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4.3. Results
4.3.1. Dexamethasone and cell viability
To measure cell viability in the presence of Dex, the XTT assay was used. HEK293
and HKC8 cells were seeded in 96-well plates at a density of 4x104 cells per well
and each treatment condition was performed in 6-wells. Dex concentrations of
10 nM, 100 nM 1 µM and 10 µM were used and cell viability was assessed after
24, 48, 72, 96 and 120 h.
Dex did not significantly impact on the viability of neither HEK293 nor HKC8 cells
and across all incubation times and drug concentrations (Figure 4.2). Under some
conditions cell viability appeared to increase in response to the treatment however,
this is likely a reflection of cell proliferation.

B

A

HKC8-Dex

HEK293-Dex

Figure 4. 2: The effect of Dexamethasone treatment on cell viability. A) HEK293 cells
and B) HKC8 cells. Cells were treated with 10 nM, 100 nM, 1 µM and 10 µM Dex for 24, 48,
72, 96 and 120 h. Experiments were repeated in three independent biological replicates.
Measurements were corrected for the absorbance of the culture medium and then
normalised to the control sample (non-treated condition).
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4.3.2. Dexamethasone induces SLC34A1-sense expression in HEK293 cells with no
effect in HKC8 cells.

To determine the influence of Dex on transcripts from the SLC34A1 locus, it was
essential to specify treatment conditions that induce maximal expression with
respect to dose- and -time. To test dose dependence HEK293 and HKC8 cells were
treated with increasing concentrations of Dex (10 nM, 100 nM, 1 and 10 µM for 24 h
followed by total RNA purification and RT-qPCR.

RT-qPCR results showed that Dex induced SLC34A1-sense expression in HEK293
cells but not in HKC8 cells (Figure 4.3). For instance, in HEK293 cells Dex at 10 and
100 nM) upregulated SLC34A1-sense transcript levels significantly (3.35 ±1.01 and
5.43 ±0.62-fold; p<0.05, respectively). In contrast, the two higher doses (i.e. 1 and
10 µM) slightly induced the sense expression with no statistical significance between
the groups (0.6 ±1.05 and 0.23 ±1.5-fold, respectively).
On the other hand, Dex did not alter SLC34A1-sense expression in HKC8 cells. The
maximal expression levels for the sense transcript were found with 100 nM and 10
µM Dex (1.38 ±0.73 and 1.54 ±0.97-fold increase, respectively). Since HEK293
responded to Dex whereas HKC8 cells did not, the activity of the drug is clearly cell
type specific. Neither of the cell lines expressed the SLC34A1-antisense transcripts
after only 24 h exposure to the drug. Next, the time dependence of Dex treatment in
HEK293 cells was investigated.
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Figure 4. 3: The effect of dexamethasone treatment on SLC34A1-sense expression in
HEK293 and HKC8 cells. Dex was applied to both cell lines (10, 100 nM and 1, 10 µM for
24 h). The experiments were performed in three independent replicates. Experimental
controls from human proximal tubular cells and human testis (PT and HT) were routinely
included in RT-qPCR experiments. The data were normalised to GAPDH and the fold
change (2-ΔΔCt) were calculated in comparison to the non-treated cells. To compare between
treatment conditions, statistical differences were measured by One-Way ANOVA using the
Games-Howell test to detect significant changes (* p<0.05).

4.3.3. Time dependence of dexamethasone treatment on SLC34A1-sense
expression
Based on the response of HEK293 cells to 100 nM Dex on SLC34A1-sense
transcription and following a discussion with Dr. Takishi Hori (Cluster for Science and
Technology Hub, RIKEN, Japan), a new treatment regime was applied to HEK293
cells: 100 nM Dex for 1, 3, 5 and 15 days. Moreover, the culture medium was
replaced every 48 h with fresh medium containing Dex. RNA was purified and
RT-qPCR was performed at the relevant time points.
The expression of SLC34A1-sense transcripts was upregulated after 1 and 3 days,
2.46 ±0.55 and 4.57 ±1.69 fold, respectively. Most significantly, however, at day 5
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levels increased to 10.78 ±1.34-fold (p<0.001) over control (non-treated), as
presented in figure 4.4. After the strong upregulation, SLC34A1-sense transcript
levels subsequently diminished to 3.14 ±0.73-fold after 15 days. Meanwhile, the
SLC34A1-antisense transcripts were only detected at day 5 when the transcript was
upregulated significantly by 2.50 ±1.16-fold (p<0.001).

Temporal effect of Dex in HEK293
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SLC34A1-antisense
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Figure 4. 4: Time dependence of dexamethasone effects on SLC34A1-sense/antisense
expression in HEK293 cells. The cells were treated with 100 nM Dex for 1, 3, 5 and
15 days. The experiments were performed in three or more independent biological
replicates. Experimental control tissue from human kidney and testis (PT and HT) were
routinely included. Expression levels were normalised to GAPDH and the fold change (2-ΔΔCt)
was calculated in comparisons to non-treated cells. To compare between treatment
conditions, statistical differences were established by One-Way ANOVA and Games-Howell
test (***, p<0.001).
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4.3.4. Nuclear and cytoplasmic localisation of the induced SLC34A1-sense/antisense
transcripts
The majority of mRNAs are exported from the nucleus to the cytoplasm for protein
synthesis, on the other hand an increasing number of noncoding transcripts such as
XIST, Malat1 or Neat1 function within the nucleus (Bahar Halpern et al., 2015).
Moreover, incompletely spliced mRNAs also remain within the nucleus. Evidence
also suggest that NATs can act in the nucleus and the cytoplasm, for example to
enhance the stability of their target sense transcripts (BACE1-AS, HOTAIR or BRK)
(Kang et al., 2014; Noh et al., 2018). Therefore, it was essential to establish the
nuclear/cytoplasm distribution of both SLC34A1-sense/antisense transcripts
following before and after Dex inducement.
Cytoplasmic and nuclear RNA were separated as described in section 2.4. The
purified samples were quantified and the integrity was examined on an agarose gel.
The expression levels SLC34A1-sense/antisense and GAPDH transcripts were
determined from the nuclear and cytoplasmic RNA samples using RT-qPCR. To
validate the nuclear/cytoplasmic RNA separation the predominantly nuclear
transcript XIST was included in the analysis.

The data in (Figure 4.5) demonstrates the transcripts expression level in nuclear and
cytoplasmic RNA samples at pre- and post-Dex inducement levels. Without Dex
treatment, SLC34A1-sense and -antisense transcripts were detected in HEK293
cells both nuclear and cytoplasmic RNA samples, but at very low levels. For
instance, SLC34A1-sense and GAPDH transcripts were found (1.41 ±0.35 and 1.30
±0.53-fold) more abundant in the cytoplasm than the nucleus. Conversely,
SLC34A1-antisense and XIST were enriched in the nucleus (at 0.64 ±0.19 and 1.98
±0.36-fold, respectively).
A similar pattern of transcript distribution was noticed with HEK293 cells stimulated
with Dex. Although, the expression level of SLC34A1-sense and the antisense
transcripts was increased significantly following dexamethasone treatment.
SLC34A1-sense (3.99 ±0.51-fold) and GAPDH (1.96 ± 0.53-fold) were enriched in
the cytoplasm whereas SLC34A1-antisense transcript (1.23 ±0.46-fold) as well as
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XIST (1.54 ±0.27 folds) were detected predominantly in the nucleus, as summarised
in the figure.

Nuclear and Cytoplasmic transcripts detection
15
SLC34A1-sense

Log2 fold enrichment

SLC34A1-antisense
GAPDH
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XIST
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Total RNA
HEK293+Dex

Nuclear

Cytoplasmic

Nuclear

Cytoplasmic

HEK293+Dex
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Figure 4. 5: RT-qPCR experiments determining the nuclear and cytoplasmic
localisation of SLC34A1- sense/antisense, GAPDH and XIST transcripts in
Dexamethasone treated and untreated HEK293 cells. Total RNA samples from HEK293
and HEK293 cells induced with dexamethasone were routinely included. The fold change
was calculated as (2-ΔCT). The results are representative of two independent repeats, each
performed in three technical triplicates.

4.3.5. Dexamethasone reduces SLC34A1-sense promoter methylation
To determine the impact of dexamethasone treatment on DNA methylation of
SLC34A1-sense/antisense promoters, HEK293 cells were treated with 100 nM Dex
for 1 day, 5 and 15 days followed by genomic DNA (gDNA) purification. The
unmethylated cytosine residues in a CpG-context were chemically converted into
uracil using sodium bisulfite. SLC34A1-sense and the antisense promoter regions
were amplified using biotinylated primers and the PCR products were examined by
agarose gel electrophoresis (Figure 4.6.A). The amplicons were confirmed by
105

Sanger sequencing. The promoter sequences for SLC34A1-sense/antisense are
presented in figure 3.11.
For control purposes, gDNA from HEK293 cells was incubated with a CpG
methyletransferase (M.SssI) to produce the 100 % methylation sample. In addition,
whole genome amplification (WGA) was used to generate unmethylated DNA.
Both controls were modified with bisulfite and fragments of SLC34A1-sense
/antisense promoters were PCR amplified (Figures 4.6.B). The methylation status for
the selected CpG-dinucleotides in the entry sequences was quantified by
pyrosequencing.

A

B
% of CpG methylation
in HEK293
Promoter
region

0

100

AS

8.1

93.5

S1

4.1

95.7

S2

6.3

91.8

Figure 4. 6: Optimisation experiments for pyrosequencing. A) PCR amplicons from
SLC34A1-sense and SLC34A1-antisense promoters examined on a 2 % agarose gel.
B) SLC34A1-sense and SLC34A1-antisense promoter fragments from gDNA treated with
M.SssI (100 % methylation) and PCR amplified gDNA (0 % methylation). Data in the table is
the average values of the target CpGs sites methylation.
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The average percentage of CpG-site methylation for SLC34A1-sense/antisense
promoters are presented in figure 4.7. In the SLC34A1-sense region, the methylation
level decreased significantly from 60.52 ±2.69 % to 50.60 ±1.45 after 1 day and to
49.16 ±1.14 % after 5 days of Dex treatment. However, after prolonged Dex
treatment (15 days) the promoter became re-methylated (57.01 ±0.56 % as
compared to 60.52 ±2.69% in non-treated cells). Whereas for the antisense
promoter, no significant changes were noticed in HEK293 cells in response to Dex.
Methylation after 1, 5 and 15 days was 91.17 ±9.65 %, 92.96 ±9.0 % and 89.69

% of CpGs
Methylation

±12.2 %, respectively, compared with 92.27 ±8.9 % in untreated HEK293 cells.

Figure 4. 7: Effect of dexamethasone on DNA methylation of SLC34A1-sense and the
antisense promoters. HEK293 cells were exposed to 100 nM Dex for 1, 5 and 15 days.
The experiments were repeated in two biological and two technical replicates. Statistical
analysis for comparing the treated cells with the control were performed by unpaired
students t-test, (*= p<0.05).

4.3.6. Dexamethasone induce global histone H3 acetylation
In order to determine the epigenetic role of Dex on histone H3 acetylation, HEK293
cells were treated with the 100 nM of the drug for 1, 5, and 15 days. Following
purification and examination of total histone fractions on SDS-PAGE, histone
quantification was performed in three biological replicates.
107

The results in Figure 4.8 illustrate that Dex induced a time dependent change in
acetylated H3. No significant change was found after 1 day (129.5 ±16.5 %),
however, H3 acetylation significantly increased after 5 days (435.3 ±78.7 %,
p<0.001). After 15 days acetylation decreased to 320.3 ±72.0 % but was still
significantly higher than in untreated HEK293 cells.
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Figure 4. 8: Histone H3 acetylation levels in HEK293 cells in response to
dexamethasone treatment. Cells were treated with 100 nM Dex for 1, 5 and 15 days
followed by ELISA for H3 acetylation. Each treatment condition was tested in 6 replicates in
total (3 biological and two technical). Data were normalised to the untreated control samples.
Treated cells were compared to the control using an unpaired students t-test, (***= p<0.001).

4.3.7. Chromatin immunoprecipitation (ChIP)
Global acetylation of histone H3 was significantly increased in response to Dex
treatment. It was therefore of interest to investigate the effect of dexamethasone on
specific histone marks at the SLC34A1-sense/antisense locus by chromatin
immunoprecipitation (ChIP).
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Two histone H3 modifications were considered, histone 3 lysine 27 acetylation
(H3K27Ac) and histone 3 lysine 4 tri-methylation (H3K4me3). The impact of both
marks on gene transcription has been well-characterised by encyclopedia of DNA
elements (ENCODE) and epigenomics mapping consortium (Roadmap projects)
(Romanoski et al., 2015). Specifically, H3K27Ac is linked with active promoters and
enhancers whereas H3K4me3 marks active promoters only (Ernst et al., 2011).
Target regions for SLC34A1-sense/antisense promoter amplification were chosen
using online promoter prediction software such as EPD
(https://epd.epfl.ch//index.php ) and DTU Bioinformatics
(http://www.cbs.dtu.dk/index.php) in addition to extensive discussions with our
collaborator Prof Jelena Mann, Newcastle University. DNA fragments of 400-500 bp
upstream of the SLC34A1-sense TSS and 700-800 bp upstream of the first exon of
SLC34A1-antisense were chosen as target for designing PCR primers (Figure 4.9.A)
and three primers pairs were designed (table 2.17, material and methods). End-point
PCR was performed using cross-linked DNA chromatin as a template. Only primer
pairs that gave a single fragment of the exact size were used (Figure 4.9.B). To
optimise ChIP-qPCR, selected primer pairs were tested in qPCR reactions with
serially diluted chromatin template (Figure 4.9.C).

109

A

B

C

40

Ct value

30

20

10

R² = 0.996
R² = 0.9885

0
0

5
10
Dilution factor (serial)

15

Figure 4. 9: ChIP-qPCR primer validation. A) Edited screenshot from the UCSC genome
browser showing the SLC34A1-sense and the antisense target promoter regions. Both
promoter regions and the primers are indicated. B) End-point PCR to amplify SLC34A1sense (S) and the antisense promoters (AS) using three different primer-pairs. The primer
pairs highlighted in red were chosen for further applications (S3=166 and AS3= 192bp), AS1
shown not specific banding. C) Amplification efficiency of ChlP-qPCR primers using serially
diluted cross-linked chromatin as a template.
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4.3.8. Enrichment in H3K27Ac at SLC34A1-sense but not the antisense promoter in
response to dexamethasone treatment

HEK293 cells were treated with 100 nM Dex for 1, 3 and 5 days followed by
chromatin cross linking with formaldehyde, gDNA sharing, quantification, reverse
cross-linking and immunoprecipitation (all these steps were discussed in chapter
2.7). ChIP-qPCR data were normalised to the internal negative control (IgG) and the
fold enrichment was compared to the untreated control cells (HEK293). Experiments
were repeated twice, and each sample was tested in two technical replicates.
The results are presented in figure 4.10.A and show a significant increase in
H3K27Ac levels bound to the DNA target in response to Dex treatment (p<0.01).
Strongest stimulation was observed after 5 days, with a 4.24 ±0.50-fold increase
compared to 1.84 ±0.12-fold enrichment in untreated cells. No significant effects on
H3K27 acetylation were found on day 1 and 3 (1.94 ±0.04 and 1.34 ±0.15-fold over
control, respectively). In addition, dexamethasone was found to substantially
decrease H3K4me3 levels (p<0.05) in the sense region after 1 and 3 days (1.34
±0.11 and 0.92 ±0.14-fold over control, respectively) compared to non-treated cells
(1.71 ±0.1-fold enrichment). The differences in H3K4me3 enrichment disappeared
after 5 days of dexamethasone treatment (1.49 ±0.12-fold change).
ChIP-qPCR data presented in figure 4.10.B demonstrates the effect of Dex on
H3K27Ac and H3K4me3 epitopes in the SLC34A1-antisense promoter region. In
general, Dex treatment reduced the levels for the selected epitopes as H3K27Ac
steadily and significantly decreased following Dex exposure: The levels compared to
control dropped from 4.93 ±0.70 in untreated cells to 2.0 ±0.214 at day 1 (p<0.05)
then to 1.35 ±0.04 and 1.12 ±0.02-fold change at day 3 and 5, respectively (p<0.01).
Similarly, H3K4me4 decreased significantly from 2.91 ±0.19-fold change in control
cells to 1.71 ±0.04 at day 1 (p<0.05), after 3- and 5-days enrichment fell further to
1.12 ±0.05 and 0.94 ±0.06, respectively (p<0.01).
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Figure 4. 10: Chromatin immunoprecipitation from HEK293 cells treated with 100 nM
Dex for 1, 3 and 5 days. Two histone epitopes were examined, H3K27Ac and H3K4me3. A)
ChIP followed by qPCR amplification of the SLC34A1-sense promoter and B) of the
SLC34A1-antisense promoter. The experiment was performed in two biological and two
technical replicates. The data were normalised to the IgG control samples (fold enrichment)
and compared to the untreated control HEK293 cells. Statistical analysis for comparing the
treated cells with the control were performed by One-Way ANOVA using the Games-Howell
test to detect significant changes (*p<0.05, **= p<0.01).

4.3.9. Functional analysis of the induced SLC34A1-sense transcript

In addition to the epigenetic impact dexamethasone could influence other steps
during gene expression. Accordingly, a study by Pufall et al., noticed a decrease of
MBNL1, a sequence-specific RNA binding factor, in B-cell acute lymphoblastic
leukemia (B-ALL) cells following Dex treatment. Since MBNL1 affects mRNA
splicing, the researchers suggested a potential impact of Dex on the mRNA splicing
machinery(Pufall et al., 2019). A relationship between corticosteroids and mRNA
splicing has also been suggested by (Akker et al., 2004). Hence, the significant
stimulatory effect of Dex on SLC34A1-sense/antisense expression raised two
questions: first, are there obvious splicing differences between the transcripts
produced in induced HEK293 and those from control tissue (i.e. renal tubular cells or
human testis)? Second, to what extent is the Dex-induced SLC34A1-sense transcript
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functional? The first question was tackled using northern blotting, the second with
functional uptake measurements using radioactive 32Pi.

4.3.10. Northern blotting; preparation of SLC34A1-sense/antisense and GAPDH
hybridisation probes
Northern blotting is a routine technique and was applied in this study in order to
compare the molecular size and abundance of SLC34A1-sense/antisense
transcripts, as mentioned by (He and Green, 2013). The RNA was extracted from
HEK293 cells incubated with Dex, RNA from proximal tubular cell and human testis
were included as controls. Importantly, the sensitivity of northern blotting is
considerably lower than RT-qPCR and the generally low expression of the antisense
transcript may be below the detection limit. Hence, special attention was given to
designing, producing and evaluating probes for SLC34A1-sense/antisense and
GAPDH transcripts.
Because of the effect of Dex on splicing and the database entry of two isoforms for
SLC34A1-encoded transporters (described in Section 1.4.1), the SLC34A1-sense
probe was designed to recognise both splice forms (Figure 4.11.A). End-point PCR
was performed to amplify the template sequence from cDNA resulting in DNA
fragments of 1440, 685 and 466 bp for SLC34A1-sense, the antisense and GAPDH,
respectively.
The PCR products were examined by agarose gel electrophoresis (Figure 4.11.B).
Thereafter, PCR reactions were purified, quantified and the sequence for each
amplicon was confirmed by Sanger sequencing.
In vitro transcription reactions were performed using Digoxigenin (DIG) labelled
nucleotides, reactions with unlabelled nucleotides were included for control
purposes. The labelled cRNA probes were heat-denaturated and verified on agarose
gels. The gel presented in figure 4.11.C illustrates that both DIG-labelled and
unlabelled probes were successfully transcribed. Noticeably, the DIG-labelled probes
appear larger than the unlabelled controls due to the differences in molecular weight
of the DIG-nucleotides.
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Figure 4. 11: Hybridisation probes for northern blots. A) Diagram showing the exons
amplified from SLC34A1-sense, antisense and GAPDH transcripts. B) Probe regions
amplified by end-point PCR and the products were visualised by agarose gel electrophoresis
(SLC34A1-sense=1400, -antisense= 685 and GAPDH= 446bp). C) In vitro transcription
reaction with DIG-labelled and unlabelled nucleotides. D-antisense=DIG labelled antisense
probe, D-sense= DIG- labelled SLC34A1-sense and DG=DIG-GAPDH).
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Dot-blots were performed in order to validate the probes and test their sensitivity.
A 1 µl of DIG-SLC34A1, DIG-antisense and DIG-GAPDH were serially diluted (1:10)
and spotted onto a positively charged nylon membrane (Figure 4.12.A).
Post hybridisation steps (i.e. blocking, washing, anti-Digoxigenin antibody treatment
and detection) were performed as explained in 2.6. The blots showed that all three
probes were detected up to a 10-6 dilution. This implies that the in vitro transcription
reactions were efficient, and the probes contained a significant number of DIG
labelled U’s. Additionally, the intensity of the dots was measured using Image J and
graphically displayed (Figure 4.12.B) (Rueden et al., 2017).

A

B

Figure 4. 12: Efficiency of in vitro transcribed probes. A) Serial dilution of DIG labelled
SLC34A1-sense, antisense and GAPDH probes. B) The intensity of dots quantified using
Image J software.

4.3.11. Northern blotting: Detection of SLC34A1-sense/antisense and GAPDH
transcripts
HEK293 cells were treated with 100 nM Dex for 5 days and the culture medium was
replaced every 48 h. Total RNA was purified, quantified, and examined by agarose
gel electrophoresis.
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A TAE agarose gel was prepared for RNA separation with no nucleic acid stain
added (Rio et al., 2010). 7.5-10 µg of total RNA were heat-denatured and separated.
RNA was immobilised on positively charged nylon membranes by capillary blotting,
followed by hybridisation and detection steps. For reference purposes, RNA from
primary renal cells in addition to human testis RNA (PT and HT) samples were run
alongside the test samples.
The blots (Figure 4.13) illustrated that GAPDH transcripts were detected at
comparable size and density among all samples tested. Furthermore, Dex treated
HEK293 cells showed two bands on SLC34A1-sense blot in addition a much fainter
band was detected in the non-treated HEK293 cells. The two detected bands on the
sense membrane matches with those on the positive control sample (RNA from PT
cells) suggesting the two isoform of the transporter being detected. In contrast, no
SLC34A1-antisense transcripts were detected in neither induced nor un-induced
HEK293 cells, whereas the human testis RNA gave a faint signal (positive control).

Figure 4. 13: Northern blot of Dex induced HEK293 cells. The expression of SLC34A1sense/antisense transcripts was induced in HEK293 cells using Dex. Black arrows refer to
the bands detected in the control (primary renal cells, PT and human testis RNA, HT) and
experimental samples. The control lane on the SLC34A1-sense blot was only exposed 3 sec
as compared to the other two lanes (exposed for 3 min), indicated by the dotted line.

116

4.3.12. SLC34A1-sense transporter efficiency
The function of the SLC34A1-sense encoded transporter in Dex-treated HEK293
cells was assessed by measuring the influx of radio labelled 32Pi, as previously
described by others (Biber et al., 1990; Rajagopal et al., 2014). HEK293 cells were
seeded in 24-well plates (5x104 cells per well) followed by Dex treatment (100 nM for
5 days). Cells were washed with phosphate-free Krebs buffer followed by incubation
in Na+ containing uptake solution in the presence of 1 mM phosphate (carrier) and
1µCi/mL 32Pi tracer and a series of washing steps. Thereafter, the uptake of
radioactive substrate was assessed by scintillation counting. The counts were
correlated to the total number of viable cells per well. 32Pi uptake was compared
between induced and non-induced HEK293 cells. Each condition was measured in
two wells in one experiment, repeated in three independent biological replicates.
The data presented in figure 4.14 indicates that the Dex induced SLC34A1-sense
transcripts lead to significantly increased 32Pi uptake by more than twofold (224
±81.58 %, p<0.01).

Figure 4. 14: Dex induced SLC34A1-sense transport in HEK293 cells. Uptake of
radioactive 32Pi was measured for 5 minutes. The experiment was performed in three
biological replicates with two technical repeats per condition. Data were normalised to the
cell count per well and treated cells were compared to untreated cells. Statistical analysis
was performed by unpaired students t-test, (**= p<0.01).

117

4.4. Discussion
The data presented in this chapter established that dexamethasone induces
significant expression of SLC34A1-sense/antisense transcripts in HEK293, but not in
HKC8 cells. The expression pattern for the sense and the antisense transcripts were
in concordance, suggesting that the antisense transcripts could play an important
regulatory role. We investigated the epigenetic mechanism by which dexamethasone
induced changes to SLC34A1 locus. Dexamethasone was found to decrease
methylation levels of CpG-dinucleotides combined with an increase of H3K27Ac
marks in the SLC34A1-sense promoter region. In addition, northern blotting
confirmed the length of the induced sense transcript and the physiological function of
the induced SLC34A1-sense/antisense transcripts was examined.

4.4.1. Dexamethasone and cell viability
No reduction in viability of HEK293 and HKC8 cells was noticed across all the
treatment conditions. Similar effects of Dex on cell viability were observed by others
(Petersen et al., 2008), who reported that human lens epithelial cells (HLEC) treated
with 100 nM Dex for 24 h caused a moderate increase in cell proliferation. Following
the exposure to corticosteroids, an increase in growth factors was measured and
thus cell growth rate was affected. Another study found that Dex treatment at low
concentrations (10 nM and 10 µM) did not affect proliferation of bovine endothelial
cell lines; however, at increased concentrations (1 and 10 mM) cell viability was
significantly reduced (Chen et al., 2006). Moreover, other groups tested the
sensitivity of a chondrocyte cell line (ATDC5) in response to Dex (1, 10 and 100 µM
from 24 to 48 h). They reported that cell viability was reduced significantly at the
highest drug dose administered for 48h caused by induction of the autophagy
pathway (Zhao et al., 2014; Forst et al., 2017). Based on published evidence the
majority of the tested cell lines were unchallenged by low doses of dexamethasone.
These reports suggest that the applied concentrations here have not reached the
cytotoxic thresholds in HEK293 and HKC8 cells.
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4.4.2. Effect of dexamethasone on the SLC34A1 locus in HEK293 and HKC8 cells
HEK293 and HKC8 cells were exposed to low concentrations of dexamethasone for
24 h. RT-qPCR results showed that Dex induced the expression of SLC34A1-sense
in HEK293, but not in HKC8 cells, suggesting that Dex regulates transcription in a
cell/tissue dependent manner. This observation could be explained by a variation in
occupancy levels of glucocorticoid receptors (GR) following the treatment (So et al.,
2007; Murani et al., 2019). Research by So et al., supported this hypothesis as they
found that nearly 90 % of the surveyed genes showed significant responsiveness to
dexamethasone treatment in A549 cells, compared to only 1.9 % in U2OS cells. The
abundance of GR is significantly higher in A549 cells as compared to U2OS (So et
al., 2007). Therefore, in order to explain the difference between the HEK293 and
HKC8 response to dexamethasone treatment, the level of GR expression in these
cell lines could be measured.

4.4.3. Pattern of SLC34A1-sense/antisense transcript expression
The initial experiments with HEK293 cells indicated significant expression of the
SLC34A1-sense transcript following Dex treatment. We hypothesised that the
antisense transcripts might become detectable with optimised treatment conditions
(as demonstrated in Chapter 3) despite the epigenetic status of the SLC34A1 locus
which predicts the expression of the sense- but not the antisense transcript.

The SLC34A1-sense transcript was upregulated after 24 h Dex treatment,
accompanied by a reduction in DNA methylation around the SLC34A1 promoter, but
not in the antisense promoter (Figure 4.7). Neither global histone H3 acetylation nor
promoter H3K27Ac/H3K4me3 marks were significantly affected at this time-point
(Figure 4.8 and 4.10).
Interestingly, the expression of SLC34A1-sense and the antisense transcripts were
concordantly increased after 5 days (10.78 ±1.34 and 2.50 ±1.16-fold). The
concordant pattern of sense/antisense transcript co-expression has also been
reported in other bi-directionally transcribed genes such as C/EPB-delta, CDC23/
Kif20a, Gnbp3g, CtpW85, HIF1α and SOX4 (Yelin et al., 2003; Katayama et al.,
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2005a; Katayama et al., 2005b). These observations confirm the biological role of
the antisense transcripts particularly for stabilising the cognate mRNA.
Other groups studied the effect of Dex treatment on the SLC34A1-sense transporter
activity. For example, Webster S.K. et al., found that dexamethasone inhibited Pi
reabsorption in renal proximal tubules in phosphate-deprived rats without an effect
on the fractional excretion of phosphate (Webster et al., 1986). Accordingly, Levi et
al., measured that the abundance of SLC34A1 transporter in rat renal brush border
membranes was decreased 2.5-fold as compared to the control group following
dexamethasone administration (Levi et al., 1995). Conversely, Pfister et al., found
that exposure to 1 µM Dex for 20 h increased SLC34A1 transcripts expression 2-fold
in SLC34A1-sense transfected OK cells, with no detectable effect on the intrinsic
SLC34A1 transporter (Pfister et al., 1997).
Although the results in this thesis do not fully support previous findings, several
factors need to be considered such as the route of Dex administration, in vitro vs. in
vivo biological conditions, exposure time and the dose (Nakamura et al., 1996).
Moreover, there is a variation between tissue/cellular responses to Dex as discussed
above for HEK293 vs. HKC8 cells.

4.4.4. Dex induces epigenetic modifications at the SLC34A1 locus
Bisulfite treatment and pyrosequencing revealed that Dex modifies the methylation of
CpG dinucleotides in the SLC34A1 promoter, however no significant effect on the
SLC34A1-antisense promoter were seen (Figure 4.7). Importantly, the methylation
pattern concurs with the expression levels of the two transcripts. These findings are
in line with the observation that Dex acts as a DNMT inhibitor predominantly in lowly
methylated regions as compared to hypermethylated sites (Matsuda et al., 2015;
Zannas et al., 2015). Accordingly, sense and antisense promoters have differential
methylation levels in untreated HEK293 cells (57.01 ±0.56 vs. 92.27 ±8.9 %). Hence,
it may be informative to include highly and poorly methylated CpG-sites for control
purposes.
The ChIP experiments (Figure 4.10) confirmed Dex as an epigenetic modifying
reagent. Dex affected mainly H3K27Ac, less to H3K4me3 marks after 5 days of
treatment. Despite the mechanism by which Dex affects epigenetic marks not being
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fully established (Pasini et al., 2010; Xiao et al., 2018), DNA hypomethylation and a
prominent enrichment of H3K27 acetylation are likely to cause the upregulation of
SLC34A1 expression.
With respect to ChIP-qPCR for the antisense region, Dex induction was minor and
could be due to a stabilizing effect of the sense transcription on the spurious
antisense transcription. Although HEK293 cells expressed the antisense transcript
following treatment, an opposite enrichment pattern was seen for H3K27Ac and
H3K4me3 marks. These results point to one of the following scenarios: first,
transcription start site and promoter predictions are difficult for lncRNAs, hence the
selected SLC34A1-antisense region may not include the biologically relevant
promoter and/or enhancer sequences (Kashi et al., 2016). Second, the transcription
start site could be correct, however, the transcription process of the antisense
transcripts could be controlled by more than one promoter region with the main
promoter site not covered in this current study (Pennacchio et al., 2013). In fact, the
observed upregulation of the SLC34A1-antisense transcript favours this assumption.
Third, Quinn J et al., discussed the relationship between the level of expression and
the epigenetic status for selected groups of coding and noncoding transcripts. They
discovered that in spite of H3K27Ac/H3K4me3 enrichment around the TSS of certain
lncRNA classes, most of the transcripts are not actively transcribed. Such
phenomenon was linked to the accumulation of other chromatin remodelling
complexes (Swr1, Isw2, Rsc and Ino80) particularly around promoters/enhancers
enriched with H3K27Ac/H3K4me3 modifications. These complexes were found to
interfere with lncRNA transcription thus significantly reducing their expression
(Figure 4.15) (Quinn and Chang, 2015). Fourth, stabilisation between the spurious
antisense transcript by the cognate sense transcript, and vice versa. This kind of
interaction has been previously reported between beta secretase and HIF1a or at a
large scale by (Katayama et al., 2005a).
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Figure 4. 15: The effect of H3K27Ac and H3K4me3 enrichment on transcription. In
certain classes of lncRNAs, enrichment with these marks results in recruiting chromatin
remodeling complexes (Swr1, Isw2, Rsc and Ino80), which subsequently repress the
transcription machinery. Figure from (Quinn and Chang, 2015).
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4.5. Conclusions
With dexamethasone and HEK293 cells, we have successfully established a model
for inducing the expression of SLC34A1-sense/antisense transcripts.
Dexamethasone stimulated the expression of the SLC34A1-related transcripts in a
cell- specific context and in dose-and-time dependent manner. The mode of
interaction between SLC34A1-sense/antisense transcripts was found to be
“concordantly upregulated”. Moreover, pyrosequencing and ChIP-qPCR data
revealed a significant reduction in CpG-dinucleotide methylation and an increase in
H3K24 acetylation at the SLC34A1-sense promoter, but not the SLC34A1-antisense
promoter. Therefore, as a next step the interplay between sense and antisense
transcripts were further investigated. Genome editing (CRISPR-Cas9) was applied to
distinguish the mode of interaction between the two transcripts by interfering with
SLC34A1-sense/antisense expression.
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Chapter 5: Genomic manipulation of SLC34A1-sense and SLC34A1antisense transcript expression in HEK293 cells

5.1. Introduction
The effects of epigenetic compounds on the SLC34A1 locus suggest that SLC34A1sense/antisense transcripts are positively correlated as under certain conditions,
SLC34A1-sense and antisense transcripts were co-expressed. To investigate this
observation further, the level of SLC34A1-sense and/or antisense transcripts were
assessed after experimentally interfering with the expression of SLC34A1-related
transcripts, i.e. monitoring SLC34A1-sense expression with the SLC34A1-antisense
transcript silent and vice versa. Hence, the CRISPR/Cas9 gene editing technique
was applied to modulate target transcripts expression.

5.1.1. The CRISPR/Cas9 system
CRISPR stands for Clustered Regulatory Interspaced Short Palindromic Repeats.
Since its breakthrough in 2012 (Jinek et al., 2012) CRISPR has become the most
extensively used technique to modulate gene expression. CRIPSR elements were
first discovered coincidentally by researchers in Japan (Ishino et al., 1987) whilst
characterising the protein which is responsible for isozyme conversion of alkaline
phosphatase (AP) in the periplasm of E coli. A series of 21-40 short palindromic
repeats downstream of the translation termination codon of isozyme alkaline
phosphatase (iap) were discovered. Later, identical conserved sequences were also
identified in the Salmonella enterica and S. typhimurium genomes. The biological
importance of these repeats, however, remained obscure (Newbury et al., 1987).
Mojica et al., detected a region of non-protein coding repetitive motifs in archaea
such as Haloferax mediterrane. The sequence repeats were found identical to the
previously identified structures in bacteria and initially termed tandem repeats
(TREPs) (Mojica et al., 1993). Similarly, TREPs were identified in Haloferax volcanii
and it was suggested that these repeats were involved in replicon partitioning (Mojica
et al., 1995).
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With the improvements in automated DNA sequencing, TREPs were further detected
in other microbial species such as Haemophilus influenza (Fleischmann et al., 1995),
Methanocaldococcus jannaschii (Bult et al., 1996), Saccharomyces cerevisiae
(Goffeau et al., 1996) and Mycobacterium tuberculosis (Groenen et al., 1993). No
evidence for such repeat motifs was found in human and viral genomes (Karimi et
al., 2018).
The term ‘CRISPR’ was first introduced by Jansen (Jansen et al., 2002) and adapted
by others describing the following characteristics: (i) CRISPR consists of short
palindromic repeats of 21-60 bp, uniquely localised in intergenic regions. (ii) The
motifs are highly conserved within species. (iii) Additional, not conserved sequences
are interspaced between the palindromic repeat sequences known as spacers.
In 2005, three independent studies discovered that the spacer fragments matched
foreign genetic elements found in bacteriophages and plasmids (Bolotin et al., 2005;
Mojica et al., 2005; Pourcel et al., 2005). With this in mind, others successfully
established the tight association between CRISPR elements and a DNA repairassociated protein family known as Cas (Makarova et al., 2006). The hypothesis was
put forward that CRISPR elements, including the inherited genetic information within
the spacer fragments, and the Cas protein represent an adaptive immune system for
prokaryotes, which can be considered an analogue to RNA interference (RNAi) in
eukaryotes (Figure 5.1) (Morange, 2015b; Morange, 2015a).
To prove this hypothesis, a specific sequence from a bacteriophage was inserted
within CRISPR loci of Streptococcus thermophiles followed by infection of the
bacteria with the phage. The modified Streptococcus thermophiles strains became
resistant to the phage but resistance was lost when the corresponding sequence
was subsequently removed from the phage (Barrangou et al., 2007). Sapranauskas
et al., illustrated that the CRISPR/Cas system also protected E coli from plasmid
transformation and phage infection and that the Cas9 protein played an essential
role in degradation of the phage DNA (Sapranauskas et al., 2011).
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5.1.2. Mechanism of CRISPR/Cas9
The CRISPR/Cas9 system reconstituted from Streptococcus pyogenes shows
sequence-specific targeting in human and mice cells (Mali et al., 2013). The system
includes the helicase Cas9, a palindromic repeat sequence called trans activating
CRISPR RNA (tracrRNA) and the spacer transcript, also known as CRISPR RNA
(crRNA). In most currently used systems, the tracrRNA and the crRNA are combined
to form a single guide RNA (sgRNA). The sgRNA molecule also offers a platform for
Cas9-binding thus playing an essential role in ribonucleoprotein complex formation
(Deltcheva et al., 2011). The sgRNA hybridises to the target DNA sequence and
Cas9 is recruited which then cuts the DNA approximately three nucleotides upstream
of the protospacer adjust motif (PAM). Cas9 is composed of two main domains, the
histidine-asparagine-histidine (HNH) domain and a RuvC domain. While the HNH
domain induces DNA cleavage of the complementary strand to the sgRNA, the
opposite DNA strand is cleaved by the RuvC domain (Cho et al., 2013).
As a consequence of the double-strand break (DSB), the affected cells repair the
DNA break either by non-homologues end joining (NHEJ) or homology-directed
repair (HDR) pathways. The NHEJ-mediated repair mechanism occurs naturally
throughout cell cycle. Here, the two ends of the nicked DNA strands are ligated
regardless of sequence complementarity (with the other allele). Consequently,
frameshift or point-mutations will frequently take place (Xiao et al., 2019).
Alternatively, the HDR pathway can be triggered, providing a very precise DNA
repair mechanism. Here, the CRISPR/Cas9 reaction is complemented with a DNA
template that has sequence homology at the DSB region. By utilising this strategy,
various engineered templates such as antibiotic selection markers, GFP constructs
or transcription terminator signals can be introduced as a part of a repair template
(Ran et al., 2013b).
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Figure 5.1: Schematic representation of the CRISPR-Cas9 complex. The sgRNA
positions Cas9 to the specific locus in the genome where the nuclease inserts double strand
breaks. DNA breaks are then repaired either by non-homologues end joining (NHEJ) or
homology-directed repair (HDR) pathways. This figure is taken from (Cribbs and Perera,
2017).
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5.2. Aims
Using the CRISPR/Cas9 gene editing tool, this work aimed to:
1- Generate SLC34A1-sense and SLC34A1-antisense knockout cell lines. This
will be achieved by integrating an HDR template containing a transcription
terminator motif within the SLC34A1 genes in both sense- and- antisense
direction.
2- Study the mode of interaction between the sense and antisense transcripts in
SLC34A1-sense and SLC34A1-antisense KO cells by measuring the
transcript levels.
3- Investigate the consequences of dexamethasone treatment on SLC34A1sense and -the antisense transcript expression in SLC34A1-sense and
SLC34A1-antisense KO cells.
4- Determine the functional consequences of the gene knock out on Pi transport
in KO cell lines.
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5.3. Results
5.3.1. sgRNA, selection and cloning
DNA sequences from the first three exons/two introns of SLC34A1-sense, and the
first exon/intron of SLC34A1-antisense were submitted to three sgRNA designing
websites CHOPCHOP (https://chopchop.cbu.uib.no/), BENCHLING
(https://www.benchling.com/) and Zhang lab (https://zlab.bio/guide-designresources). The resulting sgRNAs were assessed according to the following criteria:
CG content 40-80 %, high on-target efficiency, PAM region less than five nucleotides
upstream of the sgRNA sequence and finally, sgRNA start with a G nucleotide at
5’ terminus. An additional G nucleotide was otherwise added to reduce the likelihood
of off-targets effects (Savić and Schwank, 2016). As a result, eight sgRNAs for each
SLC34A1-sense and -antisense transcript were chosen as demonstrated in figure
5.2.

Figure 5.2: Summary of the suggested sgRNAs for SLC34A1- sense/antisense
transcripts. Genomic location (upper panel) and sequence (lower panel) are given.
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The selected sgRNAs were cloned into the pSp.Cas9 (PX458) plasmid at the BbsI
restriction site (section 2.10.1, figure 2.3). Ligated constructs were transformed into
chemically competent E. coli (Stbl3). Colony PCRs were performed using the
primers U6F (plasmid universal forward) and sgRNA-R (reverse sequence of target
gRNA). PCR products were examined by agarose gel electrophoresis (Figure 5.3).
Positive clones were confirmed by Sanger sequencing.

Figure 5.3: Cloning of gRNAs. Colony PCR to screen for constructs containing sgRNAs
targeting SLC34A1-sense (upper panel) and SLC34A1-antisense (lower panel). PCR tests
were performed for at least 3 randomly picked colonies. The products were examined by
2 % agarose gel electrophoresis including control (NTC, no DNA). The positive plasmids
were confirmed by Sanger sequencing using the UR-pSp primer (universal reverse primer).

5.3.2. Optimisation of transfection efficiency
Since the pSp.Cas9 plasmid contains a GFP cassette (as presented in Figure 2.2),
the transfection efficiency in HEK293 cells was monitored by measuring the number
of green fluorescent cells after plasmid transfection. HE293 cells were seeded in 24well plates and transfected with different amounts of pSp.Cas9 plasmid (0.5, 1 and 2
µg) without insert. At 72 h post transfection, cells were monitored using widefield
fluorescence microscopy. The transfection efficiency was estimated by calculating
the number of green fluorescent cells per frame in a total of six frames/well.
Approximately 60 % of the cells were transfected with 0.5 µg of plasmid followed by
45 % and 13% for 1 and 2 µg, respectively (Figures 5.4.A and B).
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Figure 5.4: HEK293 transfection efficiency for pSp.Cas9. A) HEK293 cells were
transfected with three different concentrations of pSp.Cas9 plasmid (0.5, 1 and 2 µg)
followed by incubation for 72 h. B) Quantification of transfected cells using image
analysis software (Zeiss, Germany).

5.3.3. T7-endonuclease I assay
To assess the level of DNA strand breaks following sgRNA-pSp.Cas9 transfection,
the T7 endonuclease I (T7EI) assay was applied. The scope of using T7EI is to
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detect DNA heteroduplex formation following sgRNA/Cas9 application that are
formed between modified and unmodified sequences.
As recommended (Guschin et al., 2010), a fragment of approximately 2000 bp over
the sgRNA target site was amplified using high-fidelity PCR. In addition, a no DNA
template, a no T7 enzyme (negative control) and a kit-provided control sample
(positive control) were included. The resulting PCR products were treated with T7EI
followed by examination on agarose gel. Homoduplexed DNA appears as a single
band whereas heteroduplexed DNA will be cleaved by T7EI resulting in two shorter
fragments (Kc et al., 2016). Band intensities were quantified using the BioRad gel
documentation system software (Laboratories, 2014).
Band intensities predicted that 6 out of 8 sense and 7 out of 8 antisense sgRNAs
induce significant DNA nicking manifested by heteroduplex formation and T7EI
fragmentation. Moreover, by comparing band intensities reflecting homoduplex and
heteroduplex DNA, respectively, the efficiency of the sgRNA-mediated targeting can
be estimated. The sgRNA-3 (for SLC34A1-sense) with 33 to 67 % and sgRNA-2 (for
SLC34A1-antisense) with 27 to 73 % were considered as the most efficient and used
for downstream CRISPR/Cas9 application (Figure 5.5.A and B).
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Figure 5.5: sgRNA efficiency to target SLC34A1-sense and -antisense transcripts.
HEK293 were transfected with pSp.Cas9 plasmid containing the corresponding sgRNAs.
PCR amplification of the target region was performed and the resulted amplicons were
treated with T7EI. A) Reactions for SLC34A1-sense and B) SLC34A1-antisense. Bands
were examined on 2 % agarose gel electrophoresis (upper panels, including positive control
(PC, kit provided) and negative controls (NTC, no DNA and NC, no endonucleases). Band
intensities were quantified using the BioRad gel documentation software (lower panels).
sgRNA3 (SLC34A1-sense) and sgRNA2 (SLC34A1-antisense) are most efficient and were
used for further experiments.
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5.3.4. Construction of homology directed repair templates (HDR)

The silencing of SLC34A1-sense/antisense transcripts with the aid of CRISPR/Cas9
and HDR followed a strategy described previously (Zheng et al., 2014; Eid et al.,
2018). Here, transcription of two protein coding genes and two non-coding
transcripts was efficiently terminated by introducing a potent early polyadenylation
signal (bovine growth hormone signal polyA signal). The repair template also
contained a CMV promoter driven antibiotic selection marker (puromycin) (Liu et al.,
2017). Accordingly, similar constructs were designed to silence the SLC34A1-sense
and -antisense transcripts as shown in figure 2.4.
SLC34A1-sense and -antisense arms of the HDR constructs were PCR amplified
from gDNA. Moreover, the core of the template (CMV-puromycin-polyA) were
amplified from a plasmid that contained the HDR template, originally designed to
silence HOTAIR, kindly obtained from the Cui lab (Liu et al, 2017). All PCR
amplicons were examined on agarose gel followed by Sanger sequencing. The
amplicons in addition to EcoRI linearised pMini T2.0 vector were joined using the
HiFi DNA assembly technique (Figure 5.6) as recommended (Thomas et al., 2015).
The constructs were then transformed into chemically competent cells E. coli
followed by sequence confirmation (Sanger sequencing). The constructs were cotransfected with pSp.Cas9 plasmid into HEK293 cells.
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Figure 5.6: Hi Fi Gibson assembly of HDR cassettes for SLC34A1-sense (left panel)
and SLC34A1 -antisense (right panel). Each cassette consists of a gene specific 5’ arm
(PCR1), the core (CMV, puromycin resistance, polyA signal, PCR4), gene specific 3’ arm
(PCR3) and linearised pMiniT2.0 vector. The molecular size (in bp) for each amplicon is as
follows: SLC34A1-PCR1, 850; SLC34A1-PCR3, 940; Antisense-PCR1, 1045; AntisensePCR3, 810; PCR4, 1890 and linearised pMini T2.0 plasmid, 2610bp. Assembled fragments
are marked in red arrow.

5.3.5. Puromycin sensitivity test
The susceptibility of HEK293 cells to puromycin was determined as described in
section (2.10.7). HEK293 cells were treated with 0.1, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 8 and
10 µg/mL of the drug for 7 days. The culture medium was replaced every 48 h. The
condition of the cells was examined under a bright-field microscope daily. The
optimal puromycin concentration which killed all the cells at day 7 was determined to
be 1 µg/mL. Thus, this concentration was used for antibiotic selection.
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5.3.6. HDR and pSp.Cas9 co-transfection
The vector containing the SLC34A1-sense and -the antisense HDR cassette were
linearised with the BamHI restriction enzyme followed by agarose gel electrophoresis
and band purification prior to the co-transfection step (Figure 5.7.A).
Equal amounts of pSp.Cas9 and purified HDR-template were co-transfected into
70 % confluent HEK293 cells (250 ng of pSp.Cas9 and 250 ng of repair template).
The transfection efficiency was examined using florescence microscopy (as
previously described in 5.3.2). The estimated number of green fluorescent cells in
the co-transfected cells was markedly reduced to less than 5 % as compared to the
pSp.Cas9 control (Figure 5.7.B).
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Figure 5.7: Co-transfection of HEK293 cells. A) pMini T2.0 plasmid which contains the
SLC34A1-sense and -antisense HDR linearised with BamHI B) HEK293 cells co-transfected
with pSp.Cas9 and the HDR template. pSp.Cas9 was included as transfection control in
addition to a reaction without DNA.
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5.3.7. Genotypic analysis
In order to isolate cell clones with modified SLC43A1-sense or SLC34A1-antisense
alleles, co-transfected cells were cloned by serial dilution in 96-well plates. The
growth medium was supplemented with the selective antibiotic puromycin. Only wells
that grew from a single colony were subsequently further cultured in duplicates in
24-well plates. Following 7 days, gDNA was purified from the first well whereas cells
in the second wells were sub-cultured at a larger scale. Long range PCR reactions
were performed to amplify gDNA around the HDR template insertion site. PCR
primers were designed to anneal approximately 1000 bp up- and down-stream of the
flanking arms. PCR products were examined on a 1 % agarose gel. The length of
fragments from edited cells was 4112 bp for SLC34A1-sense and 4315 bp for
SLC34A1-antisense. HDR insertion sites and PCR primers for genotyping are
demonstrated in figure 5.8.A.
PCR screening identified 2 out of 68 cell clones with bi-allelic HDR-insertion into the
SLC34A1-sense locus (SB1 and SB17). Moreover, another three clones (SM11,
SM16 and SM17) showed two bands of 4112 bp and 2222 bp, respectively,
suggesting mono-allelic HDR-insertion (Figure 5.8.B).
A similar screening strategy was followed for SLC34A1-antisense edited cells. The
PCR amplification demonstrated that only one clonal line of 66 tested showed a
bi-allelically modified locus (ASB5). Additionally, two clones (ASM50 and ASM60)
with mono-allelically inserted constructs were identified (Figure 5.8.C, the letters B
stand for ‘bi-allelic’ and M for ‘mono-allelic’).
In order to generate stable knock-in cell lines, the positive cell clones (SB1, SM11,
ASB5 and ASB50) were treated with puromycin for more than 4 weeks (Lo et al.,
2017). PCR-amplified fragments from SB1 and ASB5 were submitted for Sanger
sequencing. Alignment confirmed the precise integration of the HDR-templates
including the polyA motif within the SLC34A1-sense and -antisense loci.
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Figure 5.8: Genotypic PCR analysis. A) Diagram showing genotypic PCR primers. For
SLC34A1-sense, the expected amplicon is 2222 bp, 4112 bp if the HDR cassette is
integrated. Similarly, the SLC43A1-antisense derived amplicon is 2425 bp and 4315 bp with
HDR cassette. B) Agarose gel of PCR products including positive (PC, unedited HEK293
cells) and negative controls (NTC, no DNA). SB1 and SB17 show bi-allelic integration (-/-,
red), three clonal cells show mono-allelic integration (-/+). C) SLC34A1-antisense clone
ASB5 with bi-allelic insertion (-/-, red), ASM50 and ASM60 with mono-allelic insertion (-/+).
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5.3.8. RT-qPCR analysis of CRISPR/cas9 edited cells
After identifying cell lines with mono- and bi-allelically integrated transgenes,
SLC34A1-sense and -antisense transcript expression were quantified, including
dexamethasone inducement. To achieve this, multiple qPCR primer pairs were
designed aiming to determine expression levels of transcripts before and after HDR
template insertion (Figure 5.9.A).
SB1, SM11 and ASB5, ASM50 cell lines were seeded in 6-well plates in duplicates
to include samples with and without dexamethasone, respectively. Total RNA was
purified, integrity examined using agarose gel electrophoresis and expression of
transcripts was measured by RT-qPCR.

For SLC34A1-sense, transcripts from three genomic regions were quantified by
RT-qPCR as shown in figure 5.9.A. SLC34A1-specific primers (S1/S8/S9) were
validated with RNA extracted from proximal renal tubular cells and Dex treated
HEK293 cells (Figure 5.9.B).
In SLC34A1-sense edited cells (SM11 and SB1), SLC34A1-sense transcripts were
unexpectedly upregulated from 5-to 7-fold. This effect was only observed with
primers downstream of the transgene (SLC34A1-S8 and SLC34A1-S9), but not with
SLC34A1-S1 where no transcripts were detected. These data suggested that
transcription was initiated by the HDR-construct with incomplete termination by the
polyA signal (Figure 5.9.C and D).
Interestingly, in SLC34A1-antisense edited cells (ASM50 and ASB5), full length
SLC34A1-sense isoforms were detected, and the expression level was increased by
more than 4-fold. RT-qPCR measurements recorded comparable levels of
SLC34A1-sense transcripts quantified with all three primer pairs (SLC34A1 S1/S8/S9, Figure 5.9.E and F).
On the other hand, although dexamethasone was shown to induce SLC34A1-sense
and -antisense expression in unmodified HEK293 cells, neither SB1, SM11 nor AB5
and ASM50 clones showed a significant change in SLC34A1-sense expression
following dexamethasone treatment.
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Figure 5.9: SLC34A1-sense expression in CRISPR/Cas9 modified cell lines. A) Diagram
showing RT-qPCR primer annealing sites. Three pairs to detect SLC34A1-sense (S1/S8/S9)
were designed. B) Primary renal cells and Dex induced HEK293 cells were used as positive
controls. C-F) The SLC34A1-sense transcript was quantified in clones SM11 (C), SB1 (D),
ASM50 (E) and ASB5 (F). The data are represented as the mean of three independent
biological and three technical replicates. The expression levels were normalised to GAPDH
and the fold change (2-ΔΔCT) was calculated in comparison to the non-treated HEK293 cells.
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On the other hand, the expression pattern of the SLC34A1-antisense transcript was
also determined using two pairs of primers, SLC34A1-AS7 and SLC34A1-AS15
(Figure 5.10.A). The primers were validated using human testis RNA and Dexinduced HEK293 cells (Figure 5.10.B).
In ASM50 and ASB5 cell clones, no transcripts were detected with SLC34A1-AS7
which bind downstream of the transgene insertion site. However with SLC34A1AS15, enhanced expression by more than 3-fold was measured (Figure 5.10.C and
D). Unexpectedly, in SM11 and SB1 cells, the entire SLC34A1-antisense transcript
was detected, i.e. 2.18 ±1.78 and 1.69 ±0.31 fold over background, respectively
(Figure 5.10.E and F). Dexamethasone had no impact on most of the cell clones;
only in SB1 cells Dex lead to an increase in the antisense transcription by 3.56 ±1.3fold (Figure 5.10.F).
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Figure 5.10: SLC34A1-antisense expression in CRISPR/Cas9 modified cell lines.
A) Diagram showing RT-qPCR primer annealing sites. Two pairs to detect SLC34A1antisense (AS7/AS15). B) Human testis RNA, HT and Dex induced HEK293 cells were used
as positive controls. C-E) The expression levels of SLC34A1-antisense in ASM50 (C), ASB5
(D), SM11 (E) and SB1 cells (F). Data are the mean from three independent biological and
three technical replicates. Expression levels are normalised to GAPDH and the fold change
(2-ΔΔCT) was calculated in comparison to the non-treated HEK293 cells.
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5.3.9. Detection of functional SLC34A1-sense transporter in CRISPR/Cas9-modified
cells
Western blots were performed to examine the expression of SLC34A1 protein in
mono-allelic (SM11, ASM50) and bi-allelic (SB1, ASB5) cell clones as well as with
HEK293 cells, before- and after- Dex inducements. Two primary antibodies were
used, both raised in rabbits (AB17 and AB15), against peptides at the N and Cterminus of transporter. Protein lysate from mice renal BBM were included as a
positive control. Cell lysates were separated on a 9 % SDS-PAGE gel followed by
transfer to PVDF membranes.
As demonstrated in figure 5.11.A and B, the positive control samples (mice renal
BBM protein) showed two prominent bands of about 80 kD and 45 kD. In addition,
AB15 showed some signal slightly below 100 kD. Bands of similar size were only
detected in ASB5 cells treated with Dex. No evidence of the transporter was
detected in other samples. The PVDF membranes were stripped and re-probed for
β-actin to demonstrate equal amounts of protein were loaded (Figure 12.A and B,
bottom panel).

A

B

Figure 5.11: Western blot analysis of CRISPR/Cas9-edited HEK293 cells. Two different
antibodies were used for the detection of the SLC34A1 transporter, recognising the N and Cterminus of the transporter (AB15 and AB17). Cell lysates were separated on SDS-PAGE
gels and transferred to PVDF membranes. Membranes were probed with antibodies AB17
(A) and AB15 (B). The same membranes were stripped and re-probed for β-actin. The red
highlighted lanes represent the ASB5+Dex samples which show bands comparable to the
control (mice renal BBM protein). For ease identification, cell clones named used as follow;
SLC34A1-sense (S), SLC34A1-antisense (AS), mono-allelic (M) and bi-allelic (B).
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5.4. Discussion
The mode of interaction between a protein coding and non-coding transcript sharing
a bidirectionally transcribed locus has been investigated in a number of studies. In
general, either a concordant or a discordant mode of regulation can be established
(Wood et al., 2013). Our previous experiments using HEK293 cells and Dex
suggested a concordant pattern of interaction between SLC34A1-sense and antisense transcripts. Therefore, we sought to strengthen this assumption by
interfering with SLC34A1-sense and SLC34A1-antisense transcription using the
CRISPR/Cas9 genome-editing tool.

5.4.1. CRISPR/Cas9 strategy
The CRISPR/Cas9 system represents a powerful approach to modulate protein
coding and non-coding gene expression. Nevertheless, several limiting factors were
found to challenge the efficiency of the technique. For example, the complexity of the
target locus with multiple transcripts from overlapping genes may complicate
interference with one specific gene. Moreover, some type of the cells are better
suited than others such as primary cells or polyploid cell lines. Then, the
transcriptional activity of the selected genes, active or silent, may influence the
outcome of the experiment (Goyal et al., 2016). The work here was fortunately not
affected by these pitfalls, nevertheless, established protocols were very carefully
followed and critical steps such as gRNA selection and transfection efficiency were
optimized (Ran et al., 2013a; Goyal et al., 2017).
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Interfering with transcription to knock out a transcript is more challenging than
eliminating a functional protein –which often requires a simple frame shift shortly
after the translation start site. Therefore, a strategy to delete short- or long-DNA
fragments from promoter regions have been used to modify both coding and
noncoding transcript expression. From a technical point of view, a deletion approach
could be performed by co-transfection of multiple sgRNA’s. However, this approach
has limitations such as sgRNA’s off-target effects that could lead to phenotypic and
functional changes. Moreover, ncRNA transcripts were often found not to be
silenced, possibly driven by alternative promoters (Chiruvella et al., 2013; Han et al.,
2014). Alternatively, HDR genomic integrations represent a powerful tool particularly
for modifying coding and non-coding transcript expression (Liang et al., 1998; Perez
et al., 2008; Santiago et al., 2008).
The strategy of inserting transcription termination signals was adopted to suppress
the expression of specific genes (Calvo and Manley, 2003; Goyal et al., 2017). The
efficiency of this approach have been examined with both protein coding and noncoding transcripts such as protein phosphatase 1 regulatory subunit 12c
(PPP1R12C), nop2/sun RNA methyltransferase 2 (NSUN2) and antisense of IGF2R
non-protein coding RNA (Airn) transcripts (Batt et al., 1994; Latos et al., 2012; Liu et
al., 2017).
Because of the heterogeneous nature of noncoding RNA transcripts, some
challenges have be taken into account when silencing such transcripts. For example,
Gutschner et al. aimed to knock out MALAT1 in A549 cells using either a polyA
signal or a simian virus 40 (SV40) termination sequence. Despite the noticeable
reduction in MALAT1 expression with the SV40 motif, a strong reduction of more
than 1000-fold was only achieved with the polyA termination cassette. Considering
these findings a protocol including a polyA termination sequence was planned to
silence the SLC34A1-sense/antisense transcripts (Gutschner et al., 2011).
A complicating factor was that the endogenous promoter for both SLC34A1-sense
and -antisense transcripts is relatively inactive in HEK293 cells. As a result, an
antibiotic resistance encoding transgene that would solely depend on the intrinsic
promoter for expression may not be expressed at a level sufficient to protect the
transfected cells. Therefore to avoid compromising cell viability following antibiotic
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treatment, the expression of the inserted template was driven by a CMV promoter
(Supharattanasitthi et al., 2019).

5.4.2. SLC34A1-sense and SLC34A1-antisense expression profiling
Surprisingly, the expression profiles for SLC34A1-sense and SLC34A1-antisense
were found to be up- rather than down-regulated in response to the inserted
transgenes. Initial experiments showed no evidence of transcriptional termination in
cell lines with both mono- and bi-allelic integration. Therefore, extensive expression
analysis was performed using multiple primer combinations up- and downstream of
the HDR-integration site (Figure 5.9.A and 5.10.A).
Importantly, in SLC34A1-sense modified cells (SB1 and SM11), full-length
SLC34A1-antisense transcripts were detected using SLC34A1-AS7 and AS15 primer
pairs. Conversely in the antisense modified cells (ASM50 and ASB5), the expression
of the SLC34A1-sense transcript was increased as recorded by SLC34A1-S1/S8/S9
primer pairs. This observation corroborates previous findings that the expression of
the two complementary transcripts is positively correlated. This suggests that the
SLC34A1-antisense transcript could play a significant role in stabilizing the
SLC34A1-sense transcript, and vice versa. The scenario of transcript stabilsation
has been reported for several coding/noncoding transcript pairs. For example, the
HIF1a gene is bi-directionally transcribed and the antisense transcript stimulates the
expression of the sense encoded hypoxia inducible factor 1 subunit alpha (HIF1a) by
masking an RNA degradation motif. A resemble mode of action has been proposed
for antisense transcripts regulating angiopoietin 1 (ANG-1), angiopoietin 2 (ANG-2),
transforming growth factor alpha (TGF-α) and vascular endothelial growth factor
(VEGF) genes (Xie et al., 2019). Similarly, the BACE1-AS transcript blocks a miRNA
sites in the BACE transcript, this mode of action was also found in patients with
Alzheimer disease (Faghihi et al., 2008a).
As a result of genomic editing, truncated SLC34A1-sense and -antisense transcripts
were detected downstream of the transgene cassette, with no transcripts detected
upstream of the insertion, using primers SLC34A1-S1 and SLC34A1-AS7,
respectively. A likely interpretation for this scenario predicts that the strong CMV146

promoter activates transcription to provide antibiotic resistance but also produces a
read-through transcript across the polyA signal leading to truncated SLC34A1-sense
and -antisense transcripts. Furthermore, the stabilisation of the two complementary
transcripts may have favoured the read-through.
Although a read-through as a consequence of genome editing appears to be a rare
event, others used repeats of polyadenylation signals to mitigate a potential readthrough scenario, particularly following strong endogenous or exogenous promoters
(Batt et al., 1994; Latos et al., 2012; Lv et al., 2016; Liu et al., 2017; Wang et al.,
2018). Alternatively, a human β-globin termination motif could have been used to
terminate transcription or multiple polyadenylation sites (Ashe et al., 1997).

5.4.3. SLC34A1-sense transporter detection
The presence of the SLC34A1 transporter was relatively difficult to detect by western
blot experiments. Despite considerable efforts, correct bands could only be detected
in genetically modified cells (ASB5) stimulated with Dex. Neither in wild type nor
most Dex treated cell lines (SB1, SM11, ASB5 and ASM50), SLC34A1 related
protein was detected. This may be due to a dosage effect, both with expression and
detection. For instance, a certain level of transcripts needs to be reached to result in
a detectable export/translation/membrane delivery of the protein. Similarly, the
antibody detection is not linear, as the minimum differences in protein concentration
may have a much more pronounced signal difference in western signal. Moreover,
our western blot results suggested that although Dex had a positive impact on
SLC34A1-sense transcription, the translation mechanism could be affected. Similar
observations have been reported by others, specifically that Dex treatment after
extended exposure can negatively impact on protein synthesis and stability (Crisafulli
et al., 2018).
Another possible interpretation is that the 3’ overlap between SLC34A1-sense and antisense transcripts leads to sense/antisense double-strand RNA formation which
could significantly modulate processing, transport, modification and translation of
SLC34A1 mRNA (Djebali et al., 2012a; Sinturel et al., 2015).
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Although RT-qPCR showed SLC34A1-sense upregulation in different modified cell
lines (including ASM50), a frameshift or mutation within the transporter following
CRISPR intervention may have caused a reduction of detectable protein on western
blots (Bass et al., 2017).

5.5. Conclusions
Despite the fact that the read-though scenario was totally unexpected, the collected
expression data from CRISPR/Cas9 modified cell lines corroborates the positive
relationship between SLC34A1-sense and -the antisense expression.
To better understand the role of the SLC34A1-antisense transcript (particularly in
SLC34A1-antisense edited cells, SM11 and SB1), in-depth epigenetic analysis (i.e.
DNA methylation and histone epitope analysis) at the SLC34A1 locus should be
performed.
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Chapter 6: Pi homeostasis and the human gut microbiome

6.1. Introduction
Gut microbiota coevolve with host organs in performing various functions such as
food digestion, vitamin biosynthesis, enhance mineral bioavailability, protection
against other pathogens and immune system development (Backhed et al., 2005).
Some researchers refer to the gut microbiome as an additional body organ without
distinct structure (Shanahan, 2002).
Based on phylogenetic classifications the most dominant bacteria in the human gut
can be divided into Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria and
Cerrucomicrobia (Tang et al., 2017). Under healthy circumstances, an individual’s
enterotype, the blueprint copy of phyla, taxa and species, is unique for each person.
Dysbiosis (imbalanced microbiome communities) is diagnosed mainly in response to
dietary change, environmental factors and prolonged antibiotic treatment
(Gorvitovskaia et al., 2016; Tamburini et al., 2016).
The diet is considered as one of the essential factors that modulate the composition
of an individual’s enterotype. In this context, many studies have evaluated the
relationship between certain nutritional components and the gut microbiome. For
example, the level of bile-tolerant bacterial species was increased after shifting to an
animal-based diet rich in carbohydrates and protein (David et al., 2014). Similarly,
food supplemented with an excess of minerals such as iron (Dostal et al., 2015), zinc
(Zhang et al., 2015a), calcium (Whisner et al., 2016), magnesium, selenium or silver
(Kortman et al., 2014; Asemi et al., 2017; Skrypnik and Suliburska, 2018),
significantly alter human gut bacterial composition, as compared to control
individuals.
With respect to the production of processed food, many phosphorus-based
compounds such as phosphoric acid, sodium phosphate, potassium phosphate,
calcium phosphate, magnesium phosphate and sodium aluminum phosphate are
added for different purposes, as preservatives, acidifying agent, to prevent powdered
food from clumping and to enhance flavour.
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Although Pi levels in plasma are tightly controlled by hormonal and non-hormonal
mechanisms, both high and low Pi diet have deleterious health consequences. Free
Pi is absorbed by the GI tract predominantly via the paracellular pathway along its
concentration gradient. This leads to postprandial Pi spikes in plasma (Uribarri,
2007) and there is growing concern that Pi in food additives could increase the risk
of hyperphosphatemia and cause renal and cardiovascular complications (Gutiérrez,
2013). On the other hand, prolonged consumption of a low Pi diet is linked to
hypophosphatemia associated with skeletal complications such as osteomalacia and
rickets (Sahay and Sahay, 2012).
Comprehensive surveys revealed that the daily Pi intake with a western diet is
increasing and has surpassed the recommended maximal daily consumption of 700
mg/day (Chang and Anderson, 2017). For example, according to the National Health
and Nutrition Examination Survey in the United States, the average dietary Pi intake
has risen from 800 to more than 1200 mg/day between 1994 and 1998. While the Pi
load continues to increase, the deleterious consequences have become apparent
already in a follow-up study in 2006, which reported that most of the volunteers
participating in the survey developed cardiovascular complications and had a higher
mortality rate, potentially linked to high Pi intake (Chang et al., 2014). As a
consequence, new regulations were issued by European authorities restricting the
amount of Pi added to soft drinks to a maximum of 700 mg/L (Ritz et al., 2012a).
Excessive intake of dietary Pi is now considered as a major health concern
(Sherman and Mehta, 2009).
Prophylactic measures are required to mitigate the high Pi load, especially in
patients with renal complications and hyperphosphatemia (Chan et al., 2017). These
recommendations include the prescription of phosphate-binders such as calcium,
aluminium as well as ferric and lanthanum- based drugs. These chemicals exhibit
high affinity to and complex free, anionic Pi. The Pi binders reduce the level of free
Pi, hence reduce its bioavailability and absorption across the intestinal epithelium.
The complexed Pi is eventually eliminated with the faeces. Although the levels of
blood Pi only decrease by about 30 % in response to Pi binders (Chan et al., 2017),
the consequences of using these drugs on the gut microbiome could be significant
and merits to be investigated further.
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6.2. Aims
In this chapter of the thesis the aims are:
1. Isolate and sequence DNA from stool samples and eventually determine the
gut microbiota composition following a high (1000 mg Pi in lunch and dinner)
and a low Pi diet induced by taking the Pi binder Sevelamer.
2. Determine and examine the abundance of bacterial phyla, taxa and species in
response to the high/low Pi diet.

6.3. Experimental design
The experiment was originally designed by Prof Carsten Wagner, Institute of
Physiology, Zurich University. The study aimed to mimic high/low Pi intake– but a
low Pi diet without medical reason is a health risk and hence an unethical
intervention. The study was designed as a cross-over study with two groups of 4
probands. The first group was given a premade diet with fixed high phosphate
content (HP) of 1000 mg per meal for 5 days. Other parameters such as salt content,
calories, carbohydrates, fat, and protein were kept constant. The probands received
these diets for lunch and dinner, moreover, recommendations were given for
breakfast meals. The second group received the phosphate binder Sevelamer with
the meals to simulate a low phosphate diet for 5 days (LP) followed by a washout
period of 10 days. After the washout period, the two proband groups were crossedover, i.e. the HP group was given Sevelamer for 5 days, and the LP group received
HP for another 5 days but without the phosphate binder. Urine, stool and blood
samples were routinely collected (see also Figure 2.6).
The study included only male, healthy volunteers, aged between 20-45 years. All
participants were pre-screened, some were given vitD3 supplements to bring their
vitD3 levels into the normal range. Exclusion criteria were: kidney disease, diabetes
mellitus, hypertension, hypotension, regular medication, vegetarian/vegan diet,
history of kidney stones, allergy to sulphonamides or penicillin, known
hypersensitivity or allergy to the class of drugs used in this study, glaucoma, hyperor hypo-parathyroidism, hypo- or hyperaldosteronism, use of drugs by the probands
and participation in any other study.
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6.4. Results
6.4.1. Blood and urine Pi measurements
Pi levels were determined from the collected blood and urine samples. The initial
results showed an overall reduction in urine Pi levels in response to Sevelamer
treatment from 390 to 195 mg/24 h in bander probands, with no effect on serum Pi,
as compared to HP members (Figure 6.1.A and B).
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Figure 6.1: The level of Pi in (A) urine and (B) serum following high Pi diet and
Sevelamer treatment.

6.4.2. DNA quantification from the stool samples
By the end of the treatment regimen, a total of 16 stool samples were collected. For
referencing, the probands 1, 6, 7 and 8 started with Sevelamer, then switched to the
high Pi diet. On the other hand, probands 2, 3, 4 and 5 consumed initially the high Pi
meals and received Sevelamer in the second phase of the trial. DNA was purified
and quantified from the stool samples following the protocol established in Dr Hall’s
lab (as indicated in 2.12.1). The exact amount of stool used for extraction and the
yields of purified DNA are listed in table 6.1.
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Table 6. 1: Quantification of purified DNA from the stool samples.

Sample
No.
1
2
3
4
5
6
7
8

Reference
code

Weight stool
samples (mg)

001HSV7
001HSV12
005LHV7
005LHV12
007MRV7
007MRV12
010GRV7
010GRV12
014ACV7
014ACV12
019CKV7
019CKV12
023RMV7
023RMV12
024RGV7
024RGV12

199
202
201
202
199
200
198
199
200
201
200
201
201
197
200
197

DNA
concentration
in ng/µL
198
191
146
294
366
447
145
161
148
273
570
116
256
219
300
263

6.4.3. DNA sequencing library preparations and analysis strategy

The libraries for NGS sequencing were prepared and sequenced at the Wellcome
Sanger Institute, Cambridge, UK using a Illumina Hi-Seq platform with a read length
of 100 or 125 bp following established protocols (Forster et al., 2019).
The reads were then aligned and assessed using the pipeline established in the lab
of Lindsay Hall. Furthermore, for confirmation purposes, data were reassessed
kindly by Dr Christopher Stewart (Newcastle University). Two of the samples which
showed low read counts were submitted for re-sequencing. Data rarefaction curve
was adjusted between 20,000 to 100,000 read depth. To avoid skewing in
comparison tests and potential omission of bacterial species, 95200 reads was
considered as the cut off level, as shown in figure 6.2.
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Figure 6.2: Sequencing rarefaction curves. Microbiome sequencing read counts for the
16 colour coded samples.

For data analysis, two ecological approaches were applied; alpha diversity, which
measures the level of richness and evenness within samples, and beta diversity, to
quantify microbiota compositions between samples. In addition, the relative
abundance of bacterial phyla and species were also determined and compared
between HP and Pi-binder/LP diet probands.

6.4.4. The estimated levels of α-diversity

The differences between both dietary conditions were assessed according to the
groups (i.e. HP versus LP probands) and within each individual (i.e. data were
examined for each person, before and after Pi intervention). Samples richness was
estimated based on operational taxonomic unit (OTU) similarities and the differences
in the OTU reads were estimated using Kruskal-Wallis statistical analysis. Species
diversity was also assessed by calculating the Shannon diversity index.
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The group comparison showed no significant difference in the observed OTU
numbers between HP and LP probands (P= 0.68), as demonstrated in figure 6.3.A.
Similarly, the Shannon index indicated that Pi interventions did not significantly affect
bacterial composition between the two examined groups (P=0.69, Figure 6.3.B). At
individual proband level, OTUs and Shannon test results showed no significant
changes in richness and evenness of bacteria in the collected samples over the
study period (Figures 6.3.C and D).

On the other hand, the data were also compared for each proband between the
samples. Probands which were given Sevelamer at the beginning of the study
experienced a consistent increase in α-diversity levels: The α-level of samples 2, 3, 4
and 5 was 8,12, 9 and 12 after Sevelamer addition, respectively. However, after the
high Pi diet the α-levels decreased to 7, 9, 6 and 10, respectively. In contrast, the
other group of probands which started with a high Pi diet and then switched to
Sevelamer (samples 1, 6, 7, and 8) displayed a different pattern of bacterial
richness. After the high Pi diet α-levels were 14, 11, 10 and 8, following Sevelamer
application the α- diversity estimation levels were slightly reduced to 12, 11, 9 and 7,
respectively.
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Figure 6.3: α-diversity analysis following high/low Pi dietary interventions. A) The
observed operational taxonomic units (OTUs) were compared between high/low-Pi groups.
B) Shannon diversity testing was applied to compare microbiome evenness in the samples
of the two groups. C) OTU numbers were examined for each participant in the study and D)
Shannon index.
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6.4.5. The estimated levels of ß diversity
The concept behind β diversity is to compare the bacterial composition of each
participant before- and after- Pi modulation in multidimensional scale measurements
as compared with other participant. As a result, the microbiome of HP and LP
probands become clustered in two-dimensional matrixes. The data were plotted
against two principle component axes, PC1 and PC2 at 37.7 % and 20.5 %
variations explained, respectively. The term ‘variation explained’ is used to predict
the discrepancy between data variance of the particular component compared to the
total variance (Rosenthal and Rosenthal, 2011).
Data dissimilarities were quantified using weighted unique fraction principle
coordinate analysis (Weighted UniFrac PCoA), as previously described (Koleff et al.,
2003; Lozupone et al., 2011). The calculations showed minor alteration in bacterial
content following Pi intervention, these differences however did not reach
significance levels (P=0.943, Figure 6.4).
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Figure 6.4: ß diversity using weighted unique fraction analysis (weighted UniFrac).
Samples plotted on PC1 and PC2 variation percentages. Each sphere represents the
average bacterial diversity of an individual sample. The orange cluster refers to the high Pi
diet and blue to the binder treatment. The P-value was measured based on the distance
between the cluster hubs (i.e. weighted Unifrac analysis).
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6.4.6. Bacterial Relative abundances
Next, the abundance of bacterial phyla and species were determined. Following
alignment, sequence reads were found to map predominantly to five bacterial phyla
including Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria and
Cerrucomicrobia , as shown in figure 6.5.A. False discovery rate (FDR) corrections
were applied for multiple comparisons between phyla. Although no significant
changes in abundance of bacterial phyla was recorded before and after Pi
intervention, the average percentage of Bacteroidetes was reduced remarkably from
16 % in HP probands to 4 % following Sevelamer administration (Figure 6.5.A).

On a species level, approximately 70 bacterial species were reported. For further
analysis only the 14 most abundant ones were included (Figure 6.5.B). In general,
no significant changes among individual bacterial species were observed.
Nevertheless, the relative abundance of Bacteroides uniformis and Roseburia
intestinalis increased from 0.25 to 2.5 % and 0.19 to 2 %, respectively, in 6 HP
probands. Likewise, the abundance of Bifidobacterium adolescentis and Dorea
formicigenerans were also changed from 0.47 to 6 % and 0.39 to 3 %, respectively,
in 5 LP probands (Figure 6.5.B).
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Figure 6.5: Representation of bacterial phyla (A) and species (B) in stool samples after
high/low Pi diet.
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Figure 6.6: Heat-map of the most representative gut bacterial species in the examined
stool samples following high/low-Pi diet interventions.
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6.5. Discussion

The impact of high Pi intake on the gut microbiome has been investigated previously
in both human- and animal-based models (Ditscheid et al., 2005b; Borda-Molina et
al., 2016; Trautvetter et al., 2016). It has been proposed that an excess of Pi tends to
form amorphous calcium phosphate salts which adsorb fatty/bile acids in gut
resulting in altered intestinal pH levels. As a consequence an increase or decrease
in certain bacterial species such as Lactobacillus paracasei and Clostridium XVIII
was observed (Govers and Van der Meet, 1993; Grimm et al., 2001; Ditscheid et al.,
2005a; Trautvetter et al., 2012; Metzler-Zebeli et al., 2013; Trautvetter et al., 2018).
The formation of amorphous salts has been investigated using pigs as a model that
were feed a highly Pi enriched diet. The metagenomic data demonstrated a
significant increase in strictly anaerobic bacteria particularly in small intestine,
paralleled by a reduction in butyrate fermenting bacteria in large intestine (MetzlerZebeli et al., 2010). A similar study focusing on mucosa associated bacteria in the
stomach of pigs showed that the abundance of Lactobacillus was also enriched by
approximately 1.4-fold in response to a high Pi diet (Mann et al., 2014).
In this study, we considered the hypothesis that the gut microbiome may contribute
to maintaining host Pi homeostasis. This assumption is supported by previous
evidence which showed that growth of certain bacterial species could either be
enhanced or repressed in response to an altered Pi regimen. Thus, adapted
bacterial species could potentially manipulate Pi levels and hence affect the
intestinal absorption. The consequences of an acute switch from a high to a low-Pi
diet and vice versa on the gut microbiota -to the best of my knowledge- has not been
investigated in human.

6.5.1. Pi exhibited limited effect on gut microbiota diversity
To determine the effect of a high/low Pi diet on the diversity of gut microbiota, stool
samples were collected in this crossover study. Lunch and dinner meals were
supplemented with 1000 mg of Pi meanwhile the Pi binder Sevelamer was given to
the second group of probands. At the end of the study, genomic sequencing was
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performed using DNA isolated from 16 stool samples (as explained in section 6.3).
To assess the impact of altered Pi levels in the diet, the sequencing data were
investigated and analysed on group level and within individual probands.
When focusing on individual probands, the OTU and Shannon index indicated no
enrichment of specific bacterial species following neither high nor low Pi diet
interventions. Similarly, for the entire group, β diversity of the gut microbiome did not
change in response to either of the dietary regimens. A number of possible
interpretations may explain the absence of significant changes, as discussed below.
From experimental point of view, it is very important to involve baseline (day zero)
samples and/or placebo probands. Such data could provide a reference for an
individual’s enterotype composition (Sinha et al., 2015; Weaver and Miller, 2017).
However, due to volunteer recruitment and other logistic limitations, neither preintervention samples nor a placebo group were incorporated in the current study.
Hence the sequencing data was compared to detect differences before- and after- Pi
intervention only.
The second limitation of the presented study concerns the short duration of the
dietary intervention. Depending on the nature of the tested compound, previous
studies have shown variations within the microbiome after both short (hours) and
long (days) exposure. For example, the abundance of over 60 % of human gut
microbial species was changed within 24 h of ingesting pureed human baby foods.
This experiment was performed and conducted using gnotobiotic mice as a model
(Turnbaugh et al., 2009; Faith et al., 2011). Comparable findings were reported from
a human study, where 24 h of a high-fat/low-fiber or a low-fat/high-fiber diet was
sufficient to induce significant changes in Bacteroides and Prevotella abundance
(Wu et al., 2011).
In contrast, other experiments have failed to demonstrate significant alterations in
microbial composition even when human cohorts were exposed to a particular diet at
an extended timescale, i.e. from weeks to months. In these experiments the
microbiome only displayed minor changes that were limited to specific bacterial taxa
(Ley et al., 2006; Russell et al., 2011; Walker et al., 2011).
In this experiment, the impact of a high Pi diet and Sevelamer intake were only
investigated after 5 days of intervention. However, it remains to be established how
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rapidly the gut microbiota adapts to the new dietary environment. It would be highly
informative to monitor microbial diversity over a time course, for instance a long
intervention with sampling after 0, 1, 5, 7 days and maybe 2 and 4 weeks, for
example.
The study has another potential short fall which is difficult to address and relates to
anatomical considerations. Pi is mainly absorbed in the duodenum potentially by
paracellular flux driven by the concentration gradient as well as by transcellular,
SLC34A2-mediated transport. However, the stool samples reflect bacterial
populations that cohabitate mainly within large intestine (Huttenhower et al., 2012).
An animal-based experimental strategy could provide a more precise answer with
the analysis of small intestinal samples after a high/low Pi dietary intervention.

6.5.2. Sevelamer reduces Bacteroidetes abundance
The Pi binder Sevelamer is a non-absorbable polymer characterised by a high
affinity for anions, particularly Pi (Garg et al., 2005). Following extensive experiential
trials, Sevelamer was found to reduce the levels of intestinal endotoxins (Sun et al.,
2009), bile acids (Braunlin et al., 2002) and urate (Garg et al., 2005). As a result,
various gut microbiota could be affected because of the broad specificity of the drug
(Guo et al., 2016).
In our experiment, the probands who were given Sevelamer revealed a reduction in
Bacteroidetes relative abundances from 16 to 4 %. However, it remains unclear
whether Bacteroidetes were directly affected by the reduced intestinal Pi levels or as
a consequence of reduced bile and ureic acid levels?
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6.6. Conclusions
Cross-over intervention studies as described in the current work, particularly in
humans, are strictly regulated and generally very demanding. Despite the effort, Pi
had limited impact on the gut microbiome diversity, although a noticeable reduction
in Bacteroidetes in response to Sevelamer intake was observed. This work provides
a starting point and suggests possible improvements that should be considered in
future work, such as increasing the number of probands, multiple sample collections
at different time points, increased dietary Pi and/or binder dose, and extended
duration of the experiment.
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Chapter 7: General discussion

7.1. Summary of the major findings

The expression pattern of transcripts represents a key indicator for their function.
The molecular structure and expression pattern of the SLC34A1-sense transcript has
been studied extensively, however not much is known about the SLC34A1-antisense
transcript apart from its expression in human testis. The scope of my work was to
characterise the impact of the antisense transcription on the activity and the
epigenetic status of the SLC34A1 locus. (i) Expression analysis showed that only the
SLC34A1-sense transcript was expressed in human primary renal cells, with no
evidence for the presence of the antisense transcripts. (ii) In HEK293 and HKC8 cell
lines, both SLC34A1-sense and -antisense transcripts were expressed at very low
levels. (iii) In response to epigenetic modulation using dexamethasone, the
SLC34A1-sense and -antisense transcripts were induced in HEK293 but not in
HKC8, suggesting cell/tissue-context dependent expression. (iv) The SLC34A1antisense transcript is concordantly co-expressed with the SLC34A1-sense
transcript. (v) Based on the analysis of epigenetic marks, the expression of both
transcripts is accompanied by H3K27Ac hyperacetylation and CpG promoter
hypomethylation. (vi) CRISPR/Cas9 editing of SLC34A1-sense and SLC34A1antisense genomic sequences corroborated previous findings that the expression of
one SLC34A1 transcript enhances the expression of the complementary RNA.
(vii) The microbiome study revealed that with the experimental Pi diet neither α- nor
β -microbial diversities showed significant changes. (viii) However, the Pi binder
Sevelamer negatively impacted on Bacteroidetes, suggesting that other bacterial
species might be affected in response to a prolonged treatment regimen.

7.2. The putative role of the SLC34A1-antisense transcript in Pi homeostasis

The number of studies investigating the impact of NATs on gene expression and
physiology has steadily increased. Researchers now agree that most of these
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transcripts perform physiological functions (He et al., 2008; Faghihi et al., 2010;
Modarresi et al., 2012; Kung et al., 2013), supported by studies that link differentially
expressed NATs with diseases, for example SYNGAP1-AS, BACE1-AS and H19-AS
with autism, Alzheimer’s and hepatocellular bladder cancer, respectively (Matouk et
al., 2007; Tan et al., 2013; Velmeshev et al., 2013).
Specific mechanisms of action of NATs have also been proposed and investigated
thoroughly. For instance, HOTAIR, LUC7L and ANRIL are involved in promoter
methylation and histone modifications (Faghihi and Wahlestedt, 2009). UXTAS1,
ZEB2AS1 and ATOXOS form RNA duplexes and target pre-mRNA splicing sites
(Beltran et al., 2008; Yin et al., 2017) and ZFAS1 and TUG1 mask miRNA binding
sites (Li et al., 2015; Thorenoor et al., 2016). In addition, the expression pattern of
most sense/antisense transcript pairs show either concordant or discordant coexpression (Wight and Werner, 2013).
The interaction between SLC34A –related sense/antisense transcripts has been
tested in a variety of model systems. In zebrafish for example, the Slc34a2a-sense
and Slc34a2a-antisense transcripts are differentially expressed during early
developmental stages of zebrafish embryos. Only the Slc34a2a-antisense transcript
is detected until 48 hpf. Thereafter, the expression of the antisense transcript
decreases with increasing levels of Slc34a2a-sense transcript expression, hence the
Slc34a2a-sense/antisense transcripts are discordantly expressed.
From a functional prospective, the interaction between Slc34a2a-sense/antisense
transcripts were evaluated using Xenopus oocyte co-injections. Upon co-injection,
Slc34a2a-sense/antisense transcripts form dsRNA which is cleaved into short RNAs,
potentially by Dicer, within 4 h post co-injection. These findings suggested a
biological role for the Slc34a2a-antisense transcript in zebrafish development (Carlile
et al., 2008).
This hypothesis was tested by Dr Monica Piatek, a former PhD student in our lab, by
investigating the physiological importance of the Slc34a2a-antisense transcript
during zebrafish embryogenesis. In situ hybridisation revealed a reciprocal
relationship between Slc34a2a-sense/antisense transcript expression. Initially (up to
48 hpf) Slc34a2a-sense/antisense transcripts were detected in different tissues of
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embryos including pharynx, endoderm and brain whereas at later stages the
transcripts co-localised.
Ectopic expression of the Slc34a2a-sense transcript in early embryos led to
cerebellum deformities. The phenotype could be rescued by knocking down Dicer,
suggesting that the ectopically expressed Slc34a2a transcript hybridised to the
endogenous Slc34a2a antisense transcript followed by processing into short RNAs
(Piatek, 2016). Comparable observations were made in mice where Slc34a1sense/antisense endo-siRNAs were found in testis and kidney. Dicer processing
could be reproduced upon co-injection of sense/antisense transcripts into Xenopus
oocytes. Endo-siRNA molecules were generated when the overlap between the
sense/antisense transcripts exceeded 29 bp (Carlile et al., 2009).

In this study, the human SLC34A1-antisense transcript could neither be detected in
primary renal cells (PT) nor in HEK293, HK2 and HKC8 cell lines, it was rather
abundantly expressed in testis though. Following treatment with epigenetic modifiers
or CRISPR/Cas9 mediated inducement in HEK293 cells, both SLC34A1-sense and
SLC34A1-antisense transcripts showed concordant expression. The expression of
SLC34A1-sense and the antisense transcript in response to experimental stimulation
confirms a regulatory role for the antisense transcript in SLC34A1 expression.
Considering the findings with human, zebrafish and murine model systems, it can be
concluded that SLC34A1-antisense transcripts are physiologically important but
mainly during the early developmental stage.
Alternatively, the concordant SLC34A1-sense/antisense expression could be brought
about by either transcriptional activation (chromatin opener) or sense/antisense
stabilisation post transcriptionally. This suggestion contrasts with the findings in
zebrafish and mouse, where dsRNA is formed and endo-siRNA can be detected.
Although siRNAs detection in HEK293 cells was unsuccessful due to low sensitivity
northern blotting.
The co-expression of SLC34A1-sense and -antisense transcripts, particularly
resulting from epigenetic and CRISPR/Cas9 interventions, has raised many
questions that remain to be answered. For example, is the antisense expression a
mere consequence of increased expression of SLC34A1-sense? Could SLC34A1167

antisense transcripts have an epigenetic impact elsewhere in the genome? Apart
from mechanistic considerations, why could the SLC34A1-antisense transcripts not
be detected in the primary renal epithelial cells? How is SLC34A1-sense/antisense
co-expressed during the early human embryonic life? Could overexpression of the
SLC34A1-antisense transcripts have clinical consequences? Could we use
SLC34A1-antisense as biomarker for kidney diseases? Further research will
hopefully clarify some of these questions (Paragraph 7.4).

7.3. The putative role of gut microbiome in Pi homeostasis

The investigations focusing on aspects of the gut microbiome are exponentially
growing, particularly after technological advancements in metagenomic analysis
tools (Ohland and Jobin, 2015). Approximately 12,900 articles have been published
during the period from 2013-2017 focusing on the physiological, developmental,
nutritional, and metabolic interactions of the microbiota with host systemic organs
(Vandeputte et al., 2017). These studies have recorded a direct relationship between
the host and the diversity of the gut microbiome. An altered composition of the
microbiome as a consequence of external changes, has an impact on the host’s
health, and vice versa. For example, in obese individuals a reduction in
Bacteroides/Prevotella can be observed (Kong et al., 2013). Moreover, an increase
in Lactobacillus abundance occurs in patients with diabetes type 2 (Lê et al., 2013),
an increase in butyrate-producing bacteria such as Roseburia intestinalis associates
with metabolic syndrome (Vrieze et al., 2012; Mazidi et al., 2016) and an increase in
Enterobacteria has been found in patients with psychological disorders (Maes et al.,
2009).
Of interest for my work, a reverse relationship between gut microbiome or its
metabolites with kidney functions has been suggested especially in patients with
renal complications (Ticinesi et al., 2018). For instance, in patients with end-stage
renal disease the abundance of approximately 190 bacterial species were reported
to be affected (Vaziri et al., 2013; Rodríguez et al., 2015).
Dietary components such as fibre, carbohydrates, fat, vitamins and proteins have
been extensively studied and considered as main factors that shape an individual’s
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microbiome (Albenberg and Wu, 2014; Degnan et al., 2014; Hamaker and Tuncil,
2014; Walsh et al., 2014; Wegmann et al., 2014). In this thesis, I investigated
whether the gut microbiota could be considered as an additional regulator of Pi
homeostasis. To test this hypothesis, the gut microbiome was assessed following a
high Pi diet and Sevelamer, a Pi binder to mimic low Pi availability, given to healthy
participants. Several studies have correlated various Pi binders with serum and urine
Pi, however, limited studies have examined the relationship between Pi binders and
the gut microbiome in humans.
A study by Miao et al., assessed the effect of the Pi binder lanthanum carbonate on
gut microbiome diversity in haemodialytic patients. The Pi binder was given for
12-weeks. Treatment caused a significant reduction in Firmicutes, Bacteroidetes and
Proteobacteria. Moreover, no significant difference in α- and β- bacterial diversities
were detected in samples collected from the healthy group and patient’s samples
before treatment (Miao et al., 2018). These results are in line with this study.
Another study by Merino et al., examined the impact of the Pi binders calcium
acetate and sucroferric oxyhydroxide on gut microbiome composition in
haemodialytic patients. The stool samples were collected 0, 4, 8 and 12 weeks post
treatment. The analysed data revealed an increase in β diversity in response to
calcium acetate, but not to sucroferric oxyhydroxide. In addition, long term treatment
may not be required to affect bacterial diversity since Bacteroides and Firmicutes
increased during early time-points of treatment (Merino Ribas et al., 2019). In
parallel, the abundance of Clostridiaceae, Enterobacteriaceae and
Verrucomicrobiaceae significantly increased in rats with CKD that were treated with
the Pi binder ferric citrate (Lau et al., 2018).
To summarise, this research and other related findings provide important insights
into a potential interplay between the gut microbiota and Pi homeostasis. However, it
remains unclear whether the affected bacterial groups responded to a reduction in
intestinal Pi level or simply to the binder itself.
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7.4. Further development

The work focusing on the SLC34A1-antisense transcript substantially contributes to
the current understanding of how sense and antisense transcripts regulate each
other’s expression in a cell or tissue- specific context. However, to understand the
relationship comprehensively, further research needs to be accomplished.
For example, the expression pattern of SLC34A1-sense/antisense transcripts in
HEK293 cells using CRISPR/Cas9 was induced because of transcriptional readthrough. Conversely, the expression could be knocked out following inserting 4-5
repetitive termination sequences at the TSS or before the first exon sequence. In
addition to transcriptional silencing, post transcriptional inhibition could be attempted
using antisense oligonucleotides.
Furthermore, it would be informative to map and quantify SLC34A1-sense/antisense
transcripts during various embryonic life stages using RNAseq and bioinformatic
analysis. This approach would be performed in a mouse model.
Further insights into the mechanism of sense-antisense interactions could be
obtained by determining dsRNA formation following epigenetic treatment and in
CRIPSR/Cas9 edited cells using the J2 monoclonal antibody. This approach may be
challenging because preliminary work in our lab found that the majority of dsRNA
was not from genic loci but from mitochondrial DNA, LINE or Alu elements in cells
treated with epigenetic compounds. Moreover, nuclear/cytoplasmic localisation of the
SLC34A1-sense/antisense transcripts using in-situ hybridisation may provide further
insights into the mechanism of interaction and regulation.
The latest achievements in microbiome analysis tend to use large-scale integrative
multi-omics approaches. Such strategy represents a complete package of bacterial
genomic, transcriptomic, epigenomic, proteomic and metabolomics analysis. A
comprehensive approach would provide valuable links between the actual gut
microbiota composition and a transcriptional/functional response, such as bacterial
Pi transporter activity (Franzosa et al., 2015). Furthermore, quantitative microbial
profiling would be a useful tool alongside the sequencing techniques (Vandeputte et
al., 2017).
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Appendix A
Real time qPCR primer pairs sequences for SLC34A1-sense transcripts.
Primer ID

SLC34A1-sense sequence
(5’-3’)

Melting Temp
(°C)

Product
length

S1F
S1R

ATGTTGTCCTACGGAGAGAGGCTGG
GCCCAGGCTGGGGAAGGCATAG

71.1
75.1

170

S2F
S2R

TGTGGCCCTTGCTGAGCA
CGAGGTAGAGGAAGGTGAGCATCA

69.6
69.5

209

S3F
S3R

TGCTGGAGGTGAGCTCTGCCAT
GTGCAGGTAGCCAGTGGCA

72.6
67.6

186

S4F
S4R

AAGGGCCAAGTGGCCAAGGTCAT
GATGTTGGAACCCAGTGTGAGCGG

74
74.4

198

S5F
S5R

CAGCCCTCAGGTCCTACACA
CTCTGGCTTCTGCTCCTCCT

65.3
65.1

163

S6F
S6R

CGTTGCTGAGACCCACTGAC
TGTGTAGGACCTGAGGGCTG

66.1
65.3

165

S7F
S7R

ACCTCTTCGTCTGCTCCCTG
TGGATGTGGAGGTGCTGGAG

65.9
68.8

171

S8F
S8R

GATAACGCCATCCTGTCCA
GACAGAGGTGCCGATGTTG

63.6
64.5

179

S9F
S9R

CCAAGTGGCCAAGGTCAT
GATGTTGGAACCCAGTGTGA

63.7
63.6

200

S10F

CATGACTAGGATAGGCAGGAGTAAGG

65.7

85

S10R

GTAACGCAGGCACCAACATCT

66.1

S11F
S11R

AGGATATCTGGGTATGATTTCAGGT
CACAAACAGCTGCACAGTCATATAC

63.5
64.4

211
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Appendix B
Real time qPCR primer pairs sequences for SLC34A1-antisense transcripts.

Primer
Name

SLC34A1-antisense sequence
(5’-3’)

Melting Temp
(°C)

Product
length

AS1F
AS1R

GCGTGGCGCCTCTATATTTCCC
CTCCTGCGGCGAGATGGC

71.1
71.9

178

AS2F
AS2R

ATGAGCACCACGAAGGCCAG
CAAGGCGCTGGGGAAACGCA

69.8
76.4

150

AS3F
AS3R

ATGGGCAGGCGTGTGCAG
GGAAACTTTCCTGCTGCCCAGA

71.2
70.5

170

AS4F
AS4R

GTTGGGAAGGGAATTAATTGTGG
CATGGTAGGTGTGGGCACG

66
67.6

150

AS5F
AS5R

GTTGGGAAGGGAATTAATTGTGG
CAAGGCGCTGGGGAAACGCA

66
76.4

172

AS6F
AS6R

TGGAAGGTCTACATCAGTGCAG
CATCCTAACCCAGGTCTTCGG

64.2
66.6

187

AS7F
AS7R

GATGGGCGACTGGAAGGTCTA
CTTCGGCACCACCACAATTA

67.4
65.7

182

AS8F
AS8R

GACTGGAAGGTCTACATCAGTGC
GCACCACCACAATTAATTCCCT

63.9
65.7

170

AS9F
AS9R

TGGGCGACTGGAAGGTCTACA
GTCTTCGGCACCACCACAATTA

69
67.9

182

AS10F
AS10R

CTGCGTGTGGGCTTCGC
ATTAATTCCCTTCCCAACACTTGC

69.7
66.7

79

AS11F
AS11R

GGCCATGCGGACAACAG
TAATTGTGGTGGTGCCGAAG

66.8
65.7

112
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