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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 non-

coding SLC34A1-antisense transcript and the gut microbiome. 

The first part of this study aimed to understand the coordination between SLC34A1-

sense/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 SLC34A1-

sense/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 

(HPO4
2-). 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). 

 



4 
 

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 75ï90 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+: HPO4
2-. 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 HPO4
2- 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. 

 

 

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). 

 

 
Parameter 

Slc34a1- 
KO mice 
(Beck et al., 
1998) 

Slc34a2- 
KO mice 
(Sabbagh et al., 
2011) 

Slc34a3- 
KO mice 
(Segawa et al., 
2009b) 

Slc34a1/Slc34a3 
double KO mice 
(Segawa et al., 
2009a)  

Plasma Pi Low Low/normal Normal Low 

Pi excretion High Low Normal High 

Vitamin D3 High High/normal High High 

FGF23 Low Low/normal Low Low 

Linked 
disordered 

Skeletal 
abnormalities 

Pulmonary 
alveolar 
microlithiasis 

 
--- 

Osteoporosis 
and rickets 
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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 sodium-

hydrogen 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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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 (PTH1-

R) 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 1Ŭ-hydroxylase (CYP27B1). 

A B 
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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 Ŭ-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 25-

hydroxycholecalciferol to 1, 25-dihydroxycholecalciferol hydroxylation by inhibiting 

1Ŭ-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 1Ŭ-

hydroxylase 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 Mechanism of action 

 
 

Dietary Pi 

 
   SLC34A1, A2 
   and A3 

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). 

 
Growth 

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

 
   
   SLC34A1/A3 

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). 

 
 
 

Glucocorticoids 

 
 
 
    SLC34A1/A3 
 

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. 

 
Thyroid 

hormone 

 
     SLC34A1 

Rats administrated parenterally with T4 
showed a significant increase in BBM 
SLC34A1 (Beers and Dousa, 1993). 

 
Calcitonin 

 
   SLC34A1/A3 

Calcitonin increases cytoplasmic levels of 
Ca2+ in renal BBM vesicles and inhibits Pi 
reabsorption (Berndt and Knox, 1984). 

 
Glucagon 

 
   SLC34A1/A3 

Glucagon induces phosphaturia (Ahloulay et 
al., 1996). 

 
Phosphatonins 

 
   SLC34A1/A3 

The best-studied Phosphatonins such as 
sFRP-4 reduce vitD3 by inhibition of 1-Ŭ- 
hydroxylase (Masi, 2011). 

 
Prostaglandins 

    
   SLC34A1, A2 
      and A3 

PGE2 produced in the kidney act to 
antagonise PTH action (Dominguez et al., 
1984). 

 
Blood calcium 

 
   SLC34A1, A2 
       and A3 

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 

  
    SLC34A1, A2 
     and A3 

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 5ô-GGCCAATCT-3ô. 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 5ô to 3ô direction 

(Schoenfelder and Fraser, 2019).  

RNA Pol II slows down over the termination sequence at the 3ô 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 5ǋ 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 ñdark matterôô 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 ólongô and óshortô 

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) 

 
miRNA 

 
>2500  

- 21ï23 nt, 
- transcribed by polymerase II & III,  
- bind to 3ô untranslated region of mRNAs 
regulating >15000 genes (Chou et al., 2018; 
Kozomara et al., 2019) 

 
snoRNA 

>1,500 - 60ï300 nt,  
- involved in modification, maturation and 
stabilisation of ribosomal RNAs (Jorjani et al., 
2016; Bouchard-Bourelle et al., 2019). 

 
snRNA 

>1,900 - about 150 nt,  
- contribute to processing of pre-mRNA in the 
nucleus (Becker et al., 2019). 

 
piRNA 

>90 - 25ï33 nt, 
- repress retrotransposition of repeat elements 
(Liu et al., 2019). 

 
tRNA 

>500 - 73ï93 nt, 
- transfer of amino acids, involved in translation of 
mRNA into protein (Torres et al., 2019). 

Long noncoding RNAs (>200 nt) 

 
NATs 

>5,500 - variable transcript length, 
- mostly unknown function, but some are involved 
in gene regulation through transcriptional or post-
transcriptional interference (Barman et al., 2019). 

 
eRNA 

>2,000 - variable transcript length, 
- hallmark of active enhancers, 
- some eRNA interfer with target gene 
transcription (Ding et al., 2018) 

 
lincRNA 

>6,500 - variable transcript length, 
- some are involved in gene regulation (Ransohoff 
et al., 2018) 

Pseudogene 
lncRNA 

>700 - mostly unknown function, but some may act as 
miRNA sponges (Kowalczyk et al., 2012b; Ji et 
al., 2015). 
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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 co-
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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 concordantò 

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 (5ô overlap), fully overlapping and tail-to-tail (3ô 

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.  

 

 

 

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 

Trans NATs 
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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 sense-

antisense 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). Itôs 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 senseïantisense RNA duplex formation. Such duplexes were detected in 
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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 ɓ-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 3ô-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 ómeltô 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 5ô-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 3ôend 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 

óreadingô 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 ï 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; 

DôArgenio 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; DôArgenio 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; DôArgenio and 

Salvatore, 2015). 
















































































































































































































































































































































































