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Summary 

Currently in development as anti-cancer drugs, MEK/ERK and FGFR inhibitors have 

induced soft-tissue mineralization and increased plasma Pi and 1,25-dihydroxyvitamin 

D3 (1,25D3) levels in pre-clinical studies. AstraZeneca in-house data reported soft-

tissue mineralization in stomach, kidney and heart of rats administered for >7d with 

MEK (MEKi) or FGFR (FGFRi) inhibitors. In this study, I aimed to unravel the 

mechanisms of soft-tissue mineralization associated with MEK/ERK or FGFR 

inhibition by assessing key processes for mineral homeostasis in rats treated with 

these inhibitors. The main findings of this study are: 

1) Supporting previous studies, MEKi and FGFRi treatment (8d) resulted in soft-

tissue mineralization and increases in plasma Pi and FGF23. Importantly, 

similar effects were observed for the first time in animals treated with an ERK 

inhibitor (ERKi).  

2) Renal CaSR expression remained unchanged following MEKi or FGFRi 

treatment (8d), suggesting that the CaSR is not key for the mineralization 

induced by these inhibitors. Additionally, CaSR expression was detected 

throughout the nephron which supports previously hypothesised roles for this 

receptor in different processes including 1,25D3 production and Pi reabsorption. 

3) Acute dosing (6h) with ERKi or FGFRi resulted in reduced plasma FGF23 and 

altered renal expression of proteins involved in 1,25D3 production (Cyp27b1, 

Cyp24a1) and Pi reabsorption (NaPiIIa), effects indicative of an impared FGF23 

signalling. These results are consistent with MEK/ERK and FGFR inhibition 

promoting soft-tissue mineralization by analogous mechanisms: a blockage of 

FGF23 signalling that results in increased 1,25D3 production and in the 

consequent toxicity. 

4) Repeated dosing (8d) with MEKi and FGFRi resulted in increased renal 

expression of Ca2+-transport (TRPV5, calbindin-D28k, PMCA) and of 

calcification-inducing (alkaline phosphatase) proteins. These increases may 

contribute to mineralization by locally raising Ca2+xPi product and inducing a 

pro-calcifying environment. Since the identified proteins contain VDREs, these 

effects are likely to be induced by increased plasma 1,25D3 levels.  
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1 Introduction 

1.1 Biomineralization 

Biomineralization is the process of mineral production by a biological system (Weiner 

2003). In mammals, biomineralization consists mainly of the deposition of calcium 

phosphate crystals in the form of hydroxyapatite. Under physiological conditions 

biomineralization only occurs in hard tissues such as bone, calcified cartilage and 

teeth (Bonucci 2013), however under pathological conditions this process can also 

occur in soft-tissues (ectopic mineralization), most frequently in kidney, skin, articular 

cartilage and cardiovascular tissue (Kirsch 2006). The consequences of ectopic 

mineralization depend on the affected tissue. For instance, mineralization of articular 

cartilage, associated with osteoarthritis, results in cartilage destruction and joint 

stiffness (Ea et al. 2011) whilst mineralization of blood vessels, associated with 

pathologies such as atherosclerosis and chronic kidney disease, results in the 

stiffening of these vessels and increased risk for myocardial infarction (Wexler et al. 

1996). The mechanism of biomineralization is very complex and appears to be 

regulated by several factors, including levels of free ionized calcium (Ca2+) and 

inorganic phosphate (Pi) (Bethke et al. 1932); formation of matrix vesicles / apoptotic 

bodies (Golub 2009) and presence of proteins and other molecules that regulate 

mineralization (Orimo 2010, Moochhala 2012). These factors are depicted in Figure 

1.1 and will be further described in sections 1.2-1.4. 
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Figure 1.1: Schematic representation of the mechanisms that contribute to the 
occurrence of biomineralization.  The scheme integrates data from different studies 
showing the complexity of biomineralization mechanisms and modulation by diverse 
processes including Ca2+xPi product, matrix vesicles, apoptotic bodies, induction of 
osteogenic phenotype, proteins/ molecules with pro-calcifying and anti-calcifying 
effects. Figure adapted from (Speer and Giachelli 2004). 
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1.3 Matrix vesicles / apoptotic bodies 

Matrix vesicles are extracellular particles that originate from the plasma membrane of 

mineralizing cells. These vesicles contribute to mineralization by acting as mineral 

nucleation sites (Anderson 1969, Anderson 2003) and by decreasing the 

pyrophosphate/Pi ratio (Bobryshev et al. 2014). The mineralization functions of matrix 

vesicles involve the expression of pro-calcifying proteins, including alkaline 

phosphatase (Montessuit et al. 1995), annexins (Chen et al. 2008) and phospho-1 

(Roberts et al. 2007). Similarly to matrix vesicles, apoptotic bodies, small particles 

released from cells undergoing apoptosis, contribute to mineralization by acting as 

mineral nucleation sites (Proudfoot et al. 2000, Proudfoot et al. 2001). Nevertheless, 

the mechanisms by which matrix vesicles and apoptotic bodies induce mineralization 

may differ as the latter lack the expression of pro-calcifying proteins such as alkaline 

phosphate and annexins (Kirsch et al. 2003). 
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sclerostin and DKK1 levels may be due to an increased expression of these proteins 

in calcified tissue, with the objective of preventing further calcification. To support this 

observation, a different in vivo study has reported that calcified heart valves express 

sclerostin, which is not expressed in non-calcified valves (Brandenburg et al. 2013).  
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1.5 Extracellular free ionised calcium (Ca2+o) and phosphate (Pi) 

homeostasis 

Besides constituting mineral tissue and regulating the mineralization process, Ca2+ 

and Pi are key molecules for different biological processes. Extracellular free ionised 

Ca2+ levels are important to physiological processes such as hormonal secretion 

(Leclercq-Meyer et al. 1981), apoptosis (Lin et al. 1998) and proliferation (Kanatani et 

al. 1991). Additionally, intracellular Ca2+ levels are important for the cellular function 

since Ca2+ is a co-factor for different enzymes and a second messenger in a number 

of signalling pathways (Clapham 2007). Extracellular Pi levels also regulates different 

physiological processes including apoptosis (Mansfield et al. 1999) and cellular 

differentiation (Mozar et al. 2008). The signalling effects of Pi involve the modulation 

of different pathways including RANK (Mozar et al. 2008) and MEK/ERK (Yamazaki 

et al. 2010). In addition to its roles as an extracellular signalling molecule, Pi is a 

component of different nucleotides including ATP, an important energy source for 

different physiological processes (McClare 1975). The levels of extracellular Ca2+ and 

Pi need to be maintained respectively at 1.1-1.4 mmol/L and 0.8-1.4 mmol/L in order 

to preserve mineral homeostasis (Chang et al. 2014). The maintenance of extracellular 

Ca2+ and Pi levels involves the activation of different hormones including 1,25-

dihydroxyvitamin D3 (1,25D3), FGF23, and PTH, which regulate the processes of 

intestinal absorption, bone resorption of these ions (Bergwitz and Juppner 2010). In 

addition to hormonal regulation, extracellular Ca2+ and Pi levels are also maintained 

locally, through the action of different proteins including the CaSR, the transient 

receptor potential cation channel subfamily V members 5 and 6 (TRPV5 and TRPV6) 

and sodium-dependent phosphate transporter 1 (Pit-1) (Zoidis et al. 2004, Civitelli and 

Ziambaras 2011).  

1.5.1 Ca 2+ and Pi reabsorption in kidney 

The kidney is an important homeostatic organ that filters the blood and excretes the 

waste products by producing urine. The functions of the kidney include the excretion 

of toxins, regulation of circulating levels of different ions and control of blood pH 

(Preuss 1993). The kidney contributes to mineral ion homeostasis by tightly regulating 

the reabsorption of Ca2+ and Pi from urine into the plasma. Following glomerular 

filtration, around 70% of the filtered Pi is reabsorbed by transcellular transport in the 
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1.6 Parathyroid-Bone-Kidney axis  

The kidney, bone and parathyroid axis and their respectively associated hormones, 

1,25D3, FGF23 and PTH, ensure Ca2+ and Pi homeostasis (Bergwitz and Juppner 

2010, Kuro-o 2010, Haussler et al. 2012). The levels and activity of these hormones 

are altered as a direct response to physiological changes in Ca2+ and / or Pi, and also 

as a consequence of complex feedback mechanisms. The metabolism and roles of 

1,25D3, FGF23 and PTH in Ca2+ and Pi homeostasis are depicted in Figure 1.3 and 

described below.  

 

 

Figure 1.3: Schematic representation of the parathyroid-bone-kidney axis. The 
scheme depicts the effects of Ca2+ and Pi and inter-regulatory mechanisms in the 
production/secretion of PTH, FGF23 and 1,25D3 hormones. Figure adapted from 
(Silver and Naveh-Many 2009). 
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1.7 Vitamin D 

1.7.1 Vitamin D metabolism 

The concept of a vitamin involved in Ca2+ regulation was first suggested in 1922, 

following the discovery that cod liver oil oxidised to destroy vitamin A was able to 

promote Ca2+ deposition in bones of rats suffering from rickets (McCollum et al. 1922). 

In the 1930s, vitamins D2 and D3, the two major forms of vitamin D were identified 

respectively as products of the ultra-violet irradiation of ergosterol (Askew et al. 1930) 

and 7-dehydrocholesterol (Windaus and Bock 1937). Studies carried out in the 

subsequent decades have elucidated the metabolism and physiological roles of 

vitamin D. Vitamin D3, the most important form of vitamin D for mammalian physiology, 

is obtained by exposure to sunlight and dietary intake (Bikle 2014). Then, this vitamin 

is activated in two sequential steps. First, CYP2R1 catalyses the production of 25-

hydroxyvitamin D3 from vitamin D3 in the liver. Subsequently, in the rate limiting step 

of this process, CYP27B1 catalyses the production of 1,25-dihydroxyvitamin D3 

(1,25D3) from 25-hydroxyvitamin D3 mostly in the kidney (Takeyama et al. 1997). To 

a lesser extent than the kidney, 1,25D3 is also produced in other tissues including 

breast, parathyroid gland and placenta, by the action of extra-renal CYP27B1 

(Zehnder et al. 2001, Adams and Hewison 2012). 

The production of  1,25D3 is regulated by different factors including the inducer PTH 

(Armbrecht et al. 2003) and the inhibitors Ca2+, Pi (Fukumoto 2014) and FGF23 

(Perwad et al. 2007). Renal 1,25D3 targets the kidney through autocrine/paracrine 

actions and it is secreted to the circulation and targets other organs by functioning as 

an endocrine factor. Conversely, extra-renal 1,25D3 has mainly local actions by 

functioning as an autocrine/paracrine factor (Zehnder et al. 2002, Morris and Anderson 

2010). Whilst renal 1,25D3 is a key molecule for mineral homeostasis, extra-renal 

1,25D3 seems to have more important roles in other processes including 

immunological response, proliferation and apoptosis (Adams and Hewison 2012, 

Hobaus et al. 2013).  

The effects of 1,25D3 are mainly triggered by its genomic actions, which are mediated 

by the nuclear vitamin D receptor (VDR). Upon the activation by 1,25D3, the nuclear 

VDR functions as a transcription factor and regulates the expression of different genes 

containing vitamin D response elements (VDREs) (Haussler et al. 1997). In addition 
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to the genomic effects, 1,25D3 is able to signal through a membrane VDR that 

modulates different signalling pathways including protein kinase A (PKA) and protein 

kinase C (PKC) (Revelli et al. 1998). The inactivation of vitamin D3 occurs through the 

24-hydroxylation of 1,25D3, a process catalysed by CYP24A1 in different tissues 

including kidney, intestine, bone and skin (Armbrecht et al. 1992). The inactivation of 

vitamin D3 is regulated by different factors including the inducers Ca2+ and Pi, 1,25D3 

and FGF23 and the inhibitor PTH (Shinki et al. 1992, Shimada et al. 2004). 

 

1.7.2 Vitamin D and mineral ion homeostasis 

The production of 1,25D3 is promoted under conditions of hypocalcemia and/or 

hypophosphatemia. In order to restore mineral homeostasis, 1,25D3 increases serum 

levels of Ca2+ and Pi by stimulating the intestinal absorption and renal reabsorption of 

these ions and by enhancing bone resorption (Eisman and Bouillon 2014, Wranicz 

and Szostak-Wegierek 2014). The direct effects of 1,25D3 in intestinal absorption and 

renal reabsorption are associated with the induction of the expression of proteins 

involved in the transport of Ca2+ and Pi including TRPV5/6, calbindin D9K/D28K, PMCA, 

NaPi-IIa/b (Bindels et al. 1991, Hoenderop et al. 2001, van de Graaf et al. 2004, Kido 

et al. 2013). Although the mechanisms have not been fully elucidated so far, the direct 

effects of 1,25D3 in bone resorption appear to be associated with the regulation of the 

expression of RANKL (Kitazawa et al. 2003, Suda et al. 2003). In addition to the direct 

effects in the expression of proteins involved in bone resorption and Ca2+ and Pi 

reabsorption, 1,25D3 also encompasses indirect effects in mineral homeostasis 

including the induction of FGF23 (Barthel et al. 2007) and inhibition of PTH (Naveh-

Many and Silver 1990) hormones. Most of the effects of 1,25D3 in mineral homeostasis 

are associated with the activation of nuclear VDR and regulation of genes that contain 

VDREs (Kumar et al. 2012). 
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1.8 FGF23 and Klotho 

1.8.1 FGF23 structure and metabolism 

Fibroblast growth factor 23 (FGF23), a 251 amino acid protein with key roles in Ca2+ 

and Pi regulation, was identified in mouse brain and thymus in 2000 (Yamashita et al. 

2000). Shortly after the identification, the observation that a missense mutation in the 

FGF23 gene resulted in autosomal dominant hypophosphatemic rickets shed light on 

the importance of FGF23 to mineral homeostasis (White et al. 2000). FGF23 is 

produced mainly by osteocytes in bone (Bonewald and Wacker 2013) and unlike most 

fibroblast growth factors (FGFs), it is secreted to the circulation and functions as an 

endocrine factor (Kuro-o 2008). The production and secretion of FGF23 is regulated 

by different factors, including the inducers Pi (Vervloet et al. 2011), 1,25D3 (Kolek et 

al. 2005) and PTH (Lavi-Moshayoff et al. 2010). The effects of FGF23 encompass 

signalling through the fibroblast growth factor receptors (FGFRs) (Yu et al. 2005). 

There are four FGFRs, namely FGFR1-3, which possess two isoforms (b/c) originated 

by alternative splicing; and FGFR4 which only possesses one isoform (c) (Gong 2014). 

The interaction between FGF23 and the FGFRs has a low affinity, which is greatly 

enhanced by the protein alpha-Klotho (Klotho) (Urakawa et al. 2006). Although most 

of the biological effects of FGF23 require the presence of Klotho, some Klotho-

independent effects were reported including the processes of PTH secretion (Olauson 

et al. 2013) and cardiovascular disease (Faul et al. 2011). FGF23 signalling occurs 

mainly via the fibroblast growth factor receptor substrate 2 (FRS2) and phospholipase 

C (PLC) gamma and involves the activation of different signalling pathways including 

the MEK/ERK pathway (Yamazaki et al. 2010, Brooks et al. 2012).  

1.8.2 Klotho structure and metabolism 

Klotho, the 1014 amino acid transmembrane co-receptor for FGF23, was identified in 

1997 in a study that associated inactivating mutations in its encoding gene with the 

occurrence of a syndrome resembling premature ageing (Kuro-o et al. 1997). 

Nevertheless, the role of Klotho in FGFR signalling was only unravelled in 2006 

(Kurosu et al. 2006), as the result of a study driven by the similarities between Klotho 

and Fgf23 knockout mice (Shimada et al. 2004). Klotho was reported to function as a 

co-receptor for FGF23 by increasing the affinity of the c isoforms of the FGFRs 1, 3 

and 4 for FGF23 (Kurosu et al. 2006). The expression of Klotho is regulated by 
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different factors including the inducer 1,25D3 (Forster et al. 2011), and the inhibitors 

FGF23 (Marsell et al. 2008) and TNF alpha (Moreno et al. 2011). In addition to its 

function as a transmembrane co-receptor for FGF23, a secreted form of Klotho 

regulates different biological processes by acting as an endocrine factor (Huang 

2010). The secretion of Klotho can be induced either by alternative splicing of the 

Klotho gene or by the cleavage of its extracellular domain by the proteases a 

disintegrin and metalloproteinase domain (ADAM) 10 and 17 (Chen et al. 2007).  

1.8.3 FGF23, Klotho and mineral homeostasis 

The production and secretion of FGF23 is promoted in conditions of 

hyperphosphatemia (Gupta et al. 2004). In order to restore mineral ion homeostasis, 

FGF23 inhibits the expression of NaPi-IIa and NaPi-IIc in the kidney, resulting in 

decreased renal Pi reabsorption (Shimada et al. 2004). Additionally, FGF23 induces 

the expression of TRPV5 in the kidney, resulting in increased renal Ca2+ reabsorption 

(Andrukhova et al. 2014). In addition to the direct effects of FGF23 on the expression 

of NaPi-IIa, NaPi-IIc and TRPV5, this hormone indirectly regulates Ca2+ and Pi 

metabolism by inhibiting the expression of PTH in the parathyroid (Ben-Dov et al. 

2007) and the production of 1,25D3 in the kidney (Gattineni et al. 2011). Although the 

associated mechanisms are not completely understood, the secreted form of Klotho 

appears to contribute to mineral ion homeostasis independently of FGF23 by inhibiting 

NaPi-IIa (Hu et al. 2010) and activating TRPV5 (Chang et al. 2005). The importance 

of FGF23 and Klotho in mineral ion homeostasis is evident from the phenotypes of 

mice carrying mutations in these genes, which encompass increased mineralization 

of soft-tissues associated with high serum levels of Pi and 1,25D3 (Tsujikawa et al. 

2003, Shimada et al. 2004). 
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1.9 Parathyroid hormone 

1.9.1 Parathyroid hormone structure and metabolism 

Parathyroid hormone (PTH), an 84 amino acid protein with key roles in Ca2+ and Pi 

homeostasis, was identified in 1925 as the hormone that mediates the actions of the 

parathyroid glands in regulation of blood Ca2+ levels (Collip 1925). PTH is produced 

and stored in the parathyroid glands. The production of active PTH (84 amino acid) 

involves the synthesis of a 115 amino acid precursor (pre-pro-PTH), followed by the 

sequential cleavages of a signal peptide (25 amino acid) and a prosequence (6 amino 

acid) (Habener et al. 1979). Active PTH is then stored in secretory vesicles that are 

released to the circulation under hypocalcemic (Felsenfeld et al. 2007) or 

hyperphosphatemic (Almaden et al. 1996) conditions. Other molecules regulate the 

production and secretion of PTH in addition to Ca2+ and Pi including the inhibitors 

CaSR (Chen and Goodman 2004), 1,25D3 (Cantley et al. 1985) and FGF23 (Ben-Dov 

et al. 2007). The biological effects of PTH involve signalling through the PTH receptors 

type 1   (PTH1R) and 2 (PTH2R), which are G protein-coupled receptors (GPCRs) 

(Mahon 2012). The activation of PTH1R and PTH2R by PTH results in the activation 

of different G proteins and modulation of various signalling pathways including PKC 

(Yang et al. 2006) and MEK/ERK (Lederer et al. 2000). PTH1R can also be activated 

by parathyroid hormone related protein (PTHrP), a hormone that shares some 

structural homology with PTH but exerts different biological roles (Wysolmerski 2012).  

1.9.2 Parathyroid hormone and mineral homeostasis 

The production and secretion of PTH is promoted under conditions of hypocalcemia 

(Felsenfeld et al. 2007) and hyperphosphatemia (Almaden et al. 1996). In order to 

restore mineral ion homeostasis, PTH directly targets the kidney, inhibiting NaPi-IIa in 

order to decrease in Pi reabsorption (Riccardi et al. 2000); and upregulating TRPV5, 

calbindin D28K and NCX1 in order to increase renal Ca2+ reabsorption (van Abel et al. 

2005, de Groot et al. 2009). Besides, PTH also targets the bone, where it induces 

different biological effects according to the length of the exposure. A prolonged 

exposure to PTH promotes bone resorption whilst an intermittent exposure promotes 

bone formation (Kroll 2000). In addition to the direct effects on processes of bone 

resorption and renal Ca2+ and Pi reabsorption, PTH also regulates the metabolism of 



18 
 

Ca2+ and Pi indirectly by inducing the expression of FGF23 in the bone (Lavi-

Moshayoff et al. 2010) and the production of 1,25D3 in the kidney (Bajwa et al. 2008).  

  



19 
 

1.10 Calcium sensing receptor 

1.10.1 Structure and metabolism 

The extracellular calcium sensing receptor (CaSR), a 1085 amino acid GPCR with a 

key role in mineral ion homeostasis, was first molecular identified from bovine 

parathyroid glands in 1993 (Brown et al. 1993). In the years that followed its 

identification, the expression and functional roles for the CaSR were reported in 

different tissues, including kidney (Riccardi et al. 1995), bone (Kameda et al. 1998) 

and intestine (Chattopadhyay et al. 1998). The main function of the CaSR is to monitor 

free ionised Ca2+ and magnesium (Mg2+) in order to preserve divalent mineral ion 

homeostasis. In response to any changes in the serum levels of these ions, the CaSR 

regulates local processes such renal Ca2+ reabsorption (Loupy et al. 2012) and 

systemic processes such as PTH secretion (Chen and Goodman 2004) and 1,25D3 

production (Bland et al. 2002). The affinity of the CaSR for Ca2+ can be modified by 

allosteric ligands such as glutathione and amino acids (Cavanaugh et al. 2012). Also, 

the CaSR can be activated by orthosteric ligands other than Ca2+ and Mg2+ including 

trivalent cations, such as gadolinium (Gd3+) and aluminium (Al3+); polyamines such as 

spermine; and aminoglycoside antibiotics such as neomycin (McLarnon et al. 2002, 

Cheng et al. 2004, Geibel 2010). The CaSR is involved in other processes besides 

mineral ion homeostasis, including taste perception (Ohsu et al. 2010), nutrient 

sensing (Conigrave and Brown 2006) and synaptic transmission (Phillips et al. 2008). 

The biological effects of the CaSR involve the induction of different G proteins and the 

modulation of several downstream signalling pathways, including PKC (Godwin and 

Soltoff 2002), cyclic adenosine monophosphate (cAMP) (Conigrave and Avlani 2012) 

and MEK/ERK (Kifor et al. 2001). The biological effects of the CaSR are dependent 

on the ligand activating the receptor since each ligand is able to stabilize a subset of 

receptor conformations that selectively activate downstream signalling pathways 

(ligand-biased signalling) (Leach et al. 2014). Besides, the downstream signalling of 

the CaSR may be influenced by the interaction with binding partners such as filamin-

A, 14-3-3 proteins and caveolin (Awata et al. 2001, Riccardi and Brown 2010). 
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1.10.2 CaSR and mineral homeostasis 

In physiological or hypercalcemic conditions, the CaSR inhibits the production and 

secretion of PTH in the parathyroid gland (Chen and Goodman 2004) and the 

production of 1,25D3 in the kidney (Bland et al. 2002), thus preventing Ca2+ levels from 

increasing. Besides, in hypercalcemic conditions, the CaSR promotes a decrease in 

serum Ca2+ levels by eliciting the secretion of calcitonin from the thyroid (Fox et al. 

1999). Opposite to PTH and 1,25D3, calcitonin inhibits the processes of bone 

resorption and renal Ca2+ reabsorption (Masi and Brandi 2007). In addition to the 

systemic effects associated with the modulation of PTH, 1,25D3 and calcitonin, the 

CaSR also counteracts hypercalcemia by directly preventing bone resorption (Theman 

and Collins 2009) and by inhibiting renal Ca2+ reabsorption. The direct effects of the 

CaSR in renal Ca2+ reabsorption involve the modulation of the transepithelial potential 

in the TAL (Loupy et al. 2012) and the regulation of TRPV5 (Topala et al. 2009) and 

PMCA (Blankenship et al. 2001) in the DCT. Also, the CaSR regulates Pi reabsorption 

in the kidney by preventing the PTH-induced inhibition of NaPi-IIa (Ba et al. 2003). In 

hypocalcemic conditions, the inhibitory effects of the CaSR in the production and 

secretion of PTH and 1,25D3 are removed, thus leading to an increase in the serum 

levels of these hormones and a consequent raise in serum Ca2+ (Bland et al. 2002, 

Chen and Goodman 2004).  

  



21 
 

1.11 Scope and aims 

Mineralization of soft-tissues is frequently observed during preclinical drug safety 

testing. MEK/ERK and FGFR inhibitors are two classes of compounds currently being 

developed to treat cancer (Knights and Cook 2010, McCubrey et al. 2010). In 

toxicology studies with rodents, the administration of these compounds resulted in the 

mineralization of soft-tissues associated with increased serum levels of Pi and 1,25D3 

(Brown et al. 2005, Brown and Gad 2010, Diaz et al. 2012, Yanochko et al. 2013). 

Nevertheless, the molecular mechanisms associated with this toxicity have not been 

fully elucidated. Preliminary studies carried out at AstraZeneca have shown that the 

administration of a MEK 1/2 inhibitor (MEKi) or an FGFR 1-3 (FGFRi) inhibitor for >7d 

to rats results in soft-tissue mineralization in different organs including stomach, kidney 

and heart.  

In this thesis I set out to unravel the mechanisms of soft-tissue mineralization induced 

by the inhibition of the MEK/ERK pathway or FGFRs. The work carried out for this 

thesis is focused on the kidney since the kidney is the organ where 1,25D3 is mainly 

produced and one of the organs displaying mineralization in animals treated with these 

inhibitors. 

I hypothesised that FGFR and MEK/ERK inhibitors prevent FGF23 signalling in the 

kidney and consequently increase the production of 1,25D3. Then, the elevated levels 

of 1,25D3 promote the occurrence of soft-tissue mineralization through different effects 

including the increase in renal Ca2+ and Pi reabsorption and the increase in the 

expression of mineralization inducers such as alkaline phosphatase. Besides, I 

hypothesised that the renal CaSR is involved in this process, since the CaSR was 

previously described to regulate 1,25D3 production (Bland et al. 2002) and Ca2+ (Loupy 

et al. 2012) and Pi (Ba et al. 2003) reabsorption.  

These hypothesis were tested by administering an ERK inhibitor (ERKi), MEKi or 

FGFRi to rats and assessing the effects of these inhibitors in key processes for mineral 

ion homeostasis. 
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The key aims of this work, which are addressed in Chapters 2-4, are described below. 

- Clarification of the intra-renal distribution of the CaSR and assessment of the 

role of this receptor in the soft-tissue mineralization induced by MEKi or FGFRi. 

- Identification of the cell signalling pathways that mediate the effects of ERKi, 

MEKi and FGFRi in mineral ion homeostasis and soft-tissue mineralization in 

the kidney. 

- Evaluation of the role of the hormones 1,25D3, FGF23 and PTH in the process 

of soft-tissue mineralization induced by ERKi, MEKi and FGFRi. 

- Assessment of the effects of ERKi, MEKi and FGFRi in the processes of renal 

reabsorption of Ca2+ and Pi. 

- Assessment of the effects of ERKi, MEKi and FGFRi in the expression of 

circulating and renal calcification modulator proteins. 

- Establishment and use of an ex vivo kidney slice model to further explore the 

findings of the in vivo experiments. 
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and basolateral membranes of type A intercalated cells  (Riccardi et al. 1998), where 

its activation was reported to reduce water permeability and to promote urine 

acidification (Renkema et al. 2009). In mouse and rat PT, CaSR expression was found 

at the apical membrane (Riccardi et al. 1998, Ba et al. 2003). Moreover, CaSR 

activation has been associated with 1,25D3 production in a human PT cell line (Bland 

et al. 2002), Pi reabsorption in mouse PT (Ba et al. 2003) and proton secretion and 

fluid reabsorption in mouse and rat PT (Capasso et al. 2013). In the mouse and human 

glomerulus, CaSR expression was detected in podocytes, where the activation of this 

receptor has been linked to pro-survival effects and to a reduction in toxin-induced 

glomerulosclerosis (Oh et al. 2011). In the rat juxtaglomerular apparatus (JGA) CaSR 

was found to be expressed basolaterally and it has been associated with the regulation 

of renin release (Atchison et al. 2010).  

Although the expression and function of the CaSR has been reported in different 

nephron segments, controversies remain regarding the intra-renal CaSR expression 

and cellular polarity, as well as species differences between mouse, rat and human. 

The findings of CaSR mRNA and protein expression in TAL, DT and CD are supported 

by several studies (Riccardi et al. 1996, Sands et al. 1997, Yang et al. 1997, Riccardi 

et al. 1998, Topala et al. 2009, Quinn et al. 2013, Yasuoka et al. 2014). However, 

discrepant expression patterns have been reported within the CD (Riccardi et al. 1998, 

Yasuoka et al. 2014). CaSR expression in glomeruli (Riccardi et al. 1996, Caride et al. 

1998, Oh et al. 2011) and JGA (Ortiz-Capisano et al. 2007, Maillard et al. 2009, Ortiz-

Capisano et al. 2013), has only been reported in a small number of studies and 

expression of the CaSR in PT is still unclear since there are several studies that report 

conflicting data (Yang et al. 1997, Riccardi et al. 1998, Ba et al. 2003, Loupy et al. 

2012, Wu et al. 2013, Yasuoka et al. 2014). A recent study analysed the mRNA and 

protein expression and functionality of the CaSR along the mouse, rat and human 

nephron and concluded that the CaSR is only present in TAL (Loupy et al. 2012).  

The discrepancies in the various reports create some uncertainty in the CaSR 

expression pattern along the nephron, thus proscribing the understanding of CaSR 

renal functions. These discrepancies may be associated with differences between the 

approaches used in the different studies such as the biological material analysed 

(mRNA or protein), processing of the samples (eg. tissue fixation), analysis 

methodologies (eg. immunohistochemistry, Western blotting) and use of different 
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species. The use of such different approaches may result in a lack of sensitivity in 

some cases or non-specific detection of the CaSR in other cases. 

In this chapter, I aimed to assess if the renal CaSR is involved in the process of soft-

tissue mineralization induced by the inhibition of the MEK/ERK pathway or inhibition 

of the FGFRs. Due to the uncertainty about the localization of the CaSR in the kidney, 

I first took a comprehensive approach to assess the intra-renal distribution of this 

receptor. This approach consisted of a sensitive chromogenic branched 

deoxyribonucleic acid (DNA) ISH method, immunohistochemistry using a selection of 

antibodies raised against different epitopes of the CaSR and a highly sensitive and 

specific chromogenic in situ proximity ligation assay. After establishing the intra-renal 

distribution of the CaSR, I analysed the effects of the administration of MEKi for 28d 

or FGFRi for 25d in the renal expression of this receptor using IHC. 

  





28 
 

paraformaldehyde in phosphate-buffered saline (PBS), washed and incubated in PBS 

containing 50 mM of NH4Cl. A blocking buffer composed of 1% bovine serum 

albumin/0.05% Triton-X 100 in PBS was used to prevent non-specific antibody 

binding. Primary antibodies (Table 2.1 except N-term6) were incubated overnight at 

4ºC at a dilution of 1:100 in blocking buffer. Alexa Fluor 488 or Alexa Fluor 594 

fluorescence-dye coupled secondary anti IgG antibodies (Life Technologies, 

Carlsbad, USA) were incubated at a dilution of 1:500 in blocking buffer to visualize 

primary antibody binding. Hoechst 34580 (Life Technologies, Carlsbad, USA) was 

used to stain the nuclei.  

 

Table 2.1: Antibodies used to detect the expression of the CaSR 

Antibody Manufacturer Code 
Epitope 

Host Clone Concentration 
IHC Species Region 

N-term1 Abcam / 
Thermo* 

Ab19347 / 
MA1-934* 

Human 
N-term 
(ADD) 

Mouse Monoclonal 1:500 

N-term2 Anaspec 53286 Rat N-term Rabbit Polyclonal 1:500 

N-term3 (W. Chang) 1C12 Human 
N-term 
(ADD) 

Mouse Monoclonal - 

N-term4 (W. Chang) 3A8 Human 
N-term 
(ADD) 

Mouse Monoclonal - 

N-term5 (D. Shoback) - Human N-term 
(ADD) 

Rabbit Polyclonal - 

N-term6 Alomone ACR-004 Human 
N-term 
(ADD) 

Rabbit Polyclonal 1:500 

C-term1 (W. Chang) 1C7E4B1 Mouse 
C-term 

(C1) 
Mouse Monoclonal 1:150 

C-term2 LS Bio 
LS-

C117834 
Human C-term Rabbit Polyclonal - 

Full 
length Novus Bio 

H00000846
-B01P 

Human 
Full 

length 
Mouse Polyclonal 1:75 

 

2.2.4 Western blotting 

Mouse, rat and human kidney samples were homogenized separately in modified 

radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris HCl pH 7.6, 150 mM NaCl, 

1% NP40, 0.1% sodium dodecyl sulfate, 1% sodium deoxycholate, 1 mM n-

ethylmaleimide, 1 mM phenylmethanesulfonylfluoride) containing Halt protease and 

phosphatase inhibitors (Pierce, Rockford, USA). Cell lysis was carried out using a 

Polytron (Kinematica, Bohemia, NY, USA) homogenizer. Following lysis, 

homogenates were centrifuged at 10,000 x g for 5 min to remove insoluble debris. 

CaSR-HEK cell extracts prepared by an analogous method were kindly provided by 
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Dr. Sarah Brennan (Cardiff University, UK). Protein extracts were quantified using a 

bicinchoninic acid (BCA) protein assay (Pierce, Rockford, USA). Twenty micrograms 

of each extract were electrophoresed on NuPage® 10% BisTris polyacrylamide gels 

(Invitrogen, Paisley, UK). Gels were transferred to nitrocellulose membranes and 

stained with Ponceau S to confirm even protein loading of wells. Non-specific protein 

binding was blocked using 5% low-fat dried milk in Tris-buffered saline containing 

0.1% Tween (TBST) for 1h at room temperature. Primary antibodies were added at a 

concentration of 1:2000 in 5% milk/TBST overnight at 4ºC. An horseradish peroxidase 

(HRP) conjugated anti-mouse or anti-rabbit secondary antibody (Promega, Madison, 

USA) was added appropriately at a concentration of 1:20,000 or 1:6,000 in 5% 

milk/TBST before detection of immunoreactivity with ECL prime and developing on a 

ChemiDoc MP  (Biorad, Hercules, USA). 

2.2.5 Immunohistochemistry 

Kidneys were fixed for 24 to 48h in 10% neutral-buffered formalin, embedded in 

paraffin, and 4 µm sections were cut. Sections were de-waxed using xylene and 

rehydrated using 100% and 95% ethanol. Immunostainings were performed using a 

Labvision autostainer (Labvision, Fremont, USA). Heat-mediated antigen retrieval was 

performed using a Milestone RHS-2 microwave (Milestone, Sorisole, Italy) at 110°C 

for 2 min in 1 mM ethylenediaminetetraacetic acid (EDTA) buffer, pH 8. Endogenous 

peroxidase activity was blocked with 3% (aq) hydrogen peroxide for 10 min. 

Nonspecific binding of the antibody was prevented by incubating slides with 

background blocker with casein (Menarini, Florence, Italy) for 20 min. Slides were 

incubated with primary antibodies (Table 2.1) for 1h at room temperature. X-Cell Plus 

HRP, Goat HRP (Menarini, Florence, Italy) Ultravision Quanto Mouse on Mouse 

(Thermo Scientific, Waltham, USA) or Envision anti-mouse labelled polymer (DAKO, 

Glostrup, Denmark) was applied to the slides, and peroxidase was then visualized with 

diamino benzidine (DAKO, Glostrup, Denmark). Identification of the nephron 

segments was carried out by double labelling the sections with antibodies against 

aquaporin 2 (1:4000, Sigma, St Louis, USA), Tamm-Horsfall (1:100, Santa Cruz 

Biotechnology, Santa Cruz, USA) or the thiazide-sensitive NaCl cotransporter, NCC 

(1:500, Millipore, Billerica, USA) for 1h at room temperature. Aquaporin 2, Tamm-

Horsfall and NCC were detected by 30 min incubation with goat anti-rabbit antibody 

conjugated with alkaline phosphatase (Invitrogen, Paisley, UK), and visualized using 
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Novus, Littleton, USA) or N-term6 with smooth muscle actin (1:3000, Sigma. St Louis, 

USA). 

2.2.7 Immunoprecipitation 

Rat kidney samples were homogenized in RIPA buffer (Millipore, Billerica, USA) 

containing Halt protease inhibitors (Pierce, Rockford, USA). Cell lysis was carried out 

using a Polytron homogenizer (Kinematica, Bohemia, USA). Following lysis, 

homogenates were centrifuged at 10,000 x g for 5 min to remove insoluble debris. 

Immunoprecipitation was performed using µMACS Protein G MicroBeads and µ 

Columns (Miltenyi Biotec, Cologne, Germany). Protein extract was pre-cleared by 

incubation with MicroBeads during 45 min at 4º C and passage through the µ Column 

at RT. One mL of the pre-cleared extract was incubated with 3 µg of N-term1 CaSR 

antibody (Thermo Scientific, Waltham, USA), smooth muscle actin (Sigma, St Louis, 

USA) or IgG2a (Abcam, Cambridge, UK) for 45 min at 4º C. Fifty µL of MicroBeads 

were added and the incubated for further 45 min at 4º C. Lysates were loaded into the 

µ Columns at RT and washed with a buffer containing 150 mM NaCl, 50 mM Tris (pH 

7.5) and 1% NP-40. Samples were eluted using 2x NuPage LDS sample buffer and 

reducing agent (Life Technologies, Carlsbad, USA). Twenty microliters of each 

immunoprecipitated sample, the bead flowthrough (negative control) and rat kidney 

extract (positive control) were electrophoresed on NuPage® 4-12% BisTris 

polyacrylamide gels (Invitrogen, Paisley, UK). Western blotting was performed as 

described above for smooth muscle actin (1:2000, Sigma, St Louis, USA) using a 

HRP-conjugated anti-mouse secondary antibody (Promega, Madison, USA). Controls 

for the Western blotting were performed by omission of primary antibody. 

2.2.8 Animal Studies 

The animal studies assessed in this thesis were designed and run by the Safety 

Assessment division at AstraZeneca UK, in compliance with regulations for repeated 

dose toxicity studies issued by European Medicines Agency, Ministry of Health Labour 

and Welfare and Food and Drug Administration. The studies were designed and 

carried out with the aim of assessing the toxicity of the oral administration of a MEK 

1/2 inhibitor (MEKi) and an FGFR 1-3 inhibitor (FGFRi) to Han Wistar rats. These 

studies were planned for 28d dosing periods, to meet specific criteria for regulatory 

purposes. MEKi and FGFRi doses were respectively 300 mg/kg/day with bi-daily 
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administration (BID); 1.4 mg/kg/day; and 20 mg/kg/day, BID. These doses 

corresponded to the maximum tolerated doses, the highest drug concentrations 

administered in prior 7d (MEKi and FGFRi) tolerability studies that did not result in 

unacceptable toxicity. On the last day of each study animals were killed, plasma was 

collected and the major organs were embedded in paraffin. The FGFRi group in the 

28d study had to be terminated earlier, at d25 due to animal welfare reasons. The 

study design, including the earlier terminations is described in Table 2.2. 

 

Table 2.2: Design for the 28d rat in vivo studies using MEKi and FGFRi 

Groups 
Planed 
length 

Effective 
length 

Dose 
(mg/kg/d) 

N Vehicle 

Vehicle 

28d 

 

28d 

0 10 
water containing 

0.5% HPMC 0.1% 
Tween 80 

MEKi 1.4 10 
water containing 

0.5% HPMC 0.1% 
Tween 80 

Vehicle 
25d 

0 (BID) 10 30% PEG in water 

FGFRi 20 (BID) 10 30% PEG in water 

*PEG - Polyethylene glycol 400, HPMC - hydroxypropyl methylcellulose 

2.2.9 Statistics 

All data shown represents mean ± standard error of the mean. Statistical analysis was 

carried out with Microsoft Office Excel (Microsoft, Redmond, USA) using the Real 

Statistics Resource Pack. A two-tailed, Mann Whitney U test was employed and p 

values lower that 0.05 were considered to be significant. 
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2.3 Results  

2.3.1 CaSR mRNA expression 

The CaSR mRNA distribution was analysed using a sensitive chromogenic branched 

DNA ISH in mouse, rat and human kidney. The highest CaSR mRNA expression was 

observed in cortical medullary rays (Figure 2.1 A-C) and outer medulla (Figure 2.1 D-

F) of all species, supporting a predominant expression of the CaSR in the TAL. 

Additionally, lower expression of CaSR mRNA was detected in kidney cortex, with a 

distribution and morphology consistent with DCT and CD (Figure 2.1 A-C). A high 

magnification picture of a CD showing CaSR signal is shown in Figure 2.10 A. In the 

PT and papilla (of mouse and rat only since the human kidney sections did not contain 

this region), CaSR mRNA expression was not distinguishable from the signal observed 

in negative controls performed by incubation with scrambled DNA probes. In these 

controls, the background signal was very low and generally localized in deposits with 

a relatively small size (Figure 2.1 G-I). 

 

By ISH, CaSR mRNA was detected in the TAL, DCT and CD in mouse, rat and human 

kidney. 

 



34 
 

 

Figure 2.1: Expression of CaSR mRNA in mouse, rat and human kidney.  
Photomicrographs of ISH against CaSR in mouse (A,D), rat (B,E) and human (C,F) 
kidney. CaSR expression was present in kidney cortex (A-C) and medulla (D-F). 
Negative controls were performed in mouse (G), rat (H) and human (I) kidney by 
omission of probe (mouse, human) or use of scrambled probes (rat). CaSR signal 
(red) corresponds to fast red staining. Scale bar = 50 µm. Arrow points to stronger 
signal, consistent with TAL, and arrowhead points to weaker signal, consistent with 
DT and CD. Pictures are representative of at least two experiments. 
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2.3.2 Antibody screening by immunofluorescence 

The discrepancies in CaSR protein distribution reported in the literature could be 

ascribed to the use of different CaSR antibodies, which may differ in specificity or 

detect different forms of the receptor (eg. monomer vs dimer). An initial systematic 

study was undertaken using a panel of eight CaSR antibodies (Table 2.1, except N-

term6) to identify and exclude antibodies that do not specifically detect the CaSR. This 

study was performed by analysing the immunofluorescence pattern of these 

antibodies in HEK293 cells stably transfected with the human CaSR (CaSR-HEK) 

(Figure 2.2), which were previously shown to express the CaSR (Maldonado-Perez et 

al. 2003). All the antibodies with the exception of C-term2 showed immunoreactivity 

mostly in the cytoplasm and plasma membrane, as it would be expected for the CaSR 

(Hjälm et al. 2001). Conversely, C-term2 showed nuclear immunoreactivity and for that 

reason was excluded from further experiments. No signal was observed in the 

negative controls, performed by omission of the primary antibody (not shown). 

 

Seven out of eight tested CaSR antibodies showed a CaSR-like immunoreactivity by 

immunofluorescence. The remaining antibody showed a discrepant immunoreactivity 

pattern and therefore was excluded from further experiments.  

 

 

Figure 2.2: CaSR immunolocalization in CaSR-HEK cells. Immunofluorescence 
pattern of eight different anti-CaSR antibodies, N-term1 (Abcam), N-term2 (Anaspec), 
N-term3 (W. Chang), N-term4 (W. Chang), N-term5 (D. Shoback), C-term1 (W. 
Chang), C-term2 (Lifespan), Full length (Novus). Antibody signal corresponds to red 
staining. Scale bar = 30 µm. 
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2.3.3 Antibody validation by Western blotting 

Since seven antibodies passed the initial immunofluorescence screening, four were 

selected to be used in further studies by considering the recognition of different CaSR 

epitopes. The antibodies N-term1, N-term3, N-term4 and N-term5 were raised against 

the same epitope, a human N-terminal ADD sequence that is conserved in mouse and 

rat. Out of these four antibodies, N-term1 was selected instead of the other ADD 

antibodies because it is commercially available and has been used in a vast number 

of studies (Weston et al. 2005, Heyeraas et al. 2008, Caudrillier et al. 2010, Loupy et 

al. 2012), whilst the remaining ADD antibodies are custom made by two collaborators 

and therefore not as easily accessible to all researchers. In addition to N-term1, the 

antibodies N-term2, Full length and C-term1 were also selected to be used in further 

studies. N-term2 was raised against a different N-terminal epitope from rat CaSR 

(according to the manufacturer), Full length was raised against the full length human 

CaSR protein and C-term1 was raised against a C-terminal epitope of mouse CaSR. 

The specificity of the selected antibodies was confirmed by their ability to detect the 

correct molecular weight species  by Western blotting in samples from mouse, rat and 

human kidneys and CaSR-HEK cell extracts (the latter included as a positive control) 

(Figure 2.3). Western blotting was performed using protein reducing conditions, which 

are consistent with the detection of CaSR-specific immunoreactivity at 130 kDa for the 

CaSR unglycosylated monomer, 140-170 kDa for the glycosylated CaSR monomer 

and 260-300 kDa for the CaSR dimer (Ray et al. 1998, Ward et al. 1998). Figure 7 

shows that all antibodies tested showed CaSR-like immunoreactivity, with bands 

detected at the expected sizes for the glycosylated CaSR monomer and dimer. 

Possibly due to the resolution of the method, it was not possible to detect 

immunoreactivity for the CaSR unglycosylated monomer. Whilst N-term1 and N-term2 

recognized all species, Full length only recognized the human CaSR (in tissue lysates 

and CaSR-HEK extracts) and C-term1 only detected mouse and rat CaSR. These 

observations are consistent with Full length and C-term1 being raised against human 

and mouse antigens, respectively. Besides the differences in species recognition, 

these antibodies showed some differences in the CaSR molecular species detected. 

N-term1 detected stronger immunoreactivity corresponding to the CaSR monomer 

than for the dimeric form of the receptor in mouse and rat samples, while it detected 

comparable immunoreactivity for both forms in human and CaSR-HEK samples. N-



37 
 

term2 preferentially detected the dimeric rather than the monomeric form of the 

receptor in all species. Full length detected very weak CaSR immunoreactivity in 

human kidney, but a stronger signal in the CaSR-HEK samples. This antibody 

detected the CaSR monomer and dimer equally well. C-term1, similarly to N-term1, 

predominantly detected the CaSR monomer in mouse and rat samples.  

 

By Western blotting, N-term1, N-term2, Full length and C-term1 specifically detected 

CaSR immunoreactivity. N-term2 preferentially detected the CaSR dimer, whilst the 

remaining antibodies detected comparable levels of both monomer and dimer (human) 

or preferentially the monomeric over the dimeric form of the CaSR protein (mouse and 

rat). 
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Figure 2.3: Western blotting immunoreactivities of the CaSR antibodies used in 
this study.  Western blotting was performed using N-term1 (Thermo, ADD), N-term2 
(Anaspec, N-term), Full length (Novus, fusion protein) and C-term1 (W. Chang, C-
terminal) in mouse (Ms), rat (Rt) and human (Hu) kidney and CaSR-HEK (Hk) extracts. 
Predicted Immunoreactivity corresponding to the glycosylated CaSR monomer and 
dimer are 140-160 kDa and 260-300 kDa, respectively. Negative controls were 
performed by omission of the primary antibodies. MW=Molecular weight. Pictures are 
representative of at least two experiments. 
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2.3.4 CaSR protein expression by immunohistochemistry 

Once the specificity of the four selected antibodies used was ascertained, the CaSR 

intra-renal distribution was investigated. Immunohistochemistry was performed on 

mouse (Figure 2.4) and rat (Figure 2.5) kidney sections using N-term1, N-term2 and 

C-term1 and in human kidney sections (Figure 2.6) using N-term1, N-term2 and Full 

length due to the lack of species cross-reactivity of Full length and C-term1. Similarly 

to the mRNA distribution, in all species, higher immunoreactivity was observed with all 

the antibodies in cortical medullary rays and outer medulla and lower immunoreactivity 

was observed in the kidney cortex. The presence of CaSR immunoreactivity in the 

different nephron segments was assessed by analysing cellular morphology and co-

staining using the CaSR antibodies in combination with established segment-specific 

markers in mouse (Figure 2.7), rat (Figure 2.8), and human (Figure 2.9) sections. In 

the glomeruli and JGA, CaSR immunoreactivity was absent or undistinguishable from 

background. In the PT, identified through the presence of brush border, CaSR 

immunoreactivity was weak and variable between experiments in sections stained with 

N-term1, Full length and C-term1. Conversely, a relatively stronger and consistent 

immunoreactivity was observed in sections stained with N-term2. PT immunoreactivity 

generally increased from S1 to S3, although the staining pattern varied with the 

different antibodies. All antibodies demonstrated cytoplasmic CaSR expression, 

additionally N-term1 and N-term2 showed basolateral staining and N-term2 apical 

membrane staining of certain tubules, which were located mainly in the inner cortex, 

in the vicinity of cortical medullary rays. In TAL, identified by colocalization with Tamm-

Horsfall protein, CaSR immunoreactivity was detected in the basolateral membrane 

and cytoplasm with all the antibodies. In agreement with the ISH results, the TAL was 

the nephron segment that showed higher CaSR immunoreactivity. In the DCT, 

identified by colocalization with NCC, CaSR immunoreactivity was detected in the 

cytoplasm and in the basolateral and apical membranes. In the CNT, identified by the 

analysis of cellular morphology and colocalization with aquaporin 2 (AQP2), CaSR 

was detected at the basolateral membrane and in the cytoplasm. In the CD, identified 

by the analysis of cellular morphology and colocalization with AQP2, CaSR 

immunoreactivity was heterogeneous and some expression differences were obtained 

between species and when different antibodies were used. In mouse and rat cortical 

CDs, all antibodies showed immunoreactivity in the cytoplasm and apical membrane 
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in a population of cells and basolateral immunoreactivity in a different population of 

cells. Conversely, in mouse and rat medullary CDs, only N-term2 showed 

immunoreactivity, which was present in the apical and basolateral membrane. In 

human tissue, all antibodies showed immunoreactivity in the cytoplasm and apical and 

basolateral membranes of most cortical and medullary CD cells, with N-term1 and N-

term2 showing higher immunoreactivity in a population of cells. For all the species, all 

the antibodies showed CaSR CD immunoreactivity both in cells that expressed AQP2 

(CaSR+/AQP2+) and in cells that did not express AQP2 (CaSR+/AQP2-). In cortical 

CDs, N-term2 showed immunoreactivity in all CD cells. Conversely, in medullary CDs 

stained with N-term2 and in cortical and medullary CDs stained with the remaining 

antibodies, some CD cells lacked CaSR immunoreactivity, whilst expressing (CaSR-

/AQP2+) or not (CaSR-/AQP2-) AQP2. High magnification pictures of CaSR 

immunoreactivity in the CD are shown on Figure 2.10 B,D. 

 

IHC with the CaSR antibodies N-term1, N-term2, Full length and C-term1 in mouse, 

rat and human kidney sections showed immunoreactivity in TAL, DCT, CNT and CD. 

Additionally, in the PT, relatively strong immunoreactivity was observed with N-term2 

and weak and variable immunoreactivity was observed with the remaining antibodies 
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Figure 2.4: CaSR immunolocalization in mouse kidney sections. 
Photomicrographs of CaSR immunohistochemistry performed with N-term1 (Thermo, 
ADD, A,D), N-term2 (Anaspec, N-Term, B,E) and C-term1 (W. Chang, C-term, C,F) in 
kidney cortex (A-C) and medulla (D-F). Negative controls performed by omission of 
primary antibody (G-I). Positive signal corresponds to immunoperoxidase staining 
(brown). Arrow indicates stronger immunoreactivity consistent with TAL and 
arrowhead indicates weaker immunoreactivity consistent with DCT and CD. Scale bar 
= 100 µm. Pictures are representative of at least three experiments. 
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Figure 2.5: CaSR immunolocalization in rat kidney sections. Photomicrographs of 
CaSR immunohistochemistry performed with N-term1 (Thermo, ADD, A,D), N-term2 
(Anaspec, N-Term, B,E) and C-term1 (W. Chang, C-term, C,F) in kidney cortex (A-C) 
and medulla (D-F). Negative controls performed by incubation with the Ig fraction 
correspondent to N-term1 (G), N-term2 (H) and C-term1 (I). Positive signal 
corresponds to immunoperoxidase staining (brown). Arrow indicates stronger 
immunoreactivity consistent with TAL and arrowhead indicates weaker 
immunoreactivity consistent with DCT and CD. Scale bar = 100 µm. Pictures are 
representative of at least three experiments. 
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Figure 2.6: CaSR immunolocalization in human kidney sections. 
Photomicrographs of CaSR immunohistochemistry performed with N-term1 (Thermo, 
ADD, A,D), N-term2 (Anaspec, N-Term, B,E) and Full length (Novus, Whole protein 
C,F) in kidney cortex (A-C) and medulla (D-F). Negative controls performed by 
omission of primary antibody (G-I). Positive signal corresponds to immunoperoxidase 
staining (brown). Arrow indicates stronger immunoreactivity consistent with TAL and 
arrowhead indicates weaker immunoreactivity consistent with DCT and CD. Scale bar 
= 100 µm. Pictures are representative of at least three experiments. 
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Figure 2.7: CaSR distribution along the nephron in mouse kidney sections.  
Photomicrographs of CaSR immunohistochemistry performed with N-term1 (Thermo, 
ADD, A,D,G,F), N-term2 (Anaspec, N-Term, B,E,G,H) and C-term1 (W. Chang, C-
term, C,F,I,L) in kidney cortex. CaSR expression was detected in the PT, identified by 
the presence of brush border (A-C); TAL identified by dual staining with Tamm-Horsfall 
protein (D-F); DCT, identified through dual staining with thiazide-sensitive Na-Cl 
cotransporter (NCC, G-I); and CD identified through dual staining with aquaporin-2 
(AQP2, J-L). Nephron segment marker signal corresponds to (red) fast red staining. 
Asterisk indicates PT. Scale bar = 50 µm. Pictures are representative of at least three 
experiments. 
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Figure 2.8: CaSR distribution along the nephron in rat kidney sections.  
Photomicrographs of CaSR immunohistochemistry performed with N-term1 (Thermo, 
ADD, A,D,G,F), N-term2 (Anaspec, N-Term, B,E,G,H) and C-term1 (W. Chang, C-
term, C,F,I,L) in kidney cortex. CaSR expression was detected in the PT, identified by 
the presence of brush border (A-C); TAL identified by dual staining with Tamm-Horsfall 
protein (D-F); DCT, identified through dual staining with thiazide-sensitive Na-Cl 
cotransporter (NCC, G-I); and CD identified through dual staining with aquaporin-2 
(AQP2, J-L). Nephron segment marker signal corresponds to (red) fast red staining. 
Asterisk indicates PT. Scale bar = 50 µm. Pictures are representative of at least three 
experiments. 
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Figure 2.9: CaSR distribution along the nephron in human kidney sections.  
Photomicrographs of CaSR immunohistochemistry performed with N-term1 (Thermo, 
ADD, A,D,G,F), N-term2 (Anaspec, N-Term, B,E,G,H) and Full length (Novus, Whole 
protein, C,F,I,L) in kidney cortex. CaSR expression was detected in the PT, identified 
by the presence of brush border (A-C); TAL identified by dual staining with Tamm-
Horsfall protein (D-F); DCT, identified through dual staining with thiazide-sensitive Na-
Cl cotransporter (NCC, G-I); and CD identified through dual staining with aquaporin-2 
(AQP2, J-L). Nephron segment marker signal corresponds to (red) fast red staining. 
Asterisk indicates PT. Scale bar = 50 µm. Pictures are representative of at least three 
experiments. 
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Figure 2.10: Expression of the CaSR in rat kidney CD.  Photomicrographs of CaSR 
mRNA expression in CCD detected by ISH (A). CaSR signal (in red) corresponds to 
fast red staining. Photomicrographs of CaSR protein expression in CCD detected by 
IHC with N-term1 (Thermo, ADD, B), N-term2 ( Anaspec, N-term, C), C-term1 (W. 
Chang, C-term, D) or PLA with C-term1 (W. Chang, C-term) and N-term6 (Alomone, 
ADD) (E). Photomicrographs of CaSR protein expression in OMCD, detected by PLA 
with C-term1 (W. Chang, C-term) and N-term6 (Alomone, ADD) (F). Arrows indicate 
CaSR expression. Scale bar = 50µm. Pictures are representative of at least two 
experiments. 
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2.3.5 Proximity ligation assay 

CaSR protein expression was further analysed in rat kidney by chromogenic in situ 

PLA using the C-term1/N-term6 antibody pair in rat kidney sections (Figure 2.11). 

Stronger PLA signal was observed in the outer medulla and cortical medullary rays 

and weaker signal was observed in the cortex. This expression pattern is in agreement 

with the results obtained by ISH and IHC and suggests that the CaSR is strongly 

expressed in TAL and more weakly expressed in DT and cortical CD. In addition to 

these segments, PLA signal was also observed in the glomerulus, where CaSR 

expression was not detected by ISH and IHC and in the PT and medullary CDs (Figure 

2.10 F), where the results ISH and IHC were discrepant. In the glomerulus, PLA signal 

was highly variable, with some glomeruli showing a signal clearly above the 

background levels and other glomeruli, even adjacent glomeruli, completely lacking 

PLA signal. Similar results were obtained when using N-term1/N-term2, N-term1/N-

term6 or N-term2/C-term1 antibody pairs in rat kidney sections (Figure 2.12), C-

term1/N-term6 in mouse kidney sections or Full length/N-term6 in human kidney 

sections (Figure 2.13). The negative controls, performed by incubation with the 

corresponding immunoglobulin fractions (Figure 2.11 B,D) showed a relatively low 

signal, localized to small deposits. Similarly, low signal was observed in sections 

incubated with C-term1 and an antibody against Ki-67, an unrelated protein expressed 

in the nuclei of proliferating cells. A further control was carried out by incubating N-

term6 with smooth muscle actin (SMA), a protein predicted to interact with the CaSR, 

since both proteins interact with filamin (Lebart et al. 1994, Awata et al. 2001) (Figure 

2.14). With the N-term6/SMA antibody pair, the PLA signal was only observed in the 

blood vessels and not along the nephron, consistent with SMA being expressed in the 

blood vessels but not in epithelial cells. The interaction between the CaSR and SMA 

was confirmed by immunoprecipitating rat kidney extracts with N-term1 and analysing 

SMA expression by Western blotting (Figure 2.14 D). 

PLA with different CaSR antibody combinations showed CaSR immunoreactivity in 

different nephron segments including glomerulus, PT, TAL, DCT, CNT and CD.  
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Figure 2.11: Proximity ligation assay to detect the CaSR in rat kidney.  
Photomicrographs from the proximity ligation assay performed using C-term1 
(W.Chang, C-term) and N-term6 (Alomone, ADD): outer cortex (A) and inner cortex 
(C). Negative control performed by incubation with the Igs corresponding to the 
primary antibodies: outer cortex (B) and inner cortex (D). Positive staining corresponds 
to immunoperoxidase staining (brown dots). Arrow points to TAL and asterisk indicates 
PT. Scale bar = 50 µm. Pictures are representative of at least two experiments. 
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Figure 2.12: Proximity ligation assay to detect the CaSR in rat kidney. 
Photomicrographs from the proximity ligation assay performed using different antibody 
combinations: N-term1 (Thermo, ADD) and N-term2 (Anaspec, N-term) - outer cortex 
(A) and inner cortex (B); N-term1 (Thermo, ADD) and N-term6 (Alomone, ADD) - outer 
cortex (C) and inner cortex (D); N-term2 (Anaspec, N-term) and C-term1 (W. Chang, 
C-term) - outer cortex (E) and inner cortex (F). Positive staining corresponds to 
immunoperoxidase staining (brown dots). Arrow indicates TAL, arrowhead indicates 
DCT and CD and asterisk indicates PT. Scale bar = 50µm. Pictures are representative 
of at least two experiments. 
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Figure 2.13: Proximity ligation assay to detect the CaSR in mouse and human 
kidney. Photomicrographs from the proximity ligation assay performed in mouse 
kidney sections using C-term1 (W. Chang, C-term) and N-term6 (Alomone, ADD) - 
outer cortex (A) and inner cortex (C); and in human kidney sections using C-term1 
(Novus, fusion protein) and N-term6 (Alomone, ADD) - outer cortex (E). Negative 
controls for mouse outer cortex (B), inner cortex (D) and human outer cortex (F) were 
performed by omitting the incubation with primary antibodies. Positive staining 
corresponds to immunoperoxidase staining (brown dots). Arrow indicates TAL, 
arrowhead indicates DCT and CD and asterisk indicates PT. Scale bar = 50 µm. 
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Figure 2.14: Controls for CaSR detection by proximity ligation assay in rat 
kidney.  Controls for the proximity ligation assay were performed using C-term1 
(W.Chang, C-term) and anti-Ki-67 antibodies - picture from the outer cortex (A); or N-
term6 (Alomone, ADD) and anti-SMA antibodies - picture from the outer cortex (B) and 
a magnified blood vessel (C). Positive staining corresponds to immunoperoxidase 
staining (brown dots). Arrow indicates the blood vessel. Scale bar = 50 µm for the 
outer cortex pictures and 100 µm for the magnified blood vessel. The interaction 
between SMA and CaSR was confirmed by co-immunoprecipitation: Proteins from rat 
kidney extracts were pulled down with N-term1 (CaSR, Thermo, ADD), anti-SMA 
(SMA) or the corresponding isotype control (Ig, same for N-term1 and SMA). The 
pulled down proteins, together with the buffer used to pre-clear the pull-down assay 
columns (pc) and total protein extracts (Rt) were analysed by Western blotting with an 
anti-SMA antibody (D). Control for the Western blotting was performed by omitting the 
primary antibody (E). SMA MW = 42 kDa. 
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2.3.6 Summary of CaSR distribution 

Table 2.3 shows a summary of the CaSR distribution detected by ISH, IHC and PLA 

in mouse rat and human kidney. 

Table 2.3: Summary of the distribution of the expression of the CaSR observed 
by ISH, IHC and PLA. 

  Glomerulus PT TAL DCT CNT CCD MCD 

ISH - - ++ + + + + 

IHC 

N-term1 - +/- ++ + + + - 

N-term2 - + ++ + + + + 

Full length - +/- ++ + + + - 

C-term1 - +/- ++ + + + - 

PLA 
C-term1+ 
N-term6 

+ + ++ + + + + 
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2.3.7 Effect of MEK and FGFR inhibition on the expression of the CaSR 

In order to investigate the involvement of the renal CaSR in the soft-tissue 

mineralization induced by the inhibition of MEK/ERK pathway or FGFRs in rats, the 

expression of the CaSR was analysed in kidney sections from rats treated for 28d with 

MEKi or 25d with FGFRi. The tissue samples used to perform this assay were obtained 

from retrospective studies in which the administration of MEKi and FGFRi  had 

resulted in soft-tissue mineralization in different organs including kidney, heart and 

stomach, and in increased levels of Pi and Ca2+ (only animals treated with MEKi) in 

plasma (Table 2.4). 

In agreement with the intra-renal distribution described above, the study animals 

evidenced CaSR expression along the nephron, from the PT to the CD with the 

strongest signal detected in the TAL (Figure 2.15 A,D). Treatment with MEKi for 28d 

(Figure 2.15 B,C) or FGFRi for 25d (Figure 2.15 D,F) did not induce any evident 

changes in the expression or cellular distribution of the CaSR. 

 

Expression of the CaSR remained unchanged in animals treated with ERKi, MEKi or 

FGFRi. 

 

Table 2.4: Data from retrospective studies showing plasma levels of Ca2+, Pi and 
presence of soft-tissue mineralization in kidney, stomach and heart of animals 
treated with 1.4 mg/kg/day of MEKi for 28d or 20 mg/kg/day of FGFRi for 25d.   

  Vehicle MEKi Vehicle FGFRi 

Ca2+ d25 2.71 ± 0.01 2.67 ± 0.03 3.01 ± 0.04 3.28 ± 0.06* 

Pi d11/14 2.10 ± 0.06 2.89 ± 0.10* 1.93 ± 0.06 2.69 ± 0.08* 

Pi d25/d28 2.42 ± 0.12 2.70 ± 0.12 1.93 ± 0.10 2.62 ± 0.10* 

Mineral 
deposition 

Kidney - 7/10 - 8/10 

Stomach - 10/10 - 8/10 

Heart - 4/10 - 4/10 

Data representative of N = 10 rats + standard error of the mean (SEM). * p<0.05 vs 
vehicle control (Mann-Whitney). The data presented in this table was generated by the 
Pathology and Clinical Pathology department at AstraZeneca UK. 
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Figure 2.15: Expression of the CaSR in cortical kidney sections from rats treated 
with 1.4 mg/kg/day of MEKi or 20 mg/kg/day of FGFRi.  Photomicrograph of CaSR 
immunostaining in sections of rats dosed for 28d with vehicle (A) or MEKi (B); or for 
25d with vehicle (C) or FGFRi (D). Positive signal in immunohistochemistry 
corresponds to the brown staining. Histograms represent the quantification of CaSR 
expression (immunohistochemically stained area) in animals from the studies 1 (C) 
and 2 (F). Data representative of N = 10 rats + standard error of the mean (SEM). * 
p<0.05 vs vehicle control (Mann-Whitney). Scale bar = 100 µm. 
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2.4 Discussion 

Different studies have reported various roles for the CaSR in the kidney, including 

regulation of the reabsorption of Ca2+ (Toka et al. 2012) and Pi (Ba et al. 2003), 

production of 1,25D3 (Bland et al. 2002) and urine acidification (Renkema et al. 2009). 

Since rats treated with MEK/ERK and FGFR inhibitors showed increased levels of 

plasma Ca2+, Pi and 1,25D3 (Brown et al. 2005, Diaz et al. 2012, Yanochko et al. 

2013), I decided to assess if the CaSR was involved in the soft-tissue mineralization 

induced by these inhibitors. In order to accomplish this, it was key to ascertain the 

intra-renal distribution and to develop sensitive methods to detect the CaSR, since the 

lack of consensus over the localization of this receptor in the kidney had generated 

some controversy regarding the its renal functions (Ba et al. 2003, Topala et al. 2009, 

Loupy et al. 2012, Toka et al. 2012). Also, it was important to clarify the intra-renal 

distribution of this receptor in order to allow the full understanding of its renal roles 

since positive CaSR modulators (calcimimetics) are currently in use in the clinic (Block 

et al. 2004) and negative modulators (calcilytics) are being developed for the treatment 

of autosomal dominant hypocalcemia (Nemeth and Shoback 2013).  

In this study, I have established the CaSR expression pattern in mouse, rat and human 

kidney using the most sensitive and specific mRNA and protein detection methods 

currently available. The expression of CaSR mRNA was analysed by a branched DNA 

methodology in which the detection of the CaSR was performed using a probe set 

composed of 20 small oligonucleotide probe pairs. The detection of mRNA sequences 

with a probe set instead of a regular probe pair introduces higher specificity to this 

technique, allowing the distinction between sequences that share a great degree of 

homology (Player et al. 2001). This methodology also contained CaSR signal 

amplification through sequential steps of hybridization with synthetic DNA probes, 

conferring enough sensitivity to detect a single molecule of mRNA (Player et al. 2001). 

Moreover, the simple experimental design of this methodology allowed a faster and 

more reliable detection of mRNA molecules than the traditional radioactive ISH 

methods. The detection of CaSR protein was performed by IHC using automated 

immunostainers and by in situ PLA. The PLA technique was selected because it is 

extremely sensitive, since it comprises an amplification step, and also because it is 

highly specific, since it only produces signal when the epitopes detected by both 

antibodies are closely located (Gustafsdottir et al. 2005). Besides method sensitivity, 
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a factor that may account for discrepancies in protein and mRNA analysis is the use 

of different protocols to process the tissue, since increased exposure to fixatives 

(>48h) can lead to loss of mRNA integrity (Polidoro et al. 2013) and irreversible epitope 

masking which prevents antibody binding (Di Bartolo and Kavurma 2014). Also, mRNA 

fragmentation may be increased when the sections are not freshly cut or when the 

tissue blocks are stored at room temperature for a period longer than one year (von 

Ahlfen et al. 2007). In order to ensure the best RNA preservation, the samples used 

in this study were processed with a protocol that consisted of a strict 24-48h fixation 

in formalin followed by embedding in paraffin, tissue sectioning was carried out up to 

one year after embedding and ISH, IHC or PLA was performed up to 3 days (ISH) or 

2 weeks (IHC and PLA) after sectioning. A significant problem associated with various 

methods of protein detection and analysis is the lack of specificity of some antibodies. 

Particularly, many antibodies that target GPCRs display a significant lack of specificity, 

possibly due to the high structural similarity between the various receptors (Absi and 

Ward 2013). In order to ensure an accurate determination of the CaSR expression, 

eight CaSR antibodies were initially screened by assessing the immunofluorescence 

pattern in CaSR-HEK cells. Out of these antibodies, seven specifically detected the 

CaSR, showing cytoplasmic and membrane immunoreactivity in CaSR-HEK cells; and 

one, C-term2, failed this initial screen by showing nuclear immunoreactivity. These 

data suggest that most CaSR antibodies are specifically detecting the CaSR and 

therefore the cross-detection of other proteins is not the most likely the explanation for 

the discrepancies between studies. Out of the seven antibodies that passed the initial 

screening, four were selected for further studies based on the recognition of different 

epitopes and the specificity of these four antibodies was confirmed by analysing the 

Western blot pattern in mouse, rat and human kidney or CaSR-HEK cell extracts. In 

line with previous reports, all the selected antibodies showed different forms of the 

receptor, consistent with the presence of homodimers/multimers and glycosylated 

forms (Bai et al. 1996, Bai et al. 1998, Ward et al. 1998). Moreover, the antibodies 

show slightly different Western blotting profiles, showing preferential detection of 

monomeric or dimeric forms of the receptor. N-term1, Full length and C-term1 seem 

to detect preferentially monomeric forms of the CaSR in mouse and rat or to detect 

equally the monomeric and dimeric forms in human. Conversely, N-term2 seems to 

preferentially detect the CaSR dimer in all species. By IHC, all antibodies show a 

generally consistent IHC pattern, with CaSR the strongest immunoreactivity observed 
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in TAL and a weaker immunoreactivity observed in CD and DT. In addition, N-term2 

showed a relatively strong immunoreactivity the proximal tubule. Dimerization of the 

CaSR occurs in the endoplasmic reticulum in a process that is independent of agonist 

binding and precedes the trafficking of the receptor to the plasma membrane (Olauson 

et al. 2013), therefore it is plausible that N-term2 preferably detects more mature, 

dimeric forms of the CaSR, which are present in the proximal tubule. Alternatively, the 

signal observed with N-term2 in the PT may be associated with non-specific binding 

to formalin fixed paraffin embedded (FFPE) tissue.  

Thick ascending limb 

The highest CaSR mRNA and protein expression were observed in the TAL, the only 

segment unanimously recognized to express the CaSR. (Wang et al. 1996, Riccardi 

et al. 1998, Motoyama and Friedman 2002, Ba et al. 2003, Loupy et al. 2012, Meister 

et al. 2013). The physiological roles described for the CaSR in this nephron segment 

include the regulation of divalent cation reabsorption through PTH-dependent 

(Motoyama and Friedman 2002) and PTH-independent (Loupy et al. 2012) processes. 

Distal convoluted tubule 

CaSR mRNA and protein expression were also observed in the DCT, in agreement 

with a vast number of studies (Sands et al. 1997, McNeil et al. 1998, Riccardi et al. 

1998, Riccardi et al. 2000, Topala et al. 2009, Quinn et al. 2013, Ronchetti et al. 2013, 

Yasuoka et al. 2014). In this nephron segment, the CaSR was described to regulate 

the expression of the Ca2+ channel TRPV5 (Topala et al. 2009) and the potassium 

channel Kir4.1 (Huang et al. 2007). 

Collecting ducts 

CaSR mRNA and protein expression were detected by all methods in a fraction of the 

cells (roughly 30%) of cortical CDs. Weaker CaSR immunoreactivity was observed in 

the remaining cells by IHC with N-term2 but not with the other methods. Conversely, 

only IHC with N-term2 and PLA showed expression of the CaSR in medullary CDs. 

Although it is possible that IHC with N-term2 shows a higher sensitivity than the other 

methods, it is more likely that this antibody is the only method that detects a specific 

form of the receptor. This hypothesis is supported by the Western blotting results 

showing a preferential detection of the dimer, when compared to the other CaSR 

antibodies. Alternatively, N-term2 may be recognizing non-specific signal in FFPE 
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tissue. Intra-tubular expression of the CaSR in the CD has been a controversial issue. 

In this study, a heterogeneous CaSR distribution was observed within the cytoplasm, 

apical and basolateral membranes of CD in agreement with the initial description of 

CaSR distribution in this segment (Riccardi et al. 1998). The CaSR expression was 

first described in type A intercalated cells, (Riccardi et al. 1998), where the CaSR was 

found to trigger urinary acidification by increasing H+-ATPase activity in response to 

high urinary Ca2+ levels (Renkema et al. 2009). Conversely, a more recent study 

described the CaSR expression as being restricted to type B intercalated cells and 

dependent of the pH (Yasuoka et al. 2014). Other studies supported the expression of 

the CaSR in the apical membrane of principal cells, where the receptor reduced 

arginine vasopressin-elicited osmotic water permeability by inhibiting Aqp2 expression 

(Sands et al. 1997, Bustamante et al. 2008, Procino et al. 2012). In this study CaSR 

expression was observed in a proportion of principal and intercalated cells, since 

populations of CaSR+/Aqp2+, CaSR+/Aqp2-, CaSR-/Aqp2+ and CaSR-/Aqp2- cells 

were observed. Further work will be necessary to understand the heterogeneity and 

polarity of the CaSR in CD and functional roles of the receptor in principal and 

intercalated cells. 

Proximal tubule 

The PT is the nephron segment where the CaSR expression is more controversial 

(Riccardi et al. 1998, Riccardi et al. 2000, Ba et al. 2003, Loupy et al. 2012, Quinn et 

al. 2013, Ronchetti et al. 2013, Wu et al. 2013). In this study, no specific PT CaSR 

expression was observed by ISH. By IHC, whilst N-term2 showed consistent 

immunoreactivity in the PT, all the other antibodies showed a high variation between 

experiments and it was difficult to distinguish CaSR specific signal from the 

background staining obtained in the negative controls. When observed, PT 

immunoreactivity generally increased from the outer cortex to the inner cortex (S1 to 

S3). Using PLA, it was possible to specifically detect a low level of CaSR expression 

in the proximal tubule. Similarly to the distribution observed in some of the IHC 

experiments, CaSR PLA signal increases from S1 to S3. Previous studies reported a 

decrease in CaSR immunoreactivity from the outer cortex to the inner cortex (S1 to 

S3) (Riccardi et al. 1998, Riccardi et al. 2000), the opposite of our findings. These 

discrepancies are possibly associated with differences in the processing of the 

sample, since our studies were performed using FFPE sections and the previous 
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studies were carried out using cryosections of kidneys fixed by perfusion with 

paraformaldehyde. This assumption was confirmed by carrying out IHC with N-term1 

in sections of rat kidneys fixed (data not shown). The observation of the CaSR in the 

PT is in agreement with studies that have observed the expression of the receptor in 

this segment in tissue (Riccardi et al. 1996, Riccardi et al. 1998, Ward et al. 2001, Ba 

et al. 2003) and PT immortalized cell lines (Di Mise et al. 2015) and support functional 

studies that  show a role for the CaSR in 1,25D3 production (Bland et al. 2002), PT 

fluid reabsorption (Capasso et al. 2013) and regulation of PTH inhibition of Pi 

reabsorption (Ba et al. 2003).  

Glomerulus 

A few studies have described the expression of the CaSR in the glomerulus (Caride 

et al. 1998, Oh et al. 2011), while most studies fail to detect the CaSR in this segment 

(Riccardi et al. 1996, Yang et al. 1997, Riccardi et al. 1998, Loupy et al. 2012, Yasuoka 

et al. 2014).  In this study, the CaSR expression was only convincingly observed with 

PLA as the other techniques did not show any expression distinguishable from the 

background levels. By PLA, CaSR expression was highly variable within the glomeruli 

and adjacent glomeruli would frequently show very different CaSR expression levels. 

The observation of the CaSR in the glomerulus supports the functional role reported 

for the receptor in the regulation of apoptosis and cytoskeleton stabilization in the 

podocytes (Oh et al. 2011). Further experiments will be needed to clarify the 

physiological significance of the receptor within the glomeruli. 

Blood vessels 

CaSR expression was also observed in the blood vessels by PLA, where this receptor 

was found to interact with SMA. The interaction was further confirmed by a co-

immunoprecipitation assay in which the SMA expression was observed by Western 

blotting in rat kidney extracts pulled down with the N-term1. The CaSR was previously 

shown to interact with the actin binding protein filamin A, which possibly acts as a 

scaffolding protein, regulating the localization and signalling of the CaSR within the 

cells (Awata et al. 2001, Hjälm et al. 2001). It is plausible that the interaction between 

SMA and CaSR is involved in the localization and signalling of the receptor within 

blood vessels, however further studies will be needed to understand the physiological 

significance of this interaction. 
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The intra-renal distribution of the CaSR observed in this study is consistent with this 

receptor playing roles in different processes associated with the mineralization 

induced by MEK/ERK or FGFR inhibitors including production of 1,25D3 (Bland et al. 

2002) and reabsorption of Ca2+ (Topala et al. 2009) and Pi (Ba et al. 2003). No 

changes in the expression or cellular localization of the CaSR were observed following 

treatment with MEKi or FGFRi. Although these findings may suggest that the CaSR is 

not involved in the process of mineralization induced by MEK/ERK or FGFR inhibitors, 

it is important to acknowledge the possibility of these drugs affecting the activation and 

consequently downstream signalling of the CaSR whilst having no effects in its 

expression levels. Since the FGFRs and the MEK/ERK pathway have a direct role in 

the regulation of 1,25D3 production (Perwad et al. 2007), it is more likely that the 

mineralization induced by MEK/ERK and FGFR inhibitors is the consequence of an 

increased production of 1,25D3 elicited independently of the CaSR. The high levels of 

1,25D3 in the kidney may directly promote the renal reabsorption of Ca2+ and Pi by 

inducing the expression of NaPi-IIa and TRPV5, since these proteins contain vitamin 

D3 responsive elements (Taketani et al. 1998, Weber et al. 2001, Turunen et al. 2007). 

Although these studies did not show any evidence of a role of the CaSR in soft-tissue 

mineralization induced by MEKi or FGFRi, it is possible that the CaSR contributes to 

this process in other organs including parathyroid, where it regulates the expression 

of PTH. Further studies are required to assess a possible role of PTH and parathyroid 

CaSR in the soft-tissue mineralization induced by ERKi, MEKi or FGFRi. 
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2.5 Conclusions 

In summary, this study has shown that the CaSR is expressed throughout the nephron 

with a similar pattern observed in mouse, rat and human kidney. Highest CaSR 

expression is observed in the TAL, however the receptor is also present in other 

segments including glomerulus, PT, DCT, CNT and DT. The expression of the CaSR 

in glomerulus and PT is only convincingly detected by PLA, which displays higher 

sensitivity and specificity than the IHC. These findings clarify the expression pattern 

of the CaSR in mouse, rat and human kidney, thus allowing the full physiological role 

of the receptor to be determined in this organ. The role of the CaSR in the soft-tissue 

mineralization induced by MEK/ERK or FGFR inhibition was analysed by assessing 

the renal expression of the CaSR in animals treated with MEKi or FGFRi. Neither of 

the drugs affected the expression or cellular distribution of the CaSR, which may 

suggest that this receptor is not involved in the soft-tissue mineralization induced by 

inhibition of MEK/ERK pathway or inhibition of the FGFRs.  
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3 Effects of the inhibition of the MEK/ERK pathway or the 

FGF receptors in mineral homeostasis and soft-tissue 

mineralization  

3.1 Introduction 

Soft-tissue mineralization is a relatively frequent finding during preclinical drug safety 

testing. Yet, the study of the mechanisms associated with drug-induced mineralization 

has only emerged over the last decade, following significant advances in the 

understanding of the biomineralization process. Biomineralization is now regarded as 

an active process, regulated by multiple factors including Ca2+, Pi (Haut et al. 1980), 

calcification inducers such as alkaline phosphatase (Orimo 2010) and RANKL (Deuell 

et al. 2012) and calcification inhibitors such as pyrophosphate (Moochhala 2012), 

osteopontin (Staines et al. 2012) and osteoprotegerin (Bucay et al. 1998). 

The administration of MEK (Brown and Gad 2010, Diaz et al. 2012, Yanochko et al. 

2013) or FGFR (Brown et al. 2005, Yanochko et al. 2013) inhibitors to rodents has 

resulted in soft-tissue mineralization associated with altered production or plasma 

levels of 1,25D3, FGF23 and PTH in previous studies. Most of these studies show that 

the renal production and plasma levels of 1,25D3 are increased by MEK or FGFR 

inhibition. 1,25D3 is a hormone mainly produced in the kidney that contributes for 

mineral homeostasis by promoting an increase in Ca2+ and Pi absorption from 

intestine, reabsorption from kidney and resorption from bone (Dusso et al. 2005). Also, 

1,25D3 regulates the mineralization process by inducing the expression of pro-

calcifying proteins such as alkaline phosphatase (Jono et al. 1998), Pit-1 (Tatsumi et 

al. 1998) and RANKL (Cardus et al. 2007, Katsumata et al. 2014). The effects of MEK 

and FGFR inhibition in FGF23 and PTH are more unclear as some studies report that 

both types of inhibitors increase plasma FGF23 (Diaz et al. 2012, Yanochko et al. 

2013) and / or decrease plasma PTH (Brown and Gad 2010, Diaz et al. 2012), while 

other studies report that FGFR inhibitors induce the opposite effects (Wohrle et al. 

2011, Wohrle et al. 2013). FGF23 and PTH are two key hormones in mineral ion 

homeostasis, produced respectively mainly in bone and parathyroid glands. Both 

hormones are able to induce the reabsorption of Ca2+ and inhibit the reabsorption of 

Pi in kidney. In addition, PTH also induces Ca2+ and Pi resorption from bone. The 
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effects of FGF23 are mediated mainly by the FGFRs and require Klotho as a co-

receptor (Jüppner and Wolf 2012).  

The toxicological effects of MEK and FGFR inhibitors resemble the toxicity induced by 

high levels of 1,25D3 (Brown et al. 2005) which include soft-tissue mineralization 

associated with high plasma levels of 1,25D3, FGF23, Ca2+ and Pi and low plasma 

levels of PTH. Mice deficient in FGF23 (Shimada et al. 2004) or Klotho (Kuro-o et al. 

1997) also show the presence of soft-tissue mineralization associated with increased 

levels of 1,25D3 and analogous effects in mineral homeostasis, which can be ablated 

through the knockout of Cyp27b1 (Razzaque et al. 2006, Ohnishi et al. 2009) or VDR 

(Hesse et al. 2007, Anour et al. 2012). Conversely, mice treated with a FGFR1-

activating antibody show increased production of FGF23 and effects opposite to the 

toxicity of MEK inhibitors and FGFR inhibitors, namely hypophosphatemia, 

normocalcemia, downregulation of Cyp27b1 and upregulation of Cyp24a1 (Wu et al. 

2013). Taking together the results from the studies mentioned above, increased 

production / high levels of 1,25D3 appear to be associated and perhaps a triggering 

event for the occurrence of soft-tissue mineralization.  

Despite the comparable pathophysiology, it is not clear if the molecular mechanisms 

leading to increased production of 1,25D3 and occurrence of soft-tissue mineralization 

are similar in animals treated with FGFR inhibitors and animals treated with MEK 

inhibitors. The unravelling of such mechanisms is notoriously difficult due to the high 

complexity of the processes associated with mineral homeostasis. For instance, the 

expression/production of 1,25D3, FGF23 and PTH are regulated not only by plasma 

levels of Ca2+ and Pi, but also by complex cross-regulatory interactions between these 

three hormones (Kuro-o 2010, Haussler et al. 2012), by other ions such as Mg2+ 

(Matsuzaki et al. 2013) and by other hormones such as sclerostin (Ryan et al. 2013).  

Moreover, the expression and effects of 1,25D3, FGF23 and PTH involve signalling 

through different cell signalling pathways such as MEK/ERK, WNT and 

calcineurin/NFAT. Previous studies have shown that FGF23 is able to induce the 

expression of FGF23 in bone (Xiao et al. 2014) and to inhibit the production/expression 

of 1,25D3 in kidney (Ranch et al. 2011, Chanakul et al. 2013) and PTH in the 

parathyroid (Ben-Dov et al. 2007) by signalling through the FGF receptors and the 

MEK/ERK pathway. Taking these observations into account, it is plausible that the 
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dysregulations in 1,25D3, FGF23 and PTH following MEK or FGFR inhibition are the 

consequence of a blockage in the FGF23-induced regulation of these hormones.  

Most likely the kidney has a key role in the mineralization induced by MEK inhibitors 

or FGFR inhibitors since it is the organ where 1,25D3 is mainly produced and one of 

the organs displaying more severe mineralization in animals treated with these 

inhibitors (Brown et al. 2005, Diaz et al. 2012). Also, the renal signalling of FGF23, 

which occurs through the FGFRs and the MEK/ERK pathway, results in the induction 

of TRPV5 and inhibition of NaPi-IIa, two important proteins for renal Ca2+ and Pi 

reabsorption, respectively (Andrukhova et al. 2012, Andrukhova et al. 2014). It is 

plausible that MEK or FGFR inhibitors directly affect renal Ca2+ and Pi reabsorption by 

blocking the FGF23 regulation of TRPV5 and NaPi-IIa. Consistent with these 

observations, NaPi-IIa expression is decreased in mice treated with a FGFR1-

activating antibody (Wu et al. 2013) and increased in rats treated with a FGF23 

inhibitor peptide (Goetz et al. 2010) and in mice lacking FGF23 or Klotho (Memon et 

al. 2008). One aspect proscribing the role of the kidney in the mineralization induced 

by MEK or FGFR inhibitors is the uncertainty about the intra-renal distribution of 

FGFRs and components of the MEK/ERK pathway. Regarding the FGFRs, although 

different studies have reported the expression of mRNA and protein from FGFR 1-4 in 

the kidney (Floege et al. 1999, Fuhrmann et al. 1999, Cancilla et al. 2001, Rossini et 

al. 2005, Liu et al. 2008), these show high discrepancies regarding the distribution of 

the four receptors along the nephron. Regarding the MEK/ERK pathway, whilst 

immunohistochemical studies have described ERK expression to be restricted to distal 

tubules and collecting ducts (Omori et al. 2000, Fujita et al. 2004), functional studies 

carried out in cell cultures suggest that ERK is expressed and attains functional roles 

also in the proximal tubule (Sengul et al. 2003, Su et al. 2006).  

As described above, previous studies have shown that the inhibition of signalling 

through the FGFRs or through the MEK/ERK pathway in rats results in disturbances 

in mineral homeostasis and soft-tissue mineralization. I hypothesise that these effects 

are induced by a mechanism common to both types of inhibitors, which is represented 

in Figure 3.1 and described below: 

- FGFR and MEK/ERK inhibitors may block the FGF23-induced regulation of 

Cyp27b1 and Cyp24a1 expression, thus promoting an increase in the production of 

1,25D3. The elevation in 1,25D3 in turn may promote the following effects:  
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3.2 Methods 

3.2.1 Animal Studies 

The animal studies assessed in this thesis were designed and run by the Safety 

Assessment division at AstraZeneca UK, in compliance with the regulations for 

repeated dose toxicity studies issued by European Medicines Agency, Ministry of 

Health Labour and Welfare and Food and Drug Administration. The studies were 

designed and carried out with the aim of assessing the toxicity of the oral 

administration of a MEK 1/2 inhibitor (MEKi) and a FGFR 1-3 inhibitor (FGFRi) to Han 

Wistar rats. These studies were planned for 8d (2 studies) and 28d dosing periods, to 

meet specific criteria for regulatory purposes. Additionally, a 6h, single dose study was 

designed to assess the effects of acute dosing with the inhibitors. Due to problems 

with the licensing of the MEKi, this compound had to be substituted with an ERK 1/2 

inhibitor (ERKi) in two of the studies (6h and 8d). ERKi, MEKi and FGFRi dosages 

were respectively 300 mg/kg/day with bidaily administration (BID); 1.4 mg/kg/day; and 

20 mg/kg/day, BID. These dosages corresponded to the maximum tolerated doses, 

the highest drug concentrations administered in prior 4d (ERKi) or 7d (MEKi and 

FGFRi) tolerability studies that did not result in unacceptable toxicity. In the last day of 

each study animals were killed, plasma was collected and the major organs were 

embedded in paraffin and/or flash frozen. In the 8d studies, the killing of the animals 

was carried out 2h after the last dosing, a time when the drugs were expected to reach 

the maximum concentrations in blood. The ERKi group in the 8d study and the FGFRi 

group in the 28d study had to be killed earlier due to animal welfare reasons, 

respectively at d3 and d25. The study design, including the earlier terminations is 

described in Table 3.1.  
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Table 3.1: Rat in vivo studies using ERKi, MEKi and FGFRi 

 Groups 
Planed 
length 

Effective 
length 

Dose 
(mg/kg/d) 

N Vehicle 

Study 
1 

Vehicle 

8d 8d 

0 3 30% PEG in water 

MEKi 1.4 
6 (4 for 

IHC) 

water containing 
0.5% HPMC 0.1% 

Tween 80 

FGFRi 20 (BID) 
6 (5 for 

WB) 
30% PEG in water 

Study 
2 

Vehicle 

8d 
 

8d 0 6 
10% PEG, 40.5% 

HP-b-CD 

ERKi 3d 300 (BID) 
6 (4 for 

IHC) 
10% PEG, 40.5% 

HP-b-CD 

FGFRi 8d 20 (BID) 
6 (4 for 

IHC) 
30% PEG in water 

Study 
3 

Vehicle 

6h 6h 

0 6 
10% PEG, 40.5% 

HP-b-CD 

ERKi 150 6 
10% PEG, 40.5% 

HP-b-CD 

FGFRi 20 6 30% PEG in water 

Study 
4 

Vehicle 

28d 
 

28d 

0 10 
water containing 

0.5% HPMC 0.1% 
Tween 80 

MEKi 1.4 10 
water containing 

0.5% HPMC 0.1% 
Tween 80 

Vehicle 
25d 

0 (BID) 10 30% PEG in water 

FGFRi 20 (BID) 10 30% PEG in water 

*PEG - Polyethylene glycol 400, HPMC - hydroxypropyl methylcellulose 
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3.4 Results - Effects of ERKi, MEKi and FGFRi in soft-tissue 

mineralization and mineral homeostasis 

3.4.1 Effect of ERK, MEK and FGFR inhibition on soft-tissue mineralization 

Kidney, stomach and heart were analysed for the presence of mineralization using a 

von Kossa stain on sections of tissue obtained from animals treated with ERKi, MEKi 

and FGFRi. These analysis aimed not only to confirm that MEKi and FGFRi are able 

to induce the mineralization effects previously reported with other inhibitors of the 

same classes but also to assess if ERK inhibition also resulted in similar effects. 

Mineralization of soft-tissues was observed in animals treated with ERKi for 3d or with 

MEKi or FGFRi for 8d or 25/28d (Table 3.4). For all the inhibitors, the stomach was 

the most affected organ, with mineralization detected in nearly all animals. In the heart, 

mineralization was observed in animals from all the MEKi and FGFRi treatment 

groups. In the kidney, mineralization was detected in the cortex the majority of the 

animals treated with MEKi for 28d or FGFRi for 8d or 25d. Kidney mineralization 

appeared to be mainly present in connective tissue adjacent to distal tubules. 

Conversely, mineralization was not detected in kidneys of animals treated with ERKi 

for 3d or MEKi for 7d. Figure 3.3 shows representative pictures of mineral deposition 

in kidney sections from rats treated with MEKi or FGRi, observed by von Kossa and 

hematoxylin and eosin (H&E) stainings.  

 

Treatment with ERKi for 3d or MEKi or FGFRi for >8d resulted in soft-tissue 

mineralization in different organs including stomach, heart and kidney. 
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3.4.2 Effect of ERK, MEK and FGFR inhibition on mineral homeostasis  

Plasma levels of calcium (Ca2+), phosphate (Pi) and magnesium (Mg2+) were analysed 

at different time points in animals dosed for 6h or 3/8d with ERKi, MEKi and FGRi 

(Figure 3.4).  

Treatment with ERKi, MEKi and FGFRi did not induce any increase in plasma Pi at 2h 

or 6h post-dose. In fact, a slight, but significant decrease in plasma Pi was even 

observed 2h after dosing with ERKi (-31%) or FGFRi (-21%) in one of the studies. 

Increased plasma Pi levels were first detected 12h post dosing with MEKi (+21%) or 

FGFRi (+14%) and 24h post dosing with ERKi (+50%). Plasma Pi levels were further 

increased at d3 of ERKi (+104%) treatment and at d4 and d7 of MEKi (+55-63%) or 

FGFRi (+55-114%) treatments. 

Plasma Ca2+ levels remained mostly unchanged during the course of the studies. 

Nevertheless, plasma Ca2+ levels showed slight, but significant decreases following 

the administration of ERKi (-8%) or FGFRi (-9%) for 2h and increases following the 

administration of ERKi for 3d (+11%) or FGFRi for 24h (+5%) or 4d (+5%). 

Plasma levels of Mg2+ remained mostly unchanged during the course of the studies. 

However, plasma Mg2+ levels showed a slight, but significant decrease in animals 

treated with FGFRi for 2h (-7%) and increase in animals treated with FGFRi for 12h 

(+11%). 

 

Plasma levels of Pi were increased from 12h post-dosing with MEKi or 24h post-dosing 

with ERKi or FGFRi until the end of the study period (d7). 

Plasma levels of Ca2+ and Mg2+ remained mostly unchanged during the course of the 

treatments with ERKi, MEKi or FGFRi. 
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Figure 3.4: Plasma concentrations of Ca2+, Pi and Mg2+ in animals treated with 
150 mg/kg/day of ERKi, 1.4 mg/kg/day of MEKi or 20 mg/kg/day FGFRi.  Plasma 
Ca2+ (A-C), Pi (D-F) and Mg2+ (G-I) concentrations in animals from Study 1 (A,D,G), 
Study 2 (B,E,H) and Study 3 (C,F,I). Data representative of N = 3-6 rats + SEM. * # 
p<0.05 vs vehicle (Mann-Whitney, * vehicle vs MEKi/ERKi, # vehicle vs FGFRi).  
Plasma concentrations of Ca2+, Pi and Mg2+ were analysed by the Clinical Pathology 
department at AstraZeneca UK. 

  



82 
 

3.4.3 Effect of ERK, MEK and FGFR inhibition on the production of 1,25-

dihydroxyvitamin D3 

In the previous 28d study with MEKi, the plasma levels of 1,25D3 had been analysed 

at different time points using a commercial radioimmunoassay (Figure 3.5). In that 

study, MEKi did not induce any significant changes in plasma levels of 1,25D3. 

Nevertheless, the levels of 1,25D3 showed a high variability likely associated with the 

low sensitivity of the assay. This variability may have contributed to the lack of 

statistical significance in the analysis of those samples (N = 5 animals per group). In 

fact, a power analysis estimated that an N = 22 would be required to obtain statistical 

significance for the quantification of 1,25D3 using this assay. The 1,25D3 

radioimmunoassay required a large sample volume, which, due to the strict home 

office license regulations of plasma collection, would have precluded the analysis of 

1,25D3 and other analytes such as Pi, Ca2+ and FGF 23 in the same samples. In the 

light of the sample limitations and the high variability of the assay, the quantification of 

1,25D3 was not performed in animals from the remaining dosing groups. Recently, 

mass spectroscopy methods have been reported to yield more sensitive results in the 

quantification of 1,25D3 than radioimmunoassays (Strathmann et al. 2011). For this 

reason, a collaborator at Astrazeneca tried to develop an in house assay to quantify 

1,25D3 by mass spectroscopy, however this attempt was not successful. 

As an alternative to the detection of plasma 1,25D3, the expression of the enzymes 

responsible for its production, Cyp27b1, and degradation, Cyp24a1, were analysed. 

Also, the activity of 1,25D3 was indirectly analysed through the assessment of the 

expression of its receptor, VDR, which is susceptible to regulation by 1,25D3 (Healy et 

al. 2003). The expression of Cyp27b1, Cyp24a1 and VDR was analysed in the kidney, 

since the kidney is the organ where 1,25D3 is primarily produced and one of the organs 

where 1,25D3 signalling contributes to mineral ion homeostasis. The expression of 

Cyp27b1 and Cyp24a1 mRNA was assessed by qPCR and the expression of VDR 

mRNA and protein was quantified by qPCR, IHC and Western blotting.   

By qPCR, Cyp27b1 mRNA expression was increased in animals treated with ERKi 

(25-fold) or FGFRi (10-fold) for 6h (Figure 3.6 A) or ERKi (103-fold) for 3d (Figure 3.6 

C). Conversely, no significant increases in Cyp27b1 mRNA expression were observed 

in animals treated with FGFRi for 8d (Figure 3.6 C).  
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Figure 3.5: Plasma concentrations of 1,25D3 in animals treated for 5, 14 or 28 
days with 1.4 mg/kg/day of MEKi.  Plasma 1,25D3 concentrations in animals from 
study 1. Data representative of N = 5 rats + SEM. Plasma concentrations of Ca2+, Pi 
and Mg2+ were analysed by the Clinical Pathology department at AstraZeneca UK 

 

 

 

Figure 3.6: Expression of Cyp27b1 and Cyp24a1 mRNA in kidneys from rats 
treated with 150 mg/kg/day of ERKi or 20 mg/kg/day of FGFRi.  Cyp27b1 (A, C) 
and Cyp24a1 (B,D) mRNA quantified by qPCR in kidney extracts of rats from the 
studies 3 (A,B) and 2 (C,D), dosed with vehicle, ERKi or FGFRi for respectively 3/8d 
or 6h. Data representative of N = 3-6 rats + SEM. * p<0.05 vs the vehicle control 
(Mann-Whitney). 
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3.4.4 Effect of ERK, MEK and FGFR inhibition on the plasma levels of FGF23 

and PTH 

Plasma levels of FGF23 were analysed at different time points in animals treated with 

ERKi for 6h or 3d, MEKi for 8d or FGFRi for 6h or 8d (Figure 3.8) using an enzyme-

linked immunosorbent (ELISA) assay. All the compounds caused an initial decrease 

in FGF23, reaching a 3-fold decrease around 6h after dosing. FGF23 levels remained 

decreased after 3d dosing with ERKi. Conversely, longer dosing periods with MEKi 

(7d) and FGFRi (4/7d) induced a 4-10 fold increase in FGF23 levels. 

Plasma levels of PTH were analysed in terminal samples from animals dosed for 8d 

with MEKi or FGFRi (Figure 3.9) using a multiplex assay. No changes in PTH were 

observed following treatment with either of the inhibitors. Nevertheless, it was 

observed that the results showed high variability within each group, which suggests 

that the assay may have a low sensitivity or samples were not adequately processed. 

For these reasons, the assay was not performed in samples from animals treated with 

ERKi (samples from animals treated with ERKi were processed using a similar 

protocol as samples from animals treated with MEKi or FGFRi).  

 

Plasma FGF23 levels initially decrease (2-6h) following the administration of ERKi, 

MEKi or FGFRi. Conversely, following repeated dosing (>4d) with MEKi or FGFRi, 

FGF23 levels increase. 

PTH remained unchanged in animals treated with MEKi or FGFRi 
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Figure 3.8: Plasma concentrations of FGF23 in animals treated with 150 
mg/kg/day of ERKi, 1.4 mg/kg/day of MEKi or 20 mg/kg/day FGFRi.  Plasma 
FGF23 concentrations in animals from the Studies 1 (A), 2 (B) and 3 (C). Data 
representative of N = 3-6 rats + SEM. * # p<0.05 (Mann Whitney - * vehicle vs 
MEKi/ERKi, # vehicle vs FGFRi). Plasma concentrations of FGF23 were analysed by 
the Clinical Pathology department at AstraZeneca UK. 

 

 

Figure 3.9: Plasma concentrations of PTH in animals treated for 8 days with 1.4 
mg/kg/day of MEKi or 20 mg/kg/day FGFRi.  Plasma PTH concentrations in animals 
from study 1. Data representative of N = 3-6 rats + SEM. Plasma concentrations of 
PTH were analysed by the Clinical Pathology department at AstraZeneca UK. 
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3.5 Results - Effects of ERKi, MEKi and FGFRi in the activation of 

cell signalling pathways in the kidney 

3.5.1 Expression of Fibroblast Growth Factor Receptors 

As described in the introduction, the kidney likely has a key role in the mineralization 

induced by MEK/ERK or FGFR inhibition, since it is the organ where 1,25D3 is mainly 

produced and where Ca2+ and Pi are reabsorbed from urine. Moreover, these 

processes are susceptible of regulation by FGF23 signalling through the FGFRs and 

MEK/ERK pathway (Andrukhova et al. 2012, Andrukhova et al. 2014). Hence, it is 

possible that MEK/ERK or FGFR inhibition affect the production of 1,25D3 and 

reabsorption of Ca2+ and Pi by preventing the regulatory effects of FGF23 in these 

processes.  

The intra-renal distributions of ERK, MEK, FGFR1-4 and Klotho are currently unclear 

as the reports of the localization of these proteins available in the literature are 

inconsistent. In order to identify which parts of the nephron could be directly affected 

by ERKi, MEKi or FGFRi, the distribution patterns of ERK, FGFR 1-4 and Klotho 

mRNA and protein and MEK protein were analysed in rat kidney by in situ hybridization 

and immunohistochemistry.  

Generally, a comparable expression pattern was detected with both techniques. FGFR 

1 (Figure 3.10 A-B) was detected throughout the nephron, showing strong apical 

membrane expression in PT, DT and CD and weak staining in the glomerulus. FGFR 

2 (Figure 3.10 C-D) and FGFR 3 (Figure 3.10 E-F) were detected in the basolateral 

membrane of DT and CD and to a lower extent in the apical membrane of PT and in 

the glomerulus. FGFR4 (Figure 3.10 G-H) was detected in the PT and DT, displaying 

a punctuate pattern in the cytoplasm. Klotho was detected in the cytoplasm, 

basolateral and apical membrane of PT, DT and CD, with the stronger expression 

observed in a population of DT cells (Figure 3.11). ERK (Figure 3.12 A,C) and MEK 

(Figure 3.12 E) were detected throughout the nephron, showing a cytoplasmic and 

nuclear (ERK) staining pattern. Conversely, phospho-ERK (Figure 3.12 D) and 

phospho-MEK (Figure 3.12 F) were detected predominantly in nuclei from DT and 

CDs, and, in very low levels in the PT. These results show a broad distribution of FGFR 

1-4, Klotho, ERK and MEK in the kidney. A summary of the mRNA and protein 



91 
 

distribution of FGFR1-4, ERK, phospho-ERK, MEK and phospho-MEK is shown on 

Table 3.7. 

The FGF receptors, Klotho, MEK and ERK are expressed throughout the nephron.  

Some expression differences are evident between the different FGFRs such as the 

polarity and intensity of the immunoreactivity in the different nephron segments. 

  










































































































































































































































