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Background:

Renal disease in cystinosis is characterized by the development of generalized proximal tubular dysfunction (renal Fanconi syndrome) in the majority of patients. The cystine-depleting drug cysteamine postpones or even prevents the deterioration of the renal function. However, renal Fanconi syndrome, when established, is resistant to cysteamine treatment, and remains the main source of morbidity, requiring extensive treatment. 

P-glycoprotein (P-gp) is an ATP-dependent organic cation transporter localized on the apical membrane of the proximal tubules, and plays a role in the efflux of endogenous waste products and xenobiotics, such as drugs, into urine. Studies in mice genetically deficient for P-gp showed proximal tubular dysfunction (e.g. a two-fold increased urine flow and a loss of sodium, amino acids, low molecular weight proteins, glucose and calcium into the urine) and ATP deficiency combined with swollen mitochondria, resembling the phenotype of patients with cystinosis. 
Aims:
At present, it remains to be established how the cystinosin (CTNS) gene mutations cause proximal tubular dysfunction and why renal Fanconi syndrome in cystinosis is not responsive to cysteamine treatment. In addition, whether proximal tubular efflux transporters such as P-gp are affected by the CTNS dysfunction, has not been investigated. Because our preliminary data indicated that P-gp expression might be reduced in cystinotic proximal tubular cell lines and that cysteamine incubation decreased P-gp activity in those cells, we hypothesized that P-gp deficiency in cystinotic proximal tubular cells contributes to the development of renal Fanconi syndrome in cystinosis. Therefore, the following key-objectives were formulated:

A. Determine P-gp expression in proximal tubular cell lines (ciPTEC) of cystinosis patients with renal Fanconi syndrome compared to controls.

B. Assess the functional activity of P-gp in cystinotic and control ciPTEC at basal conditions and after incubation with cysteamine.

C. Study the consequences of P-gp dysfunction on cell metabolism and tubular cell integrity.

Results:

A. P-pg expression

The expression of P-gp was studied at both the gene and protein level using whole cell homogenates and cell membrane fractions of ciPTEC from cystinosis patients and controls. Twelve cystinosis and four control ciPTEC were established by means of previous support by the Cystinosis Research Foundation (project: Pathogenesis of renal disease in nephropathic cystinosis; Fellowship Martijn Wilmer; Mentors Elena Levtchenko, Bert van den Heuvel and Franscesco Emma; 2009). Total RNA isolation and whole cell homogenates of those cell lines (4 control, 9-10 cystinosis; see Tables 1-3 and Figures 1,2) were used to study P-gp expression at the RNA and protein level by real time quantitative RT-PCR and Western blotting, respectively, and compared to transporter expression in human kidney. 

Table 1. Established control and cystinotic ciPTEC used to investigate the activity and expression of P-gp.
	Controls
	ciPTEC
	
	

	Healthy controls (n = 4)
	PT10.5

PT14.4

PT33.5

PT34.8
	
	

	Mutation in CTNS
	
	Allele 1
	Allele 2

	Homozygous  (n = 5)
	PT02.1

PT13.5

PT41.1

PT46.2

PT55.2
	57 kb del

57 kb del

57 kb del

57 kb del

57 kb del
	57 kb del

57 kb del

57 kb del

57 kb del

57 kb del

	Heterozygous (n = 4)
	PT24.5
	57 kb del
	c.655 A>G

	
	PT48.4
	57 kb del
	c.927_928 GACT

	
	PT53.3
	57 kb del
	c.del18_21GACT

	
	PT47.5

PT54.4 
	57 kb del

57 kb del
	c.696insC

c.665A>G

	Homozygous, other (n = 1)
	PT25.2
	c.141-24 T > C
	c.141-24 T > C


A.1. Quantitative RT-PCR to determine P-gp expression at the RNA level

P-gp mRNA expression was assessed by qPCR in triplicate for 10 cystinosis patients and the 4 controls, normalized to the average cycle-threshold (CT) value for β-actin (CT = 18,8 ± 0.8, n =14) and expressed as ΔCT (Table 2). Expression of P-gp was similar for cystinosis patients and controls (p = 0.30, 0.29, or 0.15 for the homozygous 57 kb deletion, heterozygous deletion, or total cystinosis population, respectively).

Table 2. P-gp mRNA expression in ciPTEC of cystinosis patients and healthy controls

	ciPTEC
	ΔCT valuesa
	p-value

	Healthy controls (n = 4)
	10.9 ± 3.5
	

	Patients with homozygous 57 kb deletion (n = 5)
	9.2 ± 1.2
	0.30

	Patients with heterozygous 57 kb deletion combined with another mutation (n = 5)
	9.0 ± 1.4
	0.35

	Patient with other homozygous mutation (n = 1)
	Not measured
	

	All cystinosis patients (n = 10)
	9.0 ± 1.3
	0.15


a Data of 14 samples, measured in triplicate, are presented. ΔCT values are corrected for the expression of β-Actin, which was used as an internal control (mean CT β-Actin: CT = 18,1 ± 0.9). β-Actin mRNA expression was similar in ciPTEC from controls (CT = 18.1 ± 0.7, n = 4) and the three patient populations: homozygous 57 kb deletion CT = 18.8 ± 1.2, n = 5; heterozygous 57 deletion combined with another mutation CT = 19.2 ± 1.0, n = 3.
A.2. P-gp expression at the protein level
Protein expression of P-gp in cell homogenates was analyzed for 9 cystinosis patients and the 4 controls. A mouse monoclonal antibody raised against P-gp was used and bands specific for P-gp should be detected at approximately 170 kDa. However, major cross-reaction of the antibody was observed, masking possible P-gp expression in ciPTEC. Therefore, isolated membrane vesicles were prepared for 4 cystinosis ciPTEC and 4 controls including the total kidney homogenate. P-gp expression, next to the household protein GAPDH, was analyzed (Figure 1) and semi-quantified by pixel scanning densitometry (Table 3 and Figure 2). 
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Figure 1. Protein expression of P-gp (upper panel) and GAPDH (household protein serving as loading control; lower panel) in membrane vesicles of ciPTEC (PTxx.x) and total kidney homogenate (HuKid). Representative blot of two independent measurements.
By visual examination, the protein expression of P-gp seems lower in cystinosis compared to control ciPTEC. However, statistical analysis of the semi-quantification demonstrates that the expression has a large scatter due to outliers, and is therefore not significantly different. In order to make a correct observation, the number of samples will be increased to all cystinosis and control ciPTEC that we have available, and analyzed for P-gp expression.
Table 3. Relative P-gp expression at the protein level. 
	
	ciPTEC
	Relative expression

(P-gp/GAPDH)a

	Cystinosis n = 4
	53.3
	1.39

	
	48.4
	0.44

	
	46.2
	0.41

	
	25.2
	0.49

	Control n = 3
	34.8
	0.94

	
	33.5
	1.23

	
	14.4
	0.34


a Semi quantitative analysis of P-gp expression over GAPDH 
        Figure 2. Mean relative protein expression
as determined by pixel scanning densitometry. Data 

        (P-gp/GAPDH) in ciPTEC of cystinosis

represent two independent analyses. P = 0.64 for cystinosis 
        patients compared to controls. P = 0.64.

compared to controls. 

B. P-gp transporter activity in cystinosis and control ciPTEC, at basal conditions and after incubation with cysteamine.

B.1. The activity of P-gp was determined in 10-days-matured confluent ciPTEC of cystinosis and controls by means of the calcein-AM accumulation assay. Transport activity was measured for 60 min. either in the presence or absence of the P-gp inhibitor PSC833. Intracellular calcein fluorescence was determined by a plate reader at 485 extinction and 535 emission wavelengths. Initial experiments demonstrated an optimal concentration of 1 µM for calcein-AM (not shown). Results of 2  measurements per condition (from 2-4 independent experiments) are summarized in Table 4 and Figure 3. Inhibition of P-gp with PSC833 in control or cystinosis ciPTEC resulted in significantly increased accumulation of calcein, due to decreased efflux via the transporter (Figure 3A). Patients with cystinosis had lower calcein accumulation after Pgp inhibition with PSC833 (Figure 3A), with a trend towards lower Pgp activity in patients with homozygous 57kb deletion (Figure 3B). 

Table 4. Mean intracellular calcein fluorescence values (arbitrary units ± S.E.M.), including the ratio between each of the experimental groups and untreated.
	
	Calcein-AM
	Calcein-AM

+ PSC833
	Calcein-AM

+ cysteamine
	Ratio 

PSC833
	Ratio 

Cysteamine

	Healthy controls, n = 4
	79883 ±  10601
	179281 ± 21921
	132362 ± 17805
	2.3 ± 0.1
	1.7 ± 0.1

	Patients with homozygous 57 kb deletion, n = 5
	40361 ±    8694
	86284 ±   2270
	60172 ± 16653
	2.2 ± 0.3       
	1.4 ± 0.1       

	Patients with heterozygous 57 kb deletion combined with another mutation, n = 5
	69129 ±  12989
	142060 ± 24690
	102229 ± 18396
	1.9 ± 0.4     
	1.3  ± 0.1      

	Patient with other homo-zygous mutation, n = 1
	69404
	123355 
	86450 
	1.8 
	1.2

	All cystinosis patients, n = 11
	61339 ±
9937
	111878 ±
15545
	81678 ±
12344
	2.0 ± 0.2
	1.4 ± 0.1


   A                                                           *

                                     *

                               *
                               

                                                                            *

   B
                               *

                           *

                               

Figure 3. P-gp transporter activity in ciPTEC from cystinosis patients and controls. Confluent, matured, monolayers of ciPTECs were either preincubated with cysteamine (2 h, 1 mM) or vehicle (medium), loaded with calcein-AM and the P-gp inhibitor PSC833 or vehicle, and the intracellular accumulation of fluorescent calcein was determined. Data are presented for controls vs. all cystinosis ciPTEC (A) or controls vs. cystinosis ciPTEC grouped per type of mutation, and expressed as mean arbitrary fluorescence values of the ciPTECs per experimental group (y-axis) ± S.E.M. * indicates significant difference (p<0.05). Values are presented in Table 4. 
B.2. P-gp activity was determined after incubation with cysteamine. The experimental setup was similar to B.1., and included the condition wherein ciPTEC were preincubated with 1 mM cysteamine for 2 h. and during the 60 min. accumulation assay. Importantly, initial experiments demonstrated that preincubation with cysteamine for 1, 2, or 4 hours resulted in nearly identical fluorescence values of intracellular calcein accumulation (136567, 137278, and 136818 arbitrary units, respectively). The (pre)incubation with cysteamine resulted in decreased P-gp transporter activity; however, the decrease was not statistically significant for the cystinosis ciPTEC due to high variation (see Table 3 and Figure 3). Whereas this is one issue that is under investigation, another point that requires further attention is the effect of the density/confluence of cell cultures, which affects functional P-gp expression at the time of measurement (as demonstrated earlier by Van de Water et al. Eur J Pharm Sci. 2007 (30):36-44, and see Figure 4). Although our data demonstrate inhibition of P-gp by cysteamine treatment, current experiments are set-up to further optimize the calcein accumulation/P-gp-mediated (transcellular) transport assays. Moreover, those studies will be expanded to the investigation of cysteamine concentration-dependent inhibition of P-gp transport.

Figure 4. Preliminary data: Differential P-gp transporter activity in cystinotic ciPTEC (PT46.2) seeded at different densities, indicating that functional P-gp expression (presence/accessible at the cell surface) depends on cell density. The cystinotic ciPTEC was proliferated near-to-confluence at 33 °C, collected and diluted 2 or 4 times, and transferred to a 96-well plate, while correcting for surface area. Subsequently, cells were matured for 10 days at 37 °C. P-gp transport activity was determined similar to the method in Figure 3, and expressed as arbitrary fluorescence units (y-axis). N = 4, single experiment. 

C. Consequences of P-gp dysfunction

These studies address cystinotic ciPTEC metabolism by measuring intracellular ATP levels and (radioactive-labeled) phosphate uptake in control and cystinotic ciPTECs, either in the presence or absence of cysteamine or PSC833 treatment, and are planned for the coming 6 months.
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