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A. SUMMARY OF BACKGROUND AND SPECIFIC GOALS

Low-molecular weight (LMW) proteinuria is an early sign of infantile cystinosis patients, as part of the kidney Fanconi syndrome. It can be reasonably assumed that their LMW proteinuria reflects defective apical endocytosis mediated by megalin and cubilin receptors in kidney proximal tubular cells (PTC). Its significance remains, however, totally unknown. Does defective apical receptor-mediated endocytosis (ARME) simply reflect disease progression (hypothesis #1 : early marker) ? Does it actually aggravate the kidney disease, e.g. by displacing protein uptake, hence endocytic cystin supply, to more distal PTC segments; or impact on global disease burden, e.g. rickets due to failure of pro-vitamin D processing by PTC miochondria (hypothesis #2 : harmfull contribution) ? Or, conceivably, would it confer some kind of unexpected protection, e.g. by limiting further cystine accumulation in affected PTC (hypothesis #3 : adaptative atrophy) ? 

The main goal of this project is thus to clarify the contribution of ARME in the physiopathology of nephropathic cystinosis, using the congenic C56BL/6 Ctns-/- mice model recently validated by C. Antignac and her co-workers (Nevo et al., 2009). C56BL/6 Ctns-/- mice (i) accumulate cystine in various part of the body, noticeably in kidneys; (ii) develop heterogeneous histological renal lesions (preserved vs altered tubules) associated with Fanconi syndrome; and (iii) evolve towards kidney failure. 

Four major issues on ARME are to be addressed in this mouse model: 

#1. Does indeed (and how early) ARME by PTC become defective? In particular, does defective ARME occur concomitantly with small molecules loss characteristic of the Fanconi syndrome as part of a global apical dedifferentiation, or before, as upstream reflection of primary lysosomal dysfunction? 

#2. Does ARME defect result from (i) impaired megalin expression (dedifferentiation); (ii) impaired trafficking including recycling; or (iii) shedding?

#3. What are the molecular mechanisms underlining tissue heterogeneity? 

#4. What is the role/potential of drug-targetable kinases such as AMPK in ARME? 
B. FIRST PROGRESS REPORT

1. Starting-up the programme: a local colony and methodological validations
Over the first 6 months, we have set up a local C56BL/6 Ctns-/- mice husbandry and amplified the colony to start the study (founders kindly provided by Dr. C. Antignac; housing supported by UCL and EU; dedicated equipment purchased with the support of the CRF). We so far generated 106 C56BL/6 offspring comprising 23% Ctns+/+, 60% Ctns+/- and 16%Ctns-/-. C56BL/6 Ctns-/- mice develop rickets and exhibit cystin crystal in the cornea, causing palpebral itching and atrophy (Fig.1A). Furthermore, histological analysis of 6 and 9 months-old C56BL/6 Ctns-/- mice kidneys reveal the presence of atrophic proximal tubules (Fig.1B), confirming the phenotype described by Nevo et al. (2009). 

Inbetween, we have optimized procedures for urine, blood and kidney samples collection, especially to preserve proteins against proteases and to sensitize in-situ hybridization (ISH). Only upon collection with protease inhibitors cocktail on ice are excreted proteins adequately preserved. This is all the more important that cystinosis by itself increases urinary excretion of lysosomal proteases, a potential source of important biases (Fig. 1C). Blood samples are collected under anaesthesia either from retro-orbital venous plexus with micro-hematocrite capillary tubes, or from the right ventricle before sacrifice. Kidneys are either fixed by perfusion through the heart with 4% formaldehyde under 100 mm-Hg pression then further immersed in a dedicated fixative for histological and ISH analysis, or collected in appropriate buffer for RNA and protein analysis and immediately frozen.

The sophisticated methodology for vital mouse kidney imaging by Multiphoton microscopy (Caplanusi et al., 2008) has been successfully transferred to Dr. H. Gaide Chevronnay. 

She also adapted comparative laser-assisted microdissection of diseased vs normal PCT (Gaide Chevronnay et al., 2009), based on (defective) uptake of a fluorescent megalin ligand.    
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Figure 1. C56BL/6 Ctns-/- mice phenotype and methodological validation. A. C56BL/6 Ctns-/- mice develop rickets and exhibit atrophic eyelids. B. Hematoxylin and eosin staining of C56BL/6 Ctns-/- mice kidney showing proximal tubular cell atrophy (arrows). C. Western blot showing better preservation of cathepsin D protein in urines collected on ice with protease inhibitors cocktail as compared to room temperature without addition of protease inhibitors cocktail. 

2. First results 
Objective #1. Apical-receptor mediated endocytosis is defective in C56BL/6 Ctns-/- mice kidneys 

Iterative urine samples were collected from 6 and 9 months-old mice to follow disease progression and LMW proteinuria appearance. Diuresis was increased about 1.5 fold in 6 and 9 months‑old C56BL/6 Ctns-/- mice (Fig 2A). Western blots analyses in these urine collections disclosed strongly increased kidney losses of albumin, retinol-binding protein (RBP) and vitamin D-binding protein (DBP) in C56BL/6 Ctns-/- mice (Fig 2B), as in human patients (Willmer et al., 2008). We also observed in C56BL/6 Ctns-/- mice increased urinary excretion of the two active forms of cathepsin D (Fig 2B) and increased activity of -hexosaminidase (Fig 2C), two lysosomal enzymes. Whether lysosomal enzymuria also reflects defective reuptake from the ultrafiltrate, as documented for cathepsin B in megalin-defective cells (Nielsen, Courtoy et al., 2007), or overexpression and/or direct loss from suffering cells, will be addressed at the kidney mRNA and sedimentable protein level. 

[image: image2.jpg]wild-type

L

Ctns™

Inhibitors +

Inhibitors -

+H+

+H+



[image: image3.jpg]= O ++
= |-
g,
£ 21
@2
[
e 1]
2
a
0
6 months 9 months
wt ctns -/-
Mr
KDal 1 2 3 1 2 3

68 — e e e SRR  albumin

58 — W= e e DBP
34 — 1 ;
21 ~' { B s W%  RBP
2 10

2 O ++

8 100 — | =S

2 w0

S8

£35 60

EE

@ 40 —

o

3 20

£

-8

o

6 months 9 months




Figure 2. Polyuria and LMW proteinuria in C56BL/6 Ctns-/- mice. A. Diuresis of C56BL/6 wild-type (+/+) and Ctns-/- (-/-) 6 and 9 months-old mice. B. 6-months urine analysis by Western blotting. Increased urinary excretion of albumin, vitamin D-binding protein (DBP), cathepsin D (two active forms) and retinol-binding protein (RBP) in C56BL/6 Ctns-/- mice is obvious when compared to wild-type littermates. C. Quantification of ‑hexosaminidase activity in collected urines from 6 and 9 months-old C56BL/6 wild-type (+/+) and Ctns-/- (-/-) mice. 

To directly test whether LMW proteinuria indeed reflects a defect of ARME in PCT, we injected 125I-2-microglobulin in the orbital plexus of 6, 9 and 11 months-old mice. Seven minutes after injection, kidneys were exsanguinated and endocytic uptake was estimated by measuring 125I radioactivity in kidney homogenates. A modest decrease of 125I-2-microglobulin uptake was observed in 11 months-old C56BL/6 Ctns-/- mice as compared with wild-type littermates (Fig 3A) There was no significant decrease at 6 and 9 months (data not shown). However, these results represent only limited numbers of mice and we observed broad variations in endocytic uptake between mice independently of their genotype. The modest decrease suggested two (non mutually exclusive) explanations: (i) proteinuria could reflect but a marginal primary PCT defect; (ii) part of the tracer which was not efficiently taken up by the first segment of the PTC could be redirected to a more distal, less effective segment, causing its delayed overload in protein, that is of cystin, causing disease extension.   

To address these two hypotheses, the tissue distribution of 125I-2-microglobulin was revealed by light microscopic autoradiography. Seven minutes after injection to wild-type mice, autoradiographic grains were restricted to the superficial kidney cortex. In contrast, in C56BL/6 Ctns-/- mice, autoradiographic grains extended into the outer medulla as early as 6 months, indicating compensatory uptake by more distal tubular cells (Fig 3B). 
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Figure 3. Defect of apical receptor mediated endocytosis in proximal tubular cells of C56BL/6 Ctns-/- mice. 125I-2-microglobulin was injected to wild-type and Ctns-/- mice. A. Quantitation of total uptake of 11 months-old wild-type vs Ctns-/- mice, in males vs females. At 7 minutes after injection, radioactivity was measured in kidney homogenates. B. Visualization of 125I-2-microglobulin uptake by autoradiography in paraffin kidney sections of 9 months-old mice. Compensatory uptake by more distal tubular cells (arrows) in Ctns-/- mice is obvious, when compared to full recapture by most of the proximal segments of control kidney. 

First conclusions and perspectives.

1. Altogether, these results demonstrate that C56BL/6 Ctns-/- mice develop proximal tubular dysfunction associated with defective ARME. 

2. Increased urinary excretion of LMW protein point out to a deficit of uptake by the multivalent tandem receptors megalin and cubilin, a mechanism which is already being addressed as the second goal (initiated below). 

3. The cause of massive urinary loss of cathepsin D, the extent of which was unexpected, deserves to be clarified in the mouse model, and its clinical value in cystinotic patients should be carefully evaluated. 

4. Except that we still have to clarify the time-course relation with defective uptake of water, salts and small MW nutrients, objective #1 is thus largely achieved. 

Objective #2. Altered vesicular trafficking vs altered megalin and cubilin expression in C56BL/6 Ctns-/- mice

The hypothesis of a trafficking defect in cystinotic kidneys was an obvious possibility, in view of (i) the primary lysosomal cystin overload; and (ii) the Fanconi syndrome in Dent’s and Lowe’s disease being recently explained by endocytic trafficking defects (Christensen et al., 2003; Cui et al., 2009). This hypothesis was thus directly addressed in 11 months-old mice by subcellular fractionation in Percoll gradients. These gradients clearly resolved a low‑density peak including the late endosomal marker, Rab7, and a bottom peak enriched in a lysosomal marker, cathepsin D. Fortunately, despite cystin overload, density equilibration of lysosomes from cystinotic kidneys to the bottom of the Percoll gradients thus appeared not to be compromised. In other lysosomal storage disorders, substrate accumulation may have major effects on lysosomes density. As early as 7 min after injection, the density distribution of 125I-2-microglobulin was clearly associated with fractions corresponding to the lysosomal peak for both control and C56BL/6 Ctns-/- mice, pointing to an adequate endocytic trafficking of megalin/cubilin ligands en route to the lysosomes (Fig 4A). This data does however not exclude impaired apical recycling after ligand:receptor uncoupling. 

We however decided to focus our attention on the renal expression and localization of megalin and cubilin by qRT-PCR, in situ hybridization and immunolocalization. Preserved renal expression of megalin in cystinotic kidney was recently reported, based on immunoperoxidase in one patient (Willmer et al., 2009). Unfortunately, this method is not quantitative and cannot be used to compare various biopsies, due to unequal loss of antigenicity when fixation and storage are not standardized. In total kidney homogenates of 6 and 9 months-old mice, megalin and cubilin mRNA levels were decreased by about 2-fold in C56BL/6 Ctns-/- vs WT littermates (Fig 4B). Immunolocalisation and in situ hybridization studies, in progress, support this global data. 

These results already indicate that decreased expression of the tandem receptors, megalin and cubilin, could be a major cause of defective ARME in PCT of cystinotic mice, whereas trafficking to lysosomes appears to be preserved. Thus, ratiometric imaging of proteolytic processing by vital Multiphoton imaging can be scheduled. 

Figure 4. Vesicular trafficking and megalin and cubilin expression in C56BL/6 Ctns-/- mice. A. Subcellular fractionation in Percoll gradients. 125I-2-microglobulin was injected to 11 months-old wild-type and Ctns-/- mice. After 7 minutes, kidneys were homogenized and resolved by differential sedimentation, which clearly separates late endosomes (Rab7) from lysosomes (cathepsin D). Distribution of 125I-2-microglobulin strictly overlaps with lysosomes peak in both wild-type and Ctns-/- mice. Distributions are presented as C/Ci where values >1 reflect organelle enrichment and values <1 organelle depletion. B. Megalin and cubilin expression in kidney homogenates from 6 and 9 months-old mice. Megalin (MEG) and cubilin (CUB) mRNA expression was quantified by real-time PCR and normalized to 18S ribosomal RNA (18S rRNA) expression. 

3. Dissemination of knowledge.

3.1. Dr. Pierre Courtoy gave an invited lecture on “Cell biology of proteinuria in kidney Fanconi syndromes” at the recent 6th International Cystinosis conference (Lignano, Italy; September 23-26). This conference, which was attended by most leading scientists of the Cystinosis Research Foundation, provided an unique opportunity to directly meet with a large group of cytinotic patients and their family, as well as to discuss key urgent issues in cystinosis research. 

3.2. This new project on a lysosomal storage disorder was explained at large in the two central pages of de Duve Institute newsletter (issue 50, June 2010). It can be assumed that the project most pleased the “Father of lysosomes”.

C. NEXT PLANS

In the next 6-months period, we plan to confirm these first observations by increasing numbers of 6 and 9 months-old kidney samples and to complement qRT-PCR data by in situ hybridization as well as by western blotting and immunoperoxidase. We will also extend the analysis to younger mice, in order to better characterize the early steps, with the hope to shed light on the mechanisms of disease initiation (continuation of goals #1 and #2). 

To better characterize the impact of cystine lysosomal accumulation on PTC apical endocytic apparatus, we will follow in situ processing of fluorescent protein by mice kidney using in vivo multiphoton microscopy. Our ratiometric analysis will furthermore provide information on the rate of proteolysis, i.e. on local cystin production, in C56BL/6 Ctns-/- vs wild-type mice. 

As our preliminary in situ hybridization studies indicate decreased expression of cubilin in PTC foci, the expression of two transcriptional regulators, HNF1 (activator) and ZONAB (repressor), as well as the megalin downstream adaptator protein, DAB2 and the cubilin co-receptor, amnionless, will be clarified. Our laboratory indeed recently reported that increased ZONAB expression is associated with decreased megalin and cubilin expression, loss of polarity and dedifferentiation of proximal tubular cells in vitro (Lima et al., 2010). We will also analyse the integrity of the PTC brush border by immunofluorescence and electronic microscopy to look for a dedifferentiation programme switch in C56BL/6 Ctns-/- mice. 

We deliberately leave the (very demanding, but hopefully highly informative) microdissection studies for the second year, in order to prior improve our expertise on the histology of a remodelling complex organ. 

Finally, in view of the rapid progress towards gene therapy, we will very soon embark into new collaborations on the cystinosis project, in particular on the grafted kidney mice developed by Stephanie Cherqui (Syres et al., 2009). 
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