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Cover legend. Extended view of a whole kidney sagittal section from a 

cystinotic mouse in which the megalin gene has been efficiently excised 

specifically in kidneys (“double knock-out”). Triple labelling for NaPi-IIa 

(green), LT-lectin (red) and nuclei (Hoechst, blue) shows a preserved 

overall structure, comparable to a wild-type mouse. Whereas NaPi-IIa 

signal is uniformly limited to cortex (together with LT-lectin, thus generating 

a yellow emission), LT-lectin labeling encompasses both cortex and the 

entire outer stripe of the outer medulla (which thus appears in red). For 

further explanations, see supplementary Figure 6B of Janssens et al., 

2019.  
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SUMMARY 

 
Nephropathic cystinosis is a multisystemic lysosomal storage disease due to 

deletion or inactivating mutations of the cystinosin gene (CTNS) which encodes 

the lysosomal cystine transporter. Suppressed lysosomal exodus leads to cystine 

accumulation then precipitation as crystals. The earliest clinical manifestation of 

cystinosis is a renal Fanconi syndrome characterized by massive urinary losses of 

water, solutes and low-molecular weight proteins, typically reflecting global 

dysfunction of proximal tubular cells (PTCs), associated with inexorable 

progression to kidney failure. Current treatment with cysteamine slows down 

lysosomal cystine accumulation and kidney failure but does not correct the 

Fanconi syndrome. Better understanding of the pathophysiology of the disease in 

kidneys could identify new therapeutic targets. A fresh look is even more relevant 

since cystinosin has recently been found to be associated with transport-

independent functions, suggesting that cystine accumulation may not be the only 

cause of cellular defects in cystinosis. 

To characterize subcellular mechanisms of cystinosis in PTCs, we analyzed its 

time-course in Ctns-/- mice of the appropriate C57BL/6J background, which largely 

reproduce the multiple facets of this multisystemic disease, including the renal 

tubular phenotype. This analysis allowed to delineate a sequence of lysosomal 

and tissular alterations. Next, since PTCs are extremely active in endocytic 

recapture of ultrafiltrated disulfide-rich plasma proteins via the megalin pathway, 

and since cystine is an obligatory end-degradation product of lysosomal 

proteolysis of disulfide-rich plasma proteins, we hypothesized that endocytosis by 

megalin is the major source of cystine in PTCs, thus a key cause of injury. To test 

this hypothesis, we generated Ctns-/- mice with kidney-specific megalin 
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inactivation driven by Wnt-4 Cre (“double KO”). Finally, in a translational 

perspective, assuming that megalin ablation would protect against cystine 

accumulation and renal dysfunctions, we explored if a similar benefit could be 

gained by inhibition of the megalin pathway. To this aim, we focused on oral 

supplementation with dibasic amino acids, lysine or arginine, which have been 

previously demonstrated to be megalin inhibitors in cultured epithelial cells and 

upon in vivo gavage. 

As in cystinotic children, we found that Ctns-/- PTCs undergo apical 

dedifferentiation, accumulate cystine crystals and finally become atrophic, with a 

characteristic longitudinal tubular extension starting from the glomerulo-tubular 

junction (known as swan-neck lesions). Subcellular defects are characterized by 

lysosomal enlargement reflecting first impaired proteolysis then distortion by 

crystals. Increased apoptosis and proliferation reflect accelerated PTC turn-over. 

In the double KO model, we showed that ablation of megalin-mediated 

endocytosis in Ctns-/- kidneys prevent swan-neck atrophy and normalize PTC turn-

over. Preservation of apical markers in double KO PTCs indicated protection 

against apical dedifferentiation. Besides absence of cystine crystals in these cells, 

we showed that kidney cystine content was decreased by up to 10-fold as 

compared with Ctns-/- kidneys. Finally, after checking that dietary 

supplementation with dibasic amino-acids was well tolerated in WT mice and led 

to inhibition of protein recapture by kidney cortex PTCs, our preliminary results 

suggest that early implementation of long-term supplementation with dibasic 

amino-acids tends to decrease cystine accumulation and swan-neck lesions in 

cystinotic female kidneys by 6 months of age. Further characterization is ongoing 

with larger cohorts and longer follow-up. 
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In conclusion, we characterized the renal phenotype of cystinosis by defining 

the mechanisms responsible for subcellular changes and the longitudinal 

extension of atrophy along the proximal tube, to form a swan-neck. In addition, 

we demonstrated that megalin-dependent apical endocytosis is a major pathway 

for progression of nephropathic cystinosis, thus a potential therapeutic target. 

Indeed, preliminary data suggest that oral supplementation by dbAAs, currently 

used in other genetic diseases, is safe and effective as megalin inhibitors in 

cystinotic mice, thus could represent an inexpensive, titrable adjuvant therapy for 

cystinotic patients. 
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1. INTRODUCTION 
 

 Kidney proximal tubular cells, with focus on apical structure and 1.1.

functions  

 

 Structural specializations for reabsorption in proximal tubules 1.1.1.

and their segmental differentiation 

 

The kidneys, paired organs belonging to the urinary system, are located on 

the posterior part of the abdominal cavity on each side of the spinal column. 

Blood enters through the two renal arteries and leaves through the two renal 

veins while the two ureters drive final urine to the bladder. Beside other functions 

such as the production or modification of several important hormones or 

gluconeogenesis, the main function of the kidneys is to ensure the homeostasis of 

water and electrolytes (osmoregulation) by eliminating their excess but also to 

eliminate the many toxic wastes of metabolism including nitrogen after 

incorporation into urea. On a longitudinal kidney section, two distinct layers can 

be observed: the outer layer (or cortex), and the inner layer (or medulla). Cortex 

and medulla are composed of different domains of the nephrons, the structural 

and functional units of the kidney. In human, each of the two kidneys is made up 

of slightly more than one million nephrons (between 10.000 to 20.000 nephrons 

in mice).  

The nephron consists of a renal corpuscle (also called glomerulus for 

simplification) followed by a renal tubule (Fig. 1). Plasma filtration occurs in the 

renal corpuscle at the glomerulus proper comprising a convoluted arteriolo-

arteriolar capillary network (glomerular tuft), surrounded by the Bowman's 
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capsule, a single layer of simple squamous epithelium (parietal epithelium) which 

delimits the urinary space (Bowman’s space).  

 

 

Figure 1. Schematic structure of the nephron, the functional unit of the kidney. 

Structurally, the nephron consists of the renal corpuscle and the renal tubule. The renal 

corpuscle, responsible for plasma ultrafiltration, is surrounded by the Bowman's capsule, a 

single layer of simple squamous epithelium (or parietal epithelium) enclosing the urinary 

space. The glomerulus, that apparently invaginates from Bowman's capsule, is made of 

convoluted capillaries surrounded by podocytes (or visceral epithelium), and comprises 

axial contractile mesangial cells.  Collecting the primary ultrafiltrate, the lengthy renal 

tubule extends from Bowman's capsule (arrow stresses the abrupt boundary of glomerulo-

tubular junction) to its junction with the collecting duct and is segmented into different 

areas exhibiting distinct substructure and functions. The proximal convoluted tubule is 

followed by the proximal straight tubule making together the proximal tubule, where 

most reabsorption takes place; the descending and ascending limbs of Loop of Henle, 

allowing for urine concentration; the distal straight tubule and the distal convoluted 

tubule, for final urine tuning; and via the connecting tubule, the collecting duct opening to 

the pelvis. Color codes identify distinct embryologic origins or local transcriptional 

networks. From McMahon et al, 2016. 
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The blood enters the renal corpuscle by the afferent arteriole, travels across 

the glomerulus and leaves by the efferent arteriole. The glomerular endothelium 

is fenestrated, thus permeable to the acellular blood filtrate, and rests on 

trilaminar basement lamina (or glomerular basement membrane, GBM). The GBM 

is supported by podocytes (visceral epithelium), constituting together a highly 

specialized filtration unit. Podocytes extend interdigitated foot processes 

connected by foot junctions (specialized local equivalent of tight junctions with 

additional role in ultrafiltration). This thick filtration barrier reduces the entry of 

high molecular weight solutes into the urinary space, a sieving property named 

permselectivity, each macromolecule exhibiting intrinsic sieving coefficient, 

ranging from 1 (free to cross the filtration barrier, e.g. insulin) to 0 (no crossing, 

e.g. ferritin). Generally considered as very low, the exact sieving coefficient of 

albumin is hotly debated, and varies between species and even between strains 

and sex (higher for FVB mice than C57BL/6 mice).(Ishola et al. 2006) However, 

because of its huge abundance in plasma, albumin is a major protein in the 

primary ultrafiltrate. Glomerulus also includes mesangial cells, specialized 

pericytes which maintain integrity and porosity of the endothelium and, by 

contractile properties, regulate glomerular blood flow thus primary urine output.  

Once in the urinary space, the primary glomerular ultrafiltrate thus contains 

water, salts (such as sodium, chloride or phosphate), glucose and amino-acids 

(AAs) in exactly the same proportion as in plasma, as well as fractions of plasma 

proteins according to their respective sieving coefficient. The ultrafiltrate rapidly 

flows across the renal tubule (within minutes; about 20 sec for the proximal 

tubule only), leaving little time for its constituents to be reabsorbed. Thus, full 

reabsorption is an outstanding challenge, met by the extraordinary specialization 

of this segment. The epithelium of the renal tubule extends from the Bowman’s 

capsule, reabsorbs various elements essential to body homeostasis and finally 
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carries urine into the collecting ducts; it functions as a series of specialized 

segments with distinct substructures and functions. At important segments, the 

renal tubule shows a highly convoluted shape, a remarkable histological 

specialization allowing considerable length extension, thus probability (efficiency) 

of reabsorption, in a limited organ volume, i.e. compaction. The first segment 

after the glomerulus, also the longest, is the proximal convoluted tubule which 

constitutes most of the mass of the cortex. The proximal convoluted tubule, itself 

subdivided in two similar yet functionally distinct subsegments, named S1 and S2, 

is followed by the proximal straight tubule (also named S3): they make together 

the proximal tubule. This proximal part of the renal tubule exerts the major 

reabsorption function for vital molecules such as water, salts, glucose, amino 

acids and ultrafiltrated plasma proteins. Proximal tubular cells are therefore in 

high demand of energy. By its position, receptor equipment and endocytic 

specialization, this part also takes up several toxic factors including nephrotoxic 

antibiotics (e.g. gentamicin). The proximal tubule is thus most vulnerable, both to 

energy shortage and to intoxication. The following segment, responsible for 

urinary concentration1, is called the loop of Henle. This thin yet long loop plunges 

into the medulla and comes back into the cortex, to respectively form the 

descending and ascending limbs of Loop of Henle. The urine then flows through 

the distal straight tubule and the distal convoluted tubule for final urine tuning.  

Then, connecting tubule and collecting duct drain urine to the renal pelvis (Fig. 

1).(Christensen, Wagner, and Kaissling 2012) 

                                                           
1
 The urinary concentration depends on a mechanism called countercurrent multiplication 

in kidneys. Briefly, the ascending limb of loop of Henle, impermeable to water, establishes 
a salt gradient in the medulla by active sodium reabsorption creating a hyperosmolar fluid 
in the interstitium. In contrast, the descending limb is passively permeable to water 
(aquaporin-1). Therefore, water moves passively down its concentration gradient out of 
the tubular fluid in the descending limb into the interstitial space, until it reaches 
equilibrium. 
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Nephrons can be further classified according to the positioning of glomerular 

corpuscle (and consequently of tubular segments) in anatomical layers: the 

cortex, outer medulla with two stripes (outer and inner) and the inner medulla. 

The juxta-medullary nephrons, or long-looped nephrons, are first formed during 

kidney development and have their renal corpuscles situated in the juxta-

medullary cortex. The long loop descends deeper in the inner medulla. On the 

other hand, the more superficial cortical nephrons, or short-looped nephrons, are 

last to develop during peripheral kidney parenchyma expansion, thus are 

characterized by renal corpuscles located in peripheral layers of the cortex and a 

short loop that does not descend beyond the inner stripe of outer medulla (Fig. 2 

A). Of note, glomeruli and the proximal convoluted tubules are all confined within 

the cortex while the proximal straight tubule extends into the outer stripe of the 

outer medulla (OSOM). 

Kidneys are key organs, not only for the regulation of body fluid and salt 

balance, but also for blood pressure homeostasis. Moreover, since human primary 

filtrate reaches 170 L/day (creatinine clearance of ~ 120 ml/min x 1440 min/day), 

which is approximately a hundred times the final volume of urine excreted on a 

day, it follows that 99% of fluids and electrolytes are recaptured and return to the 

circulation, which implies a huge reabsorption capacity of the renal tube by 

several mechanisms which will be detailed below. By so limiting losses of essential 

substances, kidneys can ensure the survival for a few days, even in extreme 

conditions of total water deprivation. Conversely, during rapid and excessive 

ingestion of water or salts, renal excretion will be increased. The primary 

ultrafiltrate also contains very low-molecular weight proteins in the same 

concentration as in plasma but larger globular proteins are increasingly excluded 

depending on size, net charge and shape as well as blood pressure. These proteins 



 Introduction  

32 
 

are normally almost completely recaptured by endocytosis and, according to the 

prevalent view, degraded in lysosomes for amino-acid recycling.  

Although full reabsorption of metabolically useful solutes is achieved by the 

combined action of proximal and distal segments of the renal tubule, the 

proximal convoluted tubule, highly adapted for this purpose, is by far the main 

actor. Responsible for the reabsorption of approximately 65% of the filtered water 

and electrolytes, almost all amino acids, as well as low molecular weight proteins, 

proximal tubules also maintain the acid-base balance of the body (80% 

reabsorption of filtered bicarbonate) and plays a key role in glucose homeostasis 

(full glucose reabsorption amounts to >100 g/day as detailed below; and 

regulation of gluconeogenesis). Conversely, defective reabsorption of solutes and 

proteins by proximal tubules causes the renal Fanconi syndrome, reflected by 

massive urinary loss of water, salts, glucose and proteins. 

 

Figure 2. 
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Figure 2. Nephron positioning in the kidney and axial heterogeneity within proximal 

tubules.  A. Schematic representation showing two types of nephrons with unequal 

segment positioning among anatomical layers: cortex, outer medulla with two stripes 

(outer and inner) and inner medulla. The cortico-medullary boundary can be recognized in 

kidney sections by the presence of arcuate vessels, running parallel to the capsule. At left, 

a long-looped nephron (or juxta-medullary, early nephron generation) and at right, a 

short-looped nephron (or peripheral, later nephron generation). Each contains: 1- 

glomerulus; 2- proximal convoluted tubule; 3- proximal straight tubule; 4- descending limb 

and 5- ascending limb of Loop of Henle; 6- distal straight tubule; 8- distal convoluted 

tubule; 9- connecting tubule) and a collecting duct (10- cortical; 11- outer medullary; 12- 

inner medullary). This scheme illustrates that glomeruli and the proximal convoluted 

tubules are always confined within the cortex while the proximal straight tubule extends 

into the outer stripe of the outer medulla (OSOM). As will be shown by our results, 

immunofluorescence for NaPi-IIa or megalin can be used as distinct markers of PTC 

subsegment boundaries. B. Electron micrographs of kidney depict axial ultrastructural 

heterogeneity within the proximal tubule which is subdivised into three sub-segments: S1 

(a) and S2 (b) convoluted parts, and S3 (c), straighter part. The main differences, 

suggesting specific functions, lie in the thickness of the brush border (double arrows), the 

abundance of large electron-lucent endocytic vesicles (V), lysosomes (L), mitochondria (M) 

(mitochondria also differ in size and orientation) and the abundance and depth of basal 

plasma membrane invaginations (barely seen at this magnification). C. Apical stratification 

of endocytic organelles in WT mouse S1 is illustrated by electron microscopy. Immediately 

under the brush border is a dense layer of dense apical tubules (red bracket), suggesting 

that exocytosis is a rate-limiting step. Below are apical vacuoles (sorting endosomes, two 

black asterisks), then endo-lysosomes (yellow asterisks) and a cluster of secondary 

lysosomes (red asterisks). For full panel, see supplementary Fig. 5 of Janssens et al, 2019. 
Adapted from Christensen et al, 2012 (A), Venkatachalam et al, 1978 (B) and Janssens et 

al, 2019 (C). 
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To fulfill these specific functions, proximal tubular cells (PTCs) are highly 

polarized with apical and baso-lateral domains acting in sequence. Their apical 

membrane area is considerably increased thanks to tightly packed, regularly 

spaced long microvilli, called the brush border, very similar to that of 

enterocytes.(Crawley, Mooseker, and Tyska 2014) 

This brush border harbors a huge collection of channels (e.g. aquaporins) and 

transporters (such as Na+/H+ antiporters - exemplified by NHE1; Na+/phosphate 

co-transporters - NaPi-IIa; and Na+/glucose co-transporters  - SGLT-2). The deepest 

part of the brush border also exposes abundant endocytic receptors that will be 

sequestered into clathrin-coated pits for rapid endocytosis. The “upper” part of 

PTCs (apical cytoplasm) is merely a collection of endosomes, including large 

endocytic vacuoles (for sorting) and dense apical tubules (for recycling). 

Lysosomes are located below. This stratification is illustrated in Figure 2C. The 

“lower” part of PTCs (basolateral cytoplasm) contains among the most abundant 

mitochondria among body cells. These are aligned perpendicular to the tubular 

basement membrane and are in close proximity to deep invaginations of the 

basolateral plasma membrane, which harbor the major energy consumer, 

3Na+/2K+-ATPase, also named the “sodium pump”. This organization maximizes 

coupling between mitochondrial energy production with energy consumption by 

the sodium pump. The basolateral membrane also contains many other 

transporters, acting in complementarity to apical ones to drive net transepithelial 

reabsorption. For example, both apical and basolateral membrane are rich in 

aquaporins. This makes PTCs essentially freely porous to water that may iso-

osmotically follow ion reabsorption. 

Besides division into the convoluted and straight parts, the proximal tubule is 

classically divided into three segments on the basis of structural and functional 
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differences: the initial short convoluted cortical segment (S1), the majority of the 

cortical segment (S2) and the straight medullary segment (S3). The main 

structural differences, which actually reflect distinct functional differentiation, 

relate to the brush border thickness, the abundance of large-electron-lucent 

endocytic vesicles, lysosomes and mitochondria and also the abundance and 

depth of basal membrane invaginations (Fig. 2B). Regarding the endo-lysosomal 

system (ELS), electron-lucent endocytic vesicles are more abundant and larger in 

S1 and S2 segments whereas they are rarer and smaller in S3 segment. Secondary 

lysosomes are most numerous in S2. The mitochondria are long and oriented 

perpendicular to the basal cell pole in S1 but become shorter and randomly 

oriented in S2 and S3 where they are more abundant. Finally, the S1 segment 

shows deep and numerous basolateral plasma membrane invaginations whereas 

they are much less developed in S2 and almost absent in S3. It goes without 

saying that such structural differences suggest specific functions for each segment 

but also different molecular composition.(Christensen, Wagner, and Kaissling 

2012) 

Three mechanisms allow PTCs to recapture the many components of the 

urinary filtrate, either (1) using the paracellular pathway or (2) through the 

epithelial cells via transport proteins, as well as (3) by receptor-mediated 

endocytosis. Firstly, paracellular transport of water and ions passes through the 

lateral intercellular space. On the apical side, adjacent PTC membranes are 

connected by tight junctions while their lateral membranes define a very narrow 

intercellular space. The direction of solutes and water is determined by physical 

factors such as peritubular capillary and intrarenal interstitial oncotic pressure 

and hydrostatic pressure.  At the basal pole, the active transport of sodium via the 

Na+/K+-ATPase transporter drives hypertonicity of the intercellular compartment, 

which, combined with intraluminal hypotonicity, ensures and regulates the 
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paracellular reabsorption of water and ions. These are then recovered by the 

peritubular capillaries (or water can be discharged into the lumen of the renal 

tubule in case of hyponatremia). Secondly, transepithelial transport of water, salts 

and other solutes involves specific multi-transmembrane (TM) proteins at the 

apical and basolateral poles of the proximal tubular cells. Thirdly, PTCs exhibit an 

extremely efficient mechanism for recapture of ultrafiltrated plasma proteins, 

thanks to high expression of polyvalent tandem endocytic receptors and 

components of the receptor-mediated endocytic machinery. These three 

mechanisms are dependent on membrane proteins. 

Before describing in details key membrane actors of solutes transporters and 

endocytic receptors, it is useful to briefly review some basic aspects of 

membrane:protein interactions. Biological membranes are composed of a very 

thin phospholipid bilayer, forming a fine semi-permeable boundary between the 

cytoplasm and the extracellular medium and recruiting/supporting a huge 

collection of proteins. With a short polar hydrophilic head group and two long 

hydrophobic tails, phospholipids are amphipathic molecules organized in a double 

layer to generate an inner hydrophobic barrier whereas hydrophilic head groups 

on both surfaces can accommodate contact with aqueous media.  

Proposed by Singer and Nicolson in 1972, the fluid mosaic model of plasma 

membrane structure in which proteins are inserted into the bilayer is generally 

accepted as the basic model for the organization of cellular membranes. Some 

proteins, called integral membrane proteins, are indeed intrinsically incorporated 

into the plasma membrane through one (e.g. megalin) or several (transporters, 

e.g. NaPi-IIa) TM domains. Other proteins are also anchored by covalently 

attached lipids or glycolipids such as GPI-linked proteins 

(glycosylphosphatidylinositol anchors) or are acylated proteins (e.g. 
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palmitoylation of cubilin at the outer leaflet and geranylgeranylation of Rabs at 

the inner leaflet). Peripheral membrane proteins are extrinsic proteins closely 

associated with the plasma membrane via interactions with membrane 

components, either integral proteins by protein:protein interactions (e.g. via PDZ 

domains, see below) or the phosphate heads of phospholipids (e.g. ERM proteins 

such as ezrin, linking cortical actin microfilaments to the apical plasma membrane 

including NaPi-IIa; or ankyrin stabilizing Na+/K+-ATPase at the basolateral plasma 

membrane). Thus, the function of peripheral proteins is to anchor the plasma 

membrane to the intracellular cytoskeleton and to components of the 

extracellular matrix (e.g. laminin at the basement membrane), as well as to 

stabilize essential membrane proteins at their expected site of activity.  

Integral proteins, also called transmembrane proteins, cross the lipid bilayer 

so as to expose domains on both sides of the plasma membrane and have 

therefore an amphipathic nature with hydrophilic domains, cytoplasmic or 

exoplasmic, versus hydrophobic domains buried in the lipid bilayer, usually 

forming alpha-helices or multiple beta-strands. In addition to integrating intrinsic 

proteins into the membrane, TM domains may lead to dimerization in case of 

receptors, thereby participating in signaling, or form transmembrane pores in the 

case of channels, transporters or pumps. When the protein comprises several TM 

domains, some cytoplasmic loops which connect them usually comprise key 

regulatory domains.  

Some cellular processes, such as cell signaling, trafficking, cell proliferation or 

polarity, are regulated by interactions between TM proteins and other 

cytoplasmic proteins via adaptors. Indeed, the C-terminal segment of many TM 

proteins contains a PDZ motif (where PDZ for Postsynaptic density 95/Disc 

large/Zona occludens) that allows protein:protein interactions with 
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complementary PDZ domains of extrinsic scaffolding proteins that assemble 

junctional, ion channeling and signal transduction proteins, particularly in 

polarized epithelial cells. These domains, made of 80 to 90 amino acids, comprise 

beta strands and alpha-helices forming a globular structure with an elongated 

surface to which the PDZ motif of the ligand binds. 

 

 Transmembrane transport: key transporters and apical 1.1.2.

targeting/retention machinery  

 

At the brush border of PTCs, transporters are responsible for the reuptake of 

phosphate ions, glucose and amino acids, all of which are co-transported with Na+ 

ions, thus are indirectly dependent of the basolateral sodium pump. Having an 

important place in this study, two key transporters will be addressed in this 

section: the main phosphate and glucose co-transporters in nephrons, NaPi-IIa 

and SGLT-2.  

 

1.1.2.1 NaPi-IIa 

 

Phosphate reabsorption by kidneys and intestine is crucial for phosphate 

homeostasis. In mammalian cells, there are three types of sodium-phosphate 

(NaPi) co-transporters: type I, II and III. Type II (also named SLC34 gene family) 

further includes three NaPi co-transporters isoforms: NaPi-IIa, b and c.(Murer et 

al. 2003) While NaPi-IIa and NaPi-IIc isoforms are both expressed in the brush 

border of PTCs, type IIa is the most abundant, thus the key transporter in PTCs. 

NaPi-IIb ensures the transport of phosphate in the other tissues such as in 
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enterocytes (Murer et al. 2003; Yoshioka et al. 2011), without evidence for renal 

expression.(Hilfiker et al. 1998)  

NaPi-IIa, thus the major sodium-phosphate transporter acting at the brush 

border of PTCs, reabsorbs approximately 80% of filtered inorganic phosphate by 

supporting the translocation of one HPO4
2- anion coupled with that of 3 Na+ 

cations. This unidirectional electrogenic translocation, from the lumen into PTCs, 

is driven by the low cytosolic Na+ concentration generated by the basolateral 

sodium pump. The apparent Km is 0.1 mM for HPO4
2- vs 50 mM for Na+.(Murer et 

al. 2003) In the proximal tubule, NaPi-IIa expression is highest in S1 segment of 

deep nephrons and decreases towards the S3 segment.(Custer et al. 1994) 

Structurally, NaPi-IIa is an intrinsic protein composed by eight transmembrane 

segments and two functional regions, an intracellular loop (ICL1) and an 

extracellular loop (ECL3), involved in the coupled transport of phosphate and 

sodium (Fig. 3 A).  
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Figure 3. Molecular structure of key sodium co-transporters at the brush border of 

proximal tubular cells. A. The main phosphate co-transporter, NaPi-IIa (90kDa), contains 

eight transmembrane segments. Two regions are involved in the coupled transport of one 

PO4
3-

 together with three Na
+
: intracellular loop-1 (ICL1) and extracellular loop-3 (ECL3). 

The NaPi-IIa cytoplasmic C-terminal tail is able to interact with an apical regulatory PDZ-

based scaffold of several components, shown at Figure 4, that, through signaling 

pathways, determine either fixed membrane anchoring (low phosphate diet, no PTH) or 

internalization of NaPi-IIa into degradative lysosomes (high phosphate diet, PTH). B. The 

key glucose transporter, SGLT-2 (75kDa), contains 14 transmembrane helices, five of 

which (yellow box) being involved in glucose binding, and both extracellular N- and C- 

termini. SGLT-2 supports the coupled entry of one glucose with one Na
+
. Redrawn from 

Virkki et al, 2005 (A) and Dardi et al, 2016 (B). Notice that loops are not drawn at the same 

scale. 
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NaPi-IIa C-terminal tail interacts with three PDZ-proteins: Cap1 (orthologue 

of PDZK1 in human), Cap2 and NHERF-1. Cap1 binds the three amino acids 

sequence Thr-Arg-Leu at the C-terminus of NaPi-IIa and is implicated in its apical 

sorting/positioning. Indeed, truncation of these three amino acids abrogates 

apical sorting of NaPi-IIa in OK cells.  NHERF-1 (Na+/H+ Exchange Regulatory 

Factor-1) contains two tandem PDZ-domains and a carboxyl-terminal ezrin-

binding (EB) region that provide a strong connection to the apical cortical actin 

cytoskeleton thanks to ezrin, the founding member of ERM protein family (Fig. 4). 

Accordingly, in PTCs under basal conditions, NaPi-IIa is indeed localized along, and 

restricted to, the entire surface of microvilli. While Cap1 and NHERF-1 are found 

exclusively in microvilli, Cap2 is mainly located in the subapical compartment of 

PTCs and appears to be associated with vesicular structures still unknown. The 

vesicular proteins that may interact with Cap2 and the link with NaPi-IIa remain to 

be determined.(Gisler et al. 2001) 

Figure 4. NaPi-IIa topological regulation by 

interaction with PDZK1 and NHERF-1. 

NHERF-1 (Na
+
/H

+
 Exchange Regulatory 

Factor-1) (50kDa) shown at right contains 

two tandem PDZ-domains and a carboxyl-

terminal ezrin-binding (EB) region. Ezrin is a 

linker with actin microfilaments and a 

stabilizer of plasma membrane attachment. 

PDZK1 (also called NaPi-Cap1; 63kDa) is an 

adaptor protein comprising four PDZ-

domains. PDZ domain-containing proteins 

such as NHERF-1 and PDZK1 have a 

multitude of functions based on scaffolding. 

Besides trafficking that supports apico-basal polarity, they connect intrinsic plasma 

membrane proteins with extrinsic linkers such as ezrin and thus provide a lasting bridge to 

the actin cytoskeleton. They also engage in signaling pathways as, for example, the 

activation of PKA cascade that leads instead to NaPi-IIa down-regulation by endocytosis. 

From Murer et al, 2003. 
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Regarding the regulation of phosphate reabsorption, NaPi-IIa co-transporter 

activity depends on extracellular pH because of the competition of Na+ with 

protons at the binding site. In addition, NaPi-IIa internalization (and thus its 

availability / activity at the membrane) is regulated by the dietary phosphate level 

and by parathyroid hormone (PTH).(Murer et al. 2003) Under high phosphate diet 

(by a still poorly understood sensing mechanism) or upon high PTH, NaPi-IIa 

surface abundance is down-regulated, so as to decrease phosphate reabsorption. 

This is achieved by an elegant mechanism of induced endocytosis without apical 

recycling of NaPi-IIa, which is instead sorted out from subapical compartment and 

routed to lysosomes. When occurring at low concentration in proximal tubule 

lumen, PTH is primarily endocytozed and degraded. In contrast, at high luminal 

concentration, PTH also binds to and stimulates its apical receptor. This binding 

leads to the activation of various protein kinases (PK-A, PK-C, PK-G) followed by 

NaPi-IIa internalization. This mechanism has been proposed as an explanation for 

phosphaturia in Dent’s disease.(Piwon et al. 2000) In Dent’s disease, mutation in 

the CLCN5 gene encoding the vesicular chloride channel, ClC-5, causes an 

inherited renal Fanconi syndrome with proteinuria, hyperphosphaturia and 

hypercalciuria. ClC-5 is a H+/Cl- exchange transporter expressed in apical 

endosomes of proximal tubular cells. By using CLCN5 KO model, Jentsch and 

colleagues have demonstrated that ClC-5 ensures the electrogenic H+-ATPase 

activity by an electric shunt. In these mice, endosomes are less acidified than wild-

type resulting in drastic impairment of endocytosis. Therefore, luminal PTH 

concentration increases so as to stimulate apical PTH receptors and down-

regulate NaPi-IIa, resulting in phosphaturia.  

Friedlander and co-workers have shown that natural mutations of NaPi-IIa 

(Ala48 and Val147) cause urinary phosphate loss in humans.(Prie et al. 2002) Later 
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on, the same group showed that three natural mutations of NHERF-1 decreased 

phosphate uptake.(Karim et al. 2008) 

 

1.1.2.2 SGLT-2 

 

Although fat and, to a lesser extent, amino acids are important energy 

sources, glucose is the main flexible source of energy, and is essential for the 

brain. Glucose being unable to cross impermeable membrane bilayers, it passes 

through a family of dedicated transporters, that have been named GLUT-x or 

SGLT-x. Glomerular ultrafiltration transfers into primary urine >100 g of glucose in 

man every day (1 g glucose/L plasma x 0.12 L ultrafiltrate/min x 1440 min/day = 

173 g/day), that would be lost without appropriate reabsorption systems. The 

sodium and glucose co-transporter (SGLT) gene family includes six members, 

SGLT-1 to SGLT-6. SGLT-2 is localized almost exclusively in the apical membranes 

of proximal convoluted tubules where it represents the major transporter for 

glucose uptake. SGLT-2 is found primarily in the S1 segment where it is 

responsible for 90% of glucose reabsorption (Vallon et al. 2011) while a tiny part 

of ultrafiltrated glucose is recaptured by SLGT-1 in the S3 segment.(Hediger and 

Rhoads 1994; Bakris et al. 2009) SGLT-2 structure includes 14 transmembrane 

domains, 5 of which are involved in glucose binding. Both C and N termini tails of 

SGLT-2 face the lumen (Fig. 3B). SGLT-2 ensures the coupled entry of one glucose 

with one Na+.(Zhuo and Li 2013; Vallon et al. 2011; Scheepers, Joost, and 

Schurmann 2004) Coupled transport of glucose and sodium across the plasma 

membrane to the cytoplasm is driven by the low cytosolic sodium concentration 

and the membrane potential. Cytosolic sodium, having entered via several apical 

co-transporters such as NHE1, NaPi-IIa and SGLT-2, is then excreted into the inner 
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milieu via the sodium pump across the basolateral membrane, readily diffusing 

back to blood circulation. As for glucose, it leaves the cell at the basal pole via a 

distinct glucose transporter called GLUT2. 

 

 The multiligand apical endocytic receptor complex and its 1.1.3.

ultrafast recycling 

 

In addition to the uptake of small molecules by transmembrane transporters, 

eukaryotic cells can also internalize extracellular macromolecules by vesicular 

uptake, a process known as endocytosis. In 1963, Christian de Duve coined the 

term “endocytosis” (from the Greek “into – cells”) which refers to cell ingestion of 

either large particles, called phagocytosis, or absorption of fluids and 

macromolecules into small vesicles, called pinocytosis. The specialized phagocytic 

cells expose membrane surface receptors creating multiple progressive linkage (or 

“zip”) with large particles such as bacteria or cell debris. By actin movement, the 

cell then emits membrane extensions, or pseudopodia, which wrap and eventually 

encloses the particle to form the phagosome, a large intracellular vesicle. Its 

fusion with lysosomes forms the phagolysosome where the prey is normally 

digested by lysosomal acid hydrolases. Preformed urate or cystine crystals are 

also phagocytozed by macrophages but cannot be dissolved, so as to trigger the 

inflammasome.(Prencipe et al. 2014) Depending on the type of specialized cell 

practicing phagocytosis, this mechanism is a source of nutrients (amoebae), a 

defense against microorganisms (macrophages and neutrophils), or a way to 

eliminate damaged or fragmented (apoptotic) cells. On the contrary, pinocytosis 

is shared by all eukaryotic cells. Beside elementary pinocytosis (or fluid-phase 

endocytosis) defined by the volume of engulfed extracellular fluid, which can be 

magnified by micropinocytosis, receptor-mediated endocytosis is a much more 
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efficient and selective form of pinocytosis that allows cells to absorb specific 

macromolecules. 

Receptor-mediated endocytosis implies several events in which cargo 

molecules are first recognized by the specific endocytic receptors and 

concentrated via the adaptor complex AP-2 into plasma membrane clathrin-

coated pits that further bud from the membrane under the action of dynamin and 

accessory proteins as clathrin-coated vesicles. Clathrin-coated vesicles then 

uncoat to become primary endocytic vesicles which, by homotypic fusion, become 

early endosomes (EEs) containing both receptors and their bound ligands. The 

lumen of early endosomes becomes mildly acidic by the modest activity of less 

abundant vacuolar proton pump than at lysosomes (Mellman, Fuchs, and Helenius 

1986) and its calcium concentration dramatically decreases2.(Gerasimenko et al. 

1998; Ghislat and Knecht 2013) Combination of both events triggers dissociation 

of megalin and cubilin ligands, a segregation that is essential for transfer of 

unoccupied receptors to dense apical tubules.(Andersen and Moestrup 2014) 

Geometry easily explains that these narrow tubular extensions from early 

endosomes allow for the selective recycling of the receptors via transport vesicles 

carrying them back to the plasma membrane, while the bulk of fluid remains in 

the central vesicle that eventually forms late endosomes (discussed by (Courtoy 

1991)).  

                                                           
2
 In the formation of early endosomes, endocytosis vesicles fuse together or with 

preexisting similar vesicles. This process, named homotypic fusion, is catalyzed by Rab5 
protein and depends on phosphoinositides (PIPs) and consists of several step: tethering, 
docking and blending. After docking through v- and t-SNAREs interaction, a release of 

luminal Ca
2+

 from endolysosomal compartments is thought to trigger fusion events near 

Ca
2+

 release sites. Several candidates have emerged to function as lysosomal/endosomal 

Ca
2+

 release channels such as transient receptor potential cation channel, subfamily M, 

member 2 (TRPM2) and two-pore channels (TPCs). 
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The dynamics of early endosomes is regulated by the endocytic catalyst, 

Rab5a, while that of recycling tubules depends on Rab11. The function of Rab5a 

depends on phosphatidylinositol 3-phosphate, the product of PI3-kinase type 

III/Vps34. Work to which I was associated demonstrated that Vps34 inhibition or 

genetic ablation abrogates apical endocytic recycling (see publications 4 and 5 in 

the Appendix).(Carpentier et al. 2013; Grieco et al. 2018) The central vacuolar 

structure then matures of its own into late endosomes (LEs) and finally into 

degradative secondary lysosomes, responsible for ligand proteolysis and AA 

recycling via lysosomal membrane transporters such as cystinosin for cystine and 

PQLC2 for dibasic amino-acids. The late components (LEs and lysosomes) of this 

endocytic apparatus are now commonly named together endolysosomes because 

of their dynamic continuity (ongoing fusion and fission) and compositional overlap 

(high concentration of vacuolar proton pump and presence of Rab7 and LAMP-1 

markers) (reviewed by (Luzio, Pryor, and Bright 2007)). The term “endolysosomes” 

may however cause confusion with the recently coined “endolysosome system” 

(ELS) that is meant to encompass the entire (apical?) endocytic apparatus.(Schuh 

et al. 2018)  

The endocytic apparatus of PTCs is highly polarized and particularly expanded 

(especially in segments S1 and S2). In these cells, a highly organized, packed 

system of dense apical vesicles, dense apical tubules, early and late endosomes 

(and lysosomes in mice, but not rats or man) establish a clear apical zone (without 

mitochondria), easily distinguishable by light microscopy. In PTCs, pioneering 

studies by Werner Straus more than half a century ago, based on cytochemical 

demonstration of apical endocytosis of an injected robust tracer, horseradish 

peroxidase, allowed to delineate this sequence and, in fact, provided the first 

evidence for the individuality of endosomes as intermediate compartment before 

lysosomes.(Straus 1964b, 1964a) Incidentally, peroxidase is often erroneously 
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referred to as a fluid-phase tracer while Straus clearly documented competition 

by lysozyme.(Straus 1962) 

Thanks to the huge expression and extraordinary fast recycling of multiligand 

tandem endocytic receptors protruding into the urinary lumen, megalin and 

cubilin, this apical endocytic apparatus plays a central role in complete 

reabsorption of ultrafiltrated plasma proteins, and of the vitamins some of them 

carry, by apical receptor-mediated endocytosis (ARME, for a review, (Christensen 

and Birn 2002)) Megalin and cubilin are often described as tandem receptors 

because, although each has some preferred ligands, they cooperate by sharing the 

binding of many common ligands such as albumin or vitamin D-binding protein 

(Table 1).(Leheste et al. 1999; Amsellem et al. 2010)  

Amnionless (AMN) acts as an essential chaperone bringing cubilin to the cell 

surface, thus joining in a functional triad. AMN and cubilin also form a megalin-

independent and functional complex (CUBAM) in which cubilin brings its own 

specific binding capacities, for example for transferrin, while AMN provides 

physical support for endocytosis. In this subsequent part of this Section, the 

structure, functions and particularities of these key actors are detailed. 
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Table 1. Specific vs shared ligands for megalin and cubilin. Although recent, this list is not 

up-to-date. I contributed to the study demonstrating that the complex of pro-MMP-

2:TIMP2 is a ligand for megalin (Johanns et al, 2017; see Appendix 3) From Nielsen et al. 

2016. 
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Megalin (also called LRP2, for low-density lipoprotein receptor related 

protein-2) is a huge transmembrane protein of > 600 kDa belonging to the low-

density lipoprotein (LDL) receptor family. Compared to the family prototype, LDL-

receptor, bearing a single ligand binding site, a propeller domain regulating 

association and dissociation and a transmembrane/cytoplasmic domain with a 

single tyrosine-based rapid endocytosis motive, the megalin gene has expanded 

its extracellular domain by multiple duplications of the ligand-binding domain 

with not less than 36 cysteine-rich complement-type repeats (CR), supporting 

most of ligand binding capacity (see below), 16 growth factor repeats separated 

by 8 YWTD propeller domains (for tyrosine-tryptophan-threonine-aspartic acid), 

involved in pH- dependent endosomal dissociation of ligands, and one epidermal 

growth factor (EGF)-like repeat (Fig. 5). The ability of megalin to specifically bind 

an extraordinary large number of ligands (Table 1) is probably due to the different 

combinations that are possible for flexible repeats and to the differences in 

electrostatic surface potential among the repeats. Linked to the extracellular 

domain by the usual hydrophobic transmembrane sequence, the much longer 

intracellular tail of megalin contains domains that distinguish it from other 

receptors and are involved in transport and signaling. In particular, two endocytic 

motifs (NPXY) allow, by interactions with the AP-2 and Dab-2 adaptors, the 

clustering of the receptor within the coated-pits and thus, rapid 

internalization.(Christensen, Verroust, and Nielsen 2009) 

 

 

 

 



 Introduction  

50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 



 Introduction  

51 
 

Megalin is co-expressed with cubilin in several absorptive epithelia such as 

enterocytes in the small intestine, renal proximal tubules, the visceral yolk sac and 

the placenta. However, megalin is also highly expressed alone in several other 

epithelial tissues such as glomerular podocytes, thyrocytes, type II pneumocytes 

of lung alveoli, choroid plexus ependymal cells in cerebral ventricles, 

endometrium- and oviduct-lining cells and associated glands, epididymal 

epithelial cells, ciliary epithelium and cells of the inner ear.(Christensen and Birn 

2002) Lastly, megalin is also expressed in the endoderm derived-parathyroid. 

 

 Figure 5. Megalin, a pivotal element within the ternary apical endocytic receptor 

complex of kidney proximal tubular cells. Within the proximal convoluted tubule, 

endocytic recapture of ultrafiltrated plasma proteins relies on the cooperation of three 

receptors that co-localize at the apical membrane of proximal tubular cells: megalin, 

cubilin and amnionless (AMN). Each of them presents different extracellular domains and 

motifs that are detailed in this scheme with a color-code and assign to each ligand 

specificity. Horizontal double-headed black arrows indicate lateral interaction. The 

corresponding structures are depicted as a linear strand, which is probably incorrect as it 

would exceed the diameter of the lumen of recycling endosomes (dense apical tubules). 

Megalin (also called LRP2), so named because of its huge size (>600 kDa large 

glycoprotein), belongs to the low-density lipoprotein (LDL) receptor family and binds a 

wide variety of ligands including most ultrafiltrated “low-molecular-weight” proteins and 

xenobiotics such as aminoglycoside antibiotics at its cysteine-rich complement type 

repeats, separated by growth factor repeats and YWTD-containing spacer/propeller 

regions. The latter domains undergo a conformational change at acidic pH, contributing 

together with luminal calcium lowering to ligand dissociation. Megalin is membrane-

inserted by a single transmembrane domain and is equipped with a large cytoplasmic 

domain bearing two “rapid endocytosis” NPXY motives (drawn in blue) and NPXY-like 

motives (or NQNY), specifically involved in apical sorting (drawn in green). Like megalin, 

AMN (38-50 kDa) is also a transmembrane domain and contains two rapid endocytosis 

NPXY motives. Cubilin (460 kDa) includes 27 highly homologous CUB domains involved in 

ligand binding and eight epidermal growth factor-like repeats but is only loosely linked to 

the outer membrane leaflet via a palmitoyl anchor and lacks a cytoplasmic domain, thus is 

intrinsically defective of apical targeting and endocytosis motives, for which it relies on 

association with AMN and/or megalin. From Christensen et al, 2012. 
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Disabled (DAB) proteins play an important role in endocytic trafficking of cell 

surface receptors such as megalin. Indeed, Dab-2 (disabled-2), a scaffold protein 

connecting megalin to clathrin, is required for its endocytosis by clathrin-coated 

pits, which is essential as early as during embryonal brain development. In the 

absence of clearance by megalin of signaling proteins, severe brain malformations 

such as holoprosencephaly (“cyclopean brain”) develop, explaining the term 

“disabled” (reviewed by (Willnow and Christ 2017)). In foetal and adult kidney 

PTCs, Dab-2 operates as an adaptor protein for megalin-mediated endocytosis of 

ultrafiltrated proteins. Immaturity of endocytosis in premature babies explains 

the loss of vitamins such as vitamins A and D, normally endocytozed together with 

their specific carrier (vitamin A-binding protein or ABP; vitamin D-binding protein, 

or DBP, respectively), with potentially severe consequences.(Charlton et al. 2019) 

In the low-density lipoprotein (LDL) receptor gene family, the predicted 

overall structure of megalin is at first glance quite similar to that of LRP-1, also 

known as scavenger receptor. Indeed, similarly to megalin/LRP2, LRP-1 harbors 

four ligand binding domains separated by clusters of EGF-precursor repeats and 

YWXD spacer repeats. However, whereas megalin/LRP2 also includes four ligand-

binding domains, its first one, with seven ligand binding repeats, is typical of 

megalin and largely differs from the corresponding domain in LRP-1. In addition, a 

unique furin endopeptidase processing site in the LRP-1 ectodomain is normally 

cleaved to form the mature receptor, which is a disulfide-linked heterodimer of 

515 kDa and 85 kDa subunits. Moreover, although overall structurally similar, 

these “false-twin receptors” differ in cytoplasmic motives that dictate their 

opposite membrane polarity. In polarized epithelial cells such as PTCs, 

transmembrane proteins can be addressed to apical, basolateral or both poles of 

cells. A polarized distribution depends on sorting sequences in the cytoplasmic tail 

of proteins. The nature of the sorting signal and the mechanism that allows it to 
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be decoded determine the trafficking route and thus, the ultimate protein 

localization. Among addressing motifs already known, tyrosine-based (NPxY or 

Yxxφ) or dileucine (LL) motifs are involved in the basolateral sorting of several 

transmembrane proteins including LDL-receptors. The cytoplasmic tail of LRP1 

includes especially two NPxY motifs, one Yxxφ motif (recently shown as the 

dominant endocytosis motif) and two LL motifs for direct basolateral targeting. Of 

note, phosphorylation of the LRP1 tail by PK-A plays a role in the internalization of 

the receptor. Thus, NPxY motifs can have distinct sorting functions. Moreover, 

comparing the two NPxY motifs of LRP1, the first (Y29) and the second (Y63) 

tyrosine contribute to the basolateral sorting but with different efficiencies. 

Tyrosine at position 29, also close to crucial acidic residues, is the most 

efficient.(Marzolo et al. 2003) Although containing similar basolateral adressing 

motifs, megalin/LRP2 includes other (dominant) motifs for its apical routing. 

Indeed, in addition to NPxY and LL motifs, the cytoplasmic tail of megalin contains 

a PDZ-terminal motif and two proline-rich motifs, one of which includes a PPPSP 

sequence responsible for the phosphorylation of megalin by the glycogen 

synthase kinase-3 (GSK3β). Apical localization of megalin depends on the 

combination of these signals.(Yuseff et al. 2007; Marzolo and Farfan 2011) 

Megalin is homogenously expressed throughout the proximal tubule, from S1 

segment to S3. However, the prominent development of the apical endocytic 

apparatus (i.e. the complete endocytic machinery drived by receptors, ranging 

from internalization at the apical pole to the lysosomes) in S1 segment, together 

with most abundant endosomes (early, late and recycling) and lysosomes, are 

structural hallmarks that uptake of low molecular weight proteins (LMWPs) by 

receptor-mediated endocytosis is concentrated in this segment. Conversely, the 

apical endocytic apparatus is less extensive in S2 and poorly present in S3 (pars 

recta), explaining the lower up to marginal endocytic activity in these segments 
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(Fig. 6). Thus, S1 segment is by far the major site for reabsorbing LMWPs and toxic 

xenobiotics under normal condition.(Schuh et al. 2018) However, under certain 

pathological conditions as in the case of nephropathic cystinosis, S1 segment 

becomes defective leading to the suppression of endocytic function in this area. 

Then, the more distal segments of the proximal tube (S2 and then S3) face the 

loads of proteins and other substrates. The responsibility for endocytosis is thus 

transferred longitudinally as lesions progress.(Gaide Chevronnay et al. 2014) 

 

Figure 6. Axial differences in endo-lysosomal system (ELS) structure and function 

between S1, S2 and S3 segments of the proximal tubule. This representation of proximal 

tubule emphasizes the characteristic expansion of the endo-lysosomal system in S1. 

Despite megalin being expressed throughout the proximal tubule, uptake of low-

molecular weight proteins (LMWPs) by receptor-mediated endocytosis (RME) is 

concentrated on S1 where cells contain numerous large endosomes (early and late or 

recycling) and lysosomes. ELS is much less developed in S2 and almost absent in S3 (pars 

recta). In view of these differences, the S1 segment is considered to have the highest 

capacity to reabsorb LMWPs and toxic xenobiotics under normal conditions. From Schuh 

et al, 2018. 
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Cubilin, a very large peripheral protein of 460 kDa, lacks transmembrane and 

intracellular domains, thus necessarily depends on the endocytic capacity of 

megalin or AMN for its internalization. The three regions that make up cubilin are 

a N-terminal stretch, 8 EGF-like repeats, and 27 highly homologous CUB domains 

which have the potential to bind a variety of ligands although, compared to 

megalin, fewer candidates have been identified so far, the main one being the 

complex of vitaminB12:intrinsic protein in enterocytes (Table 1). In PTCs, 

transferrin is considered a bona fide cubilin ligand. The loose membrane 

attachment of cubilin is ensured by an amphipathic and a palmitoylation site at its 

N-terminal segment. The N terminus and CUB domain 1 and 2 are the predicted 

sites for interaction with megalin (Fig. 5).(Christensen, Verroust, and Nielsen 

2009) 

The remarkable overlap of ligands between megalin and cubilin, in particular 

for albumin, despite totally different primary AA sequence has attracted much 

attention. Molecular modelling based the effects of site-directed mutagenesis 

combined with co-crystallization with a respective paradigmatic ligand revealed a 

fascinating example of convergent evolution, ending up in superimposable 

electrostatic interaction maps (Fig. 7).(Andersen and Moestrup 2014) As stated 

above, CR domains and CUB repeats are the major domains conferring the binding 

specificity of megalin and cubilin, respectively. However, CR (megalin) repeats and 

CUB (cubilin) domains show overwhelming similarities in the calcium-dependent 

ligand binding mechanism. In both cases, calcium ions indeed interact with acidic 

residues at the ligand-binding domain for the interaction with positively charged 

crucial lysine (or arginine) residues in their cargo/partner. Of note, cubilin and the 

LDLR family also include EGF-like domains. Similarity exists between the principal 

domains for ligand recognition in megalin, CR repeats, and EGF-like domains. In 

EGF-like domains, a calcium ion coordinates an aspartate residue then able of 
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interacting with an arginine residue of PCSK9 (proprotein convertase 

subtilisin/kexin type 9), a negative regulator of LDL-receptors.(Andersen and 

Moestrup 2014) 

 

 

Figure 7. Structure of megalin and cubilin. These evidence-based molecular models 

emphasize the similarity of calcium-dependent reciprocal electrostatic interactions of CR 

domain of the prototypic LDL-receptor complexed by its chaperone RAP (at A), as 

compared with those between a CUB domain in cubilin and the vitaminB12:intrinsic factor 

complex (at B), both considered in the exoplasmic space. Calcium is represented by red 

balls.  In the upper parts of the enlargements of receptors shown at right of each panel, 

calcium coordination brings in close vicinity a dibasic amino-acid (lysine or arginine) with 

an acidic amino-acid, aspartate in the receptor sequence. This tripartitite pocket can then 

interact with high affinity with a crucial acidic amino-acid (aspartate or glutamate) in a 

sterically accessible region of the ligand (represented below). Calcium release in the 

endosomes disrupts the receptor pocket, thus cause ligand dissociation. Adapted from 

Andersen and Moestrup, 2014. 

 

Finally, AMN is a family of five transmembrane proteins from 50 to 38 kDa, 

resulting from alternative transcription of a single amnionless gene, with 

decreasing extensions at the N-terminus. This part of the gene is essential for 

vitamin B12 uptake, but not for embryonic development.(Tanner et al. 2003) 

Structurally, AMN consists of an N-terminal extracellular domain containing a 

cysteine-rich region, a transmembrane segment and a cytoplasmic tail with two 
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rapid endocytosis NPXY motifs (Fig. 5). As stated previously, AMN and cubilin 

interact through EGF-like repeats of cubilin to form the CUBAM complex. This 

association guarantees the translocation of both proteins from rough endoplasmic 

reticulum (RER) to the plasma membrane, which is not possible if each is 

expressed alone (“reciprocal chaperones”).(Christensen, Verroust, and Nielsen 

2009) 

Figure 8 shows the abundance and localization of megalin, as corner stone in 

ARME in PTCs.(Christensen, Wagner, and Kaissling 2012; Verroust and Christensen 

2002)  

 

 

Figure 8. Localization of megalin into the segment S1 of the proximal tubule epithelium. 

A. Electron micrography of rat segment S1 shows a well-developed brush border (BB) at 

the apical surface. The subapical area contains endocytic vacuoles (E) and, deeper, 

lysosomes (L). In mice S1, lysosomes lie instead much closer to the apical membrane. 

Numerous long mitochondria are stacked perpendicular to the basal membrane. B. 

Immunogold labelling for megalin localizes the receptor on microvilli of the brush border 

(mostly in their deepest third) and more intensely in apical coated pits (CP), endosomes 

(E) and recycling dense apical tubules (arrows) illustrating the endocytic pathway followed 

by the receptor. From Christensen et al, 2012 (A) and Verroust and Christensen, 2002 (B). 
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Figure 9 depicts the endocytic route followed by megalin, cubilin, and AMN, 

and illustrates the fact that these three elements acting together can be 

considered as a multiligand complementary apical endocytic receptor complex 

rapidly internalized and recycled back to the membrane.(Nielsen, Christensen, 

and Birn 2016)   

Figure 9. Proximal tubule 

endocytic pathway with cargo 

delivery to lysosomes and fast 

receptor recycling. At the brush 

border, megalin and cubilin are 

able to capture rapidly passing 

ligands, either private or shared 

(albumin, LMWP, vitamin-binding 

proteins, lipoproteins, iron-

binding proteins…, see Table I). 

They also interact with one 

another, thereby supporting 

internalization of cubilin, which 

otherwise lacks a transmembrane 

domain and a NPXY rapid-

internalization motif to cluster 

into clathrin-coated pits. 

Alternatively, cubilin can rely on 

its specific interaction with the 

dedicated transmembrane 

chaperone amnionless (AMN). 

Preference is no longer a concern 

if the three form a ternary 

complex. After clustering into 

clathrin-coated pits which pinch 

off as primary endocytic vesicles 

and fuse with acidified apical 

endosomes, ligands are released 

from their receptors. Unoccupied receptors are then quickly recycled to the apical 

membrane through dense apical tubules (DATs). From Nielsen et al, 2016.  
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For convenience, receptors are represented as long straight molecules. 

However, this conformation would cause steric hindrance since linear cubilin is 

>30 nm long as shown by electron microscopy (and presumably megalin even 

longer), while dense apical tubules (DATs) are only 30 nm in diameter. In reality, 

cubilin contains a hinge region allowing it to bend. In contrast to receptors, 

various cargoes are delivered to lysosomes where proteolysis generally follows 

quite rapidly. 

In turn, this releases some essential components which are transferred into 

the internal milieu, either directly (vitamin A, iron) or indirectly (after conversion 

of 25OH-provitaminD into 1-25diOH-vitaminD, also named calcitriol, D3, by 

mitochondrial 1-alpha-hydroxylase). Potentially nephrotoxic drugs such as 

gentamicin are presumably retained on lysosomal phospholipids and cause 

phospholipidosis (reviewed in (Nielsen, Christensen, and Birn 2016)). An 

alternative, controversial model of massive albumin transcytosis across PTCs has 

been proposed by B. Molitoris and colleagues (Wagner et al. 2016) and is 

described in Figure 10. In this model, massive amounts of albumin ultrafiltrated 

from the plasma are retrieved intact through a two-step process. The first step, by 

which megalin mediates endocytic recapture of albumin from the proximal tubule 

(PT) lumen, followed by dissociation in endosomes, is generally accepted. 

However, the model differs from the conventional route of the cargo to 

lysosomes by invoking a second step in which secondary binding of albumin at the 

endosomal acidic pH to the FcRn receptor that cycles with the basolateral 

membrane (like LRP-1) drives transcytosis across the PTC and ligand dissociation 

at the neutral pH of the internal milieu (thus recycling into plasma). This model 

implies an unusually high albumin glomerular sieving coefficient, which was 

estimated from critical (thus criticized) measurements of albumin concentration 

in the urinary space by vital multiphoton microscopy.(Wagner et al. 2016)  
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Figure 10.  Alternative, controversial model of massive albumin transcytosis across PTCs. 

This hypothetical model, put forward by Molitoris and co-workers, proposes that massive 

amounts of albumin are ultrafiltrated across naturally leaky glomeruli but retrieved intact 

thanks to two-step process. This would involve endocytic recapture from the PT lumen via 

megalin at the apical pole and dissociation into endosomes as in the generally accepted 

model described at Figure9, but followed by secondary binding to FcRn receptor which 

drives transcytosis, back into the internal milieu (thus recycling). For Discusion, see text. 

From Wagner et al, 2016. 

 

This pathway is qualitatively supported by appearance in blood of intact tagged 

albumin only expressed by podocyte. This indeed implies transcytosis through PTC 

to the plasma of the tagged albumin secreted into the urinary space. This process 

was abolished upon FcRnKO.(Tenten et al. 2013)  However, absence of 

quantitation of this secretion in data by Tenten et al do not allow to conclude on 

the magnitude of the process and the overall model proposed by Molitoris and 

colleagues is contradicted by comparison of albumin synthesis and blood 

concentration in single podocin KO (to induce glomerular leak thus nephrotic 
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syndrome) with triple podocin+megalin+cubilin KO experiments (to suppress 

thefirst step of the proposed transcytotic route) : no further difference in plasma 

albumin concentration nor increased liver synthetic rate was observed when 

endocytic receptors were abolished.(Weyer et al. 2018) Anyhow, to the extent 

that the hypothetical transcytosis of intact albumin would not lead to the 

generation of cystine in PTCs, this controversial pathway can be neglected for the 

purpose of our thesis. 

 

 Structure and function of lysosomes, with emphasis on cystinosin 1.2.

 

After a brief presentation of key features of cystinosin, the protein defective 

in cystinosis, I shall here summarize crucial information on lysosome structure and 

composition, biogenesis and functions, with emphasis on cystinosin whenever 

possible.  

Cystinosin, the only known lysosomal membrane cystine transporter, acts as 

a H+:cystine co-transporter, and exhibits a remarkably high affinity for cystine (Km 

for cystine of 75 microM when protonated as in acidified lysosomes vs 250 

microM when facing a neutral environment (Ruivo et al. 2012), contrasting with 

the mM range for other AA transporters, such as PQLC2 for lysine and 

arginine.(Jezegou et al. 2012) This high affinity might be evolutionary related to 

the relatively low abundance of disulfide bonds in most proteins (albumin and 

thyroglobulin being exceptions), thus lower concentration of cystine released by 

proteolysis than for other AAs. Quantitative analysis by mass spectrometry of 

cultured human fibroblasts estimates cystinosin abundance at 5,000 copies per 

cell, or about 10 copies per lysosome on the average.(Thoene et al. 2013) In 

normal cells, this low abundance is normally compensated by the ongoing 
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fusion/fission of lysosomes, that randomizes digestive workload, proteolytic 

enzymes and membrane transporters. However, this low number indicates that 

cystinosin abundance is overall rate-limiting, so that heterozygotic cells for null 

mutations or deletion have a two-fold lower rate of cystine efflux than WT cells 

(discussed in (Cherqui and Courtoy 2017)). 

The predicted cystinosin structure is a 7-TM integral membrane protein with 

a long flexible luminal domain bearing several N-glycosylation sites, one large 

cytoplasmic loop involved in trafficking of the short isoform and a C-terminal 

cytoplasmic differing between the two isoforms (Fig. 11). The canonical short 

isoform of cystinosin (367 AA in human) bears two lysosomal targeting sequences 

recognized by the AP-3 adaptor complex operating at the trans-Golgi network 

(TGN), one in the long cytoplasmic loop, the other at its C-terminus, thus is 

directly targeted to lysosomes (generally located in the perinuclear region, thus 

close to the TGN). In contrast, its longer isoform (400 AA), generated by 

alternative splicing, bears only one C-terminal trafficking motive recognized only 

by the AP-2 adaptor complex operating at the plasma membrane. Thus, the LKG 

long isoform first trafficks “by default” to the plasma membrane where a 

significant fraction may remain, thus complementing the dedicated cystine 

transporter, rBAT–b(0,+)AT. It is recaptured therefrom by cell surface clathrin-

coated pits to reach lysosomes via endosomes. This pathway is thus shared with 

lysosomal acid phosphatase (see below, page 69).  
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Figure 11. Structure of two cystinosin isoforms. The CTNS gene contains 12 exons (purple 

boxes) including exon 3 which carries the start codon (ATG) and exon 12 which has two 

possible stop codons (TAG). Therefore, by alternative splicing, CTNS encodes two isoforms 

of cystinosin. Both share the N-terminal signal peptide and present seven transmembrane 

domains but differ in their cytoplasmic C-terminal composition and subcellular 

localization. At left, the ubiquitous and most abundant, canonical isoform, exhibits two 

lysosome-targeting signals resulting into exclusive lysosomal localization: the usual 

tyrosine-based C-terminal motif GYDQL (recognized by the adaptor protein complex 3, AP-

3, responsible for clustering of most lysosomal constituents into trans-Golgi clathrin-

coated pits and leading to direct lysosomal targeting) and an unique additional YFPQA 

lysosomal targeting motif in the PQ loop, that  also contains a  cystine-proton binding site. 

At right, the C-terminal region of the cystinosin-LKG isoform, rarer, contains the SSLKG 

motif wich interacts instead with the AP-2 complex. Absence of GYDQL motif allows 

constitutive secretion of cystinosin-LKG from the trans-Golgi network to the plasma 

membrane where interaction of the SSLKG motif with the AP-2 complex, shared with 

megalin (a.o.), triggers endocytic trafficking and, presumably by default, retention into 

lysosomes. From Cherqui and Courtoy, 2017. 
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 Molecular anatomy of lysosomes 1.2.1.

 

Discovered in 1955 by Christian de Duve and his co-workers at Louvain 

University, the lysosome is a central acidic organelle involved in the luminal 

degradation of virtually every biological substrate by the activity of a 

comprehensive set of about sixty different soluble acid hydrolases highly 

concentrated in its acidic lumen. This enzymatic equipment thus includes 

endopeptidases, nucleases, glycosidases, lipases, phosphatases and sulphatases. 

Lysosomes are therefore able to fully hydrolyse a huge variety of biological 

substrates, including virtually all proteins, nucleic acids, glycosaminoglycans, 

sphingolipids and glycogen (when sequestered from the cytosol by autophagy).  

Of note, the lysosomal membrane also contributes pro-catabolic enzymes such as 

HGSNAT (for heparan-alpha-glucosaminide N-acetyltransferase) which catalyzes 

transmembrane acetylation of the non-reducing terminal glucosamine residues of 

intralysosomal heparan sulfate before its luminal hydrolysis by alpha-N-acetyl 

glucosaminidase. Likewise, acid hydrolases acting on membrane lipids need 

assistance by dedicated activators. For example, prosaposin (PSAP) is cleaved into 

four, non-redundant sphingolipid activator proteins (SAPs) which facilitate the 

catabolism of glycosphingolipids with short oligosaccharide groups in specialized 

intra-lysosomal vesicles. The prevailing model implies that saposins extract their 

substrate from the hydrophobic membrane environment for presentation to the 

hydrophilic catabolic site of the dedicated hydrolase to release sugar and 

ceramide.(Hill et al. 2018) However, this Section will dwell on novel aspects of 

lysosomes besides “digestive bags” and attempt to address the much broader 

scope of lysosomal functions that depend on the lysosomal membrane and 

extend beyond the simple degradation of macromolecules to include central 

metabolic signaling, regulated exocytosis and membrane repair.  
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The lysosomal compartment is confined by a 9 nm-thick biomembrane 

showing similarities with the plasma membrane with which it is connected by 

vesicular trafficking. The lysosomal membrane is composed of a single-lipid 

bilayer and harbors a variety of extrinsic or transmembrane proteins (Fig. 12A). 

Structurally abundant, heavily glycosylated proteins include LAMP-1 (lysosome-

associated membrane glycoprotein 1), a major sialic acid-rich component of 

luminal glycocalyx, thus originally thought to merely protect the structural 

integrity of lysosomal membrane as an electrostatic shield against acid 

hydrolases. However, LAMP-1 has since been shown to mainly participate in 

lysosomal trafficking by mediating the attachment of lysosomes to the long-

distance microtubule-based transport machinery, despite its very short (11AA) 

cytoplasmic tail (unfortunately the representation of LAMP-1 orientation is 

incorrectly inversed at Figure 12).(Huynh et al. 2007) Of note, final fusion events 

depend on actin polymerization. Other lysosomal membrane proteins play a role 

in trafficking and fusion, be it for vesicle recognition (SNAREs) or fusion catalysis 

(Rabs).  

Lysosomal ion channels comprise (i) the stem of v-ATPase complex which 

support the luminal very acidic pH by allowing ATP-driven import of protons from 

the cytosol into the lysosome; (ii) ClC-7, and its obligatory partner, 

osteopetrosis-associated transmembrane protein 1 (Ostm 1), for coupled chloride 

import necessary for electroneutrality (for a review, (Jentsch and Pusch 2018)); 

and (iii) mucolipin-1 (MCOLN1) for calcium uptake, a recently recognized 

lysosomal function yet presumably an ancestral acquisition. Indeed, the 

bloodstream parasite responsible for sleeping sickness, Trypanosoma brucei 

which diverged from mammalian cells since > 200 million years, comprises 

acidified vesicles endowed with huge calcium storage, named “acidocalcisomes”. 

(Coppens et al. 1993) Calcium storage is essential for lysosomal signaling, for 
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lysosomal biogenesis and autophagy as well as for lysosome exocytosis.(Medina 

et al. 2015; Medina and Ballabio 2015; Sbano et al. 2017) 

 

Figure 12. Structure and functions 

of the lysosome. A. Schematic 

structure of the lysosome. For 

details, see Text. B. Lysosomal 

functions. First represented in 

blue, intracellular degradation 

and monomer recycling of 

intracellular (autophagy) or 

extracellular (endocytosis) 

substrates follow lysosomal fusion 

with autophagosomes or late 

endosomes, respectively. 

Depending on the cellular needs, 

the monomeric products can 

either be reused for assembly of 

new cellular components, or fully 

degraded to provide energy. A 

second specialized function to 

specific cells or situations, 

depends on exocytosis of content or membrane and is represented in red. Through 

lysosomal Ca
2+ 

regulated exocytosis, lysosomes are able to secrete their content in the 

extracellular medium. This function mediates specialized physiological processes (release 

of lytic vesicles by liganded cytotoxic T lymphocytes, bone resorption by osteoclasts, 

spreading of pigmentation by melanocytes,…). By the same pathway and after the rapid 

centrifugal (peripheral) migration, lysosomes can insert their own membrane to repair a 

damage to the plasma membrane. As a major recent shift of paradigm applicable to all cell 

types including yeast, lysosomes are now recognized as a central metabolic regulator via 

nutrient sensing and complex signaling pathways (represented in green). Especially, the 

lysosomal localization of mTORC1, a central protein complex controlling cell growth or 

autophagy, suggests a crucial role in the balance between anabolism and catabolism. This 

notably involves LYNUS and the regulation of TFEB, a master transcription factor 

controlling lysosomal biogenesis. From Settembre et al, 2013. 
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The extracellular space is an oxidative compartment. In contrast, a reducing 

lysosomal environment seems essential, not only to support the activity of 

cathepsins B, C and E (named cysteine proteases as they depend on reduced 

cysteine in their catalytic site), but also to reduce internal disulfide bonds in 

proteinaceous target. For exemple, disulfide bonds of albumin internalized into 

PTC lysosomes are reduced in lysosomal lumen. This allows protein unfolding, 

which is required for accessibility of endoproteases, including cysteine proteases 

and the aspartyl protease, cathepsin D. Of note, reduction of internal disulfide 

bonds depends on inflow of cysteine from the cytosol by a still elusive 

transporter, and cystine released by the reaction does not arise from the protein 

disulfides per se, but from the concomitant oxidation of incoming cysteine.(Lloyd 

1986) However, once in lysosomes, free cysteine cannot become directly oxidized 

into free cystine.(Thoene et al. 1977) Under special conditions, lysosomal 

proteases are also involved in antigen processing (interrupted degradation 

generates an epitope), initiation of apoptosis (cathepsin release into the cytosol 

to activate caspases) and degradation of the extracellular matrix (upon exocytosis 

e.g. by osteoclasts into bone-resorbing lacunae).  

Complex substrates (polymers or complex molecules) carried out by vesicular 

trafficking along endocytosis or by autophagy reach lysosomes. Since lysosomes 

are the intracellular organelles dedicated to the full degradation of these 

substrates, it follows that specific outward transporters for all end-products 

(“monomers”) released by macromolecule hydrolysis are necessary. Of note, 

there is also an inward transporter for unfolded proteins to be degraded by 

chaperone-mediated autophagy, named LAMP-2A. Transporters for monomers 

can be exemplified in the context of my thesis by cystinosin for cystine and PQLC2 

for basic amino-acids. Signaling components of the mTOR-complex including 

lysosomal nutrient sensing machinery (LYNUS) make the lysosome a central 
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metabolic regulator. LYNUS is composed of several proteins including the 

mammalian target of rapamycin complex 1 (mTORC1) and the v-ATPase complex 

which allow LYNUS to sense lysosomal nutrient levels. If the cellular environment 

is rich enough in nutrients such as amino acids, LYNUS interacts with the 

transcription factor EB (TFEB), a master transcription factor controlling lysosomal 

biogenesis, which is then phosphorylated by mTORC1 on the lysosomal surface 

and thus inactivated. During starvation, LYNUS releases mTORC1 into its inactive 

form, thus unable to phosphorylate and sequester TFEB at the lysosome 

membrane. Once dephosphorylated by calcineurin, TFEB translocates into the 

nucleus, where it induces its own transcription and up-regulates the expression of 

several genes involved in the lysosomal-autophagy pathway. This sequence of 

events supports a key homeostatic mechanism: when food is abundant, 

autophagy is repressed; when food is scarce, cells survive on autophagy. 

Lysosome biogenesis is thus triggered by TFEB, and a simple way to do so is to 

load lysosomes by endocytic supply of undigestible material such as sucrose. 

Conversely, when endocytosis is interrupted (e.g. by megalin KO in PTCs), the 

lysosomal compartment shrinks (“no endocytosis, no lysosomes”). TFEB promotes 

cellular clearance by several way (e.g. lysosomal biogenesis, exocytosis, and 

autophagy), and its signaling can be triggered by the drug genistein. This drug thus 

offers an interesting perspective for cystinosis in which lack of cystinosin reduces 

TFEB expression and induced TFEB nuclear translocation.(Rega et al. 2016)  

In terms of trafficking events, lysosome biogenesis requires assembly of its 

constituents in the secretory apparatus, then derouting to the lysosomal pool. 

Lysosomal targeting of most acid hydrolases depends on a unique mannose 

6‑phosphate motif, which is built up by the sequential action of a 

phosphotransferase and a phosphodiesterase in the secretory apparatus and 

which is further recognized by two different mannose 6-phosphate receptors 
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(MPRs), respectively cation-independent or -dependent, able to drive the protein 

into the late endosome via AP-3:clathrin complexes at the trans-Golgi network. Of 

note, another possible mechanism for lysosomal localization was recently 

identified for β-glucocerebrosidase and is mediated in part by the lysosomal 

receptor LIMP2 (lysosome integral membrane protein 2; also known as SCARB2), 

via the same direct intracellular route.(Honing, Sandoval, and von Figura 1998) An 

alternative route is illustrated by the soluble lysosomal acid phosphatase (LAP). 

This paradigmatic enzyme, at the origin of the discovery of lysosomes, is 

responsible for final excision of phosphate at the sixth carbon of mannose of the 

other lysosomal enzymes, thus requires a distinct delivery to avoid premature loss 

of this recognition system. LAP is first encoded as a transmembrane protein and 

its journey involves first transfer to the plasma membrane and secondary routing 

to lysosomes by AP2-mediated endocytosis still as a transmembrane protein, with 

final release from the membrane once in lysosomes by cathepsin D.(Braun, 

Waheed, and von Figura 1989; Gottschalk et al. 1989; Peters et al. 1990)  

Newly synthesized lysosomal membrane proteins are mostly directly 

targeted via AP-3:clathrin recognition as most lysosomal hydrolases. The 

canonical (short) cystinosin isoform bearing two lysosomal targeting signals 

(YFPQA in the cytoplasmic loop between the 5th and the 6th transmembrane 

domain; and GYDQL near the C-terminus, recognized by AP-3) makes no 

exception.(Andrzejewska et al. 2015) However, alternative splicing of its 12th 

exon generates a longer isoform without the GYDQL signal (thus not recognizable 

by AP-3) but with a C-terminal SSLKG motif allowing recognition by AP-2). This 

long, SSLKG isoform thus reaches the plasma membrane before secondary 

endocytosis, exactly as LAP, underlining the weak targeting potential of the first, 

YFPQA motif.(Bellomo et al. 2016) 
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 Functions of lysosomes 1.2.2.

 

As stated above, three main types of lysosomal functions can be described 

(Fig. 12B). 

Lysosome-mediated degradation 

Three pathways transport extracellular and intracellular substrates to the 

lysosome. Firstly, endocytosis (this term includes several processes such as 

clathrin-mediated endocytosis, caveolin-mediated endocytosis phagocytosis, 

macropinocytosis,) leads extracellular macromolecules and integral membrane 

proteins to lysosomes, as detailed previously by the example of apical receptor-

mediated endocytosis. Of note, only clathrin-mediated endocytosis applies to 

PTCs, which do not express caveolin and do not show phagocytosis nor 

macropinocytosis Gradually, the internal pH of endocytic organelles decreases to 

values down to about 5 in late endosomes/mature lysosomes (due to the activity 

of the highly expressed proton-pumping v-ATPase). This low pH allows the release 

of acid hydrolases from MPRs in the late endosome lumen and recycling of 

unoccupied MPRs back to the trans-Golgi network.  

Secondly, autophagy, triggered under conditions of cellular stress such as 

nutrient deprivation, growth factor depletion, infection or hypoxia, is a regulated 

catabolic pathway used by cells to allow the degradation and monomer recycling 

from non-vital or dysfunctional components such as protein aggregates or 

misfolded proteins, oxidized lipids, damaged organelles and intracellular 

pathogens; or to provide energy to survive. Autophagy is an important process 

ensuring cellular homeostasis through its implication in development,  

differentiation,  cell  repair,  immunologic  defense  as  well  as  protein  quality 

control.(Dikic and Elazar 2018; Yang et al. 2013)  In microautophagy, invagination 
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of the lysosomal or endosomal membrane directly leads to internalization of 

cytosolic proteins while macroautophagy requires the formation of independent 

autophagosomes, double-membrane vesicles, that sequester cytoplasmic cargo 

and then fuse with lysosomes. Currently, macroautophagy and microautophagy 

can be in bulk or exceptionally selective depending on the material sequestered. 

In macroautophagy, cytosolic receptor proteins, including sequestosome 1 (p62), 

assisted by LC3, assemble cargo and ensure the formation of a limiting membrane 

around the cargo, the autophagosome. Selective degradation by microautophagy 

is possible through interaction between target proteins and surface proteins of 

lysosomes or late endosomes. In this process, a cytosolic chaperone, the heat 

shock cognate 70 kDa protein (HSC70), is involved in selective protein degradation 

by microautophagy.(Kaushik and Cuervo 2018)  

Thirdly, and always selective, chaperone-mediated autophagy (CMA) is a 

very distinct mechanism implying recognition of individual proteins to be disposed 

of by a broad targeting motif, KFERQ-like, for selective degradation (for review, 

(Kaushik and Cuervo 2012)). This KFERQ-like motif-bearing protein is recognized 

by a cytosolic chaperone, the HSC70-containing complex. Upon recognition, the 

protein is unfolded and driven to the lysosomal membrane for translocation into 

the lysosomal lumen through a unique receptor, named lysosome-associated 

membrane protein type 2A (LAMP2A). What makes CMA unique compared to 

other types of autophagy is that proteins cross the lysosomal membrane one by 

one with high selectivity. Once in the lysosome, CMA substrates are degraded by 

the well-known panoply of acid proteases. 

Lysosomal exocytosis 

Besides the classical secretion mediated by the ER-Golgi-secretory vesicle 

pathway, lysosomes can secrete their content by lysosomal exocytosis in specific 
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cells or conditions. Indeed, upon appropriate stimulation, lysosome can migrate 

along microtubules from their usual perinuclear region (when the end-minus 

motor, dynein is dominant) towards the plasma membrane (thus switching to 

end-plus motor, kinesin) and, through lysosomal Ca2+-regulated exocytosis 

(involving the important mediator MCOLN1), the lysosomal membrane fuse with 

the plasma membrane leading to the release of the content in extracellular 

medium. Lysosomal exocytosis involves a complex molecular machinery including, 

on lysosome, the vesicle SNARE (v-SNARE) VAMP7, the Ca2+ sensor synaptotagmin 

VII (SYTVII) and several Rab proteins and, on plasma membrane, the target 

SNAREs (t-SNAREs) SNAP23 and syntaxin 4.  

Lysosomal exocytosis was long known to mediate specialized physiological 

processes such as release of lytic vesicles by liganded cytotoxic T lymphocytes 

(degranulation), bone resorption by osteoclasts or pigmentation spreading by 

melanocytes. Thus, lysosomal exocytosis was considered a unique attribute to 

specialized cell types such as hematopoietic cells but it is now known to be shared 

by all cell types, as a fast and effective way for urgent plasma membrane 

repair.(Andrews and Corrotte 2018) Indeed, after the rapid centrifugal (from usual 

perinuclear location to plasma membrane) migration, lysosomes can insert their 

own membrane by fusion to repair the injured plasma membrane. Of note, TFEB 

is also implied in lysosomal exocytosis regulation by increasing expression of 

genes governing lysosomal dynamics and local increase of subcellular Ca2+ 

concentration that triggers fusion upon regulated release from the lysosomal 

store (e.g. MCOLN1). 

Signalling from lysosomes 

Over the last decade, the lysosome has further emerged as a central 

metabolic regulator involved in cell homeostasis and growth through nutrient 
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sensing and complex signaling pathways (for review by Sabatini’s lab, see (Efeyan, 

Comb, and Sabatini 2015)). This unanticipated, revolutionary concept has become 

evident since the demonstration, in yeast then in mammalian cells, that the kinase 

complex first known as mammalian target of rapamycin complex 1 (mTORC1), a 

master cell and organism growth regulator which is part of the LYNUS machinery, 

exerts its activity on the lysosomal surface where it is activated in response to 

nutrient availability. A posteriori, the beauty of the system is that lysosomal 

localization of mTORC1 is strategically placed to integrate the balance between 

anabolism and catabolism. mTORC1 activation is finely tuned according to the 

cellular needs and thus depends on the energy level, the cellular stress,  other 

signals such as growth factors and hormones, as well as availability of amino acids, 

glucose and oxygen.(Settembre et al. 2013; Settembre et al. 2012; Laplante and 

Sabatini 2012; Russell, Yuan, and Guan 2014) 

In presence of nutrients, mTORC1 is recruited and retained at the lysosomal 

membrane by several small GTPases, called Rag GTPases, and the Ragulator 

complex. The recruitment of mTORC1 to the lysosomal surface brings it closer to 

its activator, the small GTPase Rheb that belongs to the superfamily of Ras 

GTPases. Once activated, mTORC1 stimulates the biosynthesis of proteins, mRNAs 

and lipids as well as ATP production, while repressing autophagy. Indeed, 

downstream signaling involves phosphorylation of key effector or regulatory 

proteins such as ribosomal protein S6 kinase (S6K1) and eukaryotic translation 

initiation factor 4E-binding protein (phosphorylation of 4E-BP1 causes its release 

from the eukaryotic translation initiation factor 4E (eIF4E) which is therefore free 

to initiate protein synthesis). Moreover, it leads to autophagy inhibition by 

repressing lysosomal biogenesis and catabolic programs mainly via 

phosphorylation of the general transcription factor of the CLEAR pathway, TFEB. 

When phosphorylated, TFEB is sequestered in the cytoplasm, thus silenced. Only 
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upon dephosphorylation by calcineurin, TFEB can reach the nucleus to stimulate 

transcription of its target genes (the same process applies to MITF and TFE3, also 

involved in lysosomal biogenesis and autophagy). While generous amino acids and 

glucose availability promote the accumulation of active conformation, starvation 

transforms Rag GTPases into an inactive conformation, thereby releasing inactive 

mTORC1 from lysosomes, unleashing autophagy so that cells adapt to exogenous 

AA shortage by feeding upon itself. These observations underline that mTORC1 

activity depends on lysosome AA release. Of note, long-term mTOR inhibition 

leads to megalin downregulation and proteinuria in kidneys.(Gleixner et al. 2014) 

The complex LYNUS machinery allows the lysosome to play a central role in 

nutrient sensing and metabolic signal transduction. Among the large number of its 

important interactions, the fifth loop of cystinosin plays an important role in the 

interaction with the mTORC1 complex, raising the fascinating hypothesis of 

coupled export and sensing.(Andrzejewska et al. 2016)  

 The various causes and manifestations of lysosomal diseases 1.2.3.

 

Although each one is rare, lysosomal storage diseases (LSDs) are many, thus 

represent together a significant medical burden. LSDs considerably differ both in 

frequency and manifestations. Some appear discreetly in adulthood (such as 

Fabry disease, due to accumulation of globotriaosylceramide, abbreviated GL-3 or 

GB-3, upon defect of alpha-galactosidase), other are lethal from the first years of 

life (such as Morquio disease, due to accumulation of glycosaminoglycans). The 

symptoms are very variable, ranging from neurological problems to organ 

dysfunctions, stunted growth or bone abnormalities. As diverse as they may be, 

LSDs have one thing in common: the homogenous intra-lysosomal accumulation 

of either one specific unmetabolized substrate, when one hydrolytic activity falls 

below a very low level (this is the case for most of them, the first discovered and 
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probably best example being selective glycogen accumulation in Pompe disease 

due to defective acid maltase); or a particular catabolic end-product, when its 

transporter is defective (this is the case for cystine in cystinosis and sialic acid in 

de Salla disease).  

Although the genetic and molecular bases of accumulation have been 

identified for the various LSDs, there are still many unclear aspects concerning the 

biochemical and cellular consequences that lead to dysfunctions characteristic of 

each of them, apparently in correlation with the type of accumulated substrate. 

Better understanding of the processes involved in these diseases could allow the 

development of specific drug treatments or replacement therapies, currently 

limited to a few LSDs, and might provide an improved knowledge of the robust 

physiology of healthy cells. Given the multitude of non-redundant, irreplacable 

lysosomal constituents, the absence or deficit of any of these can lead to an 

autosomal recessive disease with accumulation of one specific unprocessed 

macromolecule or non-exportable catabolic product. Usually, the characteristic 

compound gives its name to the disease, for example cystinosis when cystine 

accumulates. Rarely multiple compounds accumulate causing inclusions (I-cell-

disease). One of these diseases, called nephropathic cystinosis, is the main subject 

of this thesis. Before describing it in detail, this section defines the possible causes 

of LSDs with some examples (Fig. 13). 
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Figure 13. Various causes of lysosomal storage diseases (LSDs). Mutations can directly 

lead to non-functional acid hydrolases (1) or affect activators that are unable to provide 

optimal hydrolase activity (2). A mutation can also cause misfolding of the enzyme that 

cannot leave the endosplasmic reticulum (RE) to join the lysosome (3). Deficit of any 

component of multi-enzyme complexes that ensure the delivery of acidic hydrolases from 

the ER to the lysosome are typical of I-cell disease. (4). Defective glycosylation of 

lysosomal enzymes in Golgi can lead to a decrease in the intrinsic catalytic activity or 

stability of the enzyme (5) or prevent transport to the lysosome if it affects build-up or 

recognition of mannose 6-phosphate (key recognition marker for targeting many 

hydrolases to lysosomes) (6). The transport of the enzyme from the Golgi to the lysosome 

can also be disrupted independently of the glycosylation (7). In addition to soluble 

hydrolytic enzymes, membrane proteins of the lysosome can also be at the basis of 

lysosomal diseases. Most important for this thesis, mutations can abolish the transport of 

molecules (the export of metabolites) across the lysosomal membrane (8) or impact 

lysosomal proteins involved in the stability and integrity of the lysosome as well as in the 

process of chaperone-mediated autophagy (9). Finally, LSDs could be due to defects in 

other components (adaptor proteins, coat proteins or lysosome-specific receptors) of 

transport pathways to and from lysosomes that would mis-target lysosomal hydrolases or 

membrane proteins. From Futerman and van Meer, 2004. 
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Most LSDs are caused by mutations that directly affect the catalytic function 

of lysosomal acid hydrolases. Mutations can directly lead to absent or non-

functional acid hydrolases, or affect activators required for optimal hydrolase 

activity. For example, Niemann-Pick disease types A and B, which are inherited 

and severe metabolic disorders due to sphingomyelin accumulation in lysosomes, 

are due to mutations in the SMPD1 gene leading to impaired activity of lysosomal 

sphingomyelinase. Symptoms include hepatosplenomegaly, thrombocytopenia, 

neurological dysfunctions, dementia and seizures. Alternatively, no protein 

reaches the lysosome due to a variety of causes. This can result from large 

deletions or more subtle mutations causing misfolding in the endoplasmic 

reticulum (RE) preventing to reach the lysosome. This is the case in Gaucher 

disease, due to a deficient glucocerebrosidase or to a deficient saposin-C 

activator, causing accumulation of glucocerebroside in cells of the macrophage-

monocyte system, and resulting especially in hepatosplenomegaly, anemia and 

bone pain or overt fractures. A variant on this theme originates from deficit of 

any component of multi-enzyme complexes that ensure the delivery of acidic 

hydrolases from the ER to the lysosome which is typical of I-cell disease. Multiple 

defects can result from impaired glycosylation of lysosomal enzymes in the 

secretory pathway, as they can lead to a decrease in the intrinsic catalytic activity 

or stability of the enzyme, or prevent transport to the lysosome when preventing 

build-up or recognition of mannose 6-phosphate (key recognition marker for 

targeting many hydrolases to lysosomes). Of note, transport of the enzyme from 

the Golgi to the lysosome can also be disrupted independently of the 

glycosylation. An interesting case is stability in lysosomes, which indeed poses the 

problem as to how lysosomal enzymes resist proteolysis. For example, 

galactosialidosis, a glycoprotein storage disease, is due to mutations in the CTSA 

gene encoding lysosomal protective protein/cathepsin A (PPCA) and leads to 
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combined deficiency of beta-galactosidase (β-GAL) and neuraminidase 1 (NEU1). 

A defective PPCA is not able to form a complex with β-GAL and NEU1, a 

configuration that ensures activity and stability of both enzymes in lysosomes. It is 

characterized by coarse facial features, macular cherry-red spots, angiokeratoma 

(dark red spots on the skin), vertebral deformities, epilepsy and ataxia. 

In addition to soluble hydrolytic enzymes, membrane proteins of the 

lysosome can also be at the basis of lysosomal diseases. Most important for this 

thesis, mutations can abolish the transport of molecules (the export of 

metabolites) across the lysosomal membrane or impact lysosomal proteins 

involved in the stability and integrity of the lysosome as well as in the process of 

chaperone-mediated autophagy. Finally, LSDs could be due to defects in other 

components (adaptor proteins, coat proteins or lysosome-specific receptors) of 

transport pathways to and from lysosomes. For example, Danon disease is an X-

linked lysosomal and glycogen storage disorder associated with a mutation of the 

LAMP2 gene. Symptoms include hypertrophic cardiomyopathy, skeletal muscle 

weakness, and intellectual disability.(Futerman and van Meer 2004) 

 

 Natural course and therapeutical options for lysosomal 1.2.4.

storage diseases 

 

The primary cause of the LSDs, intra-lysosomal accumulation of 

unmetabolized substrates or retained degradation products, gives rise to a variety 

of symptoms which depend of the overload nature but also suggest that several 

secondary biochemical and cellular pathways are affected leading to the 

pathology. Indeed, not every lysosomal accumulation is pathogenic: a remarkable 

example is malondialdehyde, also known as “lipofuchsin”, which accumulates 
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with age and can contribute up to 1/5th of neuronal cytoplasm after 80 years of 

age. So far, little is known about how lysosomal accumulation of undigested 

metabolites might impact downstream pathways and cause disease. However, 

several pathways are suspected to contribute to disease progression. 

Substrate overload could possibly impact on lysosomal stability, integrity or 

permeability leading to the release of acidic hydrolases and accumulating 

metabolites into the cytosol with disastrous consequences for the cell. This can be 

exemplified by storage of crystals or ROS-favoring compounds such as hemoglobin 

or hemosiderin. Undegraded metabolites overload in lysosomes could also block 

intracellular trafficking to, from and between lysosomes because of the limiting 

lysosomal storage capacity. As stated above, lysosome is involved in cell 

homeostasis and growth through nutrient sensing and complex signaling 

pathways. Several defective signaling pathways resulting from a deficient or 

absent actor can carry on multiple outcomes such as altered gene expression. 

Other possible secondary processes could be mentioned such as the activation of 

cell-death signaling, alteration of plasma membrane lipid content (affecting 

receptor responses and subsequent signaling events), inflammatory cascade, the 

unfolded protein response (UPR, leading to ER stress and apoptosis) and 

dysregulation of autophagy.(Futerman and van Meer 2004; Boustany 2013) 

Unfortunately, we know very little about all these aspects for most LSDs 

which have thus few therapeutical options at the moment: supportive medical 

options are merely restricted to alleviate symptoms and to manage disease 

consequences (e.g. loss replacement in case of life-threatening acute electrolyte 

loss due to the Fanconi syndrome of cystinosis) rather than etiological therapy. 

Similarly, splenectomy is a common option to reduce thrombocytopenia or 

anemia in Gaucher disease and other LSDs. In late-stage nephropathic cystinosis, 



 Introduction  

80 
 

kidney transplantation is often inevitable. It is thus crucial to better understand 

the cellular basis of each LSD to find new specific or complementary treatments 

(Fig. 14).  

 

 

Figure 14. Therapeutic strategies in lysosomal storage diseases (LSDs). Depending on 

their target, LSDs treatments can ideally be divided into four conceptual groups. The 

therapy can (1) directly target an enzymatic defect (red, e.g. enzyme replacement therapy 

such as regular infusion of recombinant glucocerebrosidase in Gaucher disease; or more 

generally bone marrow transplantation which provides healthy cells secreting functional 

lysosomal enzymes); (2) the source of the accumulating substrate or substrate rerouting 

to a preserved pathway (yellow, e.g. substrate-depletion therapy such as cysteamine in 

cystinosis, see below); (3) the symptoms of the disease (green, e.g. kidney transplantation 

in late-stage nephropathic cystinosis) or biochemical signaling pathways that are disrupted 

in LSDs (blue; more hypothetical). Unfortunately, most LSDs are not yet well understood, 

characterized and diagnosed and therefore cannot benefit from specific and definitive 

treatments. From Futerman and van Meer, 2004.   
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Directly targeting an enzymatic defect is a rational, but often theoretical 

solution. Indeed, enzyme replacement therapy (ERT) such as regular infusion of 

recombinant glucocerebrosidase in Gaucher disease or bone marrow 

transplantation that provide healthy cells secreting functional lysosomal enzymes, 

is the most successful available treatment for LSDs. The main challenge in this 

treatment is to target the enzyme to the defective cells. A possibility, already used 

in several LSDs, is to produce a recombinant enzyme bearing a recognizing signal 

for a specific receptor which could allow endocytosis and thus delivery to 

lysosomes. Many works are trying to improve the efficacy of ERT by better 

targeting the affected cells and/or by increasing the stability or catalytic efficiency 

of recombinant enzymes. 

Although knowledge is still limited regarding the affected metabolic 

pathways in LSDs, specific substrate-depletion therapy could aim to prevent the 

metabolic and cellular defects resulting from accumulation of undegraded 

substrates. To prevent this accumulation, drugs can target the source of the 

accumulating substrate (partial synthesis inhibition) or redirect the substrate to a 

preserved pathway. The scope of this option appears broader and is already 

applicable in certain diseases, as exemplified by cystine depletion with diligent 

early cysteamine therapy in nephropathic cystinosis, which proves remarkably 

helpful when patients comply. 

Logically, specific gene therapy should represent the most effective 

treatment for LSDs but remains a still very controversial option for the moment. 

However, several ex vivo and in vivo gene transfer methods have been tested to 

transfer the relevant genetic material into defective cultured cells leading to 

enzyme activity reconstitution. Unfortunately, these methods are not yet 

generally applicable to humans for the moment.  Two particular cases however 
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are already quite appealing. The first one is pharmaceutical correction of point 

mutations interrupting transcription, based on drug-induced jump-over the 

mutation. Proof-of-principle was offered by gentamicin against the W138X 

frequent mutation of the cystinosin gene in the Province of Québec, Canada.  Paul 

Goodyer and colleagues discovered that gentamicin, then a more specific 

compound, proved effective to restore cystinosin expression in cultured cells 

bearing this mutation (Goodyer, personal communication to PJC and manuscript 

in revision). The second case is lentivirus-based ex vivo correction of patient’s 

hematopoietic stem cells before autologous transplantation. This approach is 

actively pursued by Stephanie Cherqui for the first clinical trial to be launched in 

the near future, as recently announced on the website of the Cystinosis Research 

Foundation.  

Stem cell therapy is indeed receiving considerable attention, in particular in 

cystinosis. Conceivably, stem cells would be attracted into diseased tissue and (i) 

replace dead cells, or (ii) fuse with suffering cells to form polyploid nuclei 

including normal gene, or (iii) secrete microvesicles or exosomes bearing 

correcting normal mRNAs or normal proteins.  The latter mechanism has been 

recently evidenced in vitro and in vivo.(Iglesias et al. 2012; Thoene et al. 2013; 

Naphade et al. 2015; Gaide Chevronnay et al. 2016) Of great interest, the two last 

papers have demonstrated that hematopoietic stem cells engrafted into cystinotic 

mice can send their own proteins across basement membrane surrounding 

diseased proximal tubules or even penetrate into diseased thyroid follicles. This 

correlated with almost normalization of thyroid histology and function (see 

Appendix 2). 
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 The case of nephropathic cystinosis: a lysosomal transport disease 1.3.

 

 Etiology, cause and diagnostic 1.3.1.

 

Belonging to lysosomal storage diseases, nephropathic cystinosis is a rare 

autosomal recessive disease due to inactivating point mutations up to full deletion 

of the CTNS gene, located on chromosome 17p13, which encodes cystinosin, the 

lysosomal cystine transporter described above.(Gahl, Thoene, and Schneider 

2002) Defective cystinosin leads to an accumulation of cystine in all organs. In 

developed countries, the general incidence of cystinosis is about 1:100 000 - 1:200 

000 live births but much higher incidence can be observed in isolated 

communities. For example, Brittany stands out with 1 case every 26 000 births 

while the rest of France reports only one case per 326 000 births. On the contrary, 

long isolated communities could have been spared, such as Finland.(Manz and 

Gretz 1985; Bois et al. 1976) Underestimation due to lack of diagnosis of cystinosis 

is likely in large countries such as Russia, India and China.(Kir'ianov, Bazhenov, and 

Stetsenko 1992; Tang et al. 2009; Yang, Hu, et al. 2015) 

Among the three types of cystinosis (infantile, juvenile and non-nephropathic 

or ocular), infantile cystinosis is the most frequent and most severe form and is 

referred to as “cystinosis” in this manuscript.(Cherqui and Courtoy 2017) Its 

earlier signs result from early involvement of kidney PTCs (hence renal Fanconi 

syndrome and evolution to end-stage renal failure) and corneal cystine deposits 

(hence photophobia).  Milder and rarer than the multi-systemic infantile 

cystinosis, juvenile and ocular cystinosis manifest around 12 years of age and in 

adulthood respectively. Juvenile type of the disease leads to photophobia and a 

combination of glomerular and tubular alterations responsible for proteinuria, 
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eventually leading to end-stage renal disease (ESRD) while ocular cystinosis is 

characterized by photophobia without renal dysfunctions. 

The disease was first described in 1903 when pathological cystine crystals 

were observed in the liver and spleen of a young infant who died after 

dehydration and growth failure.(Baumner and Weber 2018) In the infantile 

(nephropathic) form, cystinotic children are normal at birth but develop growth 

retardation, rickets and signs of kidney dysfunction, such as polyuria and 

polydipsia, in the first year of life. Without treatment, renal failure may lead to 

renal insufficiency before 10 years of age and to death in the second decade of 

life. If started early (before 5 years of age and preferably earlier), cysteamine 

treatment, described in detail below, can delay the onset of renal failure to about 

20 years of age.(Cherqui and Courtoy 2017) Early diagnosis therefore represents a 

major point regarding the clinical future of the cystinotic patient. At this stage, 

three methods are available to establish the diagnosis of cystinosis. Detection of 

elevated cystine levels in leucocytes by high-performance liquid chromatography 

or liquid chromatography-tandem mass spectrometry (LC-MS/MS) is very 

sensitive and accurate, thus currently the standard method. Genetic diagnosis by 

gene sequencing of the relatively small CTNS gene (12 exons but only 10 are 

coding) is also a common confirmatory tool although more time-consuming and 

ineffective for 5% of patients in whom the mutation is profoundly intronic, in the 

promoter region or an infrequent deletion or duplication. Also used to confirm 

the diagnosis, detection of corneal cystine crystals is a reliable and affordable 

method, the main one in developing countries, but nevertheless requires some 

experience of the ophthalmologist to identify crystals. Of note, the late 

appearance of corneal crystals (during the second year of life) may unfortunately 

delay the diagnosis, thus treatment.(Elmonem et al. 2016) Of note, the avascular 

cornea does not respond to oral cysteamine therapy and crystal intensity 
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therefore cannot be used to evaluate the systemic response to the drug.(Veys et 

al. 2017) 

 

 Cystinosis as multisystemic disease 1.3.2.

 

As stated above, cystinosis is due to accumulation of cystine in every tissue of 

the body. At acidic pH and high concentration, cystine precipitates and forms 

crystals which are typical of the disease. Kidneys, having an important 

reabsorption function, are particularly sensitive to the cystine accumulation and 

are thus firstly impacted with the most serious and early consequences. However, 

this multi-systemic disease leads to alteration of many other organs such as 

thyroid that we studied in detail (see Appendix 1 and 2). This section will attempt 

to give an overview of cystinotic symptoms (Fig. 15).(Baumner and Weber 2018)  

 

1.3.2.1 Kidneys and renal Fanconi syndrome 

 

In cystinosis, the renal phenotype is the earliest, worst and most frequent. 

Renal impairment is characterized by a Fanconi syndrome whose clinical signs 

become evident from 6 months of age and a progressive loss of glomerular 

function leading to end-stage renal disease. 

 

 

 



 Introduction  

86 
 

 

Figure 15. Cystinosis, a multisystemic disease. Cystinosis is due to defective cystinosin, 

the only known cystine transporter at the lysosomal membrane. Since all cells in the body 

contain lysosomes, cystinosis affects all organs including kidneys and eyes from the first 

year as evidenced by Fanconi syndrome and corneal crystals, thyroid and other endocrine 

organs in the first decade, then bones and muscles and eventually brain. This figure 

presents a comprehensive list of natural disease complications. From Baumner and 

Weber, 2018. 

 

Renal Fanconi syndrome consists of a generalized dysfunction of the proximal 

tubule, characterized by urinary loss of water, sodium, potassium, bicarbonate, 

magnesium, carnitine, calcium, phosphate, amino acids, glucose and low 

molecular weight proteins (LMWPs such as beta-2-microglobulin, alpha-1-

microglobulin, retinol-binding protein) to intermediate molecular weight proteins 

(IMW such as albumin, transferrin, vitamin D binding protein).(Elmonem et al. 

2016; Cherqui and Courtoy 2017) In the Results of this work in a mouse model of 
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cystinosis, we will show that the early loss of expression of key apical proximal 

tubular endocytic receptors and transporters is the main cause of proteinuria, 

glucosuria and phosphaturia and precedes proximal tubular atrophy. This 

observation actually provided the first molecular explanation of the renal Fanconi 

syndrome prior to swan-neck lesions. As glomerular lesions later develop, 

glomerular proteinuria is reflected by excessive urinary losses of albumin and high 

molecular weight proteins. As a result, cystinotic children suffer from growth 

retardation, polyuria with daily excretion of 2 to 6 liters of dilute urine (Fig. 16A), 

polydipsia, dehydration and electrolyte imbalance, vomiting, constipation and 

rickets due to impaired vitamin D metabolism (with decreased uptake of vitamin 

D-binding protein and conversion by alpha-1 hydroxylase in renal proximal 

tubules). As stated above, early diagnosis is crucial because ESRD develops by the 

end of the first decade of life if treatment is too late.(Elmonem et al. 2016; Baum 

1998) At this stage of the disease, kidney transplantation is inevitable. 

Figure 16. Kidney damage in cystinosis. 

Presumably because of their huge 

reabsorptive function, kidneys are 

usually the first organs affected by 

cystinosis, before the age of 12 months. 

A. 11-month-old cystinotic girl with 

polyuria. The blondness of hair is 

characteristic of Caucasian patients.  B. 

Histology of a cystinotic kidney with 

PAS staining: arrowhead points to 

typical atrophy of S1 at the glomerulo-

tubular junction, referred to as swan-

neck lesion. C. Post mortem kidney 

cortex section from an 8-year-old boy 

viewed under polarized light showing a renal glomerulus with many non-dissolved cystine 

crystals sometimes having a rectangular shape. Compiled from Gahl et al, 2002, Larsen, 

2010 and Chevalier, 2016. 
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Histologically, proximal tubular atrophy is typical in cystinotic kidney sections 

(Fig. 16B) and these deformities are usually called “swan-neck” lesions because of 

their shape (see below). Cystine accumulating in acidic lysosomes precipitates 

above 5 mg/ml. Microscopy under polarizing prisms allows to visualize hexagonal 

or polymorphous cystine crystals if they have not been dissolved in water at 

neutral pH during kidney fixation or staining (aqueous solvents should be avoided; 

in this work, we used alcoholic Bouin fixative).(Gahl, Thoene, and Schneider 2002) 

In Figure 16C, cystine crystals, sometimes having a rectangular shape, are visible 

in a glomerulus from a post-mortem cystinotic kidney section.  

Figure 17 demonstrates the 3-dimensional appearance of swan-neck 

deformities, as evidenced by kidney microdissection, and schematizes their origin 

and consequences, as delineated by time-course analysis in the mouse model. In 

cystinosis, the glomerulo-tubular junction is the site of the first lesions. At this 

point, there is a sharp transition between the flat epithelium of the Bowman's 

capsule and the thick cylindrical epithelium formed by the proximal tubular cells 

with a characteristic brush border at their apical pole. 
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Figure 17. Swan-neck deformities. A. Lesions. Micro dissection showing nephrons from a 

normal child (a) and from a cystinotic patient at 5 months (b) and 14 months of age (c), 

arrow showing a typical swan-neck lesion. This name derives from the appearance of 

microdissected cystinotic nephrons, where the protected glomerulus represents the swan 

head, the atrophic proximal segment is the swan-neck, and the more distal, preserved 

convoluted segment would be the swan body. B. Tentative histopathological explanation. 

(a) Lysosomal swelling in S1. In cystinosis, PTCs immediately after the glomerulo-tubular 

junction are the site of the first lesions. Ultrafiltrated plasma proteins, including disulfide-

rich proteins such as albumin, are reabsorbed in large amounts by the most proximal cells 

whose lysosomes are rapidly overloaded by cystine in the absence of cystinosin. As 

proteolysis is impaired, lysosomes swell. (b) Dedifferentiation followed by crystals and 

atrophy. In this second phase, starting from the glomerulo-tubular junction, the tubular 

epithelium appears dedifferentiated/atrophied. The most proximal S1 epithelium appears 

completely flat, resulting into typical lesions of cystinosis, called swan-neck deformities. It 

is possible that an extension of Bowman's epithelium compensates for the loss of cells in 

the proximal tube (sliding metaplasia hypothesis). (c). Longitudinal extension. As disease 

progresses, alterations extend longitudinally as if burden of ultra-filtered toxic substances 

having escaped recapture by atrophic upstream tissue is transferred to the next area, 

which in turn undergoes the same pathological process. Compiled from Mahoney and 

Striker, 2000 (A); Cherqui and Courtoy, 2017 (B). 
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Ultrafiltrated plasma proteins, including disulfide-rich proteins such as albumin, 

are reabsorbed in large amounts by the most proximal tubular cells (S1) whose 

lysosomes are rapidly overloaded by cystine in the absence of cystinosin. Cystine 

accumulation leads to lysosomal lumen oxidation and thus impairs proteolysis by 

several possible mechanisms. Indeed, lysosomal reducing environment is crucial 

for unfolding of disulfide-bonded substrates and thus unmasking peptide bonds 

for endoproteolysis, for activation of mature lysosomal cathepsins that belong to 

cysteine proteinases (depend on preservation of the reduced thiol in their 

catalytic site) and finally for autoactivation and hetero-activation of pro-

cathepsins by proteolytic excision of the masking pro-peptide.(Cherqui and 

Courtoy 2017) Oxidative conditions thus impact all these processes. Resulting 

impaired proteolysis causes lysosomal enlargement, before any crystal can be 

detected. In a second phase, starting from the glomerulo-tubular junction, the 

tubular epithelium becomes dedifferentiated and atrophied. Crystals are seen in 

PTCs at this stage. Cell death, including by apoptosis, causes luminal shedding thus 

crystal disappearance. Eventually, the most proximal S1 epithelium appears 

completely flat, without crystals, resulting into typical swan-neck deformities. We 

attribute the absence of tubular crystals in biopsies from cystinotic patient, 

contrasting with interstitial crystals in macrophages, by their late stage.  It is 

possible that an extension of Bowman's epithelium compensates for the loss of 

cells in the proximal tube (sliding metaplasia hypothesis). As disease progresses, 

the alterations of the proximal tubule extend distally along the proximal tubule. 

This suggests that when upstream tissue becomes dysfunctional, the burden of 

ultra-filtered toxic substances is transferred to downstream PTCs, which in turn 

undergo the same pathological process.(Mahoney and Striker 2000; Cherqui and 

Courtoy 2017)  
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1.3.2.2 Thyroid and hypothyroidism 

 

Hypothyroidism is the most common endocrine perturbation in cystinotic 

patients followed by type I diabetes or pubertal delay.(Emma et al. 2014) Male 

hypogonadism with infertility is also frequent, due to azoospermia despite intact 

spermatogenesis at testicular level. 

Like PTCs, thyroid follicular epithelium gradually accumulates cystine, 

including in the form of crystals which can be seen also in the colloid, indicative of 

cell shedding in a closed cavity, as opposed to washing out by urine (Fig. 18B). 

That leads to fibrosis and atrophy (Fig. 18C and D to compare normal and 

cystinotic histology) and causes primary hypothyroidism, with elevated serum TSH 

(thyroid stimulating hormone) level, which is the most frequent and earliest 

endocrine perturbation. These thyroid abnormalities may also partially explain 

short stature and delayed bone age observed in cystinotic patients. A typical 

hypothyroidism facies was often noted in untreated patients (Fig.18A).(Lucky et 

al. 1977) 

Clinically, serum level of T3 and T4 are normal in the majority of patients but 

elevated serum concentration of TSH reflects the response of the pituitary gland 

to abnormal thyroid hormone production. In our thyroid study of the cystinotic 

mouse model, we demonstrated that thyroid changes affect thyroglobulin 

synthesis (linked to ER stress/UPR response) and iodo-thyroglobulin processing 

(due again to alteration of endolysosomal trafficking) with impaired hormone 

production, leading to TSH elevation despite normal T3 and T4 plasma 

concentrations.(Gaide Chevronnay et al. 2015) Eventually, this would lead to 

colloid exhaustion thus loss of pro-hormone reserve. To protect this pool and 
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prevent subclinical hypothyroidism, cystinotic patients are treated with thyroid 

hormones up to TSH normalization. 

 

 

 

Figure 18. Thyroid damages in cystinosis. A. Photograph of an 8-year-old cystinotic 

patient who developed a characteristic hypothyroid facies. B. Cystinotic thyroid section in 

polarized illumination showing cystine crystals in thyrocytes and in colloid. C and D. HE 

stained thyroid sections from autopsied children showing a normal histology (C) and a 

cystinotic profile with increased fibrosis, atrophic flattened thyrocytes and colloid 

abnormalities (D). Compiled from Chan et al, 1970 (A) and Lucky et al, 1977 (B-D). 
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1.3.2.3 Other organs 

 

I emphasized above kidneys and thyroid as two types of organs where 

primary affected cells (PTCs, thyrocytes) are specialized in apical endocytosis. 

However, since all cells bear lysosomes, cystinosis is by necessity a multisystemic 

disease. For example, cystine also rapidly accumulates to high levels in liver and 

spleen because of the abundance of macrophages therein (Küppfer cells, splenic 

macrophages), which become filled with crystals that these cells apparently better 

tolerate. Presence of birefringent crystal in macrophages of bone marrow 

aspirates previously helped diagnosing cystinosis as the cause of unexplained 

Fanconi syndrome.  I hereafter dwell on particular organs. 

 Early in the development of the disease, photophobia result from deposition 

of cystine crystals in the cornea (Fig. 19A-B) which leads to blepharospams, 

corneal erosions, superficial punctuate and band keratopathy (corneal damage). 

Later, the retina can be affected and cause vision loss. Since the cornea is not 

vascularized, oral cysteamine therapy does not reduce eye symptoms. However, 

ophthalmic drops with cysteamine are commonly used but are also very 

demanding since they must be instilled 6-12 times a day causing eye pain, 

redness, and ocular inflammation. An ingenious alternative recently tested could 

avoid these disadvantages. Indeed, Cys nanowafer (Cys-NW) is being developed to 

be directly applied to the eye and to slowly and continuously release 

cysteamine.(Marcano et al. 2016) 
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Figure 19. Others organ damages in cystinosis. A. Corneal crystals on slit lamp 

examination, often accompanied by photophobia. B. Birefringent cystine crystals in liver 

section under cross-polarizing light (Küppfer cells). C. Bone deformities. D. Rickets by X-

rays. E. Vacuoles and cystine crystals under polarized light in muscle cells. F. Trunk muscle 

wasting and hand muscle atrophy in adult patient. Compiled from Nesterova and Gahl, 

2012, Elmonem et al, 2016 and Gahl et al, 2002. 

 

Bones and muscles (Fig. 19C-F) are also affected with clinical signs of growth 

retardation (usually treated with growth hormone), bone deformities and fragility, 

genua vara (legs bowed outward at the knee), frontal bossing, rachitic rosary and 

metaphyseal widening on skeletal X-rays. As stated above, hypophosphatemic 

rickets result from increased urinary loss of phosphate, calcium, and disruption of 

vitamin D metabolism (defective conversion of 25-hydroxyvitamin D into active 

calcitriol in the kidney). Distal myopathy (muscle atrophy) is a major concern. 
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Combination of weakness in respiratory muscles with altered motion at 

deglutition leads to false-route and aspiration pneumonia, which has become a 

significant cause of death.  

Neurocognitive impairment due to crystal accumulation in brain causes 

nonverbal learning difficulties (for example, manual tasks) without verbal or 

intellectual problems. Neurological symptoms are visual-motor function 

impairment and, at long term, complications such as encephalopathy, mental 

deterioration, pseudo-bulbar palsy (inability to control facial movements) and a 

contribution to distal myopathy (see above). 

Furthermore, cystinotic patients develop skin problems such as 

hypopigmentation of skin and hair (Fig.16), which recalls that melanosomes are 

special lysosome-related organelles. Gastrointestinal anomalies (hepato-

splenomegaly) are due to macrophage loading by cystine crystals (see above) and 

reduction in the number of red and white blood cells, as well as platelets, are also 

attributed to cystine crystal accumulation in bone marrow.(Baumner and Weber 

2018; Cherqui and Courtoy 2017) 

 

 General pathophysiology 1.3.3.

 

It is now well established that the alteration of the cystine export out of the 

lysosome, due to the absence of functional cystinosin, results in an impressive 

intralysosomal accumulation of cystine, the primary cause of cystinosis signs. The 

main source of cystine overload is the degradation of disulfide-rich 

proteins.(Thoene et al. 1977; Thoene and Lemons 1982) Receptor-mediated 

endocytosis of ultrafiltrated plasma proteins is thus a crucial factor of 
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nephropathic cystinosis. The many processes involved when PTCs lysosomes are 

affected by cystine accumulation can be better summarized in a cartoon, 

reproduced in Figure 20 that compares healthy and cystinotic PTCs and fully 

detailed in its legend.(Cherqui and Courtoy 2017) 

 

 

 

Figure 20. General pathophysiology in cystinotic proximal tubular cells. A. In healthy 

proximal tubular cells (PTCs), lysosomes are small and motile thus easily reached by 

endosomes (1). The multi-ligand tandem receptors, megalin and cubilin, are abundantly 

expressed at the apical pole, and undergo very fast endocytosis and apical recycling (2). 

The endocytic cargo, mostly including ultrafiltrated, disulfide-rich plasma proteins, is 

instead transferred to late-endosomes-lysosomes resulting into degradation. Proteolysis 

(3) provides a large amount of amino acid momomers and free cystine. At the lysosomal 

membrane, cystinosin allows the export of cystine to the cytosol where it is reduced into 

cysteine by glutathione (GSH). Cysteine is also a building block for glutathione synthesis (4) 

that protects the cell against reactive oxygen species (ROS) (5). Furthermore, in the 

healthy cell, mitochondria release very little ROS (6). Thanks to high amino acids supply 

(7), the mTORC1 complex is recruited at the lysosomal membrane and maintained in its 

active kinase form (8). The active complex inhibits macro-autophagy (9) while promoting 

cell anabolism. It also prevents unnecessary lysosome synthesis by phosphorylating the 
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transcription factor, TFEB, which blocks its nuclear importation, thus transcriptional 

activity (10). The very special chaperone-mediated autophagy is dedicated to the disposal 

of altered cytosolic proteins relies on translocation into lysosomes by the transporter 

LAMP2-A (11). B. The absence or loss-of-function of cystinosin abolishes cystine export to 

the cytosol. Cystine accumulation impairs the lysosomal reducing environment necessary 

for proteolysis (3), thus undigested proteins accumulate in the lysosomes which become 

enormous and concentrate around the nuclei, thus far from endocytosis and exocytosis 

pathways (1). The consequences for the cell are numerous. Megalin and cubilin expression 

is reduced leading to decreased endocytosis (2). The endocytic source of cysteine is lost 

(4) leading to a reversal of the GSH/oxidized glutathione (GSSG) ratio and thus loss of 

protection against ROS (5) increasing produced ROS due to damaged mitochondria, 

resulting in oxidative stress. The shortage of free amino-acids (7) combined with AMPK 

activation due to energy depletion (13) inhibit the mTORC1 complex (8), which activates 

autophagy while TFEB is dephosphorylated and undergoes a nuclear translocation (10) 

allowing for transcriptional activation of lysosome (11) and autophagosome biosynthesis 

(9). Excess autophagy is deleterious to cells. By unexplained mechanism, LAMP2A can no 

longer transit to the lysosomal membrane and is unable to provide chaperone-mediated 

autophagy, thus causing defective clearance of misfolded cytosolic proteins (12). 

Following these multiple imbalances, cell enters atrophy and possibly apoptosis. From 

Cherqui and Courtoy, 2017. 
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 Treatment and involvement of the non-transport functions of 1.3.4.

cystinosin. 

 

Already mentioned several times, the specific cysteamine treatment is up to 

now the most effective global therapeutic option, supplemented by symptomatic 

treatments.(Nesterova and Gahl 2013) Once in the lysosome, cysteamine can 

reshuffle disulfide bridges, resulting in the cleavage of cystine. Thus, one cysteine 

is released and the other forms a mixed disulfide with cysteamine. The latter 

leaves the lysosome via the cationic amino acid transporter, PQLC2 (Fig. 21). This 

therapeutic mechanism allows to drain the lysosome and to delay the symptoms 

of cystinosis (including ESRD).(Brodin-Sartorius et al. 2012) However, the simple 

act of purging the lysosome of cystine is not enough to stop Fanconi syndrome or 

to correct alterations in signaling pathways or autophagy in deficient 

cells.(Cherqui 2012) This suggests that the accumulation of cystine cannot be the 

only cause of these pathological manifestations (Wilmer, Emma, and Levtchenko 

2010) and that cystinosin itself, beyond its role as transporter, is a central player 

in biological mechanisms (still partially unknown) such as, for example, 

recruitment of mTORC1 at the lysosomal membrane.(Andrzejewska et al. 2016) 

Moreover, treatment with cysteamine is tedious (conventional cysteamine 

bitartrate pills must be taken every 6 hours) and has significant side-effects such 

as a very unpleasant body odor and serious gastrointestinal problems. Cutaneous 

toxicity of still elusive pathophysiology is also experienced by some patients. 

(Besouw et al. 2011; Besouw, Schneider, et al. 2013; Besouw, van den Heuvel, et 

al. 2013) Significant recent improvement of cysteamine therapy is based on 

delayed release technology allowing ingestion only twice-a-day (Dohil et al. 2010), 

which greatly improves the quality of life of patients, but is sold at prohibitive 

price,  or eye application of the Cys nanowafers to replace eyedrops.  
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Figure 21. Cysteamine therapy targets cystine overload. Endocytosed disulfide-rich 

proteins are transferred to lysosomes (1). In parallel, cysteine can penetrate into 

lysosomes via an unknown mechanism (2). In the acidic lysosomal lumen, two cysteine 

reduce one disulfide bridge and are themselves oxidized into free cystine. (3). Normally, 

cystine rapidly leaves the lysosome via the functional cystinosin (4). Due to loss of internal 

disulfide bonding, proteins unfold which makes peptide bonds more accessible to the 

endoproteolytic action of lysosomal cathepsins such as the cysteine protease, cathepsin B 

(5). In the case of cystinosis, the export of cystine to the cytosol is abolished and leads to 

intralysosomal cystine overload (6) which inhibits the disulfide reduction (7) and the 

cysteine proteases (8). These processes would help slow the release of cystine. 

Cysteamine therapy targets the cystine overload. After entering the lysosome via its 

transporter (9), cysteamine reacts with free cystine to produce a mixed disulfide of 

cysteamine-cysteine and a free cysteine molecule (10). The mixed disulfide can then leave 

the lysosome by an alternative exporter, the intact lysine transporter PQLC2 (11). Cysteine 

is exported on its own into the cytosol by a still unknown transporter (12). From Cherqui 

and Courtoy, 2017. 
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These new approaches combined with symptomatic treatments nevertheless 

remain a heavy burden for patients and any new therapeutic advance would be 

most welcome.(Cherqui and Courtoy 2017) 

Besides energy depletion, oxidative stress and lysosomal enlargement, 

altered autophagy, lysosomal signalling and trafficking, and apoptosis are 

probably all involved in Fanconi syndrome (Fig.20B) and thus constitute new 

potential therapeutic targets. For example, rescuing CMA or reducing lysosomal 

overload by enhancing cystine excretion could reinforce the effects of 

cysteamine.(Zhang et al. 2017) Stimulating autophagy, lysosomal biogenesis and 

exocytosis by inducing TFEB expression and nuclear translocation may be another 

way for the cell to reduce lysosomal cystine storage. Indeed, in the conditionally 

immortalized PTCs derived from the urine of a cystinotic patient, the activation of 

TFEB by genistein leads to reduction of intracellular cystine level and 

improvement of endocytosis.(Rega et al. 2016) However, since genistein has 

several effects such as inhibiting the mTOR signaling (Lee, Kim, and Choi 2016) 

already impacted in the cystinotic PTCs, this approach still requires caution. 

 

 A mouse model of nephropathic cystinosis 1.4.

 

Throughout this introduction, I have tried to emphasize the importance of 

better understanding the subcellular mechanisms involved in the complex 

pathophysiology of cystinosis. On the road to new therapies, two major issues are 

(i) the scope of transport-independent cystinosin functions and implications and 

(ii) the biological pathways that, upstream or downstream of cystine 

accumulation, contribute to the development of the disease. Thanks to the efforts 
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of Corinne Antignac and her team, researchers have a valuable animal model to 

reach these goals, namely mice with a full absence of cystinosin in a congenic 

C57BL/6J background, also named C57BL / 6 Ctns-/- mice. These mice reproduce 

quite well the main symptoms of the disease, especially the renal phenotype, 

except for a very mild Fanconi syndrome. The genetic invalidation of cystinosin in 

mice is based on the replacement of the last four exons of the Ctns gene, which 

encode the last five transmembrane domains of cystinosin, with an IRES-βgal-neo 

cassette. Considering in vitro data, the resulting truncated protein, if stable, 

should be mislocalized to the plasma membrane and unable to carry cystine 

transport.(Cherqui et al. 2002) In vivo, the first Ctns-knockout mouse was 

obtained from a C57BL6/129sv mixed background, which exhibited cystine 

accumulation and crystal build-up in all tissues but no signs of renal dysfunction. 

Since the genetic background is generally recognized as influencing the 

phenotype, successive crosses yielded knockout mice in pure genetic background, 

C57BL/6J and FVB/N.(Nevo et al. 2010)  

By comparing these two lineages, the genetic context indeed proved crucial. 

Besides huge cystine accumulation increasing with age and in all organs except 

brain (Fig. 22B), the C57BL/6J Ctns knockout line develops renal dysfunctions with 

impaired proximal tube function (Fig. 22C-D), which will be described in detail in 

the first part of the Results Section, making this model a most valuable tool for 

studying cystinosis. In contrast, although a slight accumulation of cystine was 

observed in FVB knockout mouse kidneys, no renal abnormalities were observed 

(Fig. 22A).(Nevo et al. 2010) 
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Figure 22. Genetic background-dependent mouse model of cystinosis. Ctns KO C57BL/6J 

mice reproduce key lesions found in young cystinotic patients. A. Semi-log 

representation of cystine levels for comparison between 9-month-old congenic C57BL/6 

and FVB/N Ctns
-/-

 mice in different tissues. C57BL/6 model shows a more marked cystine 

increase in kidneys and in spleen. B. Time-course of cystine overload in C57BL/6 Ctns
-/-

 

mice shows exponential increase in kidneys (semi-log representation). Congenic C57BL/6 

Ctns
-/-

 mice are therefore considered the best mouse model to reproduce and study 

cystinosis. K = kidney, S = spleen, H= heart, Li = liver, Lu = lung, M = muscle, E = eye and B = 

brain. C-D. C57BL/6 Ctns
-/-

 mice develop typical histological lesions in kidneys. C-D : 

Semithin plastic kidney sections from knockout mice showing C. Typical swan-neck lesion 

(characterized by atrophic PTCs without crystals starting from the glomerulo-tubular 

junction (thick arrow)  and surrounded by a thick basement membrane (open 

arrowheads). Crystals are found in non-atrophic distal PTCs (red arrowheads). D. Crystals 

in non-atrophic PTCs are either small and dispersed (small arrowheads) or assembled in a 

large vacuole (large arrowheads). Compiled from Nevo et al, 2010 (A-B) and Gaide 

Chevronnay et al, 2014 (C-D). 
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As in cystinotic children, Swan-neck lesions characterize C57BL/6J Ctns-/- 

kidneys and could result from adaptation mechanisms in proximal tubular cells in 

response to hypoxic and oxidative stress.(Galarreta et al. 2015) Preserved PTCs 

contain crystals reflecting cystine accumulation in kidneys that is, in mice, 

significantly higher in females than in males.(Harrison et al. 2013) The importance 

of the genetic background as well as the gender difference in cystine 

accumulation highlight the possibility of a complex genetic context in which the 

renal phenotype of cystinosis is influenced by modifier genes.(Cherqui and 

Courtoy 2017) Histologically, Ctns-/- kidneys develop also fibrosis with 

inflammatory infiltration.(Nevo et al. 2010) More recently, cell biological analysis 

of primary PTC cultures from Ctns-/- mice revealed a link between defective 

autophagy and impact on ZONAB signaling as attractive explanation of PTC 

dedifferentiation.(Festa et al. 2018) However, evidence presented showed 

surprising cellular homogeneity whereas in vivo, cystinotic PTC alterations are 

quite heterogeneous between adjacent cells, thus questioning a simple effect of 

uniform junctional alterations.(Emma et al. 2014) Interestingly, it has been 

demonstrated that upregulation of CMA rescued Rab11 trafficking, CMA receptor 

LAMP2A localization and finally megalin expression. CMA could therefore 

constitute a new potential therapeutic target for attenuation of Fanconi 

syndrome.(Zhang et al. 2019) 

This efficient mouse model allowed us to characterize the thyroid phenotype 

of cystinosis. Indeed, we reported primary hypothyroidism in cystinotic mice in 

which we have shown that, as in patients, the serum levels of thyroid hormones 

T3 and T4 are normal contrary to the level of TSH which is increased. TSH thus 

continuously stimulates thyroid for hormonal production and ensures normal 

levels of thyroid hormones. This is histologically reflected by hyperplasia, 

thyrocytes hypertrophy and colloid exhaustion. We suggest that cystine 
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accumulation causes alteration of lysosomal redox status impacting cathepsin 

activity. Lysosomal iodo-thyroglobulin is therefore impaired decreasing T3 and T4 

production (primary hypothyroidism) and leading to the compensatory TSH 

response and histological alterations. Cellular turnover is also observed with 

increased apoptosis and proliferation in thyrocytes of Ctns-/- mice. We showed 

that, in cystinosis, ER stress and UPR activation prevent synthesis and secretion of 

the thyroglobulin. Furthermore, we highlighted accelerate endocytosis and 

impaired endolysosomal trafficking. Altogether, these results define the cellular 

alterations leading to “compensated” hypothyroidism and validate C57BL/6J Ctns-

/- mice as optimal model to study thyroid impairments in cystinosis (see Appendix 

1).(Gaide Chevronnay et al. 2015) 

C57BL/6J Ctns-/- mice also faithfully reproduce the ocular phenotype 

encountered in patients. Corneal alteration, cystine crystals and inflammatory 

infiltration in eyes have been shown.(Kalatzis et al. 2007; Simpson et al. 2011)  

Quite recently, study of bone structure biology in Ctns KO mice at 1 month of age, 

i.e. before any sign of kidney dysfunction, clarified that besides the historical 

explanations of hypophosphatemic rickets, impaired maturation of vitamin D3, 

the cell biology of cystinotic bone cells is autonomously and early affected. 

(Battafarano et al. 2019) 
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2. AIMS OF THE STUDY 
 

Cystinosis was the first discovered lysosomal storage disease (LSD) due to a 

defective lysosomal membrane transporter, the proton/cystine exporter called 

cystinosin. Cystinosis thus leads to lysosomal cystine accumulation. This 

identification also led to the discovery of the first rational efflux treatment, 

cysteamine, which achieves cystine swapping to a distinct, preserved transporter, 

PQLC2. Like other LSDs, cystinosis is a multisystemic disease, yet kidneys (Fanconi 

syndrome) and eyes (corneal crystals) are the first affected organs, which is 

unique among LSDs. Cysteamine delays all manifestations of cystinosis, such as 

kidney failure and hypothyroidism but does not provide a cure, nor protects 

against the Fanconi syndrome. Thus, at the tissular and organ level, the 

pathophysiology of cystinosis remains enigmatic and new therapeutical avenues 

must be explored.  

The two initial objectives of this study are to delineate the early events in the 

pathophysiology of cystinosis in kidneys and to test our hypothesis that megalin-

mediated endocytosis is the major source of cystine in proximal tubular cells 

(PTCs). If this is the case, we would open a new therapeutic pathway by 

interfering with endocytosis to decrease cystine build-up. Indeed, dibasic amino 

acids are used in other genetic diseases and are known to inhibit megalin 

although the mechanism is not yet known. 
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Specific aims 

 Delineation of the early steps of cystinosis pathophysiology in kidney 

and highlighting subcellular and tissular changes leading to typical swan-

neck lesions. 

About a decade ago, a mouse model based on full cystinosin KO was 

developed by Corinne Antignac and her colleagues and reasonably well mimicks 

human cystinosis under a strict C57BL/6J background. We will use this model to 

define the time-course of tissular lesions and adaptations of nephropathic 

cystinosis in kidney proximal tubular cells (PTCs). We will focus on lysosomal 

changes and expression of key apical endocytic receptors (megalin and cubilin) 

and solute carriers (NaPi-IIa and SGLT-2) likely involved in the Fanconi syndrome, 

thus in relation with clinical manifestations. We will also examine the rate of 

apoptosis and proliferation as parameters of tissular remodeling. 

 The role of the megalin pathway in cystinosis progression 

In the second part of the study, we will test the hypothesis that apical 

endocytosis in PTCs could be the main source of cystine by genetic ablation of 

megalin, considered as cornerstone of apical endocytosis in these cells. Since full 

megalin KO causes embryonic lethality related to major brain defects, we will 

resort to kidney-specific excision of the floxed megalin gene using Wnt4-driven 

Cre expression in cystinotic PTCs (triple transgenic, “double KO” mice). We will 

compare control, single cystinosin KO, single megalin KO and double KO mice, all 

derived from the same founders. In this new model, we will analyze if megalin 

ablation protects kidneys from cystine overload and from resulting lesions, taking 

into account recent studies that have evidenced transport-independent functions 
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of cystinosin (thus cysteamine-insensitive). For example, cystinosin physically 

interacts with the vacuolar proton pump ATPase and with components of the 

mTOR complex.  

 PTC endocytosis as a novel targetable pathway 

If we demonstrate that transport-dependent properties of cystinosin are 

crucial for disease progression and that the megalin pathway could be a new 

therapeutic target to avoid cystine overload, we will focus on drugs able to 

interfere with megalin. Since the interaction between megalin or cubilin and their 

various protein cargos depends on the same electrostatic interactions involving 

crucial lysine or arginine residues, these dibasic amino-acids appear as attractive 

candidates for competition. Indeed, previous studies had demonstrated their 

potential for short-term inhibition of megalin-mediated endocytosis. Moreover, 

long-term oral supplementation with lysine or arginine is used since decades to 

treat some genetic diseases (not to mention their use by body builders) thus are 

known as safe. Therefore, in a pilot study, we will treat cystinotic mice by dietary 

supplementation with lysine or arginine for up to 9 months. We will investigate 

whether this treatment blocks endocytosis, tends to slow cystine overload and 

protects cystinotic kidneys. 
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3. RESULTS 
 

 Time Course of Pathogenic and Adaptation Mechanisms in 3.1.

Cystinotic Mouse Kidneys 

 

Héloïse P. Gaide Chevronnay, Virginie Janssens, Patrick Van Der Smissen, 

Francisca N’Kuli, Nathalie Nevo, Yves Guiot, Elena Levtchenko, Etienne 

Marbaix, Christophe E. Pierreux, Stéphanie Cherqui, Corinne Antignac, and 

Pierre J. Courtoy 

February 2014, Journal of the American Society of Nephrology 25(6): 

1256-69 

In this paper, I contributed to all experiments on a daily basis except for 

clinical characterization reported at Figure 1, electron microscopy reported 

at Figure 2 and radioiodinated tracer uptake and tissue localization 

reported at Figure 6 A, B. I performed alone the quantification of tissue 

turn-over as reported at Figure 9. 
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 Protection of cystinotic mice by kidney-specific megalin ablation 3.2.

supports an endocytosis-based mechanism for nephropathic 

cystinosis progression. 

 

Virginie Janssens, Héloïse P. Gaide Chevronnay, Sandrine Marie, Marie-

Françoise Vincent, Patrick Van Der Smissen, Nathalie Nevo, Seppo Vainio, 

Rikke Nielsen, Erik I. Christensen, François Jouret, Corinne Antignac, 

Christophe E. Pierreux*, Pierre J. Courtoy*. 

2019, Journal of the American Society of Nephrology, Sep 23. doi: 

10.1681/ASN.2019040371 (*, equal senior authors).  
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 Preliminary Results - Long-term dietary supplementaion of 3.3.

cystinotic mice with dibasic amino-acids protects against swan-

neck lesions 

 

Janssens V et al*  

 

*Preliminary draft based on Results collected so far at CELL; to be revised when 

complemented by, among other, results from Drs Cheung W. and Mak R., UCSD 

(in-depth analysis of structural and functional effects of long-term dbAA 

supplementation in Ctns-/- kidneys) and mechanistic insights by Biacore from Drs 

Moestrup S. K. and Graversen J. K., University of Aarhus and Odense, DK.  

 

 

ABSTRACT 

 

Nephropathic cystinosis is a multisystemic lysosomal storage disease 

due to deletion or inactivating mutations of the lysosomal cystine 

transporter, cystinosin, and leading to cystine accumulation in lysosomes. 

Since extensive Wnt-4Cre-driven perinatal genetic excision of the floxed 

megalin gene in kidney proximal tubular cells (PTCs) of Ctns-/- mice 

dramatically decreased cystine accumulation therein and conferred 

remarkable protection against the characteristic swan-neck lesions 

(previous Chapter), we here explored whether a similar benefit could be 

gained by inhibition of the megalin pathway in young Ctns-/- mice. This 

pathway can indeed be blocked by dibasic amino-acids (dbAAs) in cultured 

epithelial cells and upon acute dbAA loading in vivo. To this aim, we first 

showed that dietary supplementation of WT mice at 2 months of age with 

L-arginine or L-lysine in drinking water for two weeks was well-tolerated 
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(e.g. no effect on weight), non-toxic and led to inhibition of protein 

recapture by PTCs in the kidney cortex, as shown by induced LMW 

proteinuria and suppressed acute PTC uptake of injected TexasRed-

ovalbumin. We next found that chronic supplementation of both dbAAs 

from two months of age tended to decrease cystine accumulation and 

swan-neck lesions in cystinotic female kidneys by 6 months of age. These 

preliminary observations are currently extended to large mice numbers 

and longer treatment. They also pave the way to a pilot clinical test in 

cystinotic children.  

 

INTRODUCTION 

 

Nephropathic cystinosis (NC) is a devastating lysosomal storage 

disease due to deletion or inactivating mutations of the lysosomal cystine 

transporter, cystinosin.(Gahl, Thoene, and Schneider 2002) Major affected 

organs in NC are kidneys and eyes in infancy, endocrine glands in 

childhood, or muscle in adulthood (a.o.). Renal Fanconi syndrome may 

cause acute life-threatening dehydration and kidney evolves to 

insufficiency. Muscle wasting is a major concern in early adulthood and 

may lead to fatal aspiration pneumonia. The only approved drug, 

cysteamine, delays disease progression, but does not provide a 

cure.(Emma et al. 2014; Brodin-Sartorius et al. 2012; Cherqui 2012) Thus, 

new effective therapeutic approaches are urgently needed. The natural 

course of this disease and effects of therapies can be studied in a cystinosin 

knockout mouse model (Ctns-/-, (Nevo et al. 2010)). Focus has been given 
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on kidneys (Harrison et al. 2013; Gaide Chevronnay et al. 2014), thyroid 

(Gaide Chevronnay et al. 2015; Gaide Chevronnay et al. 2016), muscles 

(Cheung et al. 2016)  and eyes.(Bishop 2017) 

In the previous Chapter, I have presented our observations supporting 

the view that apical endocytosis of disulfide-rich plasma proteins is the 

principal source of cystine to PTC lysosomes. Endocytosis therefore 

contributes importantly to lysosomal cystine accumulation in these cells 

when transmembrane efflux is abolished by functional cystinosin absence. 

This view is supported by the spectacular protection against cystine storage 

and tissue damage in cystinotic kidneys upon organ-specific genetic 

excision of megalin, as cornerstone for apical endocytosis in these cells. 

Here we will explore whether the megalin pathway can be efficiently 

inhibited by simple oral interventions using dietary supplementation with 

dibasic amino-acids as most promising candidates. Beside the fact that 

dbAAs are considered safe and beneficial for muscle in rat, pig and human 

studies (Yang, Wu, et al. 2015; Hu et al. 2015; McNeal et al. 2016; 

Benevenga and Blemings 2007; Racusen, Whelton, and Solez 1985; Lo et al. 

1996; Peltola et al. 2000; Elpeleg and Korman 2001), L-lysine and L-arginine 

have already shown their ability to inhibit endocytosis in vitro.(Barone et 

al. 2005; Thelle et al. 2006) However, dietary intervention by dbAAs 

supplementation has not been considered in NC. 

In human, safe oral supplementation has been reported with L-

arginine for healthy adults (up to 20g/day, i.e. at 5-fold normal supply; 

(McNeal et al. 2016)) and this amino-acid is used since decades at 10-



 Results  

180 
 

15g/day for life-long treatment of genetic deficits of urea cycle 

enzymes.(Batshaw, MacArthur, and Tuchman 2001) Likewise, a similar 

dose of L-lysine is used in ornithinemia to prevent gyrate atrophy.(Peltola 

et al. 2000; Elpeleg and Korman 2001) Acute inhibition of kidney protein 

reabsorption by dbAAs in human volunteers was first reported in a 

landmark paper by Mogensen & Solling.(Mogensen and Solling 1977) The 

authors observed immediate increase of urinary excretion of albumin, 

immunoglobulin light chains and beta2-microglobulin in response to acute 

infusion of titrated amounts of L-lysine (up to 120 g), L-arginine and related 

compounds. They concluded to almost full block of tubular reabsorption, in 

linear correlation with L-lysine plasma concentration. Inhibition of protein 

binding to isolated brush border was later observed by Ottosen et al, 

1985.(Ottosen et al. 1985) Competition by L-lysine supplementation was 

then attempted to prevent nephrotoxicity from the antibiotic 

aminoglycosides such as gentamicin, later identified as a megalin 

ligand.(Moestrup et al. 1995) Preliminary studies were initiated in male 

rats but abandoned because L-lysine dosage used (1.5 g/kg bw/day) proved 

itself nephrotoxic after 3 days and exacerbated toxicity of gentamicin when 

given together.(Gilbert et al. 1982) However, there is such a high number 

of gentamicin binding sites on megalin (estimated at 80 gentamicin 

sites/megalin molecule; reviewed in (Nagai and Takano 2004)) that 

effective competition would probably require huge lysine concentrations. 

In contrast, only few proteinaceous ligands bind per megalin (in the order 

of two; (Nagai and Takano 2004)), offering better prospect for competition. 

Infusion of a mixture of dibasic amino-acids indeed proved effective to 
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alleviate acute nephrotoxicity resulting from injection of the radio-

octreotide (a peptide) used to treat diffuse endocrine tumors by local 

irradiation.(Behr et al. 1997)  

The underlying mechanism of nephroprotection was later unraveled in 

the OK (opossum-derived kidney proximal tubular) cell line. This in vitro 

study evidenced inhibition by the dbAA mixture of RAP-competable 

receptor-mediated endocytosis (RME) of albumin.(Barone et al. 2005) In 

vivo, oral gavage of adult female rats for one day by L-lysine at 80 mmol 

(i.e.11.6 g) / kg body weight /day was well-tolerated despite 8-fold higher 

dose than in the study of Gilbert et al (1982).(Gilbert et al. 1982) Moreover, 

it proved effective to cause low molecular weight (LMW) proteinuria as 

well as to suppress detection of endogenous albumin uptake inside 

PTCs.(Thelle et al. 2006) Intriguingly, this paper reported a redistribution of 

megalin and cubilin, from a normally restricted immunofluorescence signal 

at both the base of the brush border (where lateral membrane interaction 

with the brush border cytoskeleton is minimal, thus allowing vesicular 

fusion and fission, as well as lateral diffusion) and the underlying subapical 

endosomal layer, towards a single compartment corresponding to the 

entire thickness of the brush border. This new pattern would suggest that 

dbAA had blocked receptor endocytosis while recycling would be somehow 

preserved, so that the entire receptor pool would eventually be trapped at 

the apical PTC membrane, then slowly randomized along the entire brush 

border thickness. This redistribution anyhow suggests a more complex 

mechanism for dbAA than a simple competition for cell surface binding to a 
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continuously recycling receptor pool. The underlying molecular mechanism 

of the endocytosis block, besides competition for binding, is still elusive. A 

hypothesis would be that positively-charged dbAA cross-link with 

negatively-charged membrane constituents such as phospholipids and/or 

proteoglycans.  This lattice could thus “freeze” the membrane so as to 

impede lateral diffusion and endocytosis, as has been reported for the 

cationic drug, azithromycin.(Tyteca et al. 2002; Tyteca et al. 2003) 

Besides competition and inhibition of endocytosis, L-arginine has such 

complex metabolism and hits so many complex pathways that keeping an 

open mind is essential.(Morris 2016) One such pathway is mTORC1, 

operating at the lysosomal membrane to orient metabolism towards 

anabolism while repressing autophagy in normal conditions.(Efeyan, Comb, 

and Sabatini 2015) Remarkably, lysosomal recruitment and activation of 

mTORC1 is regulated by amino-acids such as leucine and arginine (not 

much is known about lysine). Two arginine sensors have been recently 

identified: (i) SLC38A9 acting in the lysosomal lumen, close to the V-ATPase 

to which cystinosin is normally associated; and (ii) CASTOR-1, acting in the 

cytosol.(Wolfson and Sabatini 2017) Since dominant-positive, truncated 

SLC38A9 constitutively activates mTORC1, one can likewise imagine that 

constant arginine supply keeps mTORC1 permanently active. Whether this 

would result in inhibition of endocytosis of (disulfide-rich) cystine 

precursors, promotion of vesicular efflux to prevent lysosomal 

sequestration, and/or autophagic flux (both regulated via mTORC1) is open 

to speculation.               
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RESULTS AND DISCUSSION 

 

High doses of dibasic amino acid supplementation are not toxic for 

kidneys and inhibit receptor-mediated endocytosis in wild-type mice. 

 

As a prerequisite to long-term oral dbAA supplementation in cystinotic 

(Ctns-/-) C57BL/6 mice with specifically enriched pellets, we first added 

dbAAs in drinking water (renewed every 2 days) for wild-type (WT) mice 

during two weeks. L-lysine, L-arginine or L-citrulline (as arginine precursor) 

were added to reach a two-fold (low dosage) or five-fold (high dosage) 

higher intake, as compared to untreated (CTL diet) or L-glycine-treated 

(control) WT mice (i.e. for high doses 7 mg L-lysine, L-arginine or L-citrulline 

and 6 mg L-glycine / g body weight / day). Thus, the normalized level for 

chronic L-lysine supplementation in our mice was about 60% that used for 

acute gavage in rats by Thelle et al.  

 

 

Figure 1. Plasma urea and creatinine assays indicate good tolerance of wild-type mice 

kidneys to supplementation with dibasic amino-acids (low and high concentrations) in 

water for 2 weeks. NT, not treated (CTL diet); GLY, L-glycine (for isonitrogenic control); LL, 

low L-lysine; HL, high L-lysine; LA, low L-arginine; HA, high L-arginine; LC, low L-citrulline 

(as arginine precursor); HC, high L-citrulline. 
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The stability of the AAs in water was verified by mass-spectrometry 

(kindly performed by Dr. V. Stroobant, DDUV mass-spec platform). As 

shown by Figure 1, there was no increase in blood levels of urea and 

creatinine after two weeks, indicating lack of toxicity on kidney function.  

 

As shown by Figure 2, 24-hours urinary collections revealed a dose-

dependent transferrinuria (sensitive marker of tubular proteinuria) upon 

high dose for L-arginine and (to a lesser extent) L-citrulline, compatible 

with defective tubular recapture. Lysine was not included because of 

failure of urinary collections with this dbAA. This test should be repeated 

before manuscript submission.  

 

 

 

 

Figure 2. Oral supplementation of WT C57BL/6 mice with L-arginine or its precursor, L-

citrulline, for 2 weeks (low, 2-fold; high, 5-fold) induces dose-dependent tubular 

proteinuria (red asterisks). Loads were normalized to creatinine content. 
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To directly look for a defect of LMW protein recapture, WT C57BL/6 

mice were adapted to inverted light cycle so as to be under feeding with 

dbAA-supplemented pellets during day hours (when challenged by acute 

fluoresecent tracer injection). Control or dbAA-treated WT mice were 

injected with 300 micrograms TexasRed-ovalbumin (TR-OVA; 45 kDa) in the 

orbital plexus at 20 minutes before sacrifice. Then, kidneys were perfusion-

fixed and processed for confocal imaging using multiplex fluorescence 

labelling. As shown by low magnification sagittal view of untreated mice 

illustrated at Figure 3A left, TR-OVA labelled the entire cortex with a clear 

boundary at the cortico-medullary junction, consistent with megalin-

dependent uptake in the S1 segment of kidney proximal tubular cells. 

(Schuh et al, JASN, 2018) At higher magnification (Figure 3B left), cortical 

PTCs were labeled by megalin (blue) and TR-OVA (red) assumed a dotty 

apical appearance with significant but not full co-localization with LAMP-1 

(lysosomal marker, green), indicating ongoing transfer to late endosomes 

and lysosomes.  

Upon L-lysine supplementation (Figure 3A right), cortical TR-OVA signal 

was greatly reduced and the tracer instead extended deeper into the outer 

stripe of outer medulla. These results are consistent with an impaired 

recapture by S1 segment (most proximal segment of the proximal tubule) 

and suggest that tracer reabsorption is reported to S3 segment (most distal 

segment of the proximal tubule) also expressing megalin. At higher 

magnification (Figure 3B right), TR-OVA dots were much fewer and/or 

much less brilliant. However, in contrast with previous data obtained by 

the group of Thelle in L-lysine treated rats (Thelle et al. 2006), megalin 
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signal did not show a clear redistribution to the entire thickness of brush 

border, although double labelling of megalin with villin deserves to be 

examined. 

 

Figure 3. Efficacy of L-lysine supplementation in solid pellets to inhibit acute endocytic 

protein uptake by most proximal kidney tubular cells.  C57BL/6J WT male mice were 

adapted to inverted 24-h light cycles (so that feeding ad libitum is reprogrammed during 

day light, to ensure maximal plasma L-lysine level during tracer uptake) and supplemented 

or not by 5-fold excess L-lysine in their dietary pellets. After 3 weeks, mice were deeply 

anesthetized, injected i.v. with a large bolus (600 microg) of TexasRed-ovalbumin (TR-

OVA), and euthanized after 20 min. Kidneys were perfusion-fixed and whole sections were 

examined by fluorescence microscopy at low magnification (A) or high magnification of 

cortex (B) under identical settings for TR-OVA (red), LAMP1 (green; lysosomes), and 

megalin (blue). At A, notice predominant uptake under CTL diet by kidney cortex with 

much lower signal in the outermedulla, i.e. by the most proximal S1-S2 convoluted PT 

segments. In L-lysine-treated mice, cortex uptake is severely damped and endocytic cargo 

is transferred to S3 straight segment in the outer stripe of outer medulla. At (B), notice 

under CTL diet significant but incomplete association of TR-OVA with LAMP1, contrasting 

with undetectable TR-OVA signal under L-Lysine. Boxed areas are reproduced below with 

TR-OVA signal only. 
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Taking all data above together, we can conclude that dietary 

supplementation by high doses of dbAA for two weeks was effective to 

inhibit receptor-mediated endocytosis (RME) in WT mouse PTCs. However, 

the underlying mechanism is not defined by this experiment. Lack of 

detectable megalin redistribution to the brush border at steady-state does 

also not exclude significant impairment of megalin trafficking, which would 

require kinetic studies in primary PTC cultures.  

 

Long-term dibasic amino acid supplementation prevents albumin 

uptake/accumulation and could possibly protect cystinotic kidneys 

against cystine accumulation. 

               

We next looked at the effect of dbAA on RME in Ctns-/- PTCs. As shown 

by Figure 4 left, Ctns-/- female PTCs at 6 months of age showed greatly 

enlarged late-endosomes/lysosomes (labeled by LAMP-1, green emission), 

either distorted (presumably by crystals) or filled with immunoreactive 

mouse albumin (red emission), consistent with recapture but defective 

proteolysis in secondary lysosomes.(Gaide Chevronnay et al. 2014; Raggi et 

al. 2014)  
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Figure 4. Effect of basic amino-acids in Ctns KO mice: prevention of lysosomal swelling and 

loss of detection of endogenous albumin labeling. Six months old Ctns KO female mice 

were either left untreated (CTL diet) or treated since 2 months of age by oral 

supplementation with L-lysine or L-arginine. Kidneys were perfusion-fixed with 

formaldehyde and processed for triple fluorescence labelling for brush border (LT-lectin, 

blue), lysosomes (LAMP-1, green) and endogenous mouse albumin (red). Notice in the 

untreated Ctns
-/-

 mouse at left the occurrence of enlarged, distorted lysosomes (white 

arrow, compatible with large cystine crystal), and the easy detection of albumin 

immunoreactivity in secondary lysosomes (white arrowhead, red disk circumscribed by 

green circle, as typical “signed-ring” pattern).  In contrast, both L-lysine and L-arginine 

appear to fully preserve lysosome size and shape. In addition, albumin is not detected 

within lysosomes of L-lysine- and L-arginine-treated in the same immunolabeling 

conditions, indicating either preserved degradation, or impaired endocytosis. Yellow 

arrowheads indicate linear deposits of albumin immunoreactivity, sometimes found 

resting on the luminal tip of brush border (not penetrating deep into the brush border 

layer). We interpret these deposits as albumin that escaped endocytosis and was cross-

linked at the lumen: brush border interface by the perfusion-fixation procedure.  
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Such abnormal lysosomes extended deeper in the cytoplasm than in 

the narrow subapical layer as usually found in wild-type mouse PTCs. Upon 

treatment by either L-lysine or L-arginine pellets (Figure 4 center and right), 

lysosomes were limited to a well-delineated subapical layer and showed a 

regular small size without detectable mouse albumin (in our 

immunolabeling conditions). In contrast, albumin was sometimes detected 

as linear deposits resting on the top of the brush border (yellow 

arrowheads in Figure 4). We attribute this signal to albumin remaining in 

the lumen due to defective endocytosis and trapped onto the brush border 

upon perfusion-fixation. 

Our data further suggest that long-term bAA oral supplementation can 

prevent endocytic recapture of albumin (and presumably other 

megalin/cubilin ligands) and normalize lysosome size, shape and subapical 

positioning. Since inhibition of endocytosis of disulfide-rich ultrafiltrated 

plasma protein into PTCs should decrease lysosomal cystine supply, thus 

storage in cystinosin absence, we are currently measuring cystine levels in 

untreated vs L-arginine- or L-lysine-treated kidneys of the Ctns-/- females 

from the same colony. As suggested by preliminary results shown by Figure 

5A, there is a consistent tendency to a decrease in cystine levels of L-

arginine- and especially L-lysine-treated cystinotic female kidneys as 

compared with untreated ones. Moreover, while I was writing my thesis, a 

new set of data was generated by Dr Laura Rita Rega, in Dr Emma’s lab 

(Figure 5A’). Surprisingly, the results obtained by Dr. Mak's lab, our 

collaborators at UCSD (San Diego), do not converge with those obtained 

above. They do not show difference in cystine level between the three 
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groups from their mouse colony. To evaluate the possibility of secondary 

treatment (initiated later, when lesions are present), she treated Ctns KO 

female mice from 6 till 8 months of age and also found decrease of kidney 

cystine content  When data of the two studies are combined (expressed as 

% of untreated Ctns KO female controls), differences upon treatment are 

clearly statistically significant (Figure 5A’’). 

 

 

 

 

Figure 5. Dietary supplementation of Ctns KO mice with dibasic amino-acids (bAAs) 

tends to decrease kidney cystine accumulation in 6-months-old females (Preliminary 

results). Femalemice were fed from 2 till 6 months of age (A,A’’) or from 6-to-8 months of 

age (A’,A’’) with control, or 5-fold excess of L-lysine or L-arginine. There is a clear trend 

towards decrease with either bAA in two studies. Pooling studies reaches statistical 

significance (A’’). 
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In the LDL-receptor family, ligand binding domains are evolutionary 

conserved between megalin (also called LRP2) operating at the apical 

domain of polarized epithelial cells and the scavenger receptor, LRP1, 

extremely active in the non-polarized macrophages which are abundant in 

liver (Küppfer cells) and spleen and presumably account for their very high 

cystine values reflecting abundant crystals in cystinosis. Therefore, we also 

measured cystine levels in these two organs. In our limited sample 

collection, we found no difference upon dbAA treatment in liver and 

spleen, both in females at 6 months of age (4 months of treatment) and 

males at 9 months of age (7 months of treatment). If confirmed in larger 

cohorts, the difference between a probable dbAA effect in kidneys vs no 

effect in liver and spleen may be due to much higher ligand concentrations 

in plasma (thus poorly competable) as compared to urine (better 

competable). 

 

Long-term dibasic amino acid supplementation protects cystinotic kidneys 

against histological lesions 

 

Finally, we looked for kidney structural protection of dbAA-treated 

Ctns-/- mice by morphometry of swan-neck lesions at all glomerulo-tubular 

junctions (GTJs) with a recognizable tubular lumen across sagittal kidney 

sections. Figure 6 reports this quantitation for female Ctns-/- mice treated 

or not from 2 to 6 months of age with either L-lysine or L-arginine. Below 

the representative histology of each group, the quantitation is presented 

as percentages of swan-neck lesions compared to preserved GTJs across a 

full sagittal kidney section. Swan-necks were abundant in untreated Ctns-/- 
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female kidneys at 6 months of age (83%), up to 100% (no remaining 

preserved GTJ) in one case which also exhibited the highest cystine level. 

The percentage of swan-necks decreased by ~ two-fold upon L-arginine 

treatment and by ~ four-fold upon L-lysine treatment, consistent with a 

higher decrease of cystine level upon L-lysine than upon L-arginine.  

 

 

 
 

 

Figure 6. Preliminary results on the effects of bAAs on swan-neck lesions. **, P<0.01 by 

non-parametric Kruskal-Wallis test with correction by Dunn’s comparison. From Janssens 

V. et al… Courtoy P.J. Work in progress 
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In conclusion, although larger numbers are obviously needed, we 

tentatively conclude that inhibition of RME upon dietary supplementation 

by L-arginine, and especially L-lysine, might significantly decrease cystine 

accumulation and preserve glomerulo-tubular junction. Whether these 

dibasic amino-acids also prevent apoptosis (caspase-3a immunolabelling) 

and proliferation (Ki-67) so as to normalize PTC turn-over remains to be 

quantified. Future studies should also address the level of macro-

autophagy, based on colocalization of LAMP-1 with TOM20 (index of 

mitophagy). Since autophagy is repressed by an anabolic effect via 

mTORC1 whose recruitment and activation on lysosomes is promoted by 

arginine, the effect of bAAs on the colocalization of mTORC1 components 

with LAMP-1 deserves to be examined.  An alternative approach to 

discriminate competition vs anabolic effect would be to compare L-dbAAs 

with their D-stereoisomers. Indeed, since competition with protein ligands 

for interaction with megalin and cubilin only depends on two positively 

charged amino-groups at the appropriate distance (Ref to 

Andersen/Moestrup TIBS 2014), both L- and D-dbAAs would be expected to 

equally compete for binding at the cell surface. In contrast, since the 

anabolic effect would depend on cell uptake via the stereospecific dbAA 

apical PTC transporter (rBAT-b(0,+)AT, which also serves as apical cystine 

transporter,(Makrides, Camargo, and Verrey 2014)), only L-dbAAs could 

activate mTORC1 signalling.      
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4. DISCUSSION AND PERSPECTIVES 
 

 Further discussion of the natural history on nephropathic 4.1.

cystinosis in the mouse model 

 

Although symptoms are less severe than in human patients, congenic 

C57BL/6 cystinosin knockout mice essentially reproduce the kidney structural 

phenotype of nephropathic cystinosis, eventually leading to end-stage renal 

disease (ESRD).(Nevo et al. 2010) In contrast to untreated cystinotic children, 

glomerular ultra-structure is however preserved in Ctns knockout mice up to 9 

months, thus offering a pure model of tubulopathy. As the first part of my Result 

Section attempts to show, this first available in vivo model allows to better define, 

from their initiation, the pathogenic time-course of nephropathic cystinosis and 

several adaptation mechanisms in proximal tubular cells (PTCs).  

 

 Signification of sequential lag phase then formation of 4.1.1.

amorphous inclusions 

 

We have shown that structural changes in the nephron follow a longitudinal 

progression in which tubular lesions first appear at the glomerulo-tubular junction 

and then extend distally into the proximal tube leading to the typical swan-neck 

deformities, first described in cystinotic children as “early” lesion.(Mahoney and 

Striker 2000) However, the mouse model allowed to define an earlier sequence of 

PTC changes.  
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In the absence of cystinosin, there is first an initial silent (“lag”) phase (up to 

~ 3 months) before cystine starts accumulating significantly in lysosomes of the 

most proximal cells, forming amorphous lysosomal inclusions, indicating 

accumulation of undigested proteins (3-6 months). Such inclusions are also found 

in cystinotic blood neutrophils which are much more short-lived (a few 

days).(Schulman, Bradley, and Seegmiller 1969) Since net cystine accumulation is 

the difference between production and elimination, this difference in kinetics 

with a lasting lag phase in PTCs could (i) either result from a much higher rate of 

endocytosis of disulfide-rich proteins as cystine source in neutrophils than PTCs, 

which is most likely not the case since these cells are rather specialized for 

phagocytosis; or (ii) , since PTCs harbor a huge recycling apparatus (DATs) thus 

enjoy a most effective exocytosis route, the lag phase would indicate that rate of 

cystine production during the first months of life is almost equivalent to the rate 

of vesicular discharge, an explanation favored by my laboratory. Indeed, a huge 

cystine exocytosis in cystinotic fibroblasts has been elegantly demonstrated by 

(Thoene and Lemons 1982). Comparing measurements of degradation of 

internalized radiolabeled albumin and cystine accumulation, these authors 

calculated that only 1% of cystine generated by the hydrolysis of albumin was 

actually retained in cultured cystinotic fibroblasts, i.e. deprived of a lysosomal 

cystine transporter. In this acute assay, this difference suggested that 99% was 

disposed of by an alternative, vesicular exodus. In the in vivo situation during the 

latent phase of first months of life, i.e. when the endocytic machinery is still 

presumably intact, we could also estimate that 5-to-10 fold more cystine was 

generated from albumin endocytosis than cystine accumulation in cystinotic 

PTCs.(Gaide Chevronnay et al. 2014; Cherqui and Courtoy 2017) Although the 

latter conclusion seems reasonably solid, it remains a rough estimate as normal 

albumin uptake into PTCs had been deduced from its urinary loss in megalin and 
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cubilin KO mice; and because it ignores the additional contribution of cystine 

input from other LMWP proteins (1 disulfide bridge in the 14kDa beta2-

microglobulin and 2 disulfides in the immunoglobulin light chain or Bence Jones 

protein, compared to 17 disulfides in the 67 kDa albumin).  

Vesicular cystine efflux into urine might actually represent a remarkable 

example of spontaneous by-pass of cystinosin absence. Normally, cystinosin 

allows newly generated cystine to directly egress lysosomes into the cytosol 

where it is reduced by glutathione into cysteine, its recycled by-product. If cystine 

is instead secreted into the urine by recycling tubules, it should be recaptured by 

PTCs via the heterodimeric rBAT-b(0,+)AT apical cystine transporter (Ahmed, 

Dasgupta, and Khan 2006),  thus also reach the cytosol and be likewise reusable if 

glutathione pool is preserved.  Although this indirect mechanism of access to the 

cytosol is difficult to demonstrate, it would readily explain why cystine urinary 

levels are low in cystinosis, much lower than in cystinuria, when the rBAT–

b(0,+)AT transporter is defective.                    

If a minimal cystine retention efficacy is the rule in cultured cystinotic cells 

and the silent phase in Ctns-/- kidneys in vivo, what could cause further 

acceleration of retention as documented by the exponential accumulation in 

cystinotic kidneys at later stages, even before crystals would be detected as a 

“concentrated, osmotically neutral storage form”?(Nevo et al. 2010) A tentative 

explanation is secondary uncoupling of lysosomes from the recycling pathway. 

Lysosomes normally actively exchange their content between themselves 

(homotypic fusion and fission to randomize hydrolytic equipment and digestive 

load, as illustrated in Figure 23, upper panel), as well as with incoming late 

endosomes to form hybrid organelles and - at this stage? - with the recycling 

pathway.  
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Figure 23. Normal fusion-fission dynamics in normal lysosomes or lysosomes overladed 

by flexible, segmentable content  contrasts with late lysosomal distorsion by rigid 

cystine crystals which prevents fission, thus load sharing. The upper panel symbolizes 

homeostatic dynamics of lysosomes by continuous fusion and fission. At lower left, this 

dynamic is preserved in glycogenosis, because glycogen particles can be distributed upon 

fission (double arrowed circle). At lower right, fission is blocked when long cystine crystals 

develop (double-blocked circle).  From de Duve (upper panel); ICP booklet (lower left; red 

symbol was added); and data collected for Gaide Chevronnay et al, 2014 (lower center and 

right).    
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However, overloaded lysosomes, e.g. upon accumulation of undigested 

proteins, eventually escape this vesicular fusion-fission turmoil, and evolve into 

residual bodies. These are still accessible to incoming vesicles (as they can be 

labeled by peroxidase uptake) but do no longer connect with the recycling 

machinery. At this stage, cystine vesicular exodus would vanish, interrupting the 

early “Echternach procession” by which disulfide proteins come in and are rapidly 

degraded with cystine generation, immediately followed by most cystine exodus. 

Dynamics of the whole endocytic apparatus is characterized by maturation from 

endosomes to lysosomes, defined in molecular terms by change in members of 

Rab catalyst family and fusion partners. In this view, secondary lysosomes would 

evolve to senescence, e.g. due to lesser and lesser Rab7 recruitment, so that the 

rate of vesicular exchange decreases and efflux vanishes. This view is consistent 

with recent reports describing endolysosomal changes in cultured cystinotic cells, 

when lysosomes enlarge and move from the periphery where most rapid fusion 

events take place to a perinuclear location.(Ivanova et al. 2015; Festa et al. 2018) 

A recent comparison at the anatomical level also revealed that cystine 

accumulation apparently occurs more slowly in kidneys than in 

bones.(Battafarano et al. 2019) However, this could possibly be explained by their 

respective histology. Indeed, PTCs forming lengthy tubes, distal cells could be 

protected by initial accumulation in most proximal ones, until sequential disease 

extension, whereas bone cells act in parallel units with coupled osteogenesis and 

osteclastic resorption.  
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 On cystine crystals 4.1.2.

 

In cystinotic PTCs, amorphous lysosomal inclusions are followed by crystals, 

first detected around 6 months as tiny needles, then polyhedric structures that 

slowly aggregate into huge vacuoles (Fig. 24).  

 

 

 

 

 

 

 

 

 

 

 

Figure 24. In PTCs, cystine crystals are heterogeneous and build-up slowly. Electron 

micrographs of the progression of lysosomal changes in Ctns
-/-

 PTCs. Asterisks at A indicate 

amorphous lysosomal swelling. Notice progression from tiny needles (arrow and 

arrowheads A), to long linear lysosome distorsions (B) up to huge single vacuolar 

aggregates bulging into the PT lumen (C). Peripheral lines in the huge vacuole at C stress 

angular constraints on the limiting membrane. From data collected for Gaide Chevronnay 

et al, 2014. 

   

 

In contrast to long-lived PTCs and bone marrow macrophages, the short-lived 

cystinotic neutrophils do not harbor crystals despite the fact that their estimated 

lysosomal cystine concentration exceeds the insolubility threshold at acidic pH (5 

mM), suggesting that accumulation of undigested proteins in the same 

compartment could delay crystallization in these cells, as opposed to pure cystine 

solutions. The delay between lysosomal cystine accumulation in PTCs and crystal 

appearance also contrasts with the fast crystallization of pure cystine solutions at 

acidic pH and may be due to the same mechanism (Fig. 25).  



 Discussion and perspectives  

203 
 

 

Figure 25. Crystallization is impaired in heterogeneous media. Electron micrograph 

showing aggregation of short crystals in a secondary lysosome. The lysosomal matrix of a 

dense body normally appears in black (yellow asterisk). Notice a well-defined intermediate 

zone between lysosomal matrix and crystals (red asterisk). This intermediate gray zone is 

tentatively interpreted as partial protein exclusion by cystine, yet without crystal, thus 

reflecting cystine supersaturation in a protein-rich matrix. Heterogeneity of lysosomal 

matrix is better appreciated with pseudo-colors at right. 

 

 

Of note, this slow crystallization of slowly accruing cystine within a highly 

protein-loaded lysosomal lumen contrasts with the acute situation of 

phagocytosis of preformed crystals, which was shown to trigger the 

inflammasome in peripheral blood mononuclear cells.(Prencipe et al, 2014) 

Whereas this situation is clearly relevant to the abundant cystinotic macrophages 

infiltrating cystinotic kidneys, and even (to some extent) infiltrating transplanted 

WT kidneys, it remains to be shown that crystals slowly accruing in PTCs also, or to 

the same extent, impact on the inflammasome in the latter cells.  The aggregation 

of crystals into a single huge apical vacuole, bulging into the lumen under a 

frequently partially preserved brush border, can be easily explained if longitudinal 

crystals prevent lysosomal fission, a requirement to maintain a large number of 

small lysosomes (Fig. 23, lower right).  Luminal bulging could be viewed as 

favoring apical exocytosis with luminal crystal discharge, as could indeed be 
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demonstrated by immunofluorescence, with images showing continuity between 

the LAMP-1-labeled lysosomal membrane and apical plasma membrane markers 

(see Fig. 3F of Gaide Chevonnay et al, 2014 forming the basis of Results Chapter I). 

Crystals are eventually followed by structural apical changes such as loss of the 

brush border and PTC atrophy.  

 

 On apical dedifferentiation 4.1.3.

 

We (Gaide Chevronnay et al. 2014) then others (Raggi et al. 2014) also 

observed, starting after 3 months, a progressive loss of expression of megalin, 

cubilin, SGLT2 and NaPi-IIa, indicating that PTCs enter a process of global apical 

dedifferentiation before the appearance of crystals, and explaining that the 

Fanconi syndrome is earlier than cystine crystals or atrophy itself.  PTC 

differentiation depends on a transcriptional regulatory network involving, a.o, the 

repressor ZONAB and the activator HNF-1.  

As previously shown by my laboratory, the transcription factor zonula 

occludens 1 (ZO-1)–associated nucleic acid binding protein (ZONAB) shuttles 

between tight junctions, where it is normally sequestered, and the nucleus, where 

it impacts on the complex transcriptional network that regulate the switch 

between proliferation (stimulated) and differentiation (repressed).(Lima et al. 

2010) An attractive model, recently put forward by Devuyst, Festa and co-workers 

(Festa et al. 2018), proposes that the apical functional defect, related to increased 

dedifferentiation, is linked to a loss of integrity of tight junctions causing nuclear 

translocation of ZONAB. Indeed, lysosomal dysfunctions lead to defective 

autophagy-mediated clearance of damaged mitochondria related to the well-

known oxidative stress in cystinotic PTCs. Oxidative stress then induces a Src-
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dependent signaling pathway causing ZONAB release. Conversely, anti-oxydants 

and inhibition of ZONAB signaling rescue the epithelial function, leading the 

authors to speculate these could be new therapeutic targets for lysosomal storage 

disorders such as cystinosis. In the last author’s view, ROS accumulate because 

damaged mitochondria sequestered by autophagosomes fail to fuse with 

lysosomes (Luciani, personal communication) yet continue to release ROS. 

However, ROS production requires mitochondrial activity supported by fuel 

supply. Pyruvate produced by glycolysis and acetyl-CoA generated from beta-

oxidation of fatty acids require transporters into mitochondria. Whether they can 

also cross the de novo formed autophagosome-limiting membrane remains to be 

examined. 

Hepatocyte nuclear factor 1α (HNF1α) is another key transcriptional factor, 

that instead favors PTC differentiation and in particular promotes megalin 

expression. Indeed, Hnf1a-KO mice exhibit low-molecular-weight proteinuria and 

decreased uptake of iodinated β2-microglobulin.(Terryn et al. 2016) Whether 

HNF1α signaling is impaired in cystinotic PTCs remains to be explored. 

Whatever its mechanism, dedifferentiation of most proximal PTCs suppresses 

receptor-mediated endocytosis in these cells, thus transfers the load of disulfide-

rich proteins to more distal ones, causing longitudinal disease extension up to S3. 

This segment is normally silent for protein endocytosis.(Schuh et al. 2018) 

Transfer to protein ligands into S3 Ctns-/- PTCs was documented by 

autoradiography in Figure 6B of Gaide Chevronnay et al. 2014 (Results Chapter I). 

Of note, progressive secondary loss of expression of endocytic receptors can be 

viewed as an adaptative mechanism as it minimizes the workload of suffering 

cells. It should not be confused with full primary genetic megalin ablation in the 

perinatal period, used as an experimental artefact in Chapter II of Results, to 

examine the role of the megalin pathway in the generation of lysosomal cystine. 
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 On lysosomal adaptation mechanisms  4.1.4.

 

In response to cystine overload or crystal deposition, we indeed highlighted 

three additional adaptation mechanisms. Firstly, in living cells, the huge lysosomes 

deformed by crystals can discharge their content in lumen by apical membrane 

fusion, as evidenced by the resulting continuity of labeling between LAMP-1 and 

cell surface markers, and is not a real surprise considering that lysosome 

exocytosis can correct patchy defects in the plasma membrane. Secondly, upon 

cell death, luminal shedding is an alternative way to eliminate crystals. Of note, 

shedding does not lead to the interstitium, since this route is barred by the 

tubular basement membrane, normally quite rigid and furthermore thicker in 

cystinosis. And thirdly, to compensate the cellular loss, we showed increased PTC 

proliferation that correlates with increased apoptosis in a coupled functional 

mechanism. In addition to ensuring epithelial continuity, proliferation provides 

fresh lysosomes, synthesized during cell division, that may partially slow the 

cystinosis progression.  

 

 

 Tentative reinterpretation of swan-necks: the sliding 4.1.5.

metaplasia hypothesis  

 

In swan-neck deformities, the typical lesions in cystinosis, residual proximal 

tubule-lining cells, thus still named “PTCs” by topography but not by structure or 

function, are extremely flat, without organelle and any crystal.(Mahoney and 

Striker, 2000) Their classical view suggests that this “tubular” atrophy is the 

ultimate consequence of cystine-crystal induced “degeneration processes” of 

cystinotic PTCs. However, the flattened epithelium in the first tubular space at the 
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glomerulo-tubular junction more closely resembles that of Bowman's capsule and 

their border is even indistinguishable. Another explanation for swan-neck lesions 

could thus be a metaplasia by extension from Bowman’s squamous epithelium 

into the segment S1. This hypothesis is supported by the similarity of very thick 

basement membrane surrounding swan-neck lesion and Bowman’s capsule (our 

unpublished results). Unfortunately, there is no tool (such as specific antibodies 

against Bowman's capsule cells) that would allow to easily testing this hypothesis. 

An alternative is cell fate mapping upon tag expression in glomerular parietal 

cells. The position of the “neck” of the glomerulo-tubular junction itself is 

somehow preserved and its later closure increases pressure in the urinary space, 

eventually leading to glomerulo-tubular disconnection, evidenced by enlarged, 

atubular glomeruli.(Larsen, Walker, and Thoene 2010)  

 

 Mechanisms of cystine accumulation and its role in 4.2.

pathophysiology 

 

  Vesicular cystine supply into PTCs: receptor-mediated vs 4.2.1.

fluid-phase endocytosis 

 

Although attention has so far focused on apical receptor-mediated 

endocytosis of disulfide-rich proteins as source of cystine upon proteolysis, all 

cells also capture AAs by a content-undiscriminant mechanism named fluid-phase 

endocytosis (Fig. 26). This phenomenon has initially been demonstrated by 

identical uptake of L- and D-alanine and PVP (Thoene, Forster, and Lloyd 1985) 

thus necessarily predicted for all amino-acids including plasma and urine cystine. 
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It was thus necessary to envisage whether pinocytosis of free cystine into PTCs 

could possibly contribute to its accumulation in lysosomes.  

 

 

 

 

 

Figure 26. Comparison of efficacy between fluid-phase endocytosis and receptor-

mediated endocytosis. A. Fluid-phase endocytosis captures extracellular constituents in 

proportion of their extracellular concentration (blue squares). B. Endocytic receptors 

concentrate extracellular ligands (orange “birds”). Hence, cells should achieve comparable 

fluid-phase uptake of free cystine occurring at 40 µM as when concentrating 100-fold by 

RME albumin if presented at 24 nM [24 nM multiplied by 100 (concentration factor) x 17 

(number of disulfide as cystine precursor per albumin molecule = 40.000 nM)]. For more 

elaboration on very rough estimates, see footnote 3.  
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A priori, this explanation did not seem attractive, since the efficiency of receptor-

mediated endocytosis into PTCs is between 2 and 3 orders of magnitude higher 

than fluid-phase endocytosis, as shown in Figure 27.(Lima et al. 2010) However, 

calculations3 based on available measurements or reasonable estimates indicate 

that the much higher concentration of free over protein-bound cystine in the 

primary ultrafiltrate (~ >2 orders of magnitude higher) may balance the much 

lower efficiency of fluid-phase versus receptor-mediated endocytosis (~ >2 orders 

of magnitude lower).(Christensen and Maunsbach 1979; Schiller and Taugner 

1980) The contribution of fluid-phase endocytosis to free cystine supply (Thoene, 

Forster, and Lloyd 1985) into normal PTCs should thus not be a priori neglected. 

 

 

                                                           
3
 Albumin permselectivity rate in man (35 microg/min in man: Mogensen and Soelling, 

Scand J Clin Lab Invest, 1977) can be translated into 1.6 nM albumin or 30 nM albumin-
bound “cystine” (17 disulfide bonds/albumin molecule) in the primary ultrafiltrate 
presented to receptor-mediated endocytosis. Of note, this is an underestimate as it 
ignores disulfide bridges carried by the more readily ultrafiltrated low-molecular weight 
proteins. Let us assume equivalent protein-bound cystine supply by LMWP being more 
abundant, yet with 3-times lower intrinsic abundance of disulfide bonds (albumin, 68 kDa, 
17 S-S; Ig light chain, 24 kDa, 2 S-S; beta2-microglobulin, 14 kDa, 1 S-S). This would bring 
our estimate to 60 nM LMW “protein-bound cystine”. This estimate value would seem 
negligible be compared with 40 microM free cystine in plasma thus primary ultrafiltrate 
cystine, presented to fluid-phase endocytosis! However, the outstanding efficiency of the 

abundant cystine transporter rBAT-b(0,+)AT along the entire brush border should strongly 

decrease free cystine content reaching primary endocytic pits at the base of the brush 
border. Arguably, if final free cystine concentration would drop down to 6 microM when 
entering endocytic pits and assuming that receptor-mediated endocytosis is 100-fold 
more effective than fluid-phase pinocytosis, both processes would contribute equally. As 
shown by Fig. 27, my laboratory determined that, in well-polarized kidney proximal 
tubular cells in culture, receptor-mediated endocytosis was indeed about 100-fold more 
efficient than fluid-phase endocytosis, and higher efficiency might even be expected in 
vivo. Altogether, in view of all uncertainties behind each assumption, the question as to 
whether receptor-mediated endocytosis vs fluid-hase pinocytosis is the main endocytic 
source of cystine to PTCs thus remains open.  Yet, since megalin drives also the formation 
of endocytic pits, thus fluid-phase endocytosis, the key role of the megalin pathway as 
source of PTC cystine endocytosis remains a valid conclusion. 
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Figure 27. Quantitative comparison of clearance efficiency by fluid-phase vs receptor-

mediated endocytosis in cultured PTC cells and effect of polarity on endocytic activity. 

At day 1 after plating OK cells at high density in Petri dishes (low trans-epithelial 

resistance) or day 4 after plating (maximal transepithelial resistance), dishes were washed 

then incubated for 1 h at 37°C in medium without serum and supplemented with 150 nM 
125

I-albumin, 150 nM 
125

I-transferrin or 1.8 nM 
125

I-cathepsin B to study receptor-

mediated endocytosis; together with 100 μM FITC-dextran (10 kDa) or 4 mM Lucifer 

yellow, to assess fluid-phase endocytosis. Intracellular accumulation is expressed in 

clearance units (values are means  s.e.m of n=3 or 4).  Please note difference of scale in 

the ordinates. The following conclusions were derived: (i) almost identical values for the 

two fluid-phase tracers indicate validity of the estimation of fluid-phase activity (non-

discriminant); (ii) one-log difference in the clearance of albumin and transferrin viz 

cathepsin B underlines that efficacy of receptor-mediated endocytosis depends on 

intrinsic ligand affinity, or reflect a partial saturation at 150 nM albumin and transferrin; 

(iii) the lower value for transferrin (a cubilin ligand) as compared to albumin (a shared 

megalin+cubilin ligand) at 1 day may reflect slower maturation of cubilin than megalin; (iv) 

overall, efficiency of receptor-mediated endocytosis is between 2 (albumin) and 3 orders 

of magnitude (cathepsin B) higher than fluid-phase endocytosis. Unpublished data by W.R. 

Lima & P.J. Courtoy. Reproduced from PhD thesis of Dr Lima, 2010. For details on 

methodology, see Lima et al, JASN, 2010. 

  



 Discussion and perspectives  

211 
 

Moreover, whereas we reported that megalin ablation, to abrogate receptor-

mediated endocytosis, provided spectacular protection to cystinotic kidneys, this 

ablation also causes, by unknown mechanism, a marked atrophy of the apical 

endocytic apparatus and impairment of fluid-phase endocytosis.(Bachmann et al. 

2004) Pinocytosis being also impaired in our double knockout model, our 

experiments on megalin ablation cannot formally distinguish between a direct 

effect of suppression of receptor-mediated endocytic reuptake of disulfide-rich 

plasma proteins (highly effective mechanism for ligands present at low 

concentration) versus indirect effect of the likely decreased fluid-phase 

pinocytosis of all solutes including free cystine (a much less efficient mechanism 

but quantitatively relevant at the much higher concentration of cystine in plasma 

and primary ultrafiltrate). We therefore moved to the terminology “megalin 

pathway” to cover both mechanisms as far as they depend on megalin. The 

respective role of receptor-mediated vs fluid-phase endocytosis could however be 

addressed by competition, as discussed below. 

 

 Net cystine accumulation in cystinotic lysosomes: vesicular 4.2.2.

inflow vs vesicular exodus  

 

As stated above, cystine accumulation in cystinotic fibroblasts is proportional 

to the extracellular concentration of albumin but after lysosomal degradation, 

only a small fraction of free cystine is retained in cystinotic lysosomes, the 

difference being attributed to cystine exocytosis.(Thoene and Lemons 1980) 

Lysosomal exocytosis is a Ca2+-regulated process in which lysosomes reach the cell 

surface to fuse with the plasma membrane and release their content outside the 

cell. In cystinotic fibroblasts and the early stages of PTCs, this output pathway is 
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considered as a relatively effective mechanism of delaying lysosomal cystine 

overload (long regarded as the primary cause of cell damage).  

Almost absent in urine, albumin, the major ultrafiltrated protein containing 

17 disulfide bonds and therefore as many released cystine molecules, is expected 

to be virtually completely reabsorbed in proximal tubule. In PTCs from Ctns-/- 

mice, it has been estimated that receptor-mediated endocytosis of ultrafiltrated 

plasma proteins represents a cystine supply more than sufficient for PTC 

accumulation and actually exceeds the amount being stored.(Cherqui and Courtoy 

2017) This suggests that, also in PTCs, cystine can be efficiently discharged by 

vesicular efflux (exocytosis). Accordingly, from a cell biological perspective, 

blocking megalin-mediated endocytosis as well as promoting clearance 

mechanisms such as vesicular exocytosis are both interesting pathways to slow 

down cystine accumulation in PTCs.  

 

 Regulation of vesicular exodus 4.2.3.

 

In Ctns-/- cells, TFEB expression is reduced while its nuclear translocation is 

promoted by structural abnormalities of lysosomes because of the cystinosin 

defect.(Rega et al. 2016) Decreased expression in cystinosis is unexplained as TFEB 

system is normally activated by the lysosomal swelling itself, such as accumulation 

of undigestible sucrose! Moreover, the observed decrease of TFEB expression in 

cystinotic cells despite lysosomal enlargement is paradoxical as this transcription 

factor induces its own expression. A possible explanation lies in defective mTORC1 

signalling in the absence of cystinosin.(Andrzejewska et al. 2016) Once 

dephosphorylated, TFEB normally activates the transcription of genes involved in 

cellular clearance, such as lysosomal biogenesis and autophagy but also 
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exocytosis. Indeed, lysosomal exocytosis is regulated by TFEB which activates 

MCOLN1 and thus leads to increased local cytosolic Ca2+, resulting in lysosomal 

translocation and membrane fusion. TFEB activation is thus another possible 

target to amplify cellular clearance in cystinosis as in other lysosomal storage 

diseases.(Medina et al. 2011) Indeed, clearance of cystine load, and probably 

correction of other lysosomal defects resulting from cystinosis, could be triggered 

by restoring TFEB activity. Of great interest, TFEB can be stimulated in cultured 

cells by genistein.(Rega et al. 2016) 

Additional key effectors of exocytosis are Rab proteins, a family of small 

GTPases which act at specific levels in the cell to control vesicular trafficking, in 

particular Rab27a and its receptors. In fibroblasts from Ctns-/- mice, Rab27a is 

downregulated, possibly because of TFEB dysfunction, lysosomal trafficking is 

impaired and ER stress is upregulated. However, upregulation of Rab27a in these 

cells rescues lysosomal transport leading to increased cystine exocytosis and 

decreased cystine accumulation and thus contributes to correct ER 

stress.(Johnson et al. 2013) Another Rab protein, Rab11, is involved in vesicular 

trafficking regulating exocytosis and recycling vesicles at the plasma 

membrane.(Takahashi et al. 2012) In a human-derived cystinotic PTC line, 

expression of LAMP2A, the receptor for chaperone-mediated autophagy (CMA), is 

decreased. Furthermore, LAMP2A accumulates on Rab11-coated vesicles leading 

to CMA defects. It has been demonstrated that treatment with CMA enhancers 

corrects Rab11 trafficking, defective in this cell line, allowing Rab11 to re-localize 

LAMP2A to the lysosomal membrane. Since Rab11 is also involved in megalin 

localization and recycling, these data suggest that Rab11 defect in cystinosis is a 

link between CMA impairment and dedifferentiation program which characterizes 

cystinotic PTCs. In cystinosis, CMA upregulation thus could protect from Fanconi 

syndrome independently of lysosomal overload.(Zhang et al. 2019)  
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 Signification of impaired proteolysis 4.2.4.

 

Amorphous lysosomal content of cystinotic lysosomes in neutrophils and 

PTCs at an early stage of the disease results from protein accumulation due to 

impaired proteolysis, as demonstrated in primary PTC cultures from cystinotic 

mice (Raggi et al. 2014) and in human cystinotic cells.(Ivanova et al. 2015) The 

extracellular compartment provides an oxidative environment (thus preservation 

of disulfide bonds). In contrast, in the reducing environment of normal lysosomes, 

upon capture of cysteine from the cytosol into these organelles by a still unknown 

mechanism, accumulating cysteine can reduce disulfide bonds. This leads to 

protein unfolding providing access to lysosomal endoproteases. Moreover, 

several cathepsins are only active in a reducing environment. For example, the 

cysteine (or thiol) protease, cathepsin B, contains a free thiol in its catalytic site 

which is protected by the reducing lysosomal lumen. Conversely, in the absence of 

cystinosin, cystine accumulates in lysosomes thus should prevent protein 

unfolding and cause oxidation of cysteine in thiol-proteases, thus their 

inactivation. Finally, impaired exposure of the internal peptide bond between pro- 

and mature enzyme in pro-cathepsins would prevent their maturation, thus 

activity. Impaired activation of pro-cathepsin D has been demonstrated in 

cystinotic cells, although the authors attributed this observation to impaired 

endolysosomal trafficking.(Raggi et al, 2014) Amazingly, impaired proteolysis 

should also slow down free cystine generation. 

Defective proteolysis, the primary function of lysosomes, translates into 

decreased release of free amino acids and should thus lead to the inhibition of 

mTORC1, overcoming its expected activation by lysosomal enlargement. 

Therefore, TFEB should be dephosphorylated and translocated to the nucleus 

where it normally activates its own transcription as well as transcription of genes 
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promoting autophagy. However, as stated above, TFEB level and autophagy are 

decreased in cystinotic cells. TFEB is not known to impact on apical differentiation.  

 

 Role of cystine accumulation vs non-transport cystinosin 4.2.5.

function(s) 

 

4.2.5.1 Evidence for non-transport function of cystinosin   

 

We so far discussed the causes and consequences of lysosomal cystine 

accumulation. However, the concept that cystine accumulation is the starting 

point for all cellular and functional alterations in cystinosis is no longer accepted. 

Indeed, cysteamine treatment, which effectively purges lysosomal overload, does 

not cure cystinosis. Several other cellular defects in cystinotic cells such as 

lysosome enlargement and mispositioning are also not corrected by cysteamine. 

Thus, the absence of cystinosin itself is now recognized as responsible for cellular 

disturbances that are refractory to the cystine depletion by cysteamine, 

highlighting its non-transport function. Interestingly, Dr. Antignac’s group has 

shown, in vitro, that the fifth loop of cystinosin interacts with the v-ATPase-

Ragulator-Rags complex, essential components of the mTORC1 signaling pathway, 

and that mTORC1 response to changes in AA supply are damped in cystinotic cells. 

Cystinosin should thus be considered a component of LYNUS machinery and is 

essential for mTORC1 localization and regulation by nutrients.(Andrzejewska et al. 

2016) That transport-independent function of cystinosin is abolished in the 

absence of the protein, as in the 57kb large deletion in the cystinosin locus, or 

upon mutations causing a premature stop codon or protein instability is easy to 

understand. However, there are point mutations compatible with expression of 

full cystinosin, yet inactive as transporter. These subtle mutations would suggest 
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that the so-called “transport-independent” function would affect sensing of 

transport in the LYNUS machinery.     

 

4.2.5.2 Role of non-transport functions of cystinosin in cystinosis progression 

 

Thus, the key question arises on the respective responsibility of cystine 

accumulation vs transport-independent function of cystinosin. Most likely both 

contribute, since early compliant cysteamine efficiently delays most cystinosis 

complications and extends average life expectancy by more than one decade, but 

is ineffective on the Fanconi syndrome. In the laboratory, the current way to 

distinguish transport-independent functions is to look for resistance to cystine 

accumulation upon downstream cysteamine purging. We took another approach 

by looking upstream, based on preventing cystine supply by suppression of the 

megalin pathway as we shall now discuss. 

   

 Cystine accumulation in PTCs depends on apical endocytosis. 4.3.

Suppression of apical endocytosis protects kidneys against swan-

neck lesions 

 

While the genetic and molecular bases of lysosomal overload are well known, 

the source of cystine accumulation in cystinotic kidneys had not yet been 

established. We thus hypothesized that the main source of cystine in PTCs 

originated from the endocytosis of disulfide-rich proteins, with megalin as key 

transporter. Therefore, I generated a new “double KO-triple transgenic” mouse 

model in which the two floxed megalin alleles were specifically excised in the 

kidney of cystinotic mice by a single copy of Wnt4-driven Cre-recombinase. This 

ablation worked exceedingly well (Fig. 1 from Janssens et al, 2019). I then 
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demonstrated that abrogation of the megalin pathway in cystinotic PTCs 

prevented cystine accumulation, thus crystal deposition. Except for some grossly 

remodeled areas due to a not yet fully understood inflammatory reaction related 

to Wnt4-CRE-driven megalin excision, the structure of proximal tubules in double 

knockout kidneys was preserved, i.e. without PTC dedifferentiation. In contrast to 

cystinotic mice where almost all glomerulo-tubular junctions exhibited a typical 

swan-neck profile, I showed that double KO kidneys contain only 20% of such 

lesions. This low percentage of residual lesions could be attributed to the loss of 

non-transport functions of cystinosin or to possible effects related to suppressed 

endocytic supply. For example, absence of potential nephroprotective proteins 

such as iron siderophore neutrophil gelatinase-associated lipocalin (NGAL) (Mori 

et al. 2005) or survivin (Jobst-Schwan et al. 2013) could be critical for PTCs 

homeostasis. We also showed that megalin ablation in cystinotic kidneys 

preserved the apical expression of NaPi-IIa and SGLT-2 in PTCs. Because of the loss 

of Fanconi syndrome phenotype in our Ctns-/- colony, urinalysis was not relevant 

but immunofluorescence and RT-qPCR results suggested that the megalin 

pathway inactivation also protects against the Fanconi syndrome of nephropathic 

cystinosis which makes it a potential therapeutic target. Moreover, apoptosis and 

proliferation rates were normal in double knockout kidneys, reflecting the 

absence of PTC turn-over. We thus concluded that the megalin pathway is the 

major route leading to lysosomal cystine overload, and that suppression of this 

pathway preserves cystinotic kidneys. 
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 The megalin pathway could be targeted by oral supplementation 4.4.

with dibasic amino-acids 

 

Despite remarkably slowing down progression of nephropathic cystinosis and 

reducing the frequency of other organ failures (Emma et al, NDT 2014), 

cysteamine does not provide a cure. Several investigators are thus actively looking 

at alternative drugs: either targeting specific defects such as free radical effects 

(Galaretta et al, 2015; Festa et al, 2018), TFEB via genistein (Rega et al. 2016), or 

CMA via CMA enhancers (Zhang et al. 2019); or using a non-biased screening 

approach.(Bellomo et al. 2017) Could the megalin pathway represent a novel 

target in cystinosis? In view of its major health issue of antibiotic nephrotoxicity, 

various laboratories have attempted to block PTC reuptake of gentamicin, which 

depends on megalin. Early attempts to compete by lysine for gentamicin uptake in 

rat kidneys failed due to toxicity related to high doses required.(Gilbert et al. 

1982)  In the frame of the european network, EuReGene, the group of Thomas 

Willnow then developed a patent to screen using Biacore polypeptides that could 

achieve this goal, but none went to the market, presumably because competitors 

were also accumulating in lysosomes and became toxic themselves.(Willnow, 

personal communication) However, low-molecular weight compounds have been 

recently shown to protect the kidney against massive reuptake of nephrotoxic 

molecules via megalin interference.(Hori et al, 2017) Despite the failure of lysine 

to protect kidneys from gentamicin nephrotoxicity, we thought of using dibasic 

amino-acids as megalin competitors for protein uptake, since lysine and arginine 

are essential in the protein-binding pockets of megalin and cubilin.(Andersen and 

Moestrup, 2014) Moreover, whereas it is indeed obviously more difficult to block 

the 60-to-100 gentamicin binding sites on each megalin molecule, it could be 

more feasible for its few protein binding sites which presumably depend on 
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multiple interactions.(Nagai and Takano, 2004) Furthermore, oral administration 

of dibasic amino acids is already used therapeutically (Peltola et al. 2000; Elpeleg 

and Korman 2001) and body-builders also often use basic amino acids (mostly 

arginine) to improve their muscular appearance and performance. Dibasic amino 

acids have shown the ability to inhibit megalin pathway in cultured epithelial cells 

(Barone et al, 2005; Thelle et al, 2006) and, in vivo, upon acute (max 30 h) lysine 

gavage to rats.(Thelle et al. 2006) In a preliminary study, I showed that 5x- oral 

supplementation with lysine or arginine in the drinking water during two-weeks 

was well tolerated by WT mice and that arginine induced a dose-dependent LMW 

proteinuria (lysine remains to be tested for this effect). I also showed that dbAA 

supplementation as solid diet can block endocytic recapture of injected 

fluorescent protein tracer by WT PTCs if mice were adapted to inverted daylight 

so as to eat during the day period of acute challenge by injected fluorescent 

protein tracer. I then moved to long-term study with solid diet supplementation in 

cystinotic mice. My preliminary results, to be complemented by a large-cohort 

study at UCSD (ongoing analysis, see below), indicate that the bAA-enriched diet 

protects cystinotic kidneys function (highly significant) and prevents structural 

lesions such as swan-neck deformities and PTC atrophy (significant). Of note, 

although these results were encouraging, I was not able to explore the Fanconi 

syndrome in our colony, which lost this phenotype presumably because of 

inbreeding. Therefore, before firmly concluding that dietary supplementation by 

arginine, and especially lysine, significantly decreases cystine accumulation and 

protects from Fanconi syndrome, we must wait for the results of the large cohort 

studied by our UCSD collaborators, who will be further interested in potential 

muscular benefits. This perspective is developed in details later. 
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 Translational perspective: a new, dietary therapy for nephropathic 4.5.

cystinosis? 

 

Data collected so far in the mouse model of cystinosis thus indicate that 

receptor-mediated endocytosis is a major pathway leading to cystine 

accumulation in kidney proximal tubules, which itself causes structural and 

functional alterations. Conversely, preliminary results also suggest that inhibition 

of this pathway by dbAAs might be beneficial to prevent kidney cystine 

accumulation and protect kidneys against swan-neck lesions. Assuming that the 

ongoing analysis of large mouse cohorts confirms the benefit of dietary 

supplementation by well-tolerated dibasic amino-acids, translational studies to 

cystinotic patients should thus be considered and even turn as a moral obligation. 

Indeed, long-term supplementation of patients by arginine, for metabolic deficits 

along the urea cycle, and by lysine, for patients with ornithinemia, underlines the 

acceptance and safety of this approach. A dbAA-supplemented diet would also be 

a flexible and very inexpensive adjuvant approach, complementary to cysteamine 

as current gold standard.   

However, a full picture of such long-term therapy is largely missing. As stated 

above, acute competition for protein uptake has been demonstrated in vivo by 

high doses of lysine, arginine and related compounds in healthy human 

“volunteers” (Mogensen and Solling 1977) and by oral lysine gavage in WT mice 

(Thelle et al. 2006), as well as in vitro using purified brush border preparations 

(Ottosen et al. 1985) and most elegantly by the ongoing study of competition by 

lysine or arginine for binding of equimolar concentrations (as low as 1 microM) of 

pure fatty-acid-free albumin on chip-immobilized megalin and cubilin using 

surface plasmon resonance (Fig. 28, Moestrup and Graversen, personal 

communication). These very promising preliminary data indicate that both dbAAs, 
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used alone at clinically relevant concentrations, are direct competitive inhibitors 

of the binding of albumin to both immobilized megalin and cubilin, L-lysine 

seeming more potent than L-arginine. Since both megalin and cubilin act in 

tandem for receptor-mediated endocytosis of ultrafiltrated albumin by kidney 

proximal tubular cells (PTCs), these promising data further predict an in 

vivo synergistic effect of L-lysine, and to a lesser extent of L-arginine, to inhibit 

albumin uptake into PTCs, thus cystine generation therefrom. Incidentally, the 

observed micromolar competition in this assay is in sharp contrast with millimolar 

range of lysine and submillimolar range of arginine plasma thus primary urine 

levels. Thus dbAAs qualify as upstream substrate depletion mechanism, possibly 

complementary to cysteamine, as downstream substrate depletion.  

 

 

Figure 28. Evidence for direct competition by 1 microM dbAAs for 1 microM albumin 

binding to megalin biochips in Biacore assays. Whereas lysine alone, and presumably 

arginine alone, do not bind to the biochips, combination of equimolar dbAAs compete for 

albumin binding. Similar data were obtained on immobilized cubilin.  At 100 microM 

dbAAs, no more albumin binding can be detected. Preliminary data from Moestrup and 

Graversen, personal communication. 
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However, dietary supply is by definition discontinuous, whereas 

ultrafiltration of plasma proteins is a continuous process. I indeed observed 

that, whereas PTC uptake of injected fluorescent protein during daytime 

was abolished when mice were fully adapted to inverse circadian rhythm 

so as to eat pellets during daytime, no protection was found without such 

full adaptation. This indicates postprandial competition for uptake when 

plasma (and urinary) dbAA levels are high, but loss of inhibition when levels 

decline. Thus, the question arises: would intermittent, reversible arrest of 

endocytic protein-driven cystine supply procure lasting benefits 

downstream. One possible mechanism that the constitutive lysosomal 

exocytosis allowing for significant vesicular efflux of cystine is not sufficient 

by itself to prevent cystine accumulation in the absence of transmembrane 

export, yet is helping doing the job when combined with discontinuous 

purge by cysteamine or discontinuous interruption of endocytosis-based 

supply. Alternatively, whether cysteamine or dbAAs promote lysosomal 

exocytosis has not been fully considered.  

It is also unclear whether the regimen proposed has lasting impact on 

mTORC1 signalling, thereby switching cell preference from autophagy in 

favor of anabolism.  Autophagy is generally considered detrimental, but 

was recently proposed as a beneficial process allowing to dispose of 

altered mitochondria and reduce ROS production.(Festa et al. 2018) I hope 

to tackle this complex issue after completing my PhD. Our plans are to look 

by immunofluorescence at the recruitment onto lysosomes of mTORC1 

components (in one perfusion-fixed kidney compared to S6-kinase 
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phosphorylation level in extracts of the other unfixed kidney as described 

by (Andrzejewska et al. 2016)) in WT mice sacrificed during daytime after 

being (ia,b) untreated or (iia,b) provided with dbAA in pellets (for clinical 

relevance) or (iiia,b) in drinking water (to attenuate supply discontinuity); 

each without (a) or after established inversion of circadian rhythm (b).  In 

parallel, I shall look at autophagy by combined immunofluorescence for 

p62/sequestosome, TOM20 and LAMP1, using a protocol validated in our 

lab for mouse kidney.(Grieco et al. 2018) 

Moreover, in parallel to kidney protection, other benefits may be 

expected. Indeed, muscle fortification is the primary goal by the many 

body-builders who take arginine over the counter to accrue on muscle 

mass, as widely advertised in the internet. Comparable benefit on lean 

mass accretion is predicted for pig farms, but we could not retrieve 

pertinent long-term evidence. Our laboratory has suggested that a similar 

study on muscle in cystinotic mice should be conducted by a group 

combining expertise in muscle structure, anabolism/catabolism ratio 

including protection against apoptosis, transcriptional regulatory networks 

and overall strength and performance, together with genuine interest on 

cystinosis.(Cheung et al. 2016) The recent study on cystinotic bones by 

Battafarano et al, 2019, stresses that besides secondary defects due to 

phosphaturia, metabolic acidosis and impaired production of mature 

vitamin D (calcitriol), cystinotic osteoblasts and osteoclasts show primary 

intrinsic defects. Possible reversal by cysteamine was not included in that 
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study. Whether these defects can be corrected by dbAAs deserves to be 

examined.   

There is also a crucial difference between a priori prevention of tissue 

damage by early dbAA protection, vs secondary stabilization (if not 

reversal) of lesions that necessarily already exist when diagnosis is made in 

cystinotic babies. Thus, another important study will address whether later 

supplementation by dbAAs of cystinotic mice, e.g. at 6 months of age, 

could prevent the exponential increase of kidney cystine content usually 

recorded afterwards (from 8 to 12 months of age). Additional blood, urine 

and tissue parameters will be analysed.  

If this is effective, a pilot clinical project will be initiated to study a 

limited number of cystinotic children without renal insufficiency, recruited 

at two or three different centers (multicentric study). Each patient would 

serve as his/her own control, so as to reach statistical significance despite 

low numbers. They would be monitored every two-weeks in 5 successive 

periods: (i) upon base-line with all current medications including 

cysteamine; (ii) during two-months supplementation with either one of the 

dbAAs, assigned randomly, and administered at distant times from 

cysteamine to prevent interference on intestinal transport systems; (iii) 

during two-months reversal to normal diet; (iv) during two-months 

supplementation with the other dbAA; and (v) during second reversal to 

normal diet. Read-out is of course more limited, but would include (i) 

clinical survey (compliance and tolerance, subjective well-being including 

muscle strength); (ii) plasma assays for urea, creatinine, glucose, 
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phosphate and bicarbonate (acidosis level), (iii) and 24h urinary collections 

for the same constituents (change in diuresis and phosphate or glucose Tm 

as indicators of Fanconi syndrome?).   

I would consider my duty as completed when the first clinical trial on 

patients will be conducted. 

  



 Discussion and perspectives  

226 
 

 



 Annexes  

227 
 

5. ANNEXES :  
 

 A Mouse Model Suggests Two Mechanisms for Thyroid Alterations 5.1.

in Infantile Cystinosis: Decreased Thyroglobulin Synthesis Due to 

Endoplasmic Reticulum Stress/Unfolded Protein Response and 

Impaired Lysosomal Processing 

Gaide Chevronnay, H. P., V. Janssens, P. Van Der Smissen, X. H. Liao, Y. 

Abid, N. Nevo, C. Antignac, S. Refetoff, S. Cherqui, C. E. Pierreux, and P. J. 

Courtoy 

Endocrinology. 2015 Jun;156(6):2349-64 

 

 Hematopoietic Stem Cells Transplantation Can Normalize Thyroid 5.2.

Function in a Cystinosis Mouse Model 

Gaide Chevronnay, H. P.*, V. Janssens*, P. Van Der Smissen, C. J. Rocca, X. 

H. Liao, S. Refetoff, C. E. Pierreux, S. Cherqui, and P. J. Courtoy 

Endocrinology. 2016 Apr;157(4):1363-71  

*, equal first authors 

 

 Cellular uptake of proMMP-2:TIMP-2 complexes by the endocytic 5.3.

receptor megalin/LRP-2 

Johanns, M., P. Lemoine, V. Janssens, G. Grieco, S. K. Moestrup, R. 

Nielsen, E. I. Christensen, P. J. Courtoy, H. Emonard, E. Marbaix, and P. 

Henriet 

 

Sci Rep. 2017 Jun 28;7(1):4328 
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 Class III Phosphoinositide 3-Kinase/VPS34 and Dynamin are 5.4.

Critical for Apical Endocytic Recycling 

Carpentier, S., F. N'Kuli, G. Grieco, P. Van Der Smissen, V. Janssens, H. 

Emonard, B. Bilanges, B. Vanhaesebroeck, H. P. Gaide Chevronnay, C. E. 

Pierreux, D. Tyteca, and P. J. Courtoy 

Traffic. 2013 Aug;14(8):933-48 

 

 Vps34/PI3KC3 deletion in kidney proximal tubules impairs apical 5.5.

trafficking and blocks autophagic flux, causing a Fanconi-like 

syndrome and renal insufficiency 

Grieco, G., V. Janssens, H. P. Gaide Chevronnay, F. N'Kuli, P. Van Der 

Smissen, T. Wang, J. Shan, S. Vainio, B. Bilanges, F. Jouret, B. 

Vanhaesebroeck, C. E. Pierreux#, and P. J. Courtoy# 

Sci Rep. 2018 Sep 20;8(1):14133 
#, equal last authors 

 Vps34/PI 3-kinase type III controls thyroid hormone production by 5.6.

regulating thyroglobulin iodination, lysosomal proteolysis and 

tissue homeostasis 

Grieco G.*, TS. Wang1*, O. Delcorte*, C. Spourquet*, V. Janssens, A. 

Strickaert, HP. Gaide Chevronnay, XH Liao, B. Bilanges4, S. Refetoff, B. 

Vanhaesebroeck, C. Maenhaut, PJ. Courtoy#, CE. Pierreux# 

Thyroid  “in press” 

*, equal first authors; #, equal last authors 
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Vps34/PIK3C3 controls thyroid hormone production by 

regulating thyroglobulin iodination, lysosomal proteolysis and 

tissue homeostasis 

Grieco G.*, TS. Wang1*, O. Delcorte*, C. Spourquet*, V. Janssens, A. Strickaert, 

HP. Gaide Chevronnay, XH Liao, B. Bilanges4, S. Refetoff, B. Vanhaesebroeck, C. 

Maenhaut, PJ. Courtoy#, CE. Pierreux# 

Thyroid. 2019 Oct 25. doi: 10.1089/thy.2019.0182. [Epub ahead of print] 

*, equal first authors; #, equal last authors 

Abstract  

BACKGROUND: The production of thyroid hormones (T3, T4) depends on thyroid 

organization in follicles, lined by a monolayer of thyrocytes with strict apico-basal 

polarity. Polarization supports vectorial transport of thyroglobulin for storage 

into, and recapture from, the colloid. It also allows selective addressing of 

channels, transporters, pumps and enzymes to their appropriate basolateral (NIS, 

SLC26A7 and Na+/K+-ATPase) or apical membrane domain (Anoctamin, SLC26A4, 

DUOX2, DUOXA2 and TPO). How these actors of T3/T4 synthesis reach their final 

destination remains poorly understood. Vps34/PIK3C3 is now recognized as a 

main component in the general control of vesicular trafficking and of cell 

homeostasis via autophagy. We recently reported that conditional Vps34 

inactivation in kidney proximal tubular cells by Pax8-driven excision prevents 

normal addressing of apical membrane proteins and causes abortive 

macroautophagy.  

METHODS: Vps34 was inactivated using a Pax8-driven Cre recombinase system. 

The impact of Vps34 inactivation in thyrocytes was analyzed by histological, 

immunolocalization and mRNA expression profiling. Thyroid hormone synthesis 

was assayed by 125I injection and by serum plasma analysis. 
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RESULTS: Vps34cKO mice were born at the expected Mendelian ratio and showed 

normal growth until postnatal day 14, then stopped growing and died at around 1 

month of age. We therefore analyzed thyroid Vps34cKO at postnatal day 14. We 

found that loss of Vps34 in thyrocytes causes: (i) disorganization of thyroid 

parenchyma with abnormal thyrocyte and follicular shape and reduced PAS+ 

colloidal spaces; (ii) severe non-compensated hypothyroidism with extremely low 

T4 levels (0.75 ± 0.62 g/dL) and huge TSH plasma levels (19,300 ± 10,500 mU/L); 

(iii) impaired 125I organification at comparable uptake and frequent occurrence of 

follicles with luminal thyroglobulin but non-detectable T4-bearing thyroglobulin; 

(iv) intense signal in thyrocytes for the lysosomal membrane marker, LAMP-1, as 

well as thyroglobulin and the autophagy marker, p62, indicating defective 

lysosomal proteolysis, and (v) presence of macrophages in the colloidal space.  

CONCLUSIONS: We conclude that Vps34 is crucial for thyroid hormonogenesis, at 

least by controlling epithelial organization, Tg iodination as well as proteolytic 

T3/T4 excision in lysosomes. 
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