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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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Introduction

1. INTRODUCTION

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

1.1.1. Structural specializations for reabsorption in proximal tubules
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).

‘ Renal
Connecting
tubule l corpuscle
@ e—— Proximal
convoluted

Distal tubule

convoluted

tubule e N
Parietal epithelium
(Bowman's capsule)

&—— Proximal Glomerulo-Tubular

Distal fﬁgﬂ eht Ao Junction

straight v

tubule

il
Collecting @——o |
duct |

»—— Descending

ing @———2—+ limb of
ﬁni%egfd 5 ‘ Loop of Henle

Loop of Henle

Visceral epithelium
(podocytes)

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 concentration’, 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)

' 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
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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.
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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-lla 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-1la; 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 alighed 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 ($3). 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 agueous 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-lla) 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-lla; 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.

1.1.2. Transmembrane transport: key transporters and apical
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-lla

and SGLT-2.

1.1.2.1  NaPi-lla

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 |, Il and lll. Type Il (also named SLC34 gene family)
further includes three NaPi co-transporters isoforms: NaPi-lla, b and c.(Murer et
al. 2003) While NaPi-lla and NaPi-lic isoforms are both expressed in the brush
border of PTCs, type lla is the most abundant, thus the key transporter in PTCs.

NaPi-llb 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-lla, 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 HPO,” 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 HPO,> vs 50 mM for Na*.(Murer et
al. 2003) In the proximal tubule, NaPi-lla expression is highest in S1 segment of
deep nephrons and decreases towards the S3 segment.(Custer et al. 1994)
Structurally, NaPi-lla 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-lla (90kDa), contains
eight transmembrane segments. Two regions are involved in the coupled transport of one
PO,> together with three Na™: intracellular loop-1 (ICL1) and extracellular loop-3 (ECL3).
The NaPi-lla 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-lla 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-lla C-terminal tail interacts with three PDZ-proteins: Capl (orthologue
of PDZK1 in human), Cap2 and NHERF-1. Capl binds the three amino acids
sequence Thr-Arg-Leu at the C-terminus of NaPi-lla and is implicated in its apical
sorting/positioning. Indeed, truncation of these three amino acids abrogates
apical sorting of NaPi-lla 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-lla 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-lla remain to

be determined.(Gisler et al. 2001)

Figure 4. NaPi-lla 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-

KHERF-1

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-lla down-regulation by endocytosis.
From Murer et al, 2003.
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Regarding the regulation of phosphate reabsorption, NaPi-lla co-transporter
activity depends on extracellular pH because of the competition of Na* with
protons at the binding site. In addition, NaPi-lla 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-lla
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-lla, 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-lla 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, CIC-5, causes an
inherited renal Fanconi syndrome with proteinuria, hyperphosphaturia and
hypercalciuria. CIC-5 is a H'/CI" exchange transporter expressed in apical
endosomes of proximal tubular cells. By using CLCN5 KO model, Jentsch and
colleagues have demonstrated that CIC-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-lla, resulting in phosphaturia.

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

(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-lla and SGLT-2, is then excreted into the inner

43



Introduction

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.

1.1.3. The multiligand apical endocytic receptor complex and its
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 decreases’.(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 ).

> 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®* from endolysosomal compartments is thought to trigger fusion events near
Ca’' release sites. Several candidates have emerged to function as lysosomal/endosomal
Ca’' 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
I11/Vps34. Work to which | 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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Megalin Cubilin Megalin Cubilin
Vitamin carrier proteins Vitamin carrier proteins Aprotinin
Transcobalamin-vitamin B, Intrinsic factor vitamin B, Trichosanthin
Vitamin D-binding protein Vitamin D-binding protein Colistin
i dedropeeh
9P Cubilin Megalin
Other carrier proteins Other carrier proteins Transcobalamin 11-By; receptor
m::gr?c:;in :.:‘;:; :;in Others Others
Hemoglobin Hemoglobin Ezgfpmr-assocmed protein Receptor-associated protein
Lactoferrin Transferrin

Selenoprotein P
Metallothionein

Neutrophil gelatinase-associated

lipocalin
Odorant-binding protein
Transthyretin

Liver-type fatty adid-binding protein

Sex hormone-binding globulin

Lipoproteins
Apolipoprotein B
Apolipoprotein E
Apolipoprotein J/clusterin
Apolipoprotein H
Apolipoprotein M

Lipoproteins
Apolipoprotein A-l
High-density lipoprotein

and si ing p
Parathyroid hormone

Insulin

Epidermal growth factor
Prolactin

Thyroglobulin

Senic hedgehog protein
Angiotensin Il

Leptin

Bone morphogenic protein 4

Connective tissue growth factor

Insulin-like growth factor
Survivin

He and signaling p
Fibroblast growth factor

Cytochrome C

Seminal vesicle secretory protein Il
Coagulation factor VII

Coagulation factor VI

Coagulation factor VI

Enzymes and enzyme inhibitors

Plasminogen activator
inhibitor type |

Plasminogen activator inhibitor
type I-urokinase

Plasminogen activator inhibitor
type I-tissue plasminogen
activator

Pro-urokinase

Lipoprotein lipase

Plasminogen

u-Amylase

Lysozyme

Cathepsin B

u-Galactosidase A

Cystatin C

Recombinant activated factor Vlla

Immune- and stress-related
proteins

Ig light chains

Pancreatitis-associated protein 1

oy-Microglobulin

Ba-Microglobulin

Drugs and toxins

Aminoglycosides

Polymyxin B

Enzymes and enzyme inhibitors

Recombinant activated factor Vila

Immune- and stress-related
proteins

Ig light chains

Clara cell secretory protein

a,-Microglobulin

Drugs and toxins
Aminoglycosides

Table 1. Specific vs shared ligands for megalin and cubilin. Although recent, this list is not

up-to-date. | 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)
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=== Complement-type repeat @ NONY motf
@EGF-type repeat @& NPXY motif
@ Growth factor repeat @ Cysteine rich domain
== Spacer region containing YWTD <> CUB domain

Figure 5.
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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 Il 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
Yxx¢) 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 Yxx¢ 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 (GSK3B). 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)

< | Pars recta

8 Y ) Fecan |5

.LMWPs (_) Early endosome O Lysosome in S1
Actin () Late endosome . Lysosome in S2
= Megalin O Recycling endosome Nucleus

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
etal, 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)

Imrmsxc factor ]

- éf
A5p1373 ;

~<\[”1323

LDLR ,
(CR3-4) 3

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).

57



Introduction

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)
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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
NPXY

internalization motif to cluster

domain and a rapid-
into clathrin-coated pits.
Alternatively, cubilin can rely on
its specific interaction with the
dedicated
chaperone

transmembrane
(AMN).
Preference is no longer a concern

amnionless

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 250H-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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v Megalin/Cubulin
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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

60



Introduction

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.

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

After a brief presentation of key features of cystinosin, the protein defective
in cystinosis, | 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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1.2.1. Molecular anatomy of lysosomes

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 Iysosome; (ii) CIC-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
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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 B-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 5" and the 6™ 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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1.2.2. Functions of lysosomes

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

71



Introduction

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 Ca**-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 Ca** sensor synaptotagmin
VIl (SYTVIl) 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 Ca®*
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 (elF4E) 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)

1.2.3. The various causes and manifestations of lysosomal diseases

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 (l-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 (B-GAL) and neuraminidase 1 (NEU1).
A defective PPCA is not able to form a complex with B-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)

1.2.4. Natural course and therapeutical options for lysosomal
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 1/5™ 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,
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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).
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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 sighaling 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 vyet

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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1.3. The case of nephropathic cystinosis: a lysosomal transport disease

1.3.1. Etiology, cause and diagnostic

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)

1.3.2. Cystinosis as multisystemic disease

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.
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» Corneal cystinge crystals (Photophobia, Blepharospasm)
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visual field constriction, retinal blindness)
» Cataract

Neurclogy
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» Impairment in visual-motor function

» Cystine encephalopathy (cereballar and pyramidal signs,
mental deterioration, pseudo-bulbar palsy, distal myopa-
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» Renal Fanconi syndrome (polydipsia, polyuria,
dehydratation, proximal renal tubular acidosis, urinary
loss of electrolytes, glucosuria, aminoaciduria)
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(Pancytopenia)
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frontal bossing, rachitic rosary,
metaphyseal widening

Skin

» Hypohydrosis
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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).(ElImonem 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.(EImonem et al. 2016; Baum

1998) At this stage of the disease, kidney transplantation is inevitable.
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3 Figure 16. Kidney damage in cystinosis.
i“ Presumably because of their huge
reabsorptive function, kidneys are
usually the first organs affected by
cystinosis, before the age of 12 months.
A. 1l-month-old cystinotic girl with
polyuria. The blondness of hair s
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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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).

89



Introduction

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 | 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.
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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

| 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 (Kippfer 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. | 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 (Ktppfer 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, ElImonem 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)

1.3.3. General pathophysiology

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)

;‘.Tv ,1LT«,,‘(Y._ WYY W W WYYl
(s e |
Megalin Cubulin % (I‘E 3 @ 0
d
Q@) er?;?Jf:lear 4 Endocytosis and
@ lysosomes 4 endosomal trafficking
Small motile = @
lysosomes @ iz 3) =23 T4 Cysteine synthesis
/» ——_[Cteine synthesis| / LProteolysis| &
©)) TCySteineﬁ\s‘ TGSH [ s L Cysteine==s 1 GSSG
Proteolysis Cysti . (TROS &) Cystine ~*%7 (LROS
T ySne | Cystinosin protection) {1 AA supply /»“ protection)
\ / ® PP
[Altered

/'lD
mitochondria &

\ / . ® — \ o
LAMP2A 7 Functional &)\ S
NS s TAA supply mitochondria @/ o — <

~— % —_— TROS roduction)
O LROS prod ) 12 -mTORC1(®) { P!
o D +mTORC1(®) : 4 ) Impaired T~ <
C"‘;Pe“’g =1 0) fnhféiiﬁﬂe' TAMPK @ ®
'anuetolst:igy Autophagy| ___ &L:;gﬂpphz‘?y ! o5l = Autophagy
v, i ou +
(hsp70+target) {0 /\\ : @ =
TFEB-P | No nuclear 1( A\ il ! |Nuclear translocation / \
translocation \\\Qb oc;\ l , "\CD \\":»
- — t\ O W
R :),.\\o

Nucleus

Nucleus — T

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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1.3.4. Treatment and involvement of the non-transport functions of
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 mMTORC1 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.

1.4. A mouse model of nephropathic cystinosis

Throughout this introduction, | 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
(i) 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-Bgal-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/6)J
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/6) 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

e 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-lla 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.

e 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

3.1.

Time Course of Pathogenic and Adaptation Mechanisms in
Cystinotic Mouse Kidneys

Héloise 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, | 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. | performed alone the quantification of tissue
turn-over as reported at Figure 9.

113



Results

114



Results

BASIC RESEARCH | www.jasn.org

Time Course of Pathogenic and Adaptation
Mechanisms in Cystinotic Mouse Kidneys

Héloise 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*

*Cell Biology Unit, de Duve Institute and Université Catholique de Louvain, Brussels, Belgium; finserm, U574, Hépital
Necker-Enfants Malades and Université Paris Descartes, Sorbonne Paris Cité, Institut Imagine, Paris, France;
*Pathology Department, Saint-Luc University Clinics, Brussels, Belgium; §Department of Pediatric Nephrology,
University Hospitals Leuven, Leuven, Belgium; and 'Department of Pediatrics, Division of Genetics, University of
Califonia, San Diego, California

ABSTRACT

Cystinosis, a main cause of Fanconi syndrome, is reproduced in congenic C57BL/6 cystinosin knockout
(KO) mice. To identify the sequence of pathogenic and adaptation mechanisms of nephropathic cystinosis,
we defined the onset of Fanconi syndrome in KO mice between 3 and 6 months of age and analyzed
the correlation with structural and functional changes in proximal tubular cells (PTCs), with focus
on endocytosis of ultrafiltrated disulfide-rich proteins as a key source of cystine. Despite considerable
variation between mice at the same age, typical event sequences were delineated. At the cellular level,
amorphous lysosomal inclusions preceded cystine crystals and eventual atrophy without crystals. At the
nephron level, lesions started at the glomerulotubular junction and then extended distally. In situ hybrid-
ization and immunofluorescence revealed progressive loss of expression of megalin, cubilin, sodium-
glucose cotransporter 2, and type lla sodium-dependent phosphate cotransporter, suggesting apical
dedifferentiation accounting for Fanconi syndrome before atrophy. Injection of labeled proteins revealed
that defective endocytosis in $1 PTCs led to partial compensatory uptake by S3 PTCs, suggesting displace-
ment of endocytic load and injury by disulfide-rich cargo. Increased PTC apoptosis allowed luminal shed-
ding of cystine crystals and was partially compensated for by tubular proliferation. We conclude that
lysosomal storage triggered by soluble cystine accumulation induces apical PTC dedifferentiation, which
causes transfer of the harmful load of disulfide-rich proteins to more distal cells, possibly explaining longi-
tudinal progression of swan-neck lesions. Furthermore, our results suggest that subsequent adaptation
mechanisms include lysosomal clearance of free and crystalline cystine into urine and ongoing tissue repair.

J Am Soc Nephrol 25: eee-eee, 2014, doi: 10.1681/ASN.2013060598

Infantile cystinosis, a multisystemic lysosomal the-
saurismosis, causes renal Fanconi syndrome in the
first year of life and kidney failure after a decade,
even under compliant cysteamine therapy.!? Lyso-
somal cystine accumulation and precipitation into
crystals result from defective export caused by lack
of the H': cystine membrane symporter, cystinosin
(CTNS).>* Nephropathic cystinosis is reproduced
in congenic Ctns~'~ C57BL/6 mice,® but strong
dependence of genetic background suggests com-
plex disease mechanisms and important modifier
genes.

J Am Soc Nephrol 25: ese—see, 2014

In cystinotic neutrophils, cystine accumulates
in lysosomes without changing their equilibrium
density, despite high gravity of cystine crystals,
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Figure 1. Ctns™’~ mice develop a partial Fanconi syndrome between 3 and 6 months.

Twenty-four-hour urine collections were obtained on ice with protease inhibitors from
3-, 6-,9-, and 12-month-old C57BL/6 WT and Ctns ™/~ mice (n=8 for each interval). (A)
Time course of the loss of solutes in Ctns™/~ mice. Volume, glucose, and phosphate
excretion were normalized to control values in age-matched WT mice. (B) Time course
of proteinuria and enzymuria in Ctns ™/~ mice. Representative Western blots for
transferrin (TR), albumin (ALB), vitamin D binding protein (DBP), and RBP in one WT
and two Ctns™’~ mice (#1 and #2) in serial collections at the indicated ages (loads
normalized to 2 pg creatinine). Blots were processed strictly in parallel. N-Acetyl-
B-hexosaminidase activity (a representative lysosomal hydrolase*? insensitive to pro-
tease inhibitors) was normalized to control values in age-matched WT mice (there was
no detectable change in its mRNA; not shown). Notice the consistent increase of
solutes and most tested proteins between 3 and é months. *P<0.05; **P<0.01;
***P<0.001. Supplemental Figure 1 shows quantitation of individual proteinuria in all
time course collections. (C) Urinalysis by Westem blotting in five cystinotic children
versus five age-matched controls. Loads were normalized to 2 ug creatinine like in B,
and blots were processed strictly in parallel. Note the strong detection of IgG, TR, and
ALB in all patients as well as DBP and RBP, except in outlier patient 4 without Fanconi
syndrome. CTRL, control. (D) Glomerular selectivity in cystinotic mice but not patients.
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indicating predominant accumulation in
noncrystalline form.® Furthermore, by
electron microscopy, enlarged acid-
phosphatase-labeled structures enclose
an amorphous matrix without systematic
association with crystals.” Cystinotic fibro-
blasts show enlarged lysosomes without
acidification defect® and accumulate cystine
on degradation of endocytosed disulfide-
rich proteins, such as albumin, in propor-
tion to extracellular concentration.-!2
However, retention is surprisingly low (ap-
proximately 1%), possibly because of vesic-
ular exodus.'®!! Exodus is linked to endocytic
recycling,'®-12 which involves tiny tubular
endosomes (thus size-limited) and is par-
ticularly active in kidney proximal tubular
cells (PTCs).!>'4 These observations in-
dicate potent lysosomal discharge, now a
recognized common feature of lysosomal
storage diseases.'®

Although the genetic and cellular bases
of cystinosis are clear, little is known on (1)
the early structural and molecular changes
in the complex kidney architecture leading
to the Fanconi syndrome, (2) their signifi-
cance for cystinosis progression along uri-
niferous nephron (reviewed in ref.!6), (3)
the pathogenic role of cystine crystals, and
(4) natural adaptation mechanisms. In cys-
tinotic kidneys, Fanconi syndrome is gen-
erally attributed to PTC atrophy, starting at
the glomerulotubular junction as swan-
neck deformities, but earlier functional de-
fects caused by impaired gene expression
were not considered.!” However, as shown
in polarized PTCs cultures, expression of
apical endocytic receptors strongly de-
pends on differentiation state.'8

To address these issues, we exploited
congenic Ctns~/~ C57BL/6 mice,* which al-
lowed us to study early kidney events that are
inaccessible in patients. This established
model shows (1) high cystine levels,

Normalized urinary loads of five cystinotic
children and 3- to 9-month-old mice were
analyzed by Westem blotting for IgG and ALB
by reference to increasing standards of fresh
plasma in the same blots. Data are presented
as mean=SEM of IgG/ALB molar ratios in
cystinotic mice (Ctns ") compared with cys-
tinotic children (CTNS /7).

J Am Soc Nephrol 25: see—see, 2014
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Figure 2. Kidney lesions in cystinotic mice start in S1 proximal tubular cells by apical vacuolation due to amorphous inclusions, which slowly
convert into membrane-bound crystals of increasing size. Overview of (A-C) histologic (semithin plastic sections) and (D-l) ultrastructural al-
terations of Ctns™”~ mice kidneys. (A) In this representative 6-month sample, notice the early apical vacuolation (small arows; box is enlarged in
A') limited to proximal PTCs at the glomerulotubular junction (#), contrasting with the apparent integrity of all other kidney tissues. (B) In this

J Am Soc Nephrol 25: eee-see, 2014 Early Events in Cystinotic Nephropathy 3
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including kidney crystals, (2) renal lesions with Fanconi syn-
drome, and (3) progression to kidney failure. The aim of our
study was to bridge the gaps between cell biologic studies ad-
dressing short-term events in cultures of short-lived or rapidly
dividing cells and a chronic disease affecting highly differentiated
quiescent cells in a complex tubular organ.

To investigate the physiopathology of nephropathic cysti-
nosis progression, we took the perspective of endocytic uptake
of ultrafiltrated plasma proteins as an essential cystine source.
Disulfide bonds are abundant in plasma proteins (17/albumin)
but virtually absent in cytosolic and mitochondrial proteins.'®
In normal human PTCs, daily endocytic reuptake of approx-
imately 7 g albumin?® is, thus, a major source of lysosomal
cystine, far above autophagy.?! PTCs are specialized to capture
ultrafiltrated proteins by apical receptor-mediated endocyto-
sis (ARME) through abundantly expressed, rapidly recycling
multiligand tandem receptors, megalin, and cubilin.??
Megalin- and cubilin-knockout mice show defective PTC
endocytosis and urinary loss of ultrafitrated plasma proteins*-26
and lysosomal enzymes.?”-# Although defective ARME caused
by loss of megalin/cubilin was a possible explanation for
proteinuria of cystinotic patients, normal immunolabeling of
megalin/cubilin was reported in an end stage cystinotic kidney
despite massive proteinuria, calling attention to glomerular
leakage.?”

Ctns™'~ mice allowed us to (1) identify sequential changes
in the form of lysosomal storage, (2) distinguish dedifferenti-
ation (including megalin and cubilin loss) from atrophy, and
(3) identify adaptation mechanisms by cystine discharge
(including apoptosis shedding) and proliferative epithelial
repair.

RESULTS

A Latent Phase Precedes Renal Fanconi Syndrome in
Ctns™/~ Mice

Ctns™/~ mice aged 2-9 months show clinical Fanconi syn-
drome.® To better define the disease time course, we first

monitored 24-hour urine collections sampled every 3 months
for loss of water, glucose, phosphate, and proteins as renal
Fanconi syndrome markers (Figure 1A, Supplemental Figure 1).
All rose between 3 and 6 months and further increased at 9-12
months, with major individual variation at given ages despite
high congenicity. Proteinuria included albumin, transferrin,
vitamin D binding protein, retinol binding protein (RBP),
and the very sensitive marker CC16 (250-fold at 12 months).
These kinetics resembled early Fanconi syndrome of human
nephropathic cystinosis. Negligible IgG loss (IgG/albumin mo-
lar ratio=1:100) indicated pure PTC dysfunction (without glo-
merular leakage). Careful blot inspection in serial collections
disclosed asynchronous protein loss (e.g., earlier increase of the
cubilin ligand, transferrin, and later megalin ligand, RBP)
(Figure 1B). Increased urinary B-hexc inidase (despi
comparable gene expression; not shown) was compatible
with defective reuptake of ultrafiltrated lysosomal enzymes.
Four cystinotic children aged 5-15 years old with renal Fan-
coni syndrome also exhibited strong urinary excretion of
transferrin, albumin, vitamin D binding protein, and RBP,
which was not detected in control samples (Figure 1C), but
high IgG/albumin loss (0.3), indicating concomitant glomerular
leakage.

Integrated Sequence of Histologic and Lysosomal
Changes
Histologic lesions started at approximately 6 months in su-
perficial cortex (Supplemental Figure 2), thus possibly first
affecting superficial nephrons,* in PTCs next to the glomer-
ulotubular junction (S1) (Figure 2A) and then extended deeper
with considerable heterogeneity: typical patterns will, thus, be
described. At the cellular level, we first noted apical swelling
(Figure 2, A and A’), which corresponded to amorphous in-
clusions of increasing electron density (Figure 2, D and E) (like
in human cystinotic leukocytes) distinct from electron lucent en-
dosomes and more basally located dense bodies. Lysosomal nature
of inclusions was confirmed by LAMP-1 immunofluorescence (as
the lysosomal membrane marker) and filling with injected horse-
radish peroxidase (HRP) as a classic endocytic trac¥r  (Figure 3).

representative 9-month sample, PTCs at the glomerulotubular junction have been replaced by a flat epithelium, indistinguishable from
Bowman'’s capsule (thick arrow) and likewise resting on a thick basement membrane (open arrowheads). Crystals are obvious in several
other PTCs (red arrowheads), which are better seen in the boxes enlarged in B and B”. Arrows points to apical bulging. Brackets delineate
individual cell flattening (enlarged at B"). (C) In this representative 12-month sample, numerous PTCs with preserved height and visible
brush border contain collections of small crystals (small arrowheads) or enclose a large vacuole (large arrowheads). (D) This ultrastructural
view of the apical region of a Ctns ™/~ PTC at 6 months shows well differentiated brush border and three large inclusions with amorphous
content (asterisks). (E) In this 12-month sample, notice the apparent progression of the changes from vacuolation and amorphous inclusion
(asterisks) up to dense bodies of normal size harboring small crystals (thin needle at small arrow; thicker crystals at arrowheads). In two other
12-month samples, notice (F) a single membrane-bound (arrowheads) crystal (3-um long and 200-nm thick) with a fine electron-dense
fibrillar matrix and (G) a large vacuole with straight membrane border segments connected at rigid angles (polygonal lines) indicating
deformation by packed cystine crystals. This vacuolar expansion almost spans the entire cell height, except for its most basal cytoplasm
resting on a nondistorted basement membrane, and causes luminal bulging of the apical surface, which still bears numerous micro-
villi. (H) In this other 12-month sample (box enlarged in |), largely preserved PTCs (except for a few crystals; arrowheads) surround
a lumen enclosing cell debris, including a membrane-bound lysosome (delineated by arrowheads) containing two crystals (polygonal
lines).

4 Journal of the American Society of Nephrology J Am Soc Nephrol 25: eee—see, 2014
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LAMP-1, HRP, megalin

Figure 3. Triple immunofluorescence identifies enlarged vacuoles and crystal-bearing
structures as lysosomes, which progressively disconnect from active endocytic trafficking
(residual bodies) and can discharge their content into the tubular lumen (lysosomal
defecation). Comparison of (A) WT and (B-F) Ctns ’~ mice for labeling of megalin
(magenta) to identify PTCs, LAMP-1 (red) to label the lysosomal membrane, and HRP
injected 2 hours before euthanization (green) to test for lysosomal accessibility and matrix
filling. In enlarged boxed fields, individual antigens are presented in black and white for

J Am Soc Nephrol 25: ese-see, 2014
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Because cystine crystals dissolve on sec-
tion rehydratation, they were identified as
characteristic light and electron lucent
needles and then, micrometers-long poly-
hedric objects enclosed by a limiting mem-
brane. As lesions progressed, we noted
crystal buildup in cells with preserved
height and microvilli (Figure 2B) and
then, coalescence into huge and distorted
single vacuoles up to luminal bulging (Fig-
ure 2, B’, B”, and C). Vacuoles were still
labeled for LAMP-1 but progressively lost
accessibility to HRP (Figure 3). Coalescent
cystine crystals imposed characteristic po-
lygonal membrane deformation that were
visible by electron (Figure 2G) and even
light microscopy (Figure 3, B-F). LAMP-1
immunofluorescence revealed occasional
cavities within proximal epithelium that
were open to lumen, showing apparent
continuity between lateral LAMP-1 and
apical megalin (of adjacent cells?) and

optimal resolution and easier pattem com-
parison as well as merged triple colors. (A)
Control. In this 6-month WT mouse kidney,
PTCs show homogenous-intense (sub)apical
labeling for megalin at the expected position
for the base of brush border and endosomes;
most lysosomes are clustered and exhibit
uniformly round shape, similar size, and ex-
tensive filling by HRP. The two short arrows
point to very rare enlarged lysosomes. (B-F)
Ctns™"". In this 6.5-month sample with un-
usually advanced lesions, notice that most
PTCs show (1) alterations of LAMP-1-labeled
lysosomes, including round expansion with
preserved HRP filling (arrows in B and C) or
only partial HRP filling (double arrows in D); (2)
spindle-shaped deformation with progressive
loss of accessibility to the endocytic tracer
(filled arrowheads in B); (3) extensive spindle-
shaped or ovoid deformations, almost span-
ning the cell size, with docked but not fused
lysosomes®° (open arrowheads in E); and (4)
apparent continuity of LAMP-1 (red) with
strong apical megalin labeling (magenta) at
adjacent cells (asterisks at B and F; enlarged
below). The other field enlarged at right shows
a huge lysosome (>10 um) with straight bor-
ders at a rigid angle (upper enlargement) that
is resolved from a dense apical megalin signal.
It is not possible to distinguish whether these
two objects belong to the same or over-
lapping cells.

Early Events in Cystinotic Nephropathy 5
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Figure 4. Proximal tubular cells show progressive loss of megalin and cubilin mRNA and
protein expression. (A) Quantification by quantitative RT-PCR (RT-qPCR) of (a) megalin
(MEG) and (b) cubilin (CUB) mRNAs in WT and Ctns ™/~ kidneys collected at 3, 6, and 12
months normalized to hypoxanthine phosphoribosyltransferase-1 (HPRT1) and presented
as ACt values. *P<0.05. (c) Robust correlation over a 10-fold range between MEG and
CUB mRNA expression levels suggests common transcriptional regulation'® modulated
by variations of local cellular insult (cystine load). Supplemental Figure 2 shows preser-
vation of global mRNA expression of glomerular (podocin) and distal nephron markers
(sodium-glucose cotransporter-1 [SGLT-1] and aquaporin-2 [AQP-2]) in Ctns™/" kidneys.
(B and C) Localization by (B) in situ hybridization and (C) immunoperoxidase of (a-c)
megalin and (d-f) cubilin in Ctns™"~ mice kidney paraffin sections at (a and d) 3, (b and e)
6, and (c and f) 12 months. Scale bars, 200 um. Notice progressive extinction of the
expression of both receptors from the superficial cortex into deeper zones. Supplemental
Figure 4 shows half-kidney sagittal images. Supplemental Figure 5 shows quantification
of loss of megalin and cubilin proteins in kidney homogenates by Westem blotting.
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suggesting fusion of crystal-loaded residual
bodies with apical membrane (i.e., luminal
exocytosis by living cells) (Figure 3F). Alter-
natively, apoptotic fragments were shed in
lumen, some bearing recognizable crystals
(Figure 2, H and I). Shedding caused piece-
meal flattening (Figure 2B), sharply alter-
nating with preserved cells. At 9-12
months, all tubular cells close to glomeru-
lotubular junction in affected nephrons be-
came extremely flat, indistinguishable from
Bowman'’s epithelium, and likewise, rested
on very thick basement membrane (Figure
2B). All other kidney cells remained unal-
tered, arguing against uniform cystine pro-
duction from endogenous proteins. Up to 9
months, glomeruli appeared essentially in-
tact (not shown), but at 12 months, dilated
renal corpuscles with enlarged Bowman’s
space and collapsed capillary tufts, compat-
ible with glomerulotubular disconnection,
became obvious.

Altogether, these data showed selective
distally extending PTC lesions, with a se-
quence of lysosomal lesions involving (1)
amorphous inclusions, (2) crystallization
into small needles within typical dense
bodies, (3) larger membrane-bound crys-
tals in residual bodies progressively ex-
cluded from endocytic trafficking, (4)
huge crystal collections in single distorted
lysosomal vacuoles, (5) luminal discharge
by apical fusion or shedding as apoptotic
bodies, and (6) absence of crystal in estab-
lished swan-neck lesions.

Defective Megalin and Cubilin
Expression in Ctns™/~ Mice Kidneys
Because urinaryloss of ultrafiltrated plasma
proteins suggested defective ARME, we
next analyzed endocytic receptors expres-
sion at mRNA and protein levels. By quan-
titative RT-PCR (Figure 4A) and Western
blotting (Supplemental Figure 5) on total
extracts, megalin and cubilin decreased
from 6 to 12 months in Ctns™’~ mice,
with high variation between individuals at
given ages but strong correlation of mega-
lin versus cubilin mRNAs or proteins
within individuals (over 1 log). In contrast,
neither podocin (glomeruli) nor sodium-
glucose transporter-1 (SGLT-1) (straight
segment) and aquaporin-2 (collecting
duct) expression was significantly altered,
confirming lesion selectivity to PTCs

J Am Soc Nephrol 25: ese-see, 2014
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(Supplemental Figure 3B). By in situ hybridization and im-
munoperoxidase, megalin and cubilin mRNA and protein
were homogenously distributed in PTCs of wild-type (WT;
not shown) and Ctns™/~ mice at 3 months (Figure 4, B and
C). We noticed complete loss of megalin and cubilin expres-
sion in superficial foci of Ctns™/~ cortex at 6 months, extend-
ing at 12 months into the outer medulla (Figure 4, B and C)
and matching extension of histologic lesions (large fields at
Supplemental Figure 4).

Cystinotic Patients Also Show Defective Megalin and
Cubilin Expression Associated with Proteinuria
Preservation of megalin/cubilin had, however, been reported
in a cystinostic child kidney biopsy.?® We, thus, reinvestigated
megalin/cubilin expression in kidney paraffin blocks archived
from a 3-year-old cystinotic child, an age-matched control
with preserved renal function, and four older cystinotic chil-
dren with kidney dysfunction (Supplemental Table 3). In the
3-year-old cystinotic kidney, most PTCs exhibited strong
galin/cubilin i ining, which lacked in adjacent

CTRL
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atrophic PTCs (Figure 5, B and E, arrowheads). In contrast,
all samples from older patients, including the case previously
reported,?? showed only rare foci of PTCs retaining strong
megalin/cubilin signal among profoundly disorganized tissue
lacking endocytic receptors (Figure 5, C and F). Thus, cysti-
notic mouse and human kidneys exhibited similar tissue het-
erogeneity with progressive loss of megalin/cubilin.

Apical Receptor-Mediated Endocytosis Is Defective in
Ctns™/~ Kidneys and Causes Transfer of Protein Load
in the Nephron

To further test whether proteinuria resulted from defective
ARME in PTCs, mice were injected with '2°I-B8,-microglobulin
or TexasRed-ovalbumin as ultrafiltrated tracers. Average total
1251.8,-microglobulin uptake only marginally decreased in
12-month-old Ctns™’~ mice (Figure 6A), contrasting with
the severity of histologic lesions. This apparent paradox was
addressed by '*I-B,-microglobulin tissue distribution (Fig-
ure 6B). Autoradiography grains were restricted to kidney
cortex in WT mice from 3 to 12 months®? and 3-month-old
Ctns™'~ mice but extended into the outer
stripe of outer medulla at 12 months, con-
sistent with transfer of '*°I-8,-microglobu-
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b ﬁ.‘at" ™, oo
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cubilin

lin endocytic load to $3 PTCs on defective S1
uptake.

To establish whether defective uptake
correlated with loss of endocytic receptors
at the cellular level, we next compared
uptake of injected TexasRed-ovalbumin
with g lin i fluorescence (Figure
6C). In WT mice, TexasRed-ovalbumin was
restricted to megalin-expressing PTCs,
with high cortical load and lesser uptake
in a minor fraction of $3 PTCs in the outer
stripe of outer medulla. As predicted, cor-
tical Ctns™/~ PTCs without detectable
megalin showed no detectable TexasRed-
ovalbumin, which now labeled most S3
Ctns™/~ PTCs. Thus, decreased megalin/
cubilin expression in S1 PTCs resulted in
transfer of their normal load of ultrafiltra-
ted disulfide-rich proteins to S3 PTCs,

Figure 5. Cystinotic children also show progressive loss of megalin and cubilin in
kidney proximal tubules. Inmunoperoxidase of (A-C) megalin and (D-F) cubilin on
adjacent kidney paraffin sections from (A and D) a control child biopsy (3-year-old
child with primary oxaluria), (B and E) a 3-year-old cystinotic girl with Fanconi syn-
drome but normal plasma creatinine value (early case), and (C and F) an 8-year-old
cystinotic girl with end stage kidney disease (terminal case; representative of four
cases). In the absence of cystinosis, megalin and cubilin label all PTCs uniformly.
(B and E) In the early case of infantile cystinosis, sparse foci with partial or complete
loss of megalin and cubilin (arrowheads) are detected among tissue with overall
preserved structure and megalin/cubilin expression. gl, glomerulus. (C and F) In the
representative terminal case of infantile cystinosis, tissue atrophy is extensive, but
some nephrons still express megalin and cubilin. Notice also the two glomerular
profiles with expanded Bowman'’s space and collapsed capillary tuft (asterisks), sug-
gestive of glomerulotubular disconnection. Scale bars, 100 um.
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suggesting a molecular and tissular mech-
anistic explanation for disease extension.

Evaluation of Swan-Neck Lesions by
Multiphoton Microscopy

To relate the endocytic defect with exten-
sion of swan-neck lesions, kidneys of Tex-
asRed-ovalbumin-injected Ctns /" mice
were labeled with Lotus tetragonolobus
(LT)-lectin as a PTC marker and analyzed
by multiphoton microscopy and three-
dimensional reconstruction (Figure 7).
PTC dedifferentiation (loss of lectin labeling)

Early Events in Cystinotic Nephropathy 7
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Figure 6. Functional assays by injection of radioiodinated or fluorescent tracers
confirm defective apical receptor-mediated endocytosis in affected S1 proximal tu-
bular cells of Ctns™"~ mice and reveal partial compensatory uptake by S3. (A and B)
WT and Ctns™/~ mice were injected intravenously at 3 or 12 months with '?°|-8,-
microglobulin and euthanized after 7 minutes. (A) Quantitation of total uptake in
kidney homogenates. Despite strong urinary loss of ultrafiltrated plasma proteins in all
Ctns™’~ mice at 12 months, total renal uptake of '?*I-8,-microglobulin is preserved in
most of them. The appoximately 35% average decrease in this cohort is not statisti-
cally significant (NS). (B) '?*I-B,-microglobulin localization by autoradiography in
representative paraffin kidney sections from (a and b) 3- and (c and d) 12-month-old
(a and ¢) WT and (b and d) Ctns™/~ mice. Broken lines indicate the corticomedulla
boundary. Notice exclusive recapture by cortical PTC segments of control kidneys
(a and c) at both intervals and (b) by Ctns ¥ kidneys at 3 months. (d) In 12-month-old
Ctns ™/~ mice, extensive additional distal uptake in PTC of the outer stripe of the outer
medulla is indicated by arrowheads. (C) Combination of megalin immunofluorescence
with functional study of endocytosis after fluorescent ovalbumin injection. (a and c)
WT and (b and d) Ctns™’~ mice were injected at 9 months with 300 pg TexasRed-
ovalbumin (TR-ovalbumin) and euthanized after 20 minutes. Frozen fixed sections
were analyzed by double fluorescence microscopy for receptor expression (megalin
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and functional endocytic defect (loss of
TexasRed-ovalbumin recapture) could be
followed from glomerular junction down
to hundreds of micrometers. After abrupt
transition, PTCs showed preserved struc-
ture (thickness), differentiation (LT label-
ing), and function (TexasRed-ovalbumin
uptake). These data implied that such cells
had now become the first line for ARME,
thus maximally exposed to uptake of
disulfide-rich proteins, and were predic-
ted to be the next to suffer.

Apical Structural and Functional PTC
Dedifferentiation in Ctns™~ Mice Is
Asynchronous

Because megalin immunofluorescence ap-
peared unequal among adjacent Ctns™’
PTCs along with crystal deposits (Figure
2C) and lysosomal changes (Figure 3, B—
D), we compared megalin/cubilin expres-
sion in individual PTCs at 6 months to
focus on early dedifferentiation. A signifi-
cant fraction of megalin-expressing cells
had lost detectable cubilin, but the con-
verse was never found (Figure 8A). This
finding prompted a systematic immunoflu-
orescence analysis of apical differentiation
using markers for brush border (ezrin), api-
cal endocytic apparatus (LT-lectin), and

immunofluorescence is shown by the contin-
uous green apical band) and ligand uptake
(ovalbumin is shown by red dots under the
megalin layer) in the (a and b) cortex and (c and
d) medulla. (a) In WT cortex, notice the strong
homogenous double labeling, indicating
competence and engagement into ARME by
all PTCs in convoluted proximal (cortical)
segments, including PTCs at the glomer-
ulotubular junction (arrow). (c) In the WT
medulla, tracer uptake is detected in only
a fraction of PTCs in the straight segment in the
outer stripe of outer medulla, but most S3 pro-
files are not labeled (arrowheads). (B) In Ctns ™
cortex, uptake of TR-ovalbumin is defective in
foci of cortical PTCs that have lost megalin
(arrowheads), which is best seen at the glomer-
ulotubular junction (contour is indicated by the
broken line). (d) In Ctns™”~ medulla, essentially
all S3 PTCs in the outer stripe of outer medulla
show preserved megalin expression and are
engaged in TR-ovalbumin uptake. This find-
ing suggests partial compensation by S3 up-
take in nephrons where ARME is defective in
S1 PTCs. Scale bars, 20 um.
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Figure 7. Longitudinal extension of swan-neck lesions in individual nephrons starting
from the glomerulotubular junction can be visualized by multiphoton microscopy after

multiplex fluorescence labeling. Ctns ™~ mice were injected at 9 months with 600 ug TR-
ovalbumin (red) like shown in Fig 6. Thick kidney slices were labeled for podocin (glo-
meruli; blue) and LT-lectin (PTCs; green) and resolved by serial optical sectioning over
120-um thickness by multiphoton microscopy using 0.37-um increments. Yellow signal
indicates combined lectin labeling and ovalbumin uptake. Representative optical sec-
tions: (A) 0 um (start level in the series), (B) 11 um, (C) 28 um, (D) 39 um, (E) 53 um, and
(F) then back to 47 um to accommodate convolution (follow proximal tubule defect for
a length of >300 um from the glomerulus). In A, PTCs (arrowheads) emerging from the
glomerulus (asterisk) have completely lost lectin labeling and TR-ovalbumin uptake. In
B-E, extension of swan-neck defect can be appreciated in the serial optical sections. In F,
abrupt reappearance of lectin labeling coincides with TR-ovalbumin uptake (red arrow).
We suggest that these cells, now first-line competent for ARME, have, thus, become most
exposed to uptake of ultrafiltrated plasma proteins.
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transporters relevant for Fanconi syn-
drome: SGLT-2 type Ila sodium-dependant
phosphate cotransporter (NaPi-Ila) (Sup-
plemental Figure 3A shows global expres-
sion level). All markers labeled WT PTC
apices (Figure 8B). In Ctns™’~ mice, ezrin
and LT-lectin labeling selectively vanished
where megalin was lost, suggesting global
dedifferentiation. However, earlier loss of
NaPi-Ila and cubilin over megalin (Figure
8B, d) indicated asynchronous progression
into dedifferentiation.

PTC Injury Triggers Apoptosis and
Epithelial Proliferation

We finally addressed whether, as reported
in cultured cells,** cystinosis triggered
PTC apoptosis, a possible mechanism for
crystal clearance, and if apoptotic loss
could be corrected by epithelial prolifera-
tion. Apoptosis, monitored by activated
caspase-3 immunofluorescence, was
hardly detected in control kidneys but
easy to find in Ctns~/~ PTCs after 6 months
(Figure 9A, a and b). Apoptosis led to lu-
men shedding (Figure 9A, c and d) and was
linked to PTC proliferation assessed by
Ki67 immunolabeling both spatially (Fig-
ure 9A, b—d and f) and proportionally
(Figure 9B, c). The highly significant corre-
lation between apoptosis and proliferation
in individual affected mice (6-12 months)
also supported functional coupling (i.e.,
epithelial regeneration and tissue repair).

DISCUSSION

Ctns™/~ Mice Provide a Pure Model of
Tubulopathy

C56BL/6 Ctns™' ™ mice reproduce multiple
features of cystinotic nephropathy and al-
low us to dissect its time course. Similar
urinary and PTC alterations between cys-
tinotic mice and children indicate that de-
fective ARME is also relevant for human
cystinotic nephropathy, but preserved glo-
merular ultrastructure and IgG urinary ab-
sence in Ctns~’~ mice up to 9 months old
suggest a pure model of early tubulopathy,
unlike end stage human cystinotic kidneys,
which show glomerular lesions** and fre-
quent glomerulotubular disconnection.?>3¢
This study yielded three main findings that
are likely interconnected and relevant to

Early Events in Cystinotic Nephropathy 9
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A megalin, cubilin

Figure 8. Multiplex immunofluorescence reveals cell-autonomous asynchronous loss
of apical endocytic receptors and transporters in Ctns /" mice cortical lesions.
(A) Asynchronous loss of endocytic receptors. Paired immunofluorescence for megalin
(green) and cubilin (red) in 9-month (a and b) WT and (c and d) Ctns ’~ mouse kidneys.
Boxed areas in a and c are enlarged in b and d. In WT mice, combined uniform ex-
pression of megalin and cubilin in the cortex generates a homogenous yellow-to-orange
signal. In Ctns mice, expression of both receptors is altered in cortical foci. In
the enlargement shown at d, notice a triple lesional pattern/stage: (1) cells have
a thinner apical yellow layer, indicating overall preservation of both receptors in
a less-developed brush border and apical cytoplasm (thick arrow); (2) cells have an
even thinner and only green signal, indicating additionally decreased megalin
abundance and loss of detectable cubilin (arrowheads); and (3) PTCs do not have
detectable fluorescent signal, indicating more advanced combined de-
differentiation (thin arrow). (B) Global apical PTC dedifferentiation in Ctns™’~ mice
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early disease progression mechanisms: (1)
lysosomal inclusions are concomitant with
apical PTC dedifferentiation and precede
crystals, (2) dedifferentiation likely explains
the Fanconi syndrome and precedes swan-
neck atrophy, and (3) adaptation mecha-
nisms include cystine luminal discharge
(e.g., by apoptotic shedding) and prolifera-
tive epithelial repair.

Progression of the Lysosomal Cystine
Form and Implications for Storage
Ctns™’~ PTCs first show amorphous lyso-
somal inclusions like in human cystinotic
neutrophils, where cystine is essentially
soluble.®7 Like cystinotic fibroblasts,
which actively generate but poorly retain
(approximately 1%) free soluble cysteine
continuously discharged by exocytosis,'®-12
PTCs in Ctns~’~ kidneys incompletely re-
tain cystine generated in lysosomes from
recaptured albumin (calculations not
shown). In various noncrystalline lysosome
storage diseases, lysosomal expansion im-
pacts gene expression by the transcription
factor, transcription factor EB,*” which trig-
gers lysosomal discharge.'> Among candi-
date genes promoting lysosomal discharge
are Rab27a and related machineries.*®
Amorphous inclusions are then conver-
ted into membrane-bound micrometric
crystals that coalesce into huge aggregates,
deforming the membrane of lysosomes and
becoming progressively excluded from en-
docytic trafficking (i.e., residual bodies).
Distorted lysosomes can discharge their

cortex. Triple (immuno)fluorescence in 6-
month (a and b) WT and (c and d) Ctns ™/
mouse kidneys. (@ and ¢) Combined im-
munolabeling for the brush border marker
ezrin (blue), the sodium/glucose symporter
SGLT-2 (green), and megalin (red). (b and d)
Combined labeling by LT-lectin (blue) and
immunolabeling for the sodium/phosphate
symporter NaPi-lla (green) and megalin (red).
Note asynchronous, cell-autonomous de-
creased signal for LT-lectin, NaPi-lla, SGLT-2,
ezrin, and megalin in altered proximal tubules
with, for example, preferential loss of NaPi-lla
over megalin (open arrowhead) adjacent to cells
with combined decreased immunolabeling of
megalin and NaPi-lla or SGLT-2 (filled arrow-
heads). Scale bars, 20 um.
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Figure 9. Apoptosis and proliferation are coordinately induced in Ctns™’~ mice. (A) Triple immunofluorescence for megalin (used here

as a PTC marker; white), cleaved caspase-3 (apoptotic marker; green) and Kié7 (proliferation marker; red) in (a, ¢, f, and g) 6- and (b, d, e,
and h) 12-month Ctns "~ kidneys. This gallery compiles the following events. (1) Protrusion of apoptotic PTCs into the lumen (b)
coupled or (a) not with proliferation within the same tubule in the same section plane. (2) Shedding of (c and d) apoptotic bodies into
a proximal tubule lumen associated with PTC proliferation in the same tubular section. (3) Coexistence of (e and f) apoptosis, epithelial
flattening, and proliferation. In e, a cluster of four proliferative cells (red nuclei; numbered 1-4) is separated by cells with normal height
and megalin labeling (small arrows) from flattened cells with barely detectable megalin (yellow bracket); notice the discontinuity be-
tween thinner megalin labeling in proliferating cell 1 and the thicker megalin layer in the adjacent preserved cell O (arrowhead). In f, the
uniform thick megalin layer is interrupted in the upper right (arrowhead), where a proliferative cell with red nucleus faces an apoptotic
body in the lumen (green). (4) Extensive apoptosis and proliferation in a strongly remodeled tissue (in g, notice minimal megalin la-
beling above and below). (5) Interstitial apoptosis and proliferation between preserved PTCs (all with megalin labeling). This finding
might suggest intense dynamics of the interstitial infiltrate. (B) Quantification of (a) proliferation and (b) apoptosis in 3-, 6-, and
12-month WT and Ctns™’~ mouse kidneys. Cells immunolabeled for the apoptotic marker (activated/cleaved caspase-3) and the
proliferation marker (Ki67) were counted in kidney sections at 3 (n=4 WT, n=4 Ctns "), 6 (n=6 WT, n=6 Ctns ’"), and 12 months (n=5
WT, n=3 Ctns ’"). For each mouse, labeled cells were counted over a 2.98-mm? section area, corresponding to five random cortical
fields. Notice significant increases of apoptosis and proliferation in 6- and 12-month-old mouse kidneys. *P<0.05 for comparison with
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content by apical membrane fusion (i.e., lysosomal defeca-
tion*?) (ref.4%, figure 15). Cystine crystals are also discharged
by apoptotic shedding. Although urinalysis revealed a 3- to
4-fold increase of total daily urinary cystine in Ctns~/~ mice,’
we cannot reliably quantitate the contribution of discharge as
crystals, because they can dissolve in neutral urine, after which
free cystine is normally recaptured by the nephron. Of note,
cystinotic macrophages and corneal cells have no opportunity
for luminal discharge, likely explaining the faster liver and
spleen storage and early corneal crystals in patients and knock-
out mice."4! Switching from soluble to crystalline cystine
storage in cystinotic PTCs and their unique access to luminal
discharge have important implications for the clock of disease
progression as well as the explanation of the Fanconi syn-
drome, which is discussed below.

Explanation of Fanconi Syndrome and Swan-Neck
Lesions

In human cystinosis, Fanconi syndrome has been attributed to
PTC atrophy and is manifested as swan-neck deformities.!”
However, Ctns ™/~ mice reveal a clear discrepancy in timing:
urinalysis narrows down the onset of the Fanconi syndrome at
3-6 months (i.e., before PTC atrophy). Instead, we show an
earlier loss of expression of megalin/cubilin, SGLT-2, and
NaPi-ITa, which together provide a straightforward molecular
explanation of proteinuria, glucosuria, and phosphaturia. De-
differentiation before atrophy implies reversal of the apical
differentiation program and might account for asynchrony
between individual apical components as reported in cultured
PTCs.'® Long considered as degradative organelles, lysosomes
emerge as signaling compartments that are able to impact on
gene expression.’” The signaling and transcriptional linkages
between lysosomal expansion before crystals and repressed
apical differentiation before atrophy deserve additional stud-
ies.

PTC atrophy, thus, develops later in Ctns™/~ mice, starting
at the glomerulotubular junction and extending longitudi-
nally into typical swan-neck lesions, such as seen in cystinotic
children (Figures 2B and 7).> What links dedifferentiation
with atrophy? What accounts for longitudinal extension
of swan-neck deformities? Atrophy may be considered as an
ultimate stage of dedifferentiation and likely also involves au-
tophagy, which is not addressed in this study. What we docu-
ment, however, is defective apical endocytosis in S1 cells that

not only leads to proteinuria but also, displaces endocytic load
of disulfide-rich proteins into farther PTCs (S3). Whether dis-
tal transfer of harmful cystine load is sufficient to cause lon-
gitudinal disease progression is currently under investigation.

Another nonmutually exclusive explanation for swan-neck
lesions is metaplasia by extension from Bowman’s squamous
epithelium into S1. This mechanism would also account for
(1) the disappearance of PTCs normally enclosed within the
Bowman'’s capsule of the mouse (compare Figure 2A with Fig-
ure 2B), (2) the much thicker basement membrane in flat-
tened cells at swan-neck compared with normal PTCs that is
similar to Bowman’s capsule, and (3) their apparent lack of
cystine crystals.

Adaptation by Cystine Disposal and Repair of
Apoptosis by Epithelial Proliferation

Three potential mechanisms could account for cystine dis-
posal: (1) continuous exocytosis of soluble cysteine that is able
to traverse tiny tubular endosomes,'? (2) later crystal exocy-
tosis by active lysosomal defecation,* and (3) apoptotic crys-
tal shedding. Apoptotic luminal shedding, a known mechanism
of lysosomal clearance in gentamicin-induced phospholipidosis;*
is, of course, a one-shot discharge, but it is also a trigger for
epithelial proliferation. Our quantitative time course study
shows increased apoptosis in 6- to 12-month-old Ctns ™/~
kidneys, which was reported in vitro based on acute cystine
loading of normal cells or depletion by cysteamine of human
cystinotic fibroblasts.** Moreover, correlation between apo-
ptosis and PTC proliferation indicates functional coupling.
Epithelial proliferation not only helps protect PTC mass and
repair epithelial continuity but also, replenishes dividing cells
with fresh lysosomes during the G1 phase, which may also
slow down disease progression.

CONCISE METHODS

Reagents
Primers, markers, and tracers are shown in Supplemental Tables 1

and 2.

Tissues
Mouse kidneys were perfusion-fixed with 4% formaldehyde, paraffin-

bedded or suc infused, and frozen. Archived biopsies of four

age-matched WT for all events; "P<0.05 for tubular events; *P<0.05 for luminal events; *P<0.05 for interstitial events. An approximately
10-fold higher frequency for Ki6é7 immunolabeling compared with cleaved caspase-3 is expected, because Kié7 is expressed throughout
the cell division cycle (approximately 20-24 hours), whereas apoptosis is a short event, thus with much lower probability to capture. In ¢,
notice limited apoptosis in WT (open symbols) and 3-month Ctns /" mice (filled triangles). In contrast, notice the strong, highly significant
correlation between apoptosis and proliferation in Ctns™'~ mice at 6 and 12 months (filled squares and circles), which suggests that these
two events are coupled. Adaptation repair is also suggested by full preservation of relative kidney weight up to 9 months (8.46+0.27
versus 8.53+0.35 mg wet kidney/g body weight in WT versus knockout, mean=SEM, n=20 in each group, P=NS by t test; at 12 months,
8.68+0.37 versus 7.73+0.36 mg wet kidney/g body weight in WT versus knockout, mean*SEM, n=7 in each group, P=0.11, P=NS by
ttest).
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cystinotic children and one described case? were compared with
control human kidney.

Urinalysis

Daily (mice) or morning urine samples (from five other cystinotic
children and age-matched healthy controls) (Supplemental Table 3)
were analyzed for volume, g,lucose (glucose oxidase), i morgamc phos-
phate,* p (Western bl g), and B-h i 28

Morphology

Electron microscopy,* immunoperoxidase,*s uptake of ultrafil-
trated HRP (i fl Red-ovalb 46 and
121, -microglobulin,?”-*? multiplex (immuno)fluorescence on 5-um
frozen sections, and whole-mount (immuno)fluorescence on 200-m
vibratome slices'” were as described or slightly modified.

ence), Te

RT-PCR and In Situ Hybridization
Quantitative RT-PCR and in situ hybridization on 8-um paraffin
sections were completed as described.>4%

Statistical Analyses

Values are means*SEMs (bar histograms) or means of individual
symbols (significance of differences tested by t or Mann—-Whitney
test, respectively).
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Supplemental Fig 1. Quantitation of time-course of proteinuria. Daily
urine collections of 3 months (n=8), 6 months (n=8), 9 months (n=8) and 12
months (n=7) WT and Cns”" mice were probed by quantitative western
blotting for the plasma proteins albumin, transferrin and vitamin D-binding
protein as at FiglB. The very low-molecular weight toxicological marker,
CC16 (~10 kDa; released from bronchiolar Clara cells) was assayed by a
sensitive latex immunoassay, as described?!. Data are presented as fold-
increase in Ctns”- mice urine as compared to mean values in corresponding
WT urine.

Supplemental Figure 1
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3 months 6 months

Supplemental Figure 2. Progression of histological lesions in Ctns”- mice
kidneys (paraffin sections, PAS staining). (a, 3 months) Notice preserved
PTC thickness including brush border, without detectable interstitial
infiltrate. (b, 6 months) Discrete foci of atrophic PTC (delineated by
broken line) are first detected under the kidney capsule, as evidenced by
vanished brush border, flattened epithelial cells with irregular nuclear
stratification, and basement membrane thickening (see enlargement of
boxed area; arrowhead). The arrow points to a discrete inflammatory
infiltrate. (¢, 12 months) Radial bundles of atrophic proximal tubules
indicate longitudinal disease progression towards the medulla. Deep
atrophic tubules frequently enclose protein casts (asterisk), which strongly
label for megalin, indicating shedding (not shown). Notice sharp
demarcation from apparently intact tissue (broken line), with intact
glomerulus at upper left. Bars, S0um.

Supplemental Figure 2
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Supplemental Figure 3
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Supplemental Figure 3. Time-course of sodium/glucose transporter-2
(SGLT-2), sodium/phosphate cotransporter type II-a (NaPi-Ila),
podocin, sodium/glucose transporter-1 (SGLT-1) and aquaporins-1
(AQP-1) and -2 (AQP-2) mRNA expression in WT vs Citns”- mice
kidneys. (A) Quantification by RT-qPCR of SGLT-2 (a) and NaPi-Ila (b)
mRNAs in WT and Cins” kidneys collected at 3, 6 and 12 months as used
for FigdA. (c) Correlation between global NaPi-Ila and SGLT-2 mRNA
expression. Notice comparable decrease of SGLT-2 and NaPi-Ila mRNAs as
for megalin and cubilin at FigdA, but with somewhat weaker correlation. (B)
Comparison with abundance of podocin, sodium/glucose transporter-1
(SGLT-1) and aquaporin-1 (AQP-1) and -2 (AQP-2) mRNAs in WT and
Cins” kidneys sampled, analyzed and presented as at FigdA. Notice lack of
significant variation of expression of podocin (glomerulus), SGLT-1 (straight
PTC) and AQP-2 (convoluted tubule) but late decline of AQP-1 (proximal
marker). These data confirm that lesions studied were restricted to proximal
tubular cells.
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In situ hybridization, megalin

Supplemental Figure 4A
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In situ hybridization, cubilin

Supplemental Figure 4B
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Immunoperoxidase, megalin
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Immunoperoxidase, cubilin
WT, 6m

Supplemental Figure 4D
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Supplemental Figure 4. Large fields showing temporal and spatial loss
of megalin and cubilin in Ctns”- mice kidneys. Localization by in situ
hybridization (A, B) and immunoperoxidase (C, D) of megalin (A, C) and
cubilin (B, D) in WT (6 months) and Cms” (6 and 12 months) mice
kidneys. In WT and Crns” kidneys at 6 months, both methods could
successfully be applied for the two endocytic receptors in adjacent sections
from the same blocs. In WT kidney, notice essentially uniform labeling of
PTCs in cortex and OSOM of WT mice. This contrasts with extending foci
characterized by loss of megalin and cubilin expression in Ctns” kidneys at
6 months (thin arrows), up to large areas with total loss of expression at 12
months (thick arrows). Asterisks show dilated renal corpuscles with
enlarged Bowman’s space and collapsed capillary tufts, compatible with
glomerulo-tubular disconnection. Of note, the unequal background between
in situ hybridization images reflects limited reproducibility of the method.
Likewise, immunoperoxidase reliably identifies expressing cells, but
labeling intensity varies between samples processed separately. Thus,
variation of intensity in presented images (e.g. in OSOM between Ctns”" at
6 months and 12 months) cannot be taken as evidence of increased
expression at later times.
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Supplemental Figure 5. Quantitation of loss of endocytic receptors by
western blotting of kidney lysates. Two ug protein of lysates from 8 WT
and 8 Cms” kidneys at 6 and at 12 months were analysed in blots processed
strictly in parallel for each time. Data are presented as intensity in arbitrary
units (A.U.).* p<0.05, ** p<0.01, *** p<0.001. At right, note strong

correlation between megalin and cubilin proteins, as shown at their mRNA
levels (FigdAc).

Supplemental Figure 5
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Supplemental Table I:
gene forward primer (5’ = 3’) reverse primer (5' 23’) Use
cubilin TACCTGACTGAGGACAGCAAGAG CCTCTCATTTGAATACTTATGTC ISH
megalin CAGTTCAATGGAGGATGCAGCC CATCGCCCATTGGCACAAGT ISH
AQP-1 GCTGTCATGTACATCATCGCCCAG | AGGTCATTGCGGCCAAGTGAAT RT-gPCR
AQP-2 TGAGCCTCAAGAAGGGTCTC TCTCCAGAGCTCTCCGTCTC RT-gPCR
cubilin TCATTGGCCTCAGACATTCC CCCAGACCTTCACAAAGCTG RT-gPCR
HPRT-1 ACATTGTGGCCCTCTGTGTG TTATGTCCCCCGTTGACTGA RT-gPCR
megalin CAGTGGATTGGGTAGCAGGA GCTTGGGGTCAACAACGATA RT-gPCR
NaPi-lla | AGGTGAGCTCCGCCATTCCGA CCCTGCAAAAGCCCGCCTGA RT-gPCR
podocin AAGGACAGATATGGGCACTGTCA CCAGGAGCACCTAAGCTATGGAA | RT-gPCR
SGLT-1 TGCCTTCCTGATGCAGCACACT TCGGTGGGTGACCCCCTGTG RT-gPCR
SGLT-2 GCTGGTCATTGGTGTTGGCTTGTG | GAACAGAGAGGCTCCAACCGGC RT-gPCR

Supplemental Table 1. List of primer sequences. ISH, in situ hybridization; RT-qPCR, real-

time quantitative PCR.

Supplemental Table I1:
antibodies, lectins and tracers | source reference use dilution
goat anti-mouse albumin Santa Cruz P-20, sc-46293 WB 1/1000
rabbit anti-human transferrin Dako A0061 wWB 1/1000
rabbit anti-human RBP Dako A0040 wB 1/1000
rabbit anti-human DBP Dako A0021 ~|wB 1/1000
sheep anti-rat megalin R. Kozyraki Verroust et al., 2002 * | IP, IF | 1/1000, 1/800
rabbit anti-rat cubilin R. Kozyraki Verroust et al., 2002 * | IP, IF | 1/1200, 1/1000
rabbit anti-mouse NaPi-lla J. Biber Custer et al. 1994 > IF 1/1000
rabbit anti-human SGLT-2 Santa Cruz Sc-98975 IF 1/100
rabbit anti-podocin C. Antignac Roselli et al., 2002 ** IF 1/500
mouse anti-ezrin ThermoScientific | MS-661-P1 IF 1/100
mouse anti-Ki67 BD Pharmingen | 556003 IF 1/250
rabbit anti-cleaved caspase-3 Cell Signaling 9661S IF 1/200
rat anti-LAMP-1 Hybridoma Bank | 1D4B IF 1/100
Alexa488 goat anti-HRP Jackson 123-545-021 IF 1/500
biotinylated LT-lectin Vector labs B-1325 IF 1/100
fluorescein LT-lectin Vector labs FL-1321 IF 1/100
TexasRed-ovalbumin Invitrogen 023021 IF, MP | 300ug, 600ug
Horseradish peroxidase Sigma P8375 IF 120ng/g bw
B2-microglobulin Sigma M4890 AR 200ng/g bw

Supplemental Table II. List of antibodies, lectins and tracers. WB, western blotting; IP,

immunoperoxidase; IF, immunofluorescence; MP, multiphoton; AR, autoradiography.

139




Results

Supplemental Table III:

A. kidney histology

# sex | age (years) | Fanconi | plasma creatinine | Other
(umol/l)
LC |F 3 Yes 51 corneal cystine crystals
18.8 nmoles half cystine/mg fibroblast
protein
M | F Yes 352
BC | M 10 Yes 1061 corneal cystine crystals
GM | F 12 Yes 283
EL [ M 8 Yes ? genotype ¢.922 923insG ;
B. urine
# sex | age (years) | genotype Fanconi plasma creatinine
(umol/l)
1 F 5 57kbdel+c.927_928insG Yes 56
2 F 6 57kbdel+c.927_928insG Yes 51
3 M 1 hom57kbdel Yes 40
4 M 13 57kbdel+c.198_218del21 | No 82
5 M 15 hom 57kbdel Yes 122

Supplemental Table III. Clinical data for patients with cystinosis.

Plasma creatinine concentration was at time of renal biopsy for patient #LC (shown at

Figdb,e). For #IM (nephrectomy specimen shown at Figdc,f) value was at 2 months before

nephrectomy  without

hemodialysis.
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Complete Material and Methods

Mice

Congenic C57BL/6 Ctns” mice have been described’. Mice were treated according to the

NIH Guide for Care and Use of Laboratory Animals.

Patients

Four cystinotic renal tissues, traced from the virtual biolibrary of the Université catholique de
Louvain, were retrieved as Bouin-fixed, paraffin-embedded samples from the archives of the
Pathology Department at Saint-Luc Academic Hospital, after approval of the Ethical
Committee. One was a kidney biopsy from a 3-year old girl for diagnosis of growth failure
with a kidney Fanconi syndrome. The others were nephrectomy specimens taken during renal
transplantation. A kidney biopsy from a 3-year old primary oxaluric boy served as control.
Urinary samples were collected from 5 other cystinotic children (2 girls, 3 boys; 5—to-15-year
old) and age-matched healthy controls (4 girls, 1 boy: 5-to-15-year old) after informed
consent. Diagnosis of cystinosis was confirmed by molecular analysis of the CTNS gene in all
patients. All patients but #4 had overt Fanconi syndrome. For comparison, we reanalyzed the
previously studied cystinotic kidney paraffin bloc provided by the Leuven University
Hospitals, Nephrology Department™.

Urine analysis

Mice urine was collected in metabolic cages for 24 h on ice with protease inhibitors cocktail,
(Comp]eteTM Protease Inhibitor Cocktail Tablets, Roche, Mannhein, Germany). Children
urine samples were collected at morning raise on protease inhibitors and immediately frozen.
This procedure optimizes preservation of excreted proteins from urinary proteases, which is
particularly important to prevent biases due to increased urinary excretion of ultrafiltrated
lysosomal cathepsins normally recaptured by PTCs as megalin ligands®®. Diuresis (weight)
glucosuria (enzymatic assay) and inorganic phosphaturia (Fiske) were measured by standard
methods. Beta-hexosaminidase activity assays and Western blots (equivalent of 2ug urinary
creatinine/lane) were performed as described”’. Proteins were resolved into precasted gels

(Mini protean TGX 4-15%, 456-1083, Bio-Rad). The following primary antibodies were
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used: goat anti-mouse albumin (ALB; P-20, sc-46293, Santa Cruz Biotechnology, Heidelberg,
Germany), rabbit anti-human transferrin (TR; A0061, DakoCytomation, Glostrup, Denmark),
rabbit anti-human retinol-binding-protein (RBP; A0040, DakoCytomation), and rabbit anti-
human vitamin D-binding protein (DBP; A0021, DakoCytomation). Peroxidase-labelled
secondary antibodies were revealed by enhanced chemiluminescence. Clara cell 10-16kDa
protein, released from the non-ciliated Clara cells in terminal and respiratory bronchioles, was

assayed by a latex immunoassay exactly as described”'.

Histological studies and immunoperoxidase

Mice kidneys were fixed in situ by whole-body perfusion-fixation through the left ventricle
under a height of 120 cm, after right atrium excision for outlet. Blood was flushed with
phosphate-buffered saline (PBS) for ~2 min, then perfusate was switched to 4% neutral-
buffered formaldehyde (4%F) for 5 min. Kidneys were excised, capsule was pulled away,
then slices were post-fixed overnight with 4%F and processed for paraffin embedding. Seven
um-thick sections were stained with periodic acid Schiff. Immunoperoxidase was performed
as described"® without antigen retrieval. Sections were incubated overnight at 4°C with sheep
anti-rat megalin (1/1000) or rabbit anti-rat cubilin (1/1200; both kind gift of Dr. R.
Kozyraki®). For megalin, rabbit anti-sheep IgG (1/1000; 31240, ThermoScientific, Rockford,
IL) were used as secondary antibodies. All other antigens were revealed with peroxidase-
conjugated dextran molecules carrying anti-rabbit antibodies (Envision; DakoCytomation)
followed by incubation with H,O, and diaminobenzidine. Full-section images were acquired

using a Zeiss Mirax Midi microscope.

Electron microscopy

Kidneys were perfusion-fixed in situ as above using 2% (v/v) glutaraldehyde at room
temperature, then post-fixed overnight at 4°C. Very small blocks were post-fixed with 1%
(w/v) OsOy4in 0.1M cacodylate buffer for 1h, rinsed in veronal buffer (4 x S5min) and stained
overnight "en bloc" in 1% neutral uranyl acetate, all at 4°C. After extensive washing in
veronal buffer, blocks were dehydrated in graded ethanol and embedded in Spurr. Ultrathin
(70nm nominal) sections were obtained with a Reichert ultramicrotome (Reichert, Wien,

Austria), collected on rhodanium 400 mesh grids and contrasted with 3% uranyl acetate
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followed by lead citrate, 10 min each. Grids were washed with water, dried, and examined in

a FEI CM 12 electron microscope operating at 80 kV.

Tracer injection and autoradiography

All tracers were injected i.v. in the orbital plexus. To monitor endocytic upake, human f32-
microglobulin (Sigma-Aldrich, Bornem, Belgium) was radiolabelled with iodobeads (mean
value 4.6 10’ cpm/pg B2-microglobuling >95% trichloroacetic acid-precipitable) and 200ng/g
of body weight was injected. At 7min after injection, kidneys were exsanguinated and total
radioactivity was measured in one kidney homogenate. The other kidney was fixed overnight
with 4%F for paraffin embedding and autoradiography on 7um-thick sections using Ilford L4
emulsion (Ilford Scientific Product, Marly, Switzerland) was revealed after 2 weeks exposure.
To monitor transfer to S3 PTCs, mice were injected with 300pg TexasRed-ovalbumin
(Invitrogen) at 20 min before sacrifice. To monitor access to lysosomes, mice were injected

with 120ug/ g body weight horseradish peroxidase (Sigma-Aldrich) at 2 h before sacrifice®'.

Multiplex (immuno)fluorescence

(Immuno)fluorescence was performed on Sum-thick frozen sections. Briefly, after whole-
body perfusion with 4%F, slices were equilibrated overnight in 20% sucrose and embedded in
Tissue-Tek Optimal Cutting Medium (Sakura Finetek, Torrance, CA). Antigen retrieval was
promoted in citrate buffer, pH 6.0, at 95°C for 20min using a Lab Vision Pretreatment
Module™ (Thermo Scientific). Tissue was permeabilized with PBS/0.3% Triton-X100 for
Smin, then incubated for a further 1h with 10% bovine serum albumin (BSA) and 3% milk to
block non-specific sites. Sections were incubated overnight at 4°C with primary antibodies
(see Supplemental Table 2) in blocking buffer. Ezrin, the founding member of the ERM
family (ezrin/radixin/moesin) linking plasma membrane to cortical actin microfilaments was
used as a convenient marker to probe the development of the brush border and to delineate the
basolateral membrane contour. Proliferating cells were identified by monoclonal antibody
Ki67 (Kiel, clone 67), a highly sensitive marker to label cells that entered the cell division
cycle. Apoptotic cells were identified by immunolabelling of the cleaved (activated) form of
caspase-3. After washing, sections were incubated with the indicated AlexaFluor-secondary
antibodies and/or streptavidin (Invitrogen) for 1h at room temperature in 10% BSA/0.3%

Triton-X100, mounted with Dako Faramount Aqueous Mounting Medium and imaged on a

143



Results

spinning disk confocal microscope using a EC Plan-NeoFluar 40X/1.3 Oil DIC objective
(Cell Observer Spinning Disk: Zeiss, Oberkochen, Germany). Alternatively, full-section

images were acquired using a Zeiss Mirax Midi fluorescence microscope.

Multiphoton microscopy

For three-dimensional reconstruction, kidneys were flushed at 20 min after iv injection of
600pg Texas-Red ovalbumin (Invitrogen), perfusion-fixed with 4%F for Smin, excised and
post-fixed for 2h in the same fixative. Two hundred um-thick slices were obtained with a
Vibratome and washed in 50mM Tris/HCI pH7.5, 150mM NaCl, 0.1% Triton-X100 (TBST).
Non-specific sites were blocked with 10% normal goat serum in TBST at room temperature
for 1h then slices were incubated at 4°C for 63h with rabbit anti-podocin antiserum (1/500) o
After extensive washing with TBST, slices were incubated for 63h at 4°C with fluorescein-
Lotus Tetragonolobus lectin (1/100) combined with AlexaFluor-secondary antibodies. After
extensive washing with TBST and post-fixation overnight at 4°C with 4%F, slices were
cleared by increasing concentrations of methylsalicylate (Sigma) and mounted therein
between two coverslips. Z-stacks were recorded by multiphoton microscopy (LSM510-NLO,
Zeiss, Germany) using a Chameleon laser (Coherent, Santa Clara, CA, USA) and a 63x

objective with 1.4 numerical aperture.

In situ Hybridization

Antisense RNA probes were produced by RT-PCR followed by in vitro transcription with T7
RNA polymerase in the presence of digoxigenin-labelled uridine 5-triphosphate (Roche).
Probes spanning nucleotides 8145 to 8435 of the mouse coding sequence for megalin (fw
primer CAGTTCAATGGAGGATGCAGCC, rv primer CATCGCCCATTGGCACAAGT)
and nucleotides 9541 to 9860 of the mouse coding sequence for cubilin (fw primer
TACCTGACTGAGGACAGCAAGAG; rv primer CCTCTCATTTGAATACTTATGTC)
were used. For in situ hybridization, 8 pm-thick sections were hybridized overnight at 60°C
with specific probes in hybridization solution containing 50% (v/v) formamide, 10% (w/v)
dextran sulfate, 2% (v/v) Denhardt’s solution, and 10% (v/v) saline solution (2M NaCl,
89mM Tris HCl pH 7.5, 1lmM Tris base, 50mM sodium phosphate, S0mM disodium
phosphate, S0OmM EDTA) and 50pg/ml tRNA. Sections were washed at 65°C with 50% (v/v)
formamide in 150mM NaCl, 15mM sodium citrate and 0.1% (v/v) Tween20 then washed at
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room temperature with PBS/0.1%Triton-X100 (PBST). After non-specific sites were blocked
with 10% fetal calf serum in PBST at room temperature for 1h, sections were incubated with
anti-digoxigenin-Fab fragments coupled with alkaline phosphatase (#11093274910, Roche)
diluted 1:500 in blocking buffer. After washing in PBST, PBS then NTMT (0.1M NaCl, 0.1M
Tris/HCI, pH 9.5, 0.05M MgCl,, 0.1% Tween), labelling was detected with 4-nitroblue
tetrazolium chloride/5-bromo-4-chloro-3-indolyl-phosphate (Roche).

RT-gPCR

Total RNA was extracted (SV total RNA isolation system; Promega, Madison, WI). Aliquots
of 300ng RNA were reverse-transcribed by M-MLV reverse transcriptase (Invitrogen,
Carlsbad, CA) with the random hexamers protocol. Primer sequences for hypoxanthine
phosphoribosyltransferase 1 (HPRT-1), megalin, cubilin, NaPi-Ila, SGLT-1, SGLT-2, AQP-1,
AQP-2 and podocin are described in Supplemental Table 1. Real-time qPCR was performed
as described® in presence of 250nM of specific primers with Kappa SYBR Fast gPCR Master
Mix (Kapa Biosystems, Woburn, MA) on a CFX384 touch real-time PCR Detection System
(Bio-Rad). Results are presented as Delta Ct values, normalized to HPRT-1, used as internal

standard.
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Protection of Cystinotic Mice by Kidney-Specific

Megalin Ablation Supports an Endocytosis-Based
Mechanism for Nephropathic Cystinosis Progression

Virginie Janssens,' Héloise P. Gaide Chevronnay,1 Sandrine Marie,?

Marie-Frangoise Vincent,2 Patrick Van Der Smissen,! Nathalie Nevo, Seppo Vainio,*
Rikke Nielsen,® Erik I. Christensen,® Francois Jouret,® Corinne Antignac,’
Christophe E. Pierreux,’ and Pierre J. Courtoy1

Due to the number of contributing authors, the affiliations are listed at the end of this article.

ABSTRACT
Background Deletions or inactivating mutations of the cystinosin gene CTNS lead to cystine accumulation

and crystals at acidic pH in patients with nephropathic cystinosis, a rare lysosomal storage disease and the
main cause of hereditary renal Fanconi syndrome. Early use of oral cysteamine to prevent cystine accu-
mulation slows progression of nephropathic cystinosis but it is a demanding treatment and not a cure. The
source of cystine accumulating in kidney proximal tubular cells and cystine’s role in disease progression are

unknown.

Methods To investigate whether receptor-mediated endocytosis by the megalin/LRP2 pathway of ultrafil-
trated, disulfide-rich plasma proteins could be a source of cystine in proximal tubular cells, we used a mouse
model of cystinosis in which conditional excision of floxed megalin/LRP2 alleles in proximal tubular cells
of cystinotic mice was achieved by a Cre-LoxP strategy using Wnt4-CRE. We evaluated mice aged 6-9 months
for kidney cystine levels and crystals; histopathology, with emphasis on swan-neck lesions and proximal-
tubular-cell apoptosis and proliferation (turnover); and proximal-tubular-cell expression of the major apical
transporters sodium-phosphate cotransporter 2A (NaPi-lla) and sodium-glucose cotransporter-2 (SGLT-2).

Results Wnt4-CRE-driven megalin/LRP2 ablation in cystinotic mice efficiently blocked kidney cystine
accumulation, thereby preventing lysosomal deformations and crystal deposition in proximal tubular cells.
Swan-neck lesions were largely prevented and proximal-tubular-cell turnover was normalized. Apical ex-
pression of the two cotransporters was also preserved.

Conclusions These observations support a key role of the megalin/LRP2 pathway in the progression of
nephropathic cystinosis and provide a proof of concept for the pathway as a therapeutic target.

JASN 30: eee—eee, 2019. doi: https://doi.org/10.1681/ASN.2019040371
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rapamycin 1 (mTOR1).%7 Albumin, an abundant ligand in
PTC lumen shared by both endocytic receptors, is a globular
protein stabilized by 17 disulfide bridges and thus a precur-
sor of 17 cystine molecules. Similarly abundant LMW pro-
teins are additional precursors of cystine. Receptor-mediated
endocytosis in PTCs is abrogated upon megalin and cubilin

Significance Statement

Nephropathic cystinosis is the result of deletion or inactivating
mutations of the gene encoding the lysosomal cystine transponer

cystinosin, but the extent to which di p

cystine | or di d effectsaf inosin
is unk . Cy ine, the current tr cyshne
accumulation, delay gression to renal fauluro but does not

knockout (KO).s,9 Perinatal death of most full megalin KO

ays p!
correct the Fanconi syndrome nor does it provide acure. The authors

mice'? can be circumvented by kidney-specific megalin/LRP2
gene excision (Meg"*® mice); one copy of Wnt-4—driven
Cre recombinase is sufficient to specifically excise the floxed
megalin/LRP2 gene in virtually all PTCs during nephrogen-
esis.” Reports indicate megalin ablation does not affect over-
all PTC histology until approximately 9 months, but causes
atrophy of the apical endocytic apparatus (much fewer endo-
somal vacuoles and dense apical tubules) with secondary
effects on guid-phase endocytosis and sodium-phosphate

cotransporter 2A (NaPi-Ila) trafficking.!"!2 Megalin is also
the port of entry of nephrotoxic drugs, such as aminoglyco-
sides,!3 and this megalin pathway can be targeted by inhibi-
tory drugs.14 Alternatively, apical PTC endocytosis can be
acutely blocked by bolus intravenous injection of dibasic
amino acids (especially lysine) in human volunteers,s and
by 1-day oral lysine gavage to rats,, . but long-term inhibition
has not yet been reported.

Nephropathic cystinosis, in brief cystinosis, is a rare lyso-
somal storage disease and the main cause of hereditary renal
Fanconi syndrome (reviewed in ; for perspective, see l7). De-

16

letion or inactivating mutations of the cystinosin gene (CTNS),
encoding the only known lysosomal cystine/hydrogen ion sym-
porter, leads to cystine accumulation and characteristic crystals
at acidic pH.17 Cystine is an obligatory end-degradation product
of disulgde-rich proteins,is and its accumulation in cystinotic
fibroblasts is proportional to the absolute endocytic velocity and

relative disulfide abundance in endocytic cargo.'?2° Cultured
cells also internalize amino acids, and thus cystine, by fluid-
phase endocytosis.?! The source of lysosomal cystine in vivo is
unknown.??

Although lysosomal cystine accumulation occurs in all
tissues of patients with nephropathic cystinotic, the kidneys
and eyes are first affected. The earliest clinical manifestation is

usually a renal Fanconi syndrome combining urinary losses of
solutesand LMW proteins. In kidneys, cystinosis leads to PTC
apical dedifferentiation and flattening/atrophy, starting at
the glomerulo-tubular junction (GTJ) and extending longi-
tudinally downstream (swan-neck deformities);23 interstitial
fibrosis; glomerular lesions; and kidney failure.24 Swan-neck
lesions are considered an early adaptation to PTC insult
and precede glomerulo-tubular disconnection resulting
into atubular glomeruli.2s-27 Very early, diligent implemen-
tation of compliant cysteamine (a cystine-depleting agent
and currently the only drug approved by the Food and
Drug Administration) treatment was reported to preserve
kidney, growth, and thyroid function for over a decade;*®
but long-term surveys of large cohorts show delayed progres-
sion to kidney insufficiency and other failures, and little control

2 JASN

ate that suppression of endocytosis in kidney prommal
tubular cells of cy mice by g of

megalin/Lrp2 largely p cystine lation and can help
preserve kidney structure and proximal tubular cell differentiation.
These observations stress the importance of cystine accumulauon in
disease progression and p '.J proof of pt for exp g

novel str aummgat ing the megalin pathway

of the Fanconi syndrome, thus calling for novel therapeutic
approaches.?%30

Ctns™'~ mice on congenic C57BL/6 background closely
reproduce the kidney disease,¢:31:32 except for a mild/
incomplete Fanconi syndrome that has been further vanish-
ing in several colonies including ours, probably due to in-
breeding. This mouse model nevertheless was instrumental
for deciphering pathogenic and adaptation mechanisms.
Pathogenic mechanisms are either transport-related or
-independent defectszs; their respective contribution to
nephropathic cystinosis is unknown. Transport-independent
defects include alterations of endolysosomal traf .cking,, of

macroautophagic, . and chaperone-mediated autophagic

fluxes,* of mMTOR complex 1 activation,” as well as propen-
sity to kidney inflammation.?® Several adaptation mechanisms
have been evidenced: (1) early apical PTC dedifferentiation
offering reduced workload, as shown by repressed expression
of endocytic receptors (megalin and cubilin) and apical solute
transporters (main symporters for phosphate, NaPi-Ila, and
glucose, sodium-glucose cotransporter-2 [SGLT-2]); () active
luminal crystal exocytic discharge; and () increased P’12C turn-
over with crystal disposal by luminal apoptotic shedding
and PTC regeneration by proliferation, which provides fresh

lysosomes.2®

Calculations predict that uptake of disulfide-rich proteins
such as albumin could be the major source of lysosomal cys-
tine accumulation in cystinotic PTCs and thus represent a
potential therapeutic pathway.24:26 We tested this hypothesis
by generating a triple transgenic model: Ctns ™/~ ; Wnt4-
CRE; Meg™", referred to hereafter as Ctns™’~ /Meg“* or
simply “double KO” mice. Data show that megalin ablation
(1) blocks cystine accumulation, thereby preventing crystal
deposition in cystinotic kidneys; (2) protects PTCs from
structural lesions; and (3) normalizes PTC turnover. The
apical expression of NaPi-Ila and SGLT-2 is largely preserved
in Ctns~/~/Meg"*© mice. These observations support a key
role of endocytosis in the progression of nephropathic cysti-
nosis and pave the way to medical intervention targeting the
megalin pathway.

JASN 30: eee_see, 2019

150



Results

METHODS

Mice and Geno

Congenic C57BL/6] Ctns™/~ mice and Wnt4-Cre mice
(C57BL/6) have previously been described.*'** Mice bearing
the megalin loxP/loxP gene' were initially generated by Dr. T.
Willnow. For genotyping, PCR on DNA extracted from tail
samples was used to identify mice bearing wild-type (WT),
cystinotic, and floxed megalin alleles. The cystinosin allele
was analyzed with pairs of primers centered on exon 10
(Ex10 forward, 5'-CTCCAGATGTTCCTCCAGTC-3'; and
Ex10 reverse, 5'-AGTCCGAACTTGGTTGGGT-3') and on
the cassette (K7 forward, 5'-GCAGGAATTCGATATCAAGC-
3'; and K7 reverse, 5'-AAAGTGGAGGTAGGAAAGAGG-3').
The size of the amplicons revealing the WTand the transgenic
Ctns allele were 260 and 215 bp, respectively. For megalin
genotyping, a common forward primer (5'-AGGCTCC-
GACTTCGTAACTG-3") was used with two reverse primers
to amplify the WT (5'-TGAAAACCACACTGCTCGATCCG-
GAAC-3") and/or the floxed allele (5'-ACCTTGCGT-
GAATTCTGGG-3"). The size of the amplicons was approximately
300 bp for the WT allele and approximately 400 bp for the
floxed allele. Presence of the Wnt4-Cre transgene was assessed
using forward and reverse primers (Cre forward, 5'-GCACGTT-
CACCGCATCAAC-3'; and Cre reverse, 5'-CGATGCAAC-
GAGTGATGAGGTTC-3"; product size 332 bp). Experiments
were approved by the Ethical Committee of the Medical School
of the Université Catholique de Louvain (2016/UCL/MD/006
and 2018/UCL/MD/026). Mice were treated according to
the National Institutes of Health Guide for Care and Use
of Laboratory Animals, and used with parsimony.

Tissues

After blood collection, mice were exsanguinated with PBS
by perfusion via the left ventricle under irreversible anes-
thesia by 2% xylazine and 50 mg/ml ketamine (250 ul per
mouse, intramuscularly). Fresh tissues (left kidney, spleen,
and one liver lobe) were immediately collected using vas-
cular clamps to maintain a closed blood circulatory system,
and right kidneys were then fixed in situ by switching to
whole-body perfusion fixation with cold (4°C, nominal)
4% formaldehyde (from heat-depolymerized paraformal-
dehyde) in 0.1 M phosphate buffer, pH 7.4, for approxi-
mately 3 minutes. They were then excised, decapsulated,
and weighed. Hemi-sagittal sections were postfixed by im-
mersion in 4% formaldehyde at 4°C under gentle stirring
overnight. Samples were paraffin embedded and 7-pum-thick
sections were collected for histology and confocal fluorescence
imaging.

Cystine Assays

A quarter of the unfixed left kidney was homogenized into
600 ul of 5.2 mM N-ethylmaleimide (Sigma-Aldrich) in
10X diluted PBS and briefly sonicated, then 200 ul of
12% 5-sulfosalicylic acid (dehydrated; Merck-Millipore)

JASN 30: eee_eee, 2019
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was added. Samples were vortexed and frozen at —80°C.
Cystine assays were carried out by liquid chromatography-
tandem mass spectrometry (liquid chromatography-MS/
MS) as previously described*! with modified MS/MS detec-
tion*? and normalized to kidney protein. Briefly, the extract
was microfuged at 13,000 rpm for 10 minutes at 4°C. The
residual pellet was resuspended in 1 ml of 0.1 N sodium
hydroxide for protein assay by the Lowry method using
BSA as standard. Cystine assays were performed on 50 ul
of supernatant, diluted in water if necessary (according to
the 0.2-10 uM cystine calibration). After butylation, final
samples were resuspended in 100 ul water and 15 ul was
injected into liquid chromatography—-MS/MS (Quattro mi-
cro; Waters).

Visualization of Cystine Crystals

To highlight cystine crystals by polarized light microscopy,
a quarter of the perfused-fixed kidneys were instead postfixed
by immersion in alcoholic Bouin solution at 4°C overnight,
and then paraffin embedded without any passage in aqueous
medium. Sections were deparaffinized and mounted with Q
Path Coverquick 3000 mounting medium (Labonord). Slides
were analyzed by polarized microscopy at high then low light
intensity (highlighting crystals) and recorded images were
pseudo-colored in green.

Histology, Multiplex (Immuno)Fluorescence, and
Morphometry

Sections were stained with hematoxylin and eosin. For (immuno)
fluorescence, antigen retrieval was promoted in citrate buffer, pH
6, at 95°C for 20 minutes using a Lab Vision Pretreatment Mod-
ule (Thermo Scientific). Tissue was permeabilized with PBS/
0.3% Triton X-100 for 5 minutes, and then for a further
1 hour with 10% BSA/3% milk to block nonspecific sites. Sec-
tions were incubated overnight at 4°C with the following pri-
mary reagents in blocking buffer: sheep anti-megalin (1:800;
kindly provided by Dr. P. Verroust and Dr. R. Kozyraki, INSERM
U968, Paris, France), rat anti-lysosome-associated membrane
protein-1 (anti-LAMP-1; 1:100, 1D4B; Hybridoma Bank), rab-
bit anti-mouse NaPi-Ila (NaPi-1la carboxy-terminal peptide,
1:1000; a kind gift from Dr. J. Biber and Dr. C. Wagner, Zurich,
Switzerland), rabbit anti-human SGLT-2 (1:100, sc-98975;
Santa Cruz Biotechnology), mouse anti-Ki67 (1:250, 556003;
BD-Pharmingen), rabbit anti-active caspase-3 (1:200, 9661;
Cell Signaling), or biotinylated Lotus tetragonolobus lectin
(1:100; Vector Laboratories). After washing, sections were fur-
ther incubated with the appropriate Alexa Fluor secondary
antibodies and/or streptavidin (Invitrogen) or Hoechst bisben-
zimide H 33258 (Sigma-Aldrich) for 1 hour at room tempera-
ture in 10% BSA/0.3% Triton X-100, mounted with Faramount
Aqueous Mounting Medium (Dako), and imaged on a spinning
disk confocal microscope using an EC Plan-NeoFluar 40%/1.3
or 100X/1.4 oil differential interference contrast objective (Cell
Observer Spinning Disk; Zeiss). Differential interference con-
trast (Nomarski microscopy) images were obtained using
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Figure 1. Generation and validation of Ctns/Meg double KO in kidneys. (A) Genotyping: Cystinosin and megalin floxed alleles were
identified by PCR on tail DNAs. For cystinosin, WT exon 10 (E10) or cassette (IRES-Bgal-neo) replacing the last four exons (vertical black
bars) of Ctns were amplified with two different oligonucleotides pairs (horizontal red bars), allowing for identification of WT, hetero-
zygous, and Ctns mice. For megalin, a common forward oligonucleotide was used with two different reverse oligonucleotides
specific to the WT or floxed allele, containing LoxP recombination sites (blue triangles). Amplification of the Wnt4-CRE locus is not
depicted. (B) Crossings: This crossing program aimed at comparing mice with various genotypes strictly derived from the same
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bright-field microscopy, with a polarizing filter added between
the light source and the condenser, and a Wollaston prism to
increase the contrast. Alternatively, whole kidney images (his-
tology and fluorescence) were acquired using a Pannoramic
250 Flash IIT microscope (3DHistech).

At least four mice were analyzed for each condition. Swan-
neck morphometry was performed by survey of an entire sag-
ittal section across the hilum. In 32 such sections (including
all controls, single KOs, and double KOs except the case men-
tioned hereafter), on average 218 GTJs per section were
identified (mean=SD, range 8-36). One double KO mouse
at 9 months with less than five GTJs identified was rejected.
Comparison of the three groups by Mann-Whitney test
showed no significant difference in GTJ abundance, but sig-
nificant difference in frequency of swan necks (Supplemental
Methods).

Statistical Analysis

All statistical analyses were conducted by Prism software
(GraphPad Software) using the nonparametric Mann—
Whitney test. Differences were considered statistically sig-
nificant when P<0.05.

RESULTS

Wnt4-CRE-Driven, Kidney-Specific Megalin Ablation in
Cystinosin KO Mice and Validation of the Model

The breeding program used to achieve triple transgenic mice
(Ctns™"~ /Meg"*® or double KO), genotyped as shown at
Figure 1A, is outlined at Figure 1B. Because the cystinotic
renal phenotype in Ctns KO mice strongly depends on genetic
background,*' breeding was designed to compare kidneys
of “control” (Ctns*'™), full single Ctns KO (Ctns™ /"), single
ksMeg KO (Wnt4-CRE; Meg™"™), and double KO (Ctns ™5
Wnt4-CRE; Meg"™'™) mice derived from the same C57BL/6]
founders. Genotypes of all offspring followed expected Men-
delian proportions. There was no significant difference in
body growth or kidney weight between all genotypes up to
9 months (longest endpoint; Supplemental Figure 1), indicat-
ing phenotype attenuation since the original report.3! At the
time of euthanasia, urinary signs of partial Fanconi syn-
drome, previously reported to discriminate Ctns™/~ mice
from control littermates,?¢*! were no longer found, which
was also noticed in Ctns ™/~ colonies at other laboratories.
There was also no significant alteration in urea and creatinine
plasma values, except for increased mean urea in double KO

www jasn.org | BASIC RESEARCH

mice at 9 months (74.5%26.0 mg/dl, P<0.05 versus 54.6+8.1
in control and P<0.05 versus 51.2*11.6 in Ctns /"~ ;
means*SD). This paradoxic increase will be explained here-
after. Confocal immunofluorescence, using proximal tubule-
specific labeling by L. tetragonolobus lectin as a reference,
showed almost complete disappearance of megalin
expression in double KO PTCs (Figures 1C and 2C). Thus,
Ctns™"~/Meg"**© mice appeared adequate to test the role of
endocytosis in the progression of kidney lesions in cysti-
notic mice. However, histology revealed in the cortex of
about half, but not all, single ksMeg KO and double KO
mice massive periarterial lymphocyte collections and ex-
tending inflammation, causing large zones with gross tissue
remodeling after 6 months (see further in Figure 3 and Sup-
plemental Figure 6, A and B). These mice were not excluded
from the assays but conclusions reported hereafter for dou-
ble KO were validated for mice without such extensive re-
modeling zones.

Megalin Ablation in Ctns-/- Kidneys Blocks Cystine
Acc I and Prevents Crystal
Deposition

To assess whether suppressing endocytosis into PTCs by ge-
netic megalin ablation would prevent cystine accumulation,

in Ly

we first performed cystine assays in kidneys at 6, 7.5, and 9
months of age in each genotype. At all time points, renal
cystine levels in Ctns /" mice were significantly different
from control (Ctns*’*, Ctns*/~) and single ksMeg KO mice
(Supplemental Figure 2). We thus focused on the comparison
of renal cystine levels between Ctns ™/~ and double KO mice.
As positive controls of cystinosis and negative controls of
megalin ablation, we also assayed cystine in liver and spleen,
in which the Wnt4 gene is not expressed (Figure 2A, Supple-
mental Figure 2). In Ctns™ /" kidneys, cystine accumulation
increased exponentially with age, reaching on average 103
nmol hemi-cystine/mg tissue protein at 9 months, in good
agreement with Nevo et al.,*' but this leveled off at 13 nmol
hemi-cystine/mg tissue protein in double KO kidneys. Thus,
kidney-specific megalin gene ablation in Ctns~/~ almost en-
tirely suppressed kidney cystine overload. In contrast, there
was no consistent change in cystine levels in spleen or liver.
Suppression of cystine accumulation could not be explained
by modifier genes associated with Meg"! or Wnt4-CRE loci,
because two double transgenic Ctns™’~; Meg"™™ mice and
at least one Ctns~’~; Wnt4-CRE mouse—all expected to ex-
press megalin normally—still showed high kidney cystine
levels (red or green color code in Figure 2A). In Ctns /™

founders. Offspring were observed at the expected Mendelian proportions. (C) Validation of Wnt4-CRE-driven excision of megalin in
double KO mice by double confocal fluorescence (6 months): Low-power view for megalin immunofluorescence in green, and apical
labeling of PTCs by L. tetragonolobus lectin (LT-lectin) in red. Single channels at left and center, merged emission at right combined with
nuclear labeling by Hoechst (blue). As compared with control (CTL; all labeled tubular sections appear yellow), note the almost complete
disappearance of megalin in double KO (very few yellow tubular sections).
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Figure 2. Megalin ablation in Ctns /"~ kidneys prevents cystine accumulation and crystal deposition. (A) Comparison of cystine content
in kidneys, liver, and spleen between Ctns ™/~ and double KO mice at 9 months of age for males (filled squares) or females (filled circles)
(**P<0.01). Green, Orange and red symbols refer to Ctns™’~ mice with either two floxed megalin alleles but no Wnt4-Cre, or one
Wnt4-Cre but no floxed megalin allele, respectively. For time course of cystine accumulation between 6 and 9 months, see Supple-
mental Figure 2. (B) Histologic evidence of cystine crystals (red arrowheads) by polarized light (top panel) and green pseudo-color
(bottom panel) in Ctns £ kidneys (a, b, ¢, d) versus their absence in double KO kidneys at 7.5 months (e, f). For large fields, see
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Figure 3. Histology of cystinotic kidneys is preserved upon megalin ablation (whole-cortical views after staining with hematoxylin and
eosin at 6 and 9 months). Broken yellow lines delineate inflammatory areas with parenchymal atrophy at 9 months (*). Representative
GTJs are enlarged. In single Cystinosin KO mice at 9 months, small foci of atrophy are always present but limited to the superficial

cortex. For double KO and single Megalin KO kidneys at 9 months, two examples are shown to illustrate either absence or presence of
grossly remodeled areas that can span the entire cortex (see also Supplemental Figure 6B). CTL, control.

PTCs, lysosomal cystine accumulation results in lysosomal
swelling and then deformities due to cystine crystallization
at the acidic lysosomal pH.26:3! Cystine crystals, readily evi-
denced in Ctns™/~ PTCs by polarized microscopy, were no
longer detected upon megalin ablation (Figure 2B, Supple-
mental Figure 3). Of note, no crystals were detected in atro-
phic Ctns~ /™ PTCs at swan-neck deformities.

Moreover, lysosome labeling by LAMP-1 immunofluores-
cence revealed frequent lysosomal dilation and characteris-
tic deformation by crystals in Ctns~/~ PTCs but never in
Ctns™/~/Meg™*®, indicating protection against lysosomal ab-
normalities (Figure 2C). Altogether, these data demonstrated
that genetic abrogation of apical endocytosis into Ctns /™
PCTs was very efficient in preventing cystine accumulation,

Supplemental Figure 3. (C) Triple confocal fluorescence imaging of N-fucosyl glycosides (LT-lectin, blue), megalin (red), and late-
endosome/lysosome membrane (LAMP-1, green) at 6 months. In control PTCs, brush border is uniformly purple (combined blue and red
emissions); lysosomes are all round and of similar size. In Ctns~/~ PTCs, notice several enlarged and deformed lysosomes due to cystine
crystal buildup (red arrowheads); brush border is preserved here. In double KO PTCs, brush border is only labeled in blue in most cells,
reflecting megalin absence, and LAMP-1 signal is much reduced by comparison with controls as a consequence of abrogation of endocytic

uptake. LT-lectin, L. tetragonolobus lectin.
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Figure 4. Megalin ablation in Ctns /"~ kidneys prevents swan-neck lesions at GTJs. (A)

Quantification of swan-neck lesions in Ctns ’~ versus double KO mice from 6 to 9
months of age as percentage of all well defined GTJs over the entire sagittal kidney
section, except at large inflammatory zones, as illustrated at Figure 3. *P<0.05,
**P<0.01, nonparametric Mann-Whitney test). (B) Triple fluorescence confocal im-
aging with reference to differential interference contrast (DIC) imaging in Ctns ’
versus double KO mice at 6 months of age for L. tetragonolobus lectin (LT-lectin)
labeling (red) and megalin (green) combined with nuclear Hoechst labeling (blue).
Contours of GTJs are delineated by yellow broken lines. Notice in the central image
that megalin is not detected at this representative Ctns™/~ GTJ due to de-
differentiation/atrophy, but is preserved in more distal PTCs, together with LT-lectin
labeling (yellow *). In contrast, the right image shows that megalin inactivation in
Ctns-/- kidneys (no green signal) generally preserves PTC thickness and LT-lectin
labeling at the GTJ. CTL, control.

indicating the endocytic pathway is indeed the key source of

tubule structure, we compared double KO
with Ctns™/~ full-kidney sagittal sections
by histology after staining with hematoxy-
lin and eosin (Figure 3, quantified in Figure
4A) and by plastic sections of smaller
blocks after toluidine-blue staining (Sup-
plemental Figure 4). The majority of GTJs
in Ctns™’~ kidneys from 6-9 months of age
showed typical swan-neck lesions, with ap-
parently increasing prevalence with age, in
good agreement with morphometry by
Galarreta et al.>7 In contrast, only approx-

imately 20% of GTJs in double KO showed
swan-neck pattern without increase in age.
This conclusion was confirmed by confocal
microscopy based on L. tetragonolobus lec-
tin labeling, as a general apical proximal
tubule marker for brush border and apical
endocytic apparatus, combined with meg-
alin immunofluorescence. In control mice,

double labeling produced a yellow signal.
In Ctns /" kidneys, both signals were sup-
pressed at most GTJs and downstream. In
double KO PTCs, lectin labeling was largely
preserved (Figure 4B). Thus, megalin abla-
tion in Ctns~'~ kidney protected against
overall PTC dedifferentiation and atrophy.
Electron microscopy confirmed the preser-
vation of double KO PTCs, except for atro-
phy of the apical endocytic apparatus and
paucity of lysosomes, which was also the
case in single Megalin KOs (Supplemental

Figure 5).

Megalin Ablation in Ctns™'~ Kidneys
Preserves the Apical Expression of
NaPi-lla in PTCs and Prevents
Increased PTC Turnover
Dedifferentiation of cystinotic PTCs, start-
ing at the GTJ, includes loss of expression of
megalin and cubilin, as well as of the main
sodium-phosphate symporter, NaPi-Ila,
and the main sodium-glucose symporter,
SGLT-2, which are all relevant to Fanconi
syndrome. Because swan-neck lesions
are considered an early adaptation to PCT

insult,2%27 we next addressed whether dou-

cystine storage in nephropathic cystinosis.
Megalin Ablation in Ctns™/~

Proximal Tubular Structure
As in cystinotic children,23 mouse Ctns~/ kidneys show typ-

Kidneys Preserves

ical swan-neck lesions after 6 months.2627 To determine
whether megalin ablation would further protect the proximal

8 JASN

ble KO PTCs would escape this defensive mechanism. As
shown by immunolabeling for NaPi-Ila (Figure 5A) and
SGLT-2 (Figure 5B), all Ctns™’~ cortices showed diffuse loss
of expression of both transporters, yielding a mottled appear-
ance at low magnification, but double KO preserved expres-
sion, except at large inflammatory areas where histology was
grossly altered (for whole-cortical views, see Supplemental
Figure 6, A and B). Because urinanalysis of Fanconi syndrome
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Figure 5. Protection against apical dedifferentiation in double KO
kidneys. Double (or triple, Hoechst in blue) confocal fluorescence at

6 months for L. tetragonolobus lectin (LT-lectin) labeling (red), and
either (A) NaPi-lla or (B) SGLT-2 in green. Top panels, GTJs; bottom
panels, enlargement of representative proximal tubule sections. On
the left, notice in control (CTL) PTCs restriction of NaPi-lla and SGLT-
2 to the brush border but extension of LT-labeling subapically, re-

sulting in apical label stratification. In Ctns™~ PTCs (central panels),
LT-lectin and NaPi-lla or SGLT-2 signals are greatly decreased or
absent (arrowheads indicate sharp boundary with preserved cells).
On the right, megalin ablation in Ctns-/- kidneys preserves apical
signal of LT-lectin and NaPi-lla or SGLT-2; stratification is lost due to

atrophy of subapical endocytic apparatus. For whole-cortex views,

see Supplemental Figure 6, A and B. For RT-PCR, see Supplemental
Figure 7. DIC, differential interference contrast; glom, glomerulus.
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was no longer relevant due to loss of this phenotype in our
Ctns~ /= colony, we performed quantitative RT-PCR mea-
surements of cubilin, NaPi-Ila, and SGLT-2 mRNAs at
9 months (Supplemental Figure 7). There was a consistent
decreasing trend in Ctns™ "~ kidneys as compared with con-
trol littermates, in agreement with previous reports,¢:32
contrasting with apparent protection in double KO, al-
though differences did not reach statistical significance. Al-
together, immunofluorescence and quantitative RT-PCR
data were compatible with the hypothesis that the Fanconi
syndrome of nephropathic cystinosis could be attenuated
by targeting the megalin pathway.

Another adaptation mechanism to cystine overload in
Ctns—/~ PTCs is cell death, including by apoptotic shed-

ding leading to luminal crystal discharge, coupled with
compensatory proliferation, i.e., replenishment by dividing
cells to yield fresh lysosomes.?® In contrast to Ctns " cortices,
apoptosis and proliferation (monitored by cleaved caspase-3
and Ki67 immunofluorescence, respectively) were not detect-

ably increased in double KO cortices, indicating no change in
PTC turnover (Figure 6). Thus, megalin ablation in cystinotic
kidneys, which suppressed exogenous cystine supply, also
normalized apoptosis and proliferation rates.

DISCUSSION

This report demonstrates genetic ablation of the megalin/LRP2
pathway in cystinotic kidneys (1) suppresses cystine accumu-
lation and crystal deposition, (2) protects tissue structure
(except for grossly remodeled areas), and (3) preserves PTC
differentiation and presumably function. This benefit was ob-
served throughout the kidney cortex outside of those grossly
remodeled areas, as expected from early Wnt4-CRE-driven

excision, and is consistent with megalin being the cornerstone
for PTC endocytosis in S1 (and S2) segments.®7:4% Using
Wnt4-Cre, double megalin/cubilin KO causes higher albu-
minuria than single megalin KO (1.5-fold) and single cubilin
KO (threefold).o However, full inhibition of endocytosis is not
needed for a major benefit on cystine level in cystinotic PTCs,

because a significant fraction of cystine released in lysosomes
can be further disposed of by apical vesicular efflux (discussed
in 24). Conversely, side effects like suppressed endocytic supply
of potential nephroprotective proteins, such as iron sidero-
phore neutrophil gelatinase-associated lipocalin® or survi-
vin,45 must be taken into account and could explain the 20%
of swan-neck lesions in double KO kidneys. Alternatively, these
residual lesions could be due to a defective nontransport func-
tion of cystinosin. Perinatal ablation of the megalin pathway,
used here as an experimental artifact, should not be confused
with the natural course of nephropathic cystinosis where recep-
tor-mediated endocytosis in $1/52 spontaneously declines after
3-6 months as part of adaptive dedifferentiation to decrease

workload.?#27:32 Conceivably, secondary attenuation of apical
endocytosis might be mediated by impaired mTOR signaling

Endocytosis Drives Cystinosis 9
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Figure 6. Megalin ablation in Ctns ™/~ kidneys protects against apoptosis and prevents increased PTC tumover. (A) Triple fluorescence

confocal imaging for L. tetragonolobus lectin (LT-lectin) signal as proximal tubule marker (represented in white), caspase-3a (cleaved,
active caspase-3) as apoptotic marker (tan), and KI-67 as proliferation marker (red) in representative low-power views. Notice increased
labeling for both markers in Ctns /" but not double KO kidneys. (B) PTC turnover quantification. Cells labeled for caspase-3a or Ki67
were counted in kidney sections at 6 months (four mice in Ctns*’~, Ctns ™/, and Ctns ‘ /Megk":o; two mice for Megkwr), ten random
cortical fields totaling 2.98 mm? per section). Statistical analysis of the significance of differences of frequencies in tubes (combined
with lumina for apoptosis) by Mann-Whitney test, *P<0.05. Increased apoptotic and proliferation indices in Ctns /" kidneys indicate
accelerated PTC turnover, not observed in double KO. CTL, control

due to absence of cystinosin,*” which negatively affects the apical Megalin/LRP2 ablation in mice and in-depth study of pa-
endocytic machinery.® Conversely, nonrecaptured disulfide-rich  tients with Donnai-Barrow syndrome+¢ (who have genetic
proteins are reclaimed by more distal cells, which in turn get  megalin/LRP2 deficiency) were instrumental in establishing
affected.6 This would readily explain distal/longitudinal disease its multiple roles in kidney physiology (reviewed in 47). Endo-
extension (see Visual Abstract). cytic receptor KO models have also been essential to revise
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or refine concepts involving the role of proteinuria as a risk
factor to kidney insufficiency4# or the still-debated albumin
transcytotic recycling route.*® Here, megalin KO revealed that
endocytosis is the major pathway for the accumulation of cys-
tine in nephropathic cystinosis, and provided proof of concept
for the megalin pathway as therapeutical target. Because the
kidney phenotype in Ctns™/~ mice critically depends on the
genetic background, we ensured that we compared mice de-
rived from the same founders and excluded a role of floxed
megalin and Wnt4-CRE loci. This concern was particularly
important for the Wnt4-CRE locus because CdC42, key reg-
ulator of apical differentiation, lies immediately behind the
Wnt4 gene on Mus musculus chromosome 4, locus D3. A lim-
itation of our study is the inflammatory/immune reaction
causing gross tissue remodeling in approximately half of
mice at 9 months. This unexplained side effect of Wnt4-
CRE-driven megalin excision (not reported in other, less
complete, megalin KO models) likely explains the paradoxic
increase (and large variation) of average plasma urea concen-
tration in double KO mice at 9 months. However, the resulting
gross remodeling is very different from the diffuse mottled ap-
pearance in Ctns ’~ kidneys. Moreover, cortex between exten-
sively remodeled areas in affected double KO mice as well as
the entire cortex in double KO mice without remodeling
showed remarkable structural protection. Thus, we feel it
is safe to conclude that structural protection in double KO
mice could be attributed to genetic ablation of the megalin
pathway, and that suppression of this pathway by other
means, not inducing gross inflammatory remodeling, could
represent a desirable objective.

Our starting hypothesis was that receptor-mediated endo-
cytosis of ultrafiltrated, disulfide-rich plasma proteins—
exemplified by, but not limited to, albumin—was the main
cystine source of PTCs. However, calculations indicate the
much higher concentrations of free as compared with protein-
bound cystine in the primary ultrafiltrate (approximately
two orders of magnitude higher) may balance the much lower
efficiency of fluid-phase versus receptor-mediated endocytosis
(approximately two orders of magnitude lower)>°>! so that
contribution of fluid-phase endocytosis to cystine supply?!
into normal PTCs cannot be a priori neglected. Moreover,
because megalin ablation not only arrests receptor-mediated
endocytosis but also causes a marked atrophy of the apical
endocytic apparatus and impairs fluid-phase endocytosis,'?
data in this report do not allow us to discriminate the two
modes of endocytosis. The term “megalin pathway” used
here intends to cover both mechanisms. Further studies, e.g.,
by direct megalin competition for protein binding, are neces-
sary to clarify this issue.

Acute suppression of the megalin pathway can be achieved
by inhibition with dibasic amino acids, as shown with cultured
cells'®32 and by bolus injection into human volunteers,'> per-
fusion in patients with cancer to prevent nephrotoxicity of
radiochemicals,>* or oral gavage in rats.'® Long-term supple-
mentation with arginine in man is considered safe,>* is part
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of the treatment of genetic diseases of the urea cycle,” and is
commonly used by body builders. Long-term supplementa-
tion with lysine is used for prevention of gyrate atrophy in
hereditary ornithinemia.5¢ Preliminary data from our labora-
tory have shown that dietary supplementation of Ctns™’~
mice by L-lysine or L-arginine can significantly decrease kid-
ney cystine accumulation and swan-neck lesions. However,
dibasic amino acids can affect several metabolic pathways>”
and have several potential cellular targets, such as direct com-
petition for receptor binding, inhibition of endocytic traf-
ficking, and/or stimulation of the mTOR pathway®® which is
defective in cystinotic cells.?” Thus, besides the need for con-
firmation in large cohorts, further mechanistic studies are
required to clarify the mechanism of protection upon long-
term supplementation.

The respective roles in the pathogeny and manifestations
of nephropathic cystinosis of cystine transport-dependent (de-
fined as cysteamine-responsive) versus transport-independent
(cysteamine-insensitive, reviewed in 24) functions of cysti-
nosin, is also unknown. Cysteamine insensitivity of Fanconi
syndrome contrasts with improved kidney outcome upon
early compliant drug implementation.>%5° Delayed pro-
gression to kidney insufficiency stresses the importance
of effective cystine kidney clearance, although actual level
of depletion, inferred from leukocyte assays, may not be
complete in kidneys, as suggested in cysteamine-treated
Ctns™ /" mice.5° Our article sheds more light on this debate
by evidencing a causal link between cystine accumulation
and structural dedifferentiation of PCTs in the mouse
model, because prevention of cystine overload correlated
with structural preservation; thus these results somewhat
swing the pendulum back toward the pathogenic role of
cystine overload.
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Supplementary Methods

Semi-thin sections and electron microscopy

Kidneys were perfusion-fixed in situ with 4% formaldehyde in 0.1 M phosphate buffer,
pH 7.4 as above, then excised and small blocks of cortices were immediately post-
fixed in 4% formaldehyde supplemented by 0.5% (v/v) glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.4 at 4°C, overnight in rotating vessels. Samples were further
processed exactly as described in [1]. Briefly, blocks were further osmicated, stained
“en bloc” with uranyl acetate, dehydrated and embedded in Spurr. Semi-thin sections
(1-microm, nominal) were collected on glass slides and stained with toluiduine blue.
Ultrathin sectioning (70-nm nominal) was guided by toluidine-stained semi-thin
sections. Ultrathin sections were collected on 400-mesh rhodanium grids,
sequentially contrasted with uranyl and lead, and examined in a FEI CM12 electron
microscope operating at 80 kV.

RT-PCR

Total RNA was extracted (SV total RNA isolation system; Promega). Aliquots of 500
ng RNA were reverse-transcribed by M-MLV reverse transcriptase (Invitrogen) with
the random hexamers protocol (primer random p(dN)s, Roche). Primer sequences for
hypoxanthine phosphoribosyltransferase 1 (HPRT-1; used as house-keeping gene),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; used to test primer
efficiency), cubilin, SGLT-2 and NaPi-lla are described in Gaide Chevronnay et al.
2014. [1] Real-time qPCR was performed as described [2] in presence of 250 mM of
specific primers with Kappa SYBR Fast qPCR Master Mix (Kapa Biosystems) on a
CFX96 touch real-time PCR Detection System (Bio-Rad). Data were analyzed using
the AACT method, using HPRT-1 as internal standard, and presented as fold-
change.
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Supplementary figure 1

Results
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Body and kidney weights. Mice and left kidneys (not fixed by perfusion; when
saved) were weighed at the time of sacrifice (males, blue squares; females, red
disks). There was no significant difference between any genotype in our colony.
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Supplementary figure 2 (complementary to Figure 2A)
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Megalin ablation in Ctns” kidneys selectively prevents cystine accumulation:
time-course in comparison with liver and spleen. Time-course of cystine content
in kidneys, liver and spleen of 6, 7.5 and 9 months-old mice of the indicated
genotypes (males, blue squares; females, red disks). In Ctns” kidneys, median
cystine content increases exponentially between 6 and 9 months (note difference of
ordinate scale). In double KO kidneys, content is moderately increased yet remains
rather low at all time-points. In contrast, liver and spleen content in Ctns”- and double
KO mice, serving as positive controls for cystinosin deletion, show high cystine levels
irrespective of megalin ablation. Data on spleen at 6 months are not available.
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Supplementary figure 3 (complementary to Figure 2B)

Megalin ablation in Ctns” kidneys prevents cystine crystal deposition: gallery
of images as in Figure 3B.

168



Results

Supplementary figure 4

Toluidine-stained plastic sections of Ctns” vs double KO kidneys (9 months).
Upper panels (a-b), GTJs; lower panels (c-d), clusters of proximal tubules; all at
identical magnification. In the upper panel, notice at left swan-neck lesion (in red box)
and structural abnormalities in continuing S1 PCTs (red arrowheads) of Ctns” kidney,
contrasting with preservation in double KO (green arrowheads). In lower panel,
notice extensively vacuolated and much thinner Ctns” PCTs as compared with
double KO.
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Supplementary figure 5

Electron microscopy (6 months). In this favorable view of a control PCT, notice the
remarkable stratification of the apical endocytic apparatus. Immediately under the
brush border is a dense layer exclusively made of packed dense apical tubules
(recycling endosomes; bracket). Below are apical vacuoles (sorting endosomes, two
black asterisks), then intermediate organelles resulting from fusion between late
endosomes and lysosomes (endo-lysosomes, two yellow asterisks), then a cluster of
dense bodies (secondary lysosomes, four red asterisks). In this Ctns” kidney, a
partially preserved PCT with a huge lysosome (red asterisk) lies over a dead PCT
still in contact with the tubular basement membrane (large arrow). In double KO as in
single megalin KO kidneys, PTCs are overall well preserved, except for the absence
of dense apical (recycling) tubules (indicated by brackets) and fewer small lysosomes
(red asterisks). Arrows point to autophagic structures. All equal scale bars at 2
microm.
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Supplementary figure 6A (complementary to Figure 5)
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Supplementary figure 6B (complementary to Figure 5)
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Diffuse mottled appearance resulting from loss of transporter expression in

Ctns” PCTs contrasts with large areas of inflammatory remodelling in double
KO. A. Low power views across the cortex at 9 months of age. Whole kidney
sections were processed for triple fluorescence labelling to compare NaPi-lla or
SGLT-2 (both in green) to LT-lectin (red) and nuclei (Hoechst, blue) and presented at
left of each pair in triple color, or limited at right to NaPi-lla (upper panel) or SGLT-2
(lower panel) presented in black and white. B. Extended views of whole kidney
sections showing triple labelling with NaPi-lla (triple color) or only NaPi-lla
(black/white; continuing field). In WT (a), LT-lectin labeling encompasses the entire
OSOM (thus including S3; red only) whereas NaPi-lla is sharply limited to cortex
(together with LT-lectin, thus yellow). In Ctns” (b), arrowheads point to mottled
appearance. Two examples illustrate the variable pattern of double KO (c,d) and
single Meg KO (e,f). At right (d,f), arrows point to grossly remodeled cortical zones
centered on radial artery (blue rings). At left, overall appearance of this double KO (c)
is comparable to a WT; for this single megalin KO (e), fewer areas with gross
remodeling are seen. All identical scale bars at 500 microm.
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Supplementary figure 7
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RT-PCR. Megalin ablation in Ctns KO kidneys appears to prevent loss of cubilin,
NaPi-lla and SGLT-2 mRNAs (males, blue squares; females, red disks).[1, 2]
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3.3. Preliminary Results - Long-term dietary supplementaion of
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, | 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-
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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.
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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.
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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
maghnification (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.

+ LAMP1+ Megalin
A CTL diet + L-lysine

cortex

cortex

outer
medulla

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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+ LAMP1 +
CTL diet L-arginine

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 | 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”).
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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 (Kippfer 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.
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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-stereocisomers. 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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Discussion and perspectives

4. DISCUSSION AND PERSPECTIVES

4.1. Further discussion of the natural history on nephropathic
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).

4.1.1. Signification of sequential lag phase then formation of
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.(lvanova 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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4.1.2. On cystine crystals

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
etal, 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).
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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.

4.1.3. On apical dedifferentiation

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-lla, 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 1a (HNFla) is another key transcriptional factor,
that instead favors PTC differentiation and in particular promotes megalin
expression. Indeed, Hnfla-KO mice exhibit low-molecular-weight proteinuria and
decreased uptake of iodinated PB2-microglobulin.(Terryn et al. 2016) Whether
HNF1a 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 Il of Results, to

examine the role of the megalin pathway in the generation of lysosomal cystine.
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4.1.4. On lysosomal adaptation mechanisms

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.

4.1.5. Tentative reinterpretation of swan-necks: the sliding
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)

4.2. Mechanisms of cystine accumulation and its role in
pathophysiology

4.2.1. Vesicular cystine supply into PTCs: receptor-mediated vs
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.
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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 uM 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,
calculations® 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.

* 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
*|albumin, 150 nM '* 12
mediated endocytosis; together with 100 uM FITC-dextran (10 kDa) or 4 mM Lucifer
yellow, to assess fluid-phase endocytosis. Intracellular accumulation is expressed in

I-transferrin or 1.8 nM I-cathepsin B to study receptor-

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.
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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.

4.2.2. Net cystine accumulation in cystinotic lysosomes: vesicular
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 Ca**-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.

4.2.3. Regulation of vesicular exodus

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 Ca*', 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 Rabl1l-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 Rabll 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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4.2.4. Signification of impaired proteolysis

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.(lvanova 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.

4.2.5. Role of cystine accumulation vs non-transport cystinosin
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.

4.3. Cystine accumulation in PTCs depends on apical endocytosis.
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, | 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). | 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, | 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-lla 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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4.4. The megalin pathway could be targeted by oral supplementation
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, | 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). | 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. | 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, | 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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4.5. Translational perspective: a new, dietary therapy for nephropathic
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 anin
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.

Binding to megalin - effect of 1 yM lysine Binding to megalin - effect of 1 uM arginine

— 1pMAlb + 1 uM Lys Sy - 1 pM AL + 1 pM Arg

— 1uMAb — 1uMAb
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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. | 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
mMTORC1 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) | 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, | 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

223



Discussion and perspectives

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?).

| would consider my duty as completed when the first clinical trial on

patients will be conducted.
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ORIGINAL RESEARCH

A Mouse Model Suggests Two Mechanisms for
Thyroid Alterations in Infantile Cystinosis: Decreased
Thyroglobulin Synthesis Due to Endoplasmic
Reticulum Stress/Unfolded Protein Response and
Impaired Lysosomal Processing

H. P. Gaide Chevronnay, 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*

Cell Biology Unit (H.P.G.C., VJ., PV.DS,, YA, CEP., PJ.C), de Duve Institute and Université Catholique de
Louvain, 1200 Brussels, Belgium; Departments of Medicine (XH.L,, S.R.) and Pediatrics and Genetics (S.R), The
University of Chicago, Chicago, lllinois 60637; INSERM, Unité 1163 (N.N., C.A.), Hopital Necker-Enfants Malades
and Université Paris Descartes, Sorbonne Paris Cité, Institut Imagine, 75015 Paris, France; and Department of
Pediatrics (S.C.), Division of Genetics, University of California, San Diego, San Diego, California 92161

Thyroid hormones are released from thyroglobulin (Tg) in lysosomes, which are impaired in in-
fantile/nephropathic cystinosis. Cystinosis is a lysosomal cystine storage disease due to defective
cystine exporter, cystinosin. Cystinotic children develop subclinical and then overt hypothyroidism.
Why hypothyroidism is the most frequent and earliest endocrine complication of cystinosis is
unknown. We here defined early alterations in Ctns ’~ mice thyroid and identified subcellular and
molecular mechanisms. At 9 months, T, and T plasma levels were normal and TSH was moderately
increased (~4-fold). By histology, hyperplasia and hypertrophy of most follicles preceded colloid
exhaustion. Increased immunolabeling for thyrocyte proliferation and apoptotic shedding indi-
cated accelerated cell turnover. Electron microscopy revealed endoplasmic reticulum (ER) dilation,
apical lamellipodia indicating macropinocytic colloid uptake, and lysosomal cystine crystals. Tg
accumulation in dilated ER contrasted with mRNA down-regulation. Increased expression of ER
chaperones, glucose-regulated protein of 78 kDa and protein disulfide isomerase, associated with
alternative X-box binding protein-1 splicing, revealed unfolded protein response (UPR) activation
by ER stress. Decreased Tg mRNA and ER stress suggested reduced Tg synthesis. Coordinated
increase of UPR markers, activating transcription factor-4 and CJEBP homologous protein, linked
ER stress to apoptosis. Hormonogenic cathepsins were not altered, but lysosome-associated mem-
brane protein-1 immunolabeling disclosed enlarged vesicles containing iodo-Tg and impaired
lysosomal fusion. Isopycnic fractionation showed iodo-Tg accumulation in denser lysosomes, sug-
gesting defective lysosomal processing and hormone release. In conclusion, Ctns '~ mice showed
the following alterations: 1) compensated primary hypothyroidism and accelerated thyrocyte turn-
over; 2) impaired Tg production linked to ER stress/UPR response; and 3) altered endolysosomal
trafficking and iodo-Tg processing. The Ctns /~ thyroid is useful to study disease progression and
evaluate novel therapies. (Endocrinology 156: 2349-2364, 2015)
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he function of individual molecular events in the thy-

roid gland has been unraveled by the study of mono-
genic defects, occurring spontaneously in human or engi-
neered in mice (for reviews see references 1 and 2). We here
address the effects in mouse thyroid of genetic ablation of
the lysosomal membrane cystine exporter, cystinosin,
which is absent in a rare multisystemic autosomal reces-
sive lysosomal cystine storage disease, named infantile cys-
tinosis (in short, cystinosis) (for reviews see references 3
and 4). Cystinosis leads almost invariably to primary hy-
pothyroidism during the first years of life, whereas other
endocrine organs are later affected (4-6).

Cystinosin, a seven-transmembrane protein of 367
amino acids displaying two strong lysosomal targeting
motives (7), is the only known lysosomal membrane cys-
tine exporter, driven by coupled proton efflux (8). Cystine
is an obligatory end-degradation product of disulfide-
bearing proteins. Once exported out of lysosomes, cystine
is rapidly reduced into cysteine by cytosolic reducing sys-
tems. Cysteine together with glutamate participates in glu-
tathione synthesis and thus cell redox homeostasis. The
accumulation of lysosomal cystine in cystinosis can be cor-
rected by substrate depletion therapy based on oral cys-
teamine, but compliance is very d ding. Cy i
rearranges in lysosomes with cystine to a mixed disulfide
that egresses via the lysine transporter (9).

The earliest manifestation of cystinosis, usually during
the first year of life, is a kidney Fanconi syndrome, rec-
ognized by high urinary loss of solutes including water,
salts, glucose, and phosphate together with ultrafiltrated
plasma proteins. Infantile cystinosis usually leads to renal
failure, even under compliant cysteamine treatment. Dur-
ing the first decade of life, most cystinotic children further
develop subclinical and then overt hypothyroidism (5,
10). Although early compliant cysteamine treatment im-
proves body growth and can avoid thyroid hormone re-
placement (11), eventually about half of treated cystinotic
adults require thyroid hormones. Overall, kidney and thy-
roid dysfunctions are the less cysteamine-preventable
complications of cystinosis (12, 13). Thus, better under-
standing of cellular and tissular pathogenic mechanisms in
kidneys and thyroid are mandatory.

The exact causative link between cystinosis and hypo-
thyroidism remains unexplained. As for the kidneys, de-
fective thyroid function was originally attributed to atro-
phy with pathognomonic cystine crystals (5). However,
the pathogenic role of crystals is questioned, and early
impairment of proteolysis in cystinotic lysosomes has been
evidenced and attributed to lysosomal redox imbalance
(14). Thyroid hormones (THs) are released in lysosomes
by proteolytic cleavage of engulfed thyroglobulin (Tg),
although proteolysis may be initiated in the follicular lu-
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men (15, 16). Tg is an oligomer of 330-kDa monomers,
which assume a compact globular form stabilized by a
huge number of disulfide bonds (>100/monomer) (17).
Tg is dimerized in the endoplasmic reticulum (ER) and
then undergoes compaction in the follicular lumen by in-
termolecular disulfide cross-linking to form insoluble thy-
roid globules for maximal storage (18, 19). Luminal com-
paction is attributed to extrinsic [secreted protein disulfide
isomerase (PDI)] and intrinsic disulfide bond exchange
mechanisms [via well preserved thioredoxin (CXXC) mo-
tives] (20). The extent of luminal Tg cross-linking varies
among species and is related to age and follicle activation
state (18, 19, 21). Tg unfolding via disulfide bond reduc-
tion by lysosomal reducing equivalents thus appears nec-
essary to expose cryptic peptides targeted by lysosomal
proteases (22). Stepwise Tg proteolytic processing de-
pends on synergistic endo- and then exopeptidases, in-
cluding the aspartyl protease, cathepsin D, and cysteine
proteases, eg, cathepsin B (23-27). Cysteine proteases also
require a reducing environment. These requirements
would predict that Tg unfolding and cysteine protease
attack are impaired when lysosomal cystine accumulation
causes redox imbalance.

At low TSH, basal TH production is supported by en-
docytosis of Tg from the colloid via small endocytic pits
(ie, micropinocytosis, reviewed in reference 28). This is
regulated by expression and activation of tandem rate-
limiting GTPase catalysts, Rab5 and Rab7, driving to-
gether vesicular transfer to lysosomes (29, 30). In some
species such as mice, acute stimulation with high TSH dose
triggers micrometric colloid uptake by protrusion of actin-
dependent lamellipodia followed by macropinocytosis
[also named phagocytosis; (31)], which brings large
amounts of Tg to lysosomes in the form of colloid droplets.
How released THs cross the lysosomal membrane remains
unknown. This step could involve a similar transporter as
monocarboxylate transporter-8 (Mct-8) (32) operating at
the basolateral membrane for secretion into blood capil-
laries. However, a Mct-8 defect is unlikely in a monogenic
disorder such as cystinosis.

We and others recently reported on the early kidney
lesions and adaptations (33, 34) in a cystinosin-knockout
mice strain of congenic C57BL/6 background (Ctns ™/~
mice), which mimics human cystinosis (35, 36). After a
3-month lag phase without detectable lesion, proximal
tubular cells (PTCs) of Ctns™’~ mice showed defective
endolysosomal trafficking and lysosomal proteolysis, re-
sulting into amorphous lysosomal inclusions and then cys-
tine crystals. At the lesional stage, apoptosis and propor-
tional proliferation revealed accelerated PTC turnover
(33). We here extended our study of Ctns ™/~ mice to the
thyroid gland, on the premise of shared high apical endo-
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cytic activity of disulfide-rich proteins and early defects in
cystinotic children.

We first hypothesized that cystine accumulation in ly-
sosomes of Ctns '~ thyrocytes would primarily affect thy-
roid function by delaying TH generation due to impaired
Tg transfer to lysosomes, combined with defective unfold-
ing and cysteine protease activity. As an additional hy-
pothesis, nonmutually exclusive upstream mechanism,
cystinosis causes ER stress (37) to which thyrocytes are
particularly prone (38) so that ER stress would impair Tg
synthesis and its supply to lysosomes. ER stress triggers the
complex adaptive unfolded protein response (UPR) (for
review see reference 39). UPR is initiated by transmem-
brane ER sensors/receptors, inositol-requiring kinase-1,
protein kinase RNA-like endoplasmic reticulum kinase,
and/or activating transcription factor (ATF)-6. Inositol-
requiring kinase-1 activation results from high substrate
competition, causing a dissociation of ER resident chap-
erones such as glucose-regulated protein of 78 kDa
(GRP78). Downstream in the UPR pathway, activation of
X-box binding protein-1 (XBP-1) by alternative mRNA
splicing results in multiple structural and molecular adap-
tive mechanisms. These include the following: 1) expan-
sion of the ER membrane and thus ER dilatation to ac-
commodate protein overload; 2) increased transcription
of ER chaperones (GRP78) and foldases (eg, PDI) and thus
protein maturation capacity; and 3) decreased translation
of secreted proteins (here Tg), which together attenuate
ER stress. If stress persists or adaptive response fails, cell
death is triggered via transcriptional activation of proapop-
totic C/EBP homologous protein (CHOP) in response to pro-
tein kinase RNA-like endoplasmic reticulum kinase-ATF-4
axis activation (for reviews, see references 39 and 40).
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We found that, after a lag phase of approximately 6
months, all Ctns ™~ mice developed subclinical hypothy-
roidism with increased TSH, thyrocyte hyperplasia/hyper-
trophy, and accelerated turnover as well as angioprolif-
erative response. Relative TSH refractoriness and colloid
exhaustion could be explained by the combination of im-
paired Tg production due to UPR response with defective
endolysosomal trafficking and Tg processing. UPR re-
sponse to ER stress likely links TSH stimulation to thy-
rocyte apoptosis and accelerated turnover.

Materials and Methods

Mice

Congenic CS7BLI6 Ctns~ mice have been described (36). Mice
were treated according to the National Institutes of Health Guide for
Care and Use of Laboratory Animals. Mice were fed ad libitum with
pellets containing 4.30 mg/kg iodine (Carfil Quality).

TSH, T, and T; plasma concentrations

Plasma TSH concentrations were measured by a sensitive,
heterologous, disequilibrium, double-antibody precipitation
RIA as described (41). T, and T concentrations were measured
by coated-tube RIA (Siemens Medical Solution Diagnostics).

Histology, multiplex immunofluorescence, and
morphometry

Mice thyroids were fixed in situ by whole-body perfusion-
fixation as described (33). Thyroids were dissected, postfixed
overnight with 4% neutral-buffered formaldehyde, and pro-
cessed for paraffin embedding. Four-micr -thick sections
were d with h ylin/eosin. I escence was
performed after antigen retrieval as described (33). Appropriate
combinations of the following primary antibodies were used (Ta-
ble 1): mouse anti-E-cadherin (0.25 pg/mL, 610182; DB Biosci-

Table 1. List of Antibodies
Manufacturer, Catalog Number,
ptid and/or Name of Individual Species Raised Dilution
Target (if Known) Name of Antibody g the y or Poly Used (IF;WB)
E-cadherin — Purified mouse anti-E-cadherin DB Bioscience, number 610182 Mouse monocional (clone 36) 0.25 pg/mL
Ki-67 - Purified mouse h Ki-67 DB gen, number 556003 Mouse monoclonal (clone BS6) 2 ug/mL
Active-caspase 3 = — Cleaved caspase-3 Cell Signaling, number 9661 Rabbit polycional 1:200
(Asp175) antibody
PECAM-1 - Rat monoclonal anti-mouse Dianova, number DIA310 Rat monoclonal (clone SZ31) 1:20
endothelial cell marker
CD31 (PECAM-1)
Ezrin aa 362-585 Ezrin/p81/80K/cytovillin Ab-1, Thermo Scientific, number MS-661-P1  Mouse monocional (clone 3C12) 2 pg/mlL
mouse monocional antibody
LAMP-1 - Anti-LAMP-1 1048 antibody Hybridoma Bank, number 1048 Rat monocional (clone 1048) 1:100
KDEL - Anti-KDEL [MAC256] antibody Abcam, number ab50601 Rat monoclonal (clone MAC256)  1:300
Tg - Monocional mouse anti-human  Dako, number M0781 Mouse monocional (clone 1:200; 1:1000
thyroglobulin DAK-Tg6)
lodo-Tg — Anti-lodo-thyroglobulin antibody  Provided by Dr Ris-Stalpers Mouse monoclonal 1:100; 1:1000
GRP78 CT (643)GEEDTSEKDEL (654)  GRP78/BiP antibody Thermo Scientific, number PAI-014A Rabbit polyclonal 2 pg/mL
Cathepsin D — Cathepsin D antibody Santa Cruz Biotechnology, number Goat polyclonal 0.2 ug/mL
5¢-6486
GAPDH GAPDH antibody Ambion, number AM4300 Mouse monoclonal (clone 6C5) 0.5 ug/mL
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ence), -ezrin (2 pg/mL, MS-661-P1; Thermo Scientific), -Ki-67 (2
pug/mL, 556003; DB Pharmingen), -Tg (1:200, M0781; Dako),
and -iodo-Tg (1:100; kindly donated by Dr Ris-Stalpers, Labo-
ratory of Pediatric Endocrinology, Academic Medical Center,
Amsterdam, The Netherlands); rat anti-platelet endothelial cell
adhesion molecule-1 (PECAM-1; 1:20, DIA310; Dianova), -ly-
sosome-associated membrane protein-1 (LAMP-1; 1:100,
1D4B; Hybridoma Bank), and -KDEL (1:300, ab50601; Ab-
cam); and rabbit anti-active caspase-3 (1:200, 9661; Cell Sig-
naling). Immunolabeled sections were imaged with a spinning
disk confocal microscope using EC Plan-NeoFluar X40/1.3 or
Plan Apochromat X 100/1.4 oil differential interference contrast
objectives (cell observer spinning disk; Zeiss). Morphometric
analyses were performed using Axiovision 4.8.2. software
(Zeiss). Binary mask were prepared using fixed interactive
thresholding. Thyrocytes, colloid, and interstitium were filled
and areas were measured.

Electron microscopy

Thyroids were perfusion-fixed in situ with 4% neutral-buff-
ered formaldehyde supplemented by 0.1% glutaraldehyde and
then immersion fixed in 1.5% (vol/vol) glutaraldehyde over-
night, postfixed with 1% (wt/vol) OsO, in 0.1 M cacodylate
buffer for 1 hour, rinsed in veronal buffer (4 X 5 min), and
stained overnight en bloc in 1% neutral uranyl acetate, all at4°C.
After extensive washing in veronal, blocks were dehydrated in
graded ethanol and embedded in Spurr. Ultrathin sections were
obtained (Reichert ultramicrotome), collected on 400-mesh rho-
danium grids, and contrasted with 3% uranyl acetate and then
lead citrate, 10 minutes each. Grids were washed with water,
dried, and examined in a FEI CM12 electron microscope oper-
ating at 80 kV.

In situ hybridization

Vegf-a antisense RNA probes spanning nucleotides 94-429
of the mouse coding sequence for Vegf-a (42) were produced by
RT-PCR followed by in vitro transcription with T7 RNA poly-
merase in the p e of digoxigenin-labeled uridine 5-triphos-
phate (Roche). In situ hybridization was performed on 8-pum
sections as described (33).

PCR and real-time quantitative PCR (RT-qPCR)

Total RNA was extracted (TRIzol reagent; Invitrogen) and
150 ng RNA was reverse transcribed by Moloney murine leu-
kemia virus reverse transcriptase (Invitrogen) using random hex-
amers. Primer sequences are described in Supplemental Table 1.
PCR was performed under standard conditions with GoTaq
DNA polymerase (Promega). RT-gPCR was performed as de-
scribed (33) in the presence of 250 nM specific primers with
Kappa SYBR Fast qPCR master mix (Kapa Biosystems) on a
CFX96 touch real-time PCR detection system (Bio-Rad Labo-
ratories). Results are presented as difference of cycle threshold
(ACt) values normalized to actin, used as internal standard.

Western and lectin blotting

Thyroid glands were dissected and homogenized in Western
blot lysis buffer (150 mM NaCl, 1% Triton X-100, 0.5 % sodium
deoxycholate, 0.1% sodium dodecy! sulfate, 50 mM Tris, pH
8.0) or in subcellular fractionation buffer 250 mM sucrose, 3
mM imidazole, and 1 mM EDTA (pH 7.0) buffer supplemented
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with Complete protease inhibitors (Roche) and phosphatase in-
hibitors (sodium ortho pyrophosphate, and fluoride,
all 2 mM). Loading was normalized to protein concentration,
measured by bicinchoninic acid method (Sigma-Aldrich). Sam-
ples were reduced or not, as indicated, with 50 or 100 mM di-
thiothreitol (DTT) for 10 minutes and denatured by boiling for
5 minutes. Western blotting was performed as described (43)
using mouse anti-Tg (1:1000, M0781; Dako), or -glyceralde-
hyde-3 phosphate dehydrogenase (GAPDH; 0.5 pg/mlL,
AM4300; Ambion); rat anti-KDEL (2.5 pg/mL, ab50601; Ab-
cam); rabbit anti-GRP78 (2 pug/mL, PA1-014A; Thermo Scien-
tific); or goat anti-cathespin D (0.2 pg/mL, sc-6486; Santa Cruz
Biotechnology). Lectin blotting was performed with wheat germ
agglutinin lectin (10 pg/mL; Vector Biolabs) after electrophore-
sis under reducing conditions as described (44). Specificity of
lectin signal was d rated by neuraminidase digestion at
37°C for 18 hours, following the manufacturer’s instructions
(New England BioLabs).

Cathepsin B assay

Thyroid glands were dissected and homogenized in 250 mM
sucrose, 3 mM imidazole, and 1 mM EDTA (pH 7.0). Cathepsin
B activity was measured as total minus 100 puM CA-074-resis-
tant fraction (Sigma-Aldrich) in a fluorimetric assay using ben-
zyloxycarbonyl-L-phenylalanyl-L-arginine 4-methylcoumaryl-
7-amide (45), or Na-benzoyl-DL-arginine-B-naphthylamide
hydrochloride, with undistinguishable results. Activity was nor-
malized to protein concentration measured by the bicinchoninic
acid method (Sigma-Aldrich).

Analytical subcellular fractionation

Excised thyroid glands from three to four wild-type (WT) or
Ctns ™'~ mice, aged 9-11 months, were pooled in 250 mM su-
crose, 3 mM imidazole, and 1 mM EDTA (pH 7.0), supple-
mented with C lete protease inhibitors (Roche), and homog-
enized therein with a Polytron (3 X 5 sec, nominal 8500 speed).
Homogenates were cleared through 40 um BD falcon filters and
first resolved by crude differential sedimentation to isolate cell
debris and nuclei (1.5 10* g X min), postnuclear particles (6.3
10° g X min), and a final supernatant. Postnuclear particles were

hed once by resusp and resedi ion to minimi;
colloid contamination and then equilibrated by sedimentation
into 1.10-1.30 (grams per milliliter) linear sucrose gradients in
a SW55Ti rotor (57 10° g X min). Ten fractions were collected
from the bottom and assayed for density (weight) and B-hexo-
saminidase activity as described (33). Aliquots of equal volume
were analyzed by Western blotting for iodo-Tg (1:1000). Com-
pared blots were transferred and revealed in the same membrane
and then quantified using Image] software (National Institutes of
Health, Bethesda, Maryland).

Statistical analyses

Statistical significance was tested using a Mann-Whitney U
test (see Figures 1A, 3A and B, 5A and B, 6C, and 7B and C; and
Supplemental Figure 4), Student’s ¢ test (Figures 1D and 2B) or
X* (Figure 6B). Differences were considered significant for P <
.05. Except for specific thyroid weight, there was no significant
difference between males and females in each group and for each
comparison; thus, genders were not discriminated on scatter
plots.
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A

Figure 1. Ctns /
from control (WT) and Ctns™”
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mice develop thyroid hyperplasia and hypertrophy associated with colloid exhaustion. A, Anatomy. Left panel, Thyroid gland
female mice at 11 months. Right panel, Thyroid glands weight normalized to body weight in WT and Ctns

7

females and males at 9-12 months. Cystinotic mice do not develop goiter. B, Histology. Paraffin sections with hematoxylin-eosin staining (a and b)
and semithin plastic section with toluidine blue staining (c), all at 9 months, are shown. a, WT thyroid is made of uniform follicles filled with

’

homogenous colloid and delimited by flat thyrocytes. b, In Ctns

mice, most follicles show exhausted colloid (asterisks) surrounded by thyrocytes

that are both hypertrophic (insert bracket) and hyperplastic, frequently projecting into papillae (thick arrow). Boxed area at panel b is enlarged
below to emphasize the contrast between the few resting follicles (flat epithelium) with colloid bearing several cell remnants (thin arrow) and an
adjacent hypertrophic/hyperplastic follicle (bracket) with almost vanished colloid (white arrow suggests dissolution of a thyroid globule). ¢, In the

plastic section of Ctns ™’

thyroid, the two upper follicles with hypertrophic thyrocytes and exhausted colloid contrast with a resting follicle below

with dense colloid and flat thyrocytes. Arrowheads point to apical thyrocyte vacuolation, suggesting macropinocytosis/phagocytosis; the thick
arrow points to irregular basal thyrocyte clarifications aligned along the basoapical axis, suggesting dilation of endoplasmic reticulum. In the
central follicle, shed cell remnants almost fill the follicular lumen (thin arrows indicate variety of shapes). Scale bars, a and b, 100 um; ¢, 20 um.
For histological time course, see Supplemental Figure 1. C and D, Immunofluorescence: multifocal activation of the angiofollicular system in

Ctns ™'~ mice thyroids and colloid exhaustion. C, Follicular hyperplasia and hypertrophy are coupled to expansion of associated blood capillary
basket. Multiplex immunofluorescence for E-cadherin (red, thyrocyte basolateral membrane), ezrin (blue, thyrocyte apical membrane), and PECAM
(green, blood capillaries) in the thyroid of WT (a) and Ctns~/~ (b and ¢) mice at 9 months, performed strictly in parallel. a, WT follicles are

surrounded by a blood capillary network weakly discernible by PECAM immunolabeling. b, In this intermediate Ctns

Y

pattern, notice abrupt

boundary (dotted line) between resting follicles (top panel) and hyperplastic follicles (bottom panel) showing microvasculature expansion

associated with much stronger PECAM signal. ¢, In most remodeled Ctns ™/

hyperplastic foci, lumina have almost vanished and microvasculature

is greatly expanded. All scale bars, 50 um. For in situ hybridization of Vegf-a, see Supplemental Figure 2. D, Follicular hyperplasia/hypertrophy is
associated with colloid exhaustion. Morphometric assessment of the fractional volume of thyrocytes, colloid, and interstitial compartment

’

(mesenchyme and blood capillaries) in WT and Ctns

mice (n = 3; each analyzed in nine random fields spanning the entire thyroid section,

cumulative area of 3.4 10° um? for each mouse). Note doubling of Ctns ™/~ thyrocyte fractional volume, at the expense of the lumen, but no
significant change of interstitial fractional volume. ***, P < .001. NS, not significant

Results

Ctns~'~ thyroids develop multifocal hyperplasia/
hypertrophy with colloid exhaustion and
proportional vascular expansion

There was neither macroscopic change nor goiter at 9
and 12 months (Figure 1A). Thyroid glands were analyzed
by conventional histopathology at 3, 6, 9, and 15 months
(Figure 1B and Supplemental Figure 1). There were no
detectable lesions at 3 months. Between 6 and 9 months,
Ctns™’~ mice consistently developed multifocal thyrocyte
hypertrophy and hyperplasia with pseudostratification up
to papillary lesions, luminal cell remnants (Figure 1B, b
and ¢), and colloid exhaustion (Figure 1Bb). As better seen
with 1-um plastic sections, hypertrophic thyrocytes ex-

hibited apical vacuolation, suggesting (TSH)-induced
macropinocytosis/phagocytosis, and irregular basal cyto-
plasm clarification, suggesting ER dilatation (Figure 1Bc).
As disease progressed, luminal cell remnants accumulated
(Figure 1Bc) and colloid vanished (Supplemental Figure
1). At 15 months, most Ctns "~ follicles were hyperplastic
or dedifferentiated, with few resting follicles remaining
visible. In 15-month WT thyroids, most follicles remained
quiescent and few peripheral follicles were activated. To
focus on consistent early physiopathological mechanisms,
mice were further analyzed at approximately 9 months.
The importance of thyroid capillaries as integrated part
of autonomous angiofollicular units has emerged (46). Be-
cause blood capillaries are barely visible by conventional
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Figure 2. Cystinosis induces follicle-autonomous thyrocyte proliferation and apoptosis. A, Confocal microscopy. Immunofluorescence for E-
cadherin (white; thyrocyte basolateral membrane), Ki-67 (red; cell proliferation marker), and activated caspase-3 (green, apoptosis marker) in 9-

month WT (a) and Ctns

(b, ¢) thyroids. Notice numerous proliferating cells (arrows) in Ctns

hyperplastic follicles, pointing to autonomous

follicular response, whereas Ki-67 labeling in WT thyrocytes is very rare. At panel c, large collections of apoptotic bodies in the follicular lumen of

Ctns

thyroid (arrowheads) indicate accelerated cell turnover. All scale bars, 20 um. B, Quantification of proliferation. Percentage of total nuclei

area stained for Ki-67 in whole tissue (total proliferation) or associated with E-cadherin (thyrocyte proliferation) as estimated by morphometric

analysis in 9-month WT (open and gray symbols; gray identifies a special WT individual) and Ctns

thyroids (filled symbols) (n = 3). For each

mice, 3.4 10° um? of area corresponding to nine fields spanning the entire thyroid section were analyzed. Proliferation is specifically increased in

Ctns ™/~ thyrocytes. ***, P < .001

histology, we looked for vascular changes by triple im-
munofluorescence confocal imaging, using E-cadherin
and ezrin as markers of thyrocyte membrane domains,
together with PECAM for blood capillaries. Ctns ™/~ hyper-
plastic follicles were consistently associated with prominent
dilated capillaries as compared with resting follicles, indicat-
ing synchronous activation of the angiofollicular system (Fig-
ure 1C). Proangiogenic Vegf-a was up-regulated in hyper-
trophic thyrocytes, mostly in papillary projections, in full
agreement with recruitment/expansion of blood capillaries
(Supplemental Figure 2). Thus, Ctzs '~ mice exhibited in-
tegrated angiofollicular activation.

To quantitate tissue changes by taking into account
disease-induced heterogeneity between mice and between
follicles, we exploited E-cadherin immunofluorescence.
As shown by Figure 1D, thyrocyte fractional volume was
increased by 2.2-fold in Ctns™'~ mice (19.9% in WT vs

42.9% in Ctns™’~ mice) with a concomitant decrease of
fractional luminal volume (64.5% in WT vs 39.9% in
Ctns '~ mice). Both parameters showed strong negative
correlation (r = 0.93; P < .0001; data not illustrated). No
significant difference was observed between WT and
Ctns™/~ mice for interstitial area (combined mesenchyme
and blood capillaries). We thus focused on thyrocytes for
further structural studies.
Increased proliferation and apoptosis in Ctns™/~
thyrocytes reveals accelerated cell turnover

Cell division is rare in normal adult thyrocytes (47) but
was expected to increase to support hyperplasia in
Ctns™’~ thyroids. Conversely, the striking abundance of
luminal remnants was reminiscent of in vitro and in vivo
evidence that cystinosis triggers apoptosis in other cells/
tissues (33, 48, 49). To define the impact of cystinosis on
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Figure 3. Compensated primary hypothyroidism and mRNA expression of thyroid hormone

synthesis machinery in Ctns~

7

~ mice. A, Ctns

’~ mice elicit a compensatory TSH increase. T,, Ts,

and TSH plasma concentrations were measured in 9- to 10-month WT mice (open symbols) and

Ctns~'~ littermates (filled symbols) (n = 18 for T;; n = 9 = WT and 8 Ctns~/~ for T3; n = 20 for

TSH). Ctns ™"~ mice show an average 4-fold increase in plasma TSH level but still normal thyroid
hormone plasma levels, indicating effective thyroid compensation. B, Expression of thyroid-

specific genes involved in hormone synthesis. Quantification by RT-qPCR of TSH receptor (TSHR),

Na/l symporter (NIS), pendrin (PDN), DUOX2, DUOXA2, thyroperoxidase (TPO), DEHAL1 and
MCT8 mRNAs in WT and Ctns™/~ thyroids collected at 9 and 12 months, normalized to actin
mRNA (ACT) and presented as ACt values (difference of cycle threshold).

thyrocyte turnover, we analyzed the proliferation and ap-

optosis (Figure 2, A and B). Thyrocyte proliferation, mon-
itored by Ki-67 immunolabeling, was barely detected in
WT (<3%) butsignificantly increased in Ctzs '~ mice (by

tinotic children.
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4.5-fold). Interstitial cell prolifera-
tion did not reach a significant dif-
ference between WT and Ctns™/~
mice (Figure 3B, except if values of
one outlier WT mouse were exclud-
ed; P < .01). Likewise, in WT thy-
roids, apoptotic events (monitored
by active caspase-3 immunolabel-
ing) were very rare (Figure 2Aa),
consistent with a resting cell popula-
tion. In contrast, caspase-3a-labeled
apoptotic bodies accumulated in
Ctns™'~ follicular lumen, confirm-
ing accelerated cell turnover (Figure
2A, b and ¢). The distribution of ap-
optotic cells among follicles was
much more heterogeneous than pro-
liferative events, probably due to
follicle heterogeneity in disease
progression and unequal long-term
retention of apoptotic bodies in fol-
licular lumina [in contrast to contin-
uous shedding in kidney proximal
tubules; (33)].

Ctns /" mice develop subclinical
hypothyroidism

Because histological alterations
of Ctns™’~ thyroid suggested TSH
activation and because cystinotic
children develop subclinical hypo-
thyroidism, we next evaluated the
thyroid hormonal status in Ctns ™/~
mice and analyzed the expression
of critical genes involved in thyroid
hormone synthesis. As shown in Fig-
ure 3A, plasma TSH concentrations
of Ctns™’~ mice at 9-10 months
were significantly increased (by 4.4-
fold) as compared with WT mice, a
feedback response sufficient to
maintain normal plasma T, and T,
concentrations. Although mRNA of
some components of thyroid hormone
biosynthetic machinery were moder-
ately altered [pendrin, dual oxidase
(DUOX)-2, DUOXA2, dehalogenase 1
(DEHAL1)], none (including the baso-
lateral transporter of TH, Mct-8) was

really defective in Ctns ™/~ mice (Figure 3B). We concluded
that Ctzs ™/~ mice mimic subclinical hypothyroidism of cys-
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prominent ER dilatation in the hy-
pertrophic Ctns ~/~ thyrocytes, con-
trasting with normal Golgi complex
(Figure 4, A vs B). Also by confocal
microscopy, immunolabeling for the
C-terminal ER-retention motive,
KDEL, confirmed that basolateral
dilations seen in semithin plastic sec-
tions of hypertrophic thyrocytes
(Figure 1C), reflected a major en-
largement of this compartment (Fig-
ure 5A, b and ¢). Simultaneous Tg
immunolabeling disclosed its accu-
mulation in the dilated ER, compat-
ible with either increased synthesis
upon TSH stimulation or defective
export, eg, upon ER stress (50) (Fig-
ure SA, b and ¢). To discriminate be-
tween these two hypotheses, we
quantified Tg mRNA expression in
thyroids at 9 and 12 months and
found a significant decrease in
Ctns™’~ as compared with WT mice
(Figure 5B). Western blotting on thy-
roid lysates confirmed a decreased
total Tg content and revealed a de-
creased proportion of high-molecu-
lar-weight Tg (ie, cross-linked) in
Ctns™’~ thyroids (Figure 5C). Irre-
spectively of the cystinosin status, Tg
could be completely reduced by DTT
into 330-kDa monomers (Figure SC)
by as low as 0.3 mM DTT (not
shown). These data indicated that Tg
could still oligomerize in Ctns ™/~
follicle lumina and suggested accel-

Figure 4. Ultrastructural alterations in Ctns ™/~ thyrocytes. Representative EM views of resting erated colloid turnover. Of note, the

WT (A) and activated Ctns ™/~ thyrocytes (B-F). A, In this resting WT thyrocyte at 12 months,
notice limited ER expansion and thin apical projections. B, Hyperplastic Ctns ™/~ thyrocyte at 12

extent of cross-linking differed be-

months showing strong dilation of endoplasmic reticulum lumen. Notice characteristic tortuous tween mice studied here (low) and
basal plasma membrane and basal lamina. C, This activated Ctns~~ thyrocyte at 8 months young human adults (higher) (21):
projects a lamellipodium, characteristic of macropinocytosis (arrowheads) across a homogenous 2 2 :

peripheral colloid ring (HC) up to central granular colloid (GC), indicated by the broken line. D, sp.ecws differences Shoul.d be kep e
Asterisks indicate colloid droplets in two adjacent activated thyrocytes, two with homogenous mind when extrapolating conclu-
colloid content and undergoing homotypic fusion (green asterisks), one bearing additional sions from cystinotic mice to pa-
luminal structures indicating fusion with lysosomes (red asterisk). E and F, Cystine crystals-bearing  tients. Analysis of Tg terminal N-gly-

lysosomes in Ctns /" thyrocytes at 12 months.

Tg synthesis is quantitatively but not qualitatively  no major difference between WT and Ctns

altered in Ctns™/~ mice

cosylation by sialic acid lectin
blotting of thyroid lysates revealed
~/~ mice (Fig-
ure 5D). We thus concluded that Tg processing was qual-

As an explanation for colloid exhaustion observed in itatively preserved in Ctns ™/~ mice and that ER enlarge-
Ctns™’~ thyroids, we first looked at Tg biosynthetic ~ment was not due to increased Tg synthesis, pointing
machinery, including ER structure, disulfide-bonding, instead to quantitative defect in export, possibly upon ER
and N-glycosylation. Electron microscopy revealed —stress.
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Figure 5. Tg synthesis is slowed down but maturation is qualitatively preserved in hyperplastic Ctns~/~ thyrocytes. A, Tg accumulates in the ER of
Ctns '~ thyrocytes. Comparison of WT (a) and Ctns /" mice (b, c) at 9-10 months for E-cadherin (white), KDEL (green, retention motive used as
marker of ER), and Tg (red). Yellow broken lines indicate thyrocyte profiles. Tg labeling of colloid is out of focus because of artifactual colloid
stickiness to the coverslip. In WT thyrocytes (a), the ER is usually localized to the basolateral cytoplasm, without resolution of the reticulum at the
confocal level and shows barely visible Tg signal in our labeling conditions. In contrast, Ctns~'~ hyperplastic thyrocytes (b and c) show ER
dilatations, resolved at the confocal level (KDEL, green), containing detected Tg (red), resulting in yellow signal, and expanding up to the apical
pole. B, Decreased levels of Tg mRNA in Ctns~/~ mice thyroid. Quantification of thyroglobulin (TG) mRNA by RT-gPCR in WT and Ctns™/~ thyroids
collected at 9 and 12 months, normalized to actin mRNA (ACT), and presented as ACt values. *, P < .05; **, P < .01. C and D, Preserved
thyroglobulin maturation. C, Disulfide bonding. Thyroid extracts of five WT and five Ctns™/~ thyroids were analyzed by Western blotting for Tg,
without or after reduction of disulfide bonds by 100 mM DTT. Notice that total Tg is decreased in Ctns/~ thyroid and that Tg oligomers remain
detectable in Ctns/~ thyroids, although their proportion is decreased as compared with WT. These effects are attributed to accelerated colloid
turnover. Oligomers are fully reduced into 330-kDa monomers upon DTT. Decreasing DTT concentration to 0.3 mM yielded identical results (not
shown). D, Terminal N-glycosylation. Thyroid extracts from two WT and two Ctns™’~ mice were analyzed by lectin blotting after reduction by DTT,
without or with pretreatment with neuraminidase as lectin-specificity control. Notice comparable terminal Tg sialylation. This blot is representative
of two experiments.

Ctns '~ thyrocytes develop the unfolded protein
response to ER stress

Secretory cells are particularly prone to ER stress, pre-
viously documented in activated thyrocytes (38, 50).
Moreover, cystinosis has been associated with ER stress
(51). We thus evaluated whether the UPR was activated in
response to ER stress in Ctns ™'~ thyroid by looking at
UPR-target genes and products (52, 53). The ER-resident

chaperone GRP78 and PDI, both bearing the KDEL ER-
retention motive, were increased at the protein level in
Ctns™’" thyroid homogenates (Figure 6A). Downstream
in the UPR pathway, unconventional splicing of transcrip-
tion factor XBP-1 mRNA, yielding the spliced XBP-1
form, was detected in almost all Ctns ™/~ thyroids but only
in a minority of WT thyroids. As illustrated by Figure 6B,
at 9 months, 10 of 13 Ctns ™ vs 3 of 9 WT mice thyroids
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A "t e release of thyroid hormones from

- iodo-Tg. To this aim, we looked for

GRPTE > e wie o, @ = wp= _76kDa ultrastructural alterations of the en-

Y docytic apparatus (Figure 4) and at

- LAMP-1 immunofluorescence for

o GRPT8 —> ' ' __ 78kDa late endosomes/lysosomes (Figure
PDI> aib —-—= e @b @ e 7). By EM, although the apical sur-

£ O0e face of resting WT thyrocytes

_ showed only sparse thin microvilli

aiahe (Figure 4A), Ctns~'~ thyrocytes in

B activated follicles frequently showed
wr Ctns* _— apical la'mellifpoc!ia (Figu;'le :!Cc:, se-

questration of primary colloid drop-

TeEvTe-sessw SXBP1 lets, and their fusion into phagolyso-

i G die S et it st et S U octin somes (Figure 4D). These are
characteristic of TSH-induced mac-

c ropinocytosis, the structural equiva-
4- i . 5 lent of accelerated endocytosis. In
® _i Py 4] p<0.001 contrast, we detected no change in

E 5 £ °] - E 5 e the abundance of Rab5 and Rab7
i 9D e % 64 - - z 6 mRNAs, which finely tune micropi-
£ gl C% 2‘, 2 o g 7 nocytosis (Supplemental Figure 4). By
< S e G, o immunofluorescence, induced mac-
S ] o e 5 Ly @- S, ropinocytosis correlated with en-
< <9 o < - o larged LAMP-1-labeled apical struc-
10 T TR tures (Figure 7Ab), absent in resting

WT Ctns™” WT Ctns* WT thyrocytes (Figure 7Aa). In addi-

by RT-qPCR in WT and Ctns™/

correlates with increased expression of CHOP.

exhibited nonconventional XBP-1 mRNA splicing (P <
.001); at 12 months, the proportion were 8 of 9 Ctns ™/~
vs 2 of 8 WT (P < .01; not shown). Further in the UPR
pathway, induction of ATF-4 expression strongly correlated
with increased expression of its downstream effector, the
transcription factor CHOP (Figure 6C). These data together
supported the hypothesis that activation of ER stress/UPR
pathway in Ctns ™/~ thyrocytes not only leads to defective Tg
synthesis and secretion, thus colloid exhaustion, but also
contributes to apoptosis triggering.

Lysosomal Tg processing is altered in Ctns '~ mice
In addition to UPR effects, our alternative working hy-
pothesis for primary hypothyroidism was the defective

A Ct (ATF4-ACT)
Figure 6. ER stress is triggered in Ctns ™/~ thyroid. A, Increased expression of GRP78 and PDI in
Ctns ™"~ mice thyroid. Thyroid lysates from WT and Ctns ™/~ at 11-12 months were analyzed by
Western blotting with antibodies to GRP78 (upper panel) or KDEL (the latter identifies both
GRP78 and PDI; medium panel) and to GAPDH (stripped reprobed blot, lower panel). B,
Unconventional splicing of XBP-1 mRNA is triggered in Ctns /" mice thyroid. RT-PCR analysis of
XBP-1 mRNA maturation in thyroid of five WT and five Ctns ™/~ mice at 9 months. Notice the
alternative spliced XBP1 lower band in all Ctns/~ samples and only one WT sample. C, Induction
of ATF-4 expression triggers CHOP mRNA expression. Quantification of ATF-4 and CHOP mRNAs
thyroids collected at 9 months, normalized to actin mRNA (ACT),
and presented as ACt values. **, P < .01. Gray dots correspond to outlier WT mice for which
both ATF-4 and CHOP mRNAs were increased. At right, increased expression of ATF-4 strongly

tion, LAMP-1 labeled some distorted
structures (Figure 7Ac), either strongly
elongated or showing angular mem-
branes, reminiscent of the abundant
lysosome-bearing crystals in Ctns ™/~
kidney proximal tubular cells (33).
Electron microscopy of Ctns™’~ thy-
rocytes yielded several examples of se-
verely distorted secondary lysosomes,
identified by a limiting membrane and
heterogeneous content and containing
characteristic electron-lucent needles
or long polyhedric objects, ie, bona fide cystine crystals (Fig-
ure 4, E and F). Remarkably, small LAMP-1-labeled vesicles
appeared closely apposed to distorted LAMP-1-labeled
structures, suggesting lysosomal docking but impaired fu-
sion (Figure 7Ac) as seen in Ctns '~ PTCs in which a late
endocytic trafficking defect has been evidenced.

Because late endocytic trafficking seemed affected in
Ctns™/~ thyrocytes, we looked for a functional impact on
iodo-Tg processing to explain TSH feedback and partial
TSH refractoriness. By immunofluorescence, we fre-
quently found iodo-Tg retained in LAMP-1-labeled lyso-
somes selectively in Ctns ™/~ hypertrophic thyrocytes, sug-
gesting defective prohormone processing (Figure 7B, b-e,
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Figure 7. Alterations of the late endocytic apparatus in hyperplastic Ctns thyrocytes. A,
Identification of large apical vacuoles and crystal-bearing structures as lysosomes. Comparison of
WT (a) and Ctns mice (b and ¢) at 9 months for immunolabeling of E-cadherin (red) and
LAMP-1 (green; late endosome/lysosome membrane). a, In this resting WT follicle, flat thyrocytes
show at their apical pole packed lysosomes of uniform small size and round shape. b and ¢, In
activated Ctns thyrocytes, late endosomes-lysosomes are frequently dilated (red arrowheads)
and distorted (better seen at panel ¢, white arrows). Red arrows at panel ¢ suggest docked but
not fused late endosomes/lysosomes. For levels of RabS and Rab7 mRNAs, see Supplemental
Figure 4. B, lodo-Tg is retained in lysosomes. Comparison of WT (a) and Ctns™’~ mice (b-e) at
9-10 months for E-cadherin (white), LAMP-1 (green), and iodo-Tg (red). In resting WT follicles
(a), iodo-Tg is stored in the colloid and is never detected within thyrocytes. In activated Ctns
thyrocytes (b), vesicles filled with iodo-Tg and labeled by LAMP-1 (thus not primary colloid
droplets) are frequently found at the apical pole of hyperplasic thyrocytes. Enlargements of the
boxed field (c-e) first show single-channel images of iodo-Tg and LAMP-1 in black and white for
optimal resolution and easier pattern comparison and then merged back with E-cadherin in triple
colors as above. The apparent defect of (iodo-)Tg labeling of the central lumen is due to
artifactual sticking of the colloid to the coverslip, thus out of focus by confocal imaging. For a
gallery of representative images of iodo-Tg retained in lysosomes, see Supplemental Figure 3

and Supplemental Figure 3). This was never observed in
WT thyrocytes. Furthermore, by subcellular fractionation  microvascular

using isopycnic centrifugation combined with Western
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blotting, we demonstrated that
Ctns
denser and contained more iodo-Tg
as compared with WT (Figure 8A
and Supplemental Figure §). To ex-
whether
iodo-Tgin lysosomes could be due to

thyroid lysosomes were

amine accumulation of
impaired lysosomal enzymatic ma-
chinery, we also looked at the ex-
pression and activity of cathepsin B
and D. Both cathepsins were actually
increased at the mRNA level, but ca-
thepsin B activity and cathepsin D
protein level were not appreciably
affected in Ctns™’~ thyrocytes. We
concluded that TH release from Tg
in lysosomes is further impaired in
Ctns
cathepsins are preserved, pointing
instead to a defect in the lysosomal

thyrocytes, whereas major

milieu, likely its redox status.

Discussion

In this study, we report for the first
time that C57BL/6 Ctns
recapitulate the earliest and almost

mice

obligatory endocrine complication
of cystinotic children, namely pri-
mary hypothyroidism. The longi-
tudinal study of knockout mice
thus allowed to delineate the early
events of thyroid changes, presum-
ably also occurring in affected chil-
dren before the end-stage atrophy
mostly documented in pathological
samples. Two complementary patho-
genic mechanisms were found to op-
erate in Ctns ™/~ mice: 1) impaired Tg
biosynthesis involving the unfolded
protein response to ER stress and con-
tributing to progressive colloid ex-
haustion; and 2) impaired lysosomal
iodo-Tg proteolytic processing, thus
defective TH Adaptation
mechanisms include TSH increase, ac-
celerated colloid uptake by macropi-

release.

nocytosis, thyrocyte hyperplasia/hyperthrophy combined with
basket

turnover/apoptosis.

expansion, and accelerated cell
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Figure 8. Subcellular fractionation of iodo-thyroglobulin distribution and assessment of hormonogenic cathepsins. A, Sucrose density gradients.
Thyroids glands pooled from four WT (open symbols) or four Ctns™/~ mice (filled symbols) were homogenized and postnuclear particles were
resolved by isopycnic centrifugation into linear sucrose gradients. Ten fractions were collected from the bottom and analyzed for density (dotted
lines), B-Hexosaminidase activity as lysosomal marker (upper panel), and iodo-Tg (lower panel; densitometry of Western blot bands with molecular
weight >250 kDa, ie, the sum of monomer and oligomers). Results are expressed by reference to the sum of all fractions so that C/Ci indices
greater than 1 indicate enrichment level over initial concentration (broken lines). Corresponding Western blots are shown in Supplemental Figure
5. In Ctns~’~ mice, iodo-Tg accumulates in fractions corresponding to lysosomes, equilibrating at higher density as compared with WT mice.
Representative experiment of two is shown. B-D, Cathepsins B/D expression and activity are not defective in Ctns ™/~ thyroid glands. B, Expression
of cathepsin B and D mRNAs. Quantification by RT-qPCR of cathepsin B (CATB) and cathepsin D (CATD) mRNAs in WT and Ctns '~ thyroids
collected at 9 and 12 months, normalized to actin mRNA (ACT) and presented as ACt values. C, Cathepsin B activity. Cathepsin B activity, assayed
using benzyloxycarbonyl-L-phenylalanyl-L-arginine 4-methylcoumaryl-7-amide, is given by the difference in absence or presence of the specific

inhibitor, CA-074; data normalized to protein concentration. D, Western blot for cathepsin D. Thyroid extracts from two WT and four Ctns
individual mice at 11-12 months were analyzed by Western blotting with antibodies to cathepsin D (CATD), using GAPDH for normalization in

parallel blots.

In 9-month Ctns ™/~ mice, TSH was moderately increased
with T, and T; values remaining normal. Increased TSH
induced follicle-autonomous hyperplasiashypertrophy and
microvascular basket expansion but was not associated with
significant decrease in global expression of iodo-Tg synthe-
sis-related genes except Tg itself, nor cathepsins B and D or
of the thyroid hormone transporter, Mct-8. Thus, primary
hypothyroidism was adequately compensated at this age
(subclinical) and originated from a more subtle mecha-
nism. Immunofluorescence proved particularly useful to

demonstrate proliferation, apoptosis, and microvascula-
ture changes. In the integrated angiofollicular units, cap-
illaries not only serve to passively feed thyrocytes and to
collect TH but also take part in an active, bidirectional
paracrine cross-talk that instructs follicular embryolog-
ical differentiation (54). Furthermore, follicular
changes upon iodine deficiency/goitrogenesis are
closely associated with increased thyroid blood flow
and vascular expansion (55, 56). Thus, expansion of
follicular capillaries not only reflects increased tissue
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demands but also can be a useful independent func-
tional marker of follicle activation.

The first key pathogenic finding of this study was activa-
tion of the UPR. Newly synthesized Tg accounts for greater
than 50% of normal thyrocyte protein content (57) and can
be further increased by TSH (58, 59). Professional secretory
cells such as thyrocytes have a well-developed pathway for
protein export and rely on a sophisticated quality control
machinery to escape ER stress when overstimulated. How-
ever, when ER folding capacity is exceeded or fully abrogated
by Tg point mutations (38, 60), UPR is triggered to attenuate
protein synthesis, up-regulate folding capacity, and increase
protein degradation by proteasomes. We here demonstrate
that Tg accumulates in the dilated ER of Ctns ™/~ thyrocytes
yet with decreased mRNA level despite higher TSH stimu-
lation. Folding of core-glycosylated Tg necessitates the si-
multaneous assistance of a variety of ER-resident chaperones
(eg, GRP78) and foldase (PDI), both of which were strongly
increased in Ctns ™/~ thyroids. GRP78 is a major quality-
control monitor of Tg folding status (61, 62). Formation of
mixed-disulfide folding intermediates between Tg and the
ER oxidoreductase, PDI, is crucial for Tg maturation and
export (63). These chaperones functionally depend on ER
redox homeostasis and high ATP levels, both of which are
impaired in cystinosis (51, 64, 65). Combined with general
concepts from literature, our data on Ctns™/~ thyrocytes are
thus consistent with the following hypotheses: 1) correct Tg
disulfide bonding is slower due to impaired luminal redox,
which results in misfolded/unfolded Tg accumulation in ER,
triggering the UPR response; 2) consequently, slower ER ex-
it/impaired secretion leads to ER dilatation and contributes
to colloid exhaustion.

Activation of ER-resident chaperones associated with
UPR has been analyzed in detail in a congenital hypothy-
roidism goiter due to a mutated Tg trafficking defect (38,
66, 67). In contrast, immortalized FRTLS cells showed
increased expression of ER chaperones upon activation of
Tg synthesis by TSH independently of UPR (no alternative
XBP-1 splicing or CHOP expression) (68). In most 9- and
12-month-old Ctns /" thyroids, we here report the alter-
native splicing of XBP-1 as well as coordinated increased
expression of ATF-4 and CHOP, strongly supporting ac-
tivation of UPR in response to ER stress. This conclusion
has several implications. XBP-1 transcriptional activation
triggers ER expansion (69, 70), as we observed in Ctns ™/~
thyrocytes, but also promotes gene transcription of ER
resident chaperones (71) and of proteins involved in ER-
associated degradation of misfolded/unfolded protein by
proteasome. Moreover, induced CHOP expression trig-
gersapoptosis, in particular via the down-regulation of the
major antiapoptotic regulator, Bcl-2 (for a review, see ref-
erence 40). This mechanism likely contributes to apoptotic
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thyrocyte shedding, as evidenced by the accumulation of
cell remnants immunolabeled for cleaved caspase-3 in the
Ctns™'~ colloid.

Also consistent with a role for UPR in cystinotic thyroid
physiopathology, activation of UPR has been demon-
strated in cystinotic proximal tubular cells (37, 51, 72) and
in several noncystinotic lysosomal storage diseases (72).
Interestingly, rescue of Rab27a-dependent vesicular traf-
ficking alleviated defective lysosomal transport and re-
duced ER stress in cystinotic proximal tubular cells (37).
Rab27a is a Ras-related small GTPase that regulates ve-
sicular transport and exocytosis in a variety of secretory
cells, including thyrocytes. We therefore raise the possi-
bility that, in the thyroid gland, lysosomal vesicular trans-
port defect due to cystine overload may be linked to ER
stress and UPR activation.

Our second key pathogenic observations in Ctns ™/~ thy-
rocytes relate to structural and functional endocytic altera-
tions. These include the following: 1) induced macropinocy-
tosis as expected for TSH stimulation; 2) retention of
undigested iodo-Tg in enlarged (LAMP-1 immunolabeling)
and denser endosomes/lysosomes (fractionation data), indi-
cating defective Tg lysosomal degradation without alteration
of lysosomal cathepsin expression and activity; and 3) pro-
gressive build-up of lysosomal cystine needles and exclusion
of cystine-crystal bearing lysosomes from endocytic traffick-
ing. Increased lysosomal density is better accounted for by
protein (density 1.33 g/mL) than cystine crystal accumula-
tion [1.73 g/mL (73)]. Similar alterations in the apical endo-
cytic pathway have recently been demonstrated in Ctns’~
kidney PTCs, but lesions appeared earlier on and crystals
were more prominent than in thyrocytes (33, 34). Although
kidney PTCs and thyrocytes are both specialized for apical
endocytosis, the constitutive endocytic rate is faster in PTCs,
and the sequence of kidney then thyroid lesions in Ctns /™
mice also mimics the order of appearance of clinical signs in
cystinotic children (4).

Lysosomal cargo retention despite conservation of hy-
drolytic equipment implies an altered lysosomal milieu,
probably an impaired redox environment as immediate
consequence of cystine sequestration. Alteration of intra-
cellular redox potential due to defective lysosomal cystine
export has been broadly associated to cystinosis physio-
pathology (64). Thyroid hormone release from Tg re-
quires stepwise proteolytic processing by synergistic en-
dopeptidases acting at specific sites around conserved
N-terminal and C-terminal hormonogenic residues, al-
lowing for final pruning by exopeptidases (23-27). How-
ever, the crucial endopeptidases cathepsin B and D were
not appreciably affected in Ctns ™/~ thyrocytes. The need
for a lysosomal supply of reducing equivalents to expose
buried cathepsin-sensitive peptide is supported by the ac-
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celeration of Tg degradation by lysosomal proteinases in
a reducing environment (22, 74). In vitro, the addition of
reduced glutathione boosted degradation of Tg by a thy-
roid phagolysosome-enriched fraction (22). This effect
was originally attributed to substrate unfolding, a conclu-
sion confirmed with highly purified cathepsin D and '**I-
thyroglobulin, supporting the concept that Tg unfolding
by disulfide bond reduction renders it more susceptible to
proteolysis (75). However, a combined effect on activa-
tion of cysteine proteinases is now well accepted (15, 23).
A lysosomal cysteine import system has been demon-
strated (14), but associated gene(s) remain to be identified.
We thus propose that, in Ctns ™/~ thyrocytes, alteration of
lysosomal redox status upon cystine accumulation im-
pairs cathepsin action. In turn, defective lysosomal pro-
cessing of iodo-Tg leads to decreased TH production, thus
primary hypothyroidism, eliciting a compensatory TSH
response, thyrocyte hypertrophy/hyperplasia, and inte-
grated vascular expansion as well as accelerated endocy-
tosis by macropinocytosis.

Endocrine dysfunction related to a lysosomal storage
disorder is not unique to cystinosis. Subclinical hypothy-
roidism with elevated TSH has been reported in patients
affected by Fabry disease [lysosomal galactosidase-A de-
ficiency (76, 77) and Hurler syndrome/mucopolysaccha-
ridosis type IH (a-L-iduronidase deficiency (78)], which
are more frequent than cystinosis. However, to the best of
our knowledge, their underlying thyroid physiopathology
has not been explored. Comparison of Tg synthesis and
processing into TH in corresponding knockout mouse
models would be interesting.

In conclusion, 9-month-old CS7BL/6 Ctns™/~ mice
recapitulate several key features of infantile cystinosis
underlying compensated/subclinical hypothyroidism,
namely chronically increased TSH, follicular activation
and proliferation, and eventual thyrocyte lysosomal crys-
tals. They also disclose early pathogenic, so far unreported
mechanisms, such as ER stress triggering UPR, itself con-
tributing to apoptosis; and impaired endolysosomal traf-
ficking associated with defective lysosomal Tg processing.
Combination of impaired Tg secretion and accelerated
endocytosis provide a satisfactory explanation for colloid
exhaustion. We suggest that defective Tg processing fol-
lowing silent accumulation of Tg-derived cystine (single
substrate) is the primum movens event of the other func-
tional and structural changes. Thus, CS7BL/6 Ctns '~
mice are a useful model to better understand early patho-
genic vs adaptative cascades leading to eventual cystinotic
thyroid atrophy and to evaluate the stage-specific benefit
(and limitations) of conventional (cysteamine) or new
drugs to be developed as well as novel therapies such as
gene and stem cell therapy (79-81). A particularly prom-
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ising generic approach for gene therapy, validated in mice,
is based on hematopoietic stem cell correction, by which
immunocompatible grafted cells bearing normal cystino-
sin (or other) genes are selectively attracted to diseased
tissue areas. We recently reported that hematopoietic stem
cells project expansions, known as tunneling nanotubes,
whereby they physically interconnect with diseased epi-
thelial cells across basement laminae and can bidirection-
ally exchange lysosomes by tubulin-based motion (82).
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Supplemental Table . List of primer sequences.

gene forward primer (5’ 2 3°) reverse primer (5° 23°)

Tg TGGGACGTGAAAGGGGAATGGTGC  |GTGAGCTTTTGGAATGGCAGGCGA
Tpo TGCCAACAGAAGCATGGGCAAC GCACAAAGTTCCCATTGTCCAC
TSHr CTGCGGGGCAAAGAGTGTGC AGGGGAGCTCTGTCAAGGCA
Nis AGCAGGCTTAGCTGTATCCC AGCCCCGTAGTAGAGATAGGAG
Pdn GACTGTAAAGACCCTCTTGATCTGA |GGAAGCAAGTCTACGCATGG
Duox2 TCCAGAAGGCGCTGAACAG GCGACCAAAGTGGGTGATG
Duoxa2 CGTTAACATTACACTCCGAGGAACA |CAGAATGCCACCCACAGTGT
Dehall ACACCGCCCCAGTTCTGAT ACCGTCACTAGCCCTGCATT
Mct8 GTGCTCTTGGTGTGCATTGG CCGAAGTCCCGGCATAGG

Cath AGCCATTTCTGACCGAACCT TTGTCCAGAAGCTCCATGCT
Catd GTCGGACTATGACGGAGGT TCGCCATAGTACTGGGCATC
Rab5 GACTTAGCAAATAAAAGAGC TCACTAAGGTCTACTCCTCG
Rab7 TCAATATGCGTCCCTCCTC TGGAGTTTCTTTTGGCAGC

Xbpl GAACCAGGAGTTAAGAACACG GGGTCCAAGTTGTCCAGAATGC
Atf-4 GGGTTCTGTCTTCCACTCCA AAGCAGCAGAGTCAGGCTTTC
Chop CCACCACACCTGAAAGCAGAA AGGTGAAAGGCAGGGACTCA
Actin TCCTGAGCGCAAGTACTCTGT CTGATCCACATCTGCTGGAAG
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Annexes

Supplemental Figure 1 (complements Fig1B). Earlier and later time course of histological
lesions. Hematoxylin-eosin staining of paraffin sections from WT (a,c,e) and Ctns”- (b,d,f)
thyroids at 3 (a-b), 6 (c,d) and 15 months (e,f). At 3 months, no difference is detected
between WT and Ctns”- thyroid follicles. At 6 months, a few Ctns7 follicles are becoming
hyperplastic and their colloid is paler (asterisks at d), but most of the tissue appears
histologically normal. At 15 months, WT mice also present a limited number of hyperplastic
follicles (asterisks at e). In contrast, most Ctns”- follicles are abnormal and some areas are
barely recognizable (example enclosed by broken line) yet a few follicles still appear resting
and retain a dense colloid. All scale bars, 200 pm.
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Supplemental Figure 2 (complements FiglC). Hyperplastic thyrocytes strongly express
vascular endothelial growth factor-a (Vegfa). mRNA localization by in situ hybridization
in WT (a) and Ctns”- thyroid (b) at 9 months. Increased Vegf-a expression in hyperplastic
thyrocytes correlates with blood capillaries recruitment/expansion, especially in
papillary projections (arrows). All scale bars, 50 um.

E-cadherin, LAMP-1, iodo-thyroglobulin

Supplemental Figure 3 (complements Fig7). lodo-Tg is retained in lysosomes.
Representative images by confocal immunofluorescence of vesicles filled with
iodo-Tg (red) and labeled at their membrane by LAMP-1 (green) in hypertrophic
Ctns” thyrocytes (E-cadherin, white).
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Supplemental Figure 4. Rab5 and Rab7 mRNA expression is not affected
in Ctns’- thyroid (complements Fig4). Quantification by RT-qPCR of Rab5
and Rab7 mRNAs in WT and Ctns”- thyroids collected at 9 and 12 months,

normalized to actin (ACT) and presented as ACt values.

statistically significant.
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Supplemental Figure 5. Subcellular fractionation of iodo-thyroglobulin
distribution Thyroids glands from 4 WT or Ctns”- mice were homogenized
and postnuclear supernatants were resolved in sucrose gradient. Ten
fractions were collected and analysed for iodo-thyroglobulin by western
blotting In Ctns’”~ mice, iodo-thyroglobulin equilibrates in fractions
corresponding to lysosomes with higher density compared to WT mice.
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BRIEF RESEARCH REPORT

Hematopoietic stem cells transplantation can
normalize thyroid function in a cystinosis mouse
model

H.P. Gaide Chevronnay'-", V. Janssens'", P. Van Der Smissen', C. Rocca?,
X.H. Liao®, S. Refetoff?, C.E. Pierreux', S. Cherqui**, and P.J. Courtoy’*

1, Cell Biology Unit, de Duve Institute & Université catholique de Louvain, Brussels, Belgium (H.P.G.C.,
V.., CEP, PJ.C); 2, Department of Pediatrics, Division of Genetics, University of California San Diego,
CA, USA (C.R, SC); 3, Department of Medicine (X.H.L., S.R.), Pediatrics and Genetics (S.R), The University
of Chicago, Chicago, IL, USA

Hypothyrmdlsm is the most frequent and earliest endocrine complication in cystinosis, a multi-

I | storage d caused by defective transmembrane cystine transporter, cysti-
nosm (CTNS gene). We recently demonstrated in Ctns” mice that altered thyroglobulin biosyn-
thesis associated with endoplasmic reticulum stress, combined with defective lysosomal processing,
caused hypothyroidism. In Ctns” kidney, hematopoietic stem cell (HSC) transplantation provides
long-term functional and structural protection. Tissue repair involves transfer of cystinosin-bearing
lysosomes from HSCs differentiated as F4/80 macrophages into deficient kidney tubular cells, via
tunnelling nanotubes (TNTs) that cross basement laminae. Here, we evaluated the benefit of HSCs
transplantation for cystinotic thyroid and investigated underlying mechanisms. HSC engraftment
in Ctns™ thyroid drastically decreased cystine accumulation, normalized TSH level and corrected
the structure of a large fraction of thyrocytes. In the thyroid microenvironment, HSCs differenti-
ated into a distinct, mixed macrophage/dendritic cell lineage expressing CD45 and MHCII but low
CD11b and F4/80. Grafted HSCs closely apposed to follicles and produced TNT-like extensions that
crossed follicular basement laminae. HSCs themselves further squeezed into follicles, allowing
extensive contact with thyrocytes, but did not transdifferentiate into Nkx2.1-expressing cells. Our
observations revealed significant differences of b t | porosity bety ) thyroid and
kidney, and/or intrinsic macrophage invasive properties once in the thyroid microenvironment. The
contrast between extensive thyrocyte protection and low HSC abundance at steady state suggests
multiple sequential encounters and/or remnant impact. This is the first report demonstrating the
potential of HSCs transplantation to correct thyroid disease, and supports a major multisystemic
benefit of stem cells therapy for cystinosis.

Infantile cystinosis is an inherited multisystem lysosomal
storage disease, where cystine, an obligatory degrada-
tion product of disulphide-bounded proteins, fails to exit
lysosome due to genetic inactivation of its transmembrane
transporter, cystinosin (CTNS gene) (1). Additional roles
of cystinosin, such as mTORCI1 regulation, have recently
been demonstrated (2). Cystinosis typically manifests it-
self before one year of age as renal Fanconi syndrome, ie,
generalized proximal tubular cell (PTC) dysfunction, and
inevitably evolves to renal insufficiency. Primary (“TSH-
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compensated”) hypothyroidism is the earliest and almost
obligatory endocrine dysfunction in cystinotic children (3,
4).

Cystinosin-deficient mice in a strict congenic C57/BL6
background (Ctns™ mice) mimic human cystinosis (5) and
proved informative to unravel early pathogenic and adap-
tive mechanisms in kidneys and thyroid (6-9). In Ctns™
kidneys, impaired apical receptor-mediated endocytosis,
endolysosomal trafficking and lysosomal proteolysis are
associated to PTC dedifferentiation (7). In Ctns™ thyroid,

Abbreviations:
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altered thyroglobulin biosynthesis with endoplasmic re-
ticulum (ER) stress, combined with defective lysosomal
processing of iodothyroglobulin, lead to impaired thyroid
hormone production, resulting in subclinical hypothy-
roidism (increased TSH), thyrocyte hyperplasia/hypertro-
phy and accelerated cell turnover (8).

Lysosomal cystine accumulation can be corrected by
substrate depletion therapy with cysteamine, the only cur-
rent approved drug. Cysteamine reacts with lysosomal
cystine to form mixed cysteamine/cysteine disulphide that
exits lysosomes by the lysine transporter system (10).
However, cysteamine therapy is very demanding and even
early implementation in compliant patients fails to prevent
renal insufficiency and thyroid dysfunction (11, 12). Al-
ternative therapies are thus needed. Recent reports dem-
onstrated a major benefit of hematopoietic stem cell
(HSC) transplantation to prevent kidney disease progres-
sion and corneal defects in Ctns” mice, as evidenced by
decreased cystine level and long-term functional protec-
tion (13-16). Engrafted HSC-derived cells mostly ex-
pressed the common macrophage markers F4/80 and MH-
CII and did not fuse with kidney epithelial cells or
keratocytes (15-17). In coculture experiments, bone mar-
row-derived macrophages generated tunnelling nano-
tubes (TNTs) whereby cystinosin bearing-lysosomes were
transported into Ctns-deficient fibroblasts (17). Con-
versely, cystine-loaded lysosomes of Ctns-deficient fibro-
blasts used the same physical connection towards WT
macrophages, to fuse with the competent lysosomal pool
(17).Invivo, HSCs grafted in Ctns™ kidney also generated
TNT-like structures that crossed basement laminae and
connected with epithelial cells which acquired cystinosin
(17). These data provided the first demonstration of cross-
correction of a genetic lysosomal storage disease. The
same mechanism was recently documented in the cornea
(16). We here document the remarkable benefits of HSC
transplantation in Ctns™ thyroid and define structural
protective mechanisms.

Materials and Methods
Mice

Wild-type Ctns*’* (WT) eGFP-transgenic mice (C57BL/6-
Tg(ACTB-EGFP)10sb/]) were from Jackson Laboratory. Cross-
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breeding of DsRed-transgenic mice (B6.Cg-Tg(CAG-
DsRed*MST)1Nagy/]; Jackson Laboratory) with CS7BL/6
Ctns”" mice generated by Dr. C. Antignac (5) produced trans-
genic DsRed Ctns” mice, ubiquitously expressing the DsRed
fluorescent protein (15). Protocols were approved by UCSD An-
imal Care and Use Committee. Mice were fed ad libitum with
pellets containing 3 mg/kg iodine (Harlan Laboratories).

HSCs isolation and transplantation

Bone marrow cells were collected from WT eGFP-transgenic
mice. Scal® HSCs selected by immunomagnetic separation
(Miltenyi Biotec) were transpl. di.v.into 2- hs old DsRed
Ctns” mice, irradiated (8Gy) on the previous day (17). Since
histological changes appeared in Ctns” thyroid around 6
months and became promi 2-3 hs thereafter (8), Ctns™
mice transplanted with WT-eGFP HSCs (“grafted Ctns™ mice”)
were analyzed at 8 months of age/6 months post-transplant and
compared to age-matched WT and Ctns” mice. Older mice were
occasionally examined. We studied 10 wild-type (4 males; 6 fe-
males), 15 Ctns” mice (4 males; 11 females) and 16 grafted
Ctns” mice (6 males; 10 females).

Biochemical assays
Thyroid cystine and plasma TSH, T3 and T4 were measured
as described (14, 18).

Microscopy

Perfusion-fixed thyroids were dissected, postfixed overnight
with 4% neutral-buffered formaldehyde (4%F). Thyroid lobes
were either equilibrated in 20% sucrose, embedded in Tissue-
Tek/O.C.T. and snap-frozen in isopentane or processed for par-
affin embedding. For histological analysis, 4 um-thick paraffin
sections were d with h lin/eosin. I sfluores-
cence was performed as described, using antibodies listed in Ta-
ble 1 (7). HSCs were identified by i d
of intrinsic GFP fluorescence, because of its inactivation during
tissue paraffin processing and rapid photobleaching in frozen
sections; and to amplify detection sensitivity in cytoplasmic ex-
tensions. For detection of inflammatory cell markers, blocking
solution with 10% normal goat serum and 2% milk was used.
Alexa-fluor antibodies were selected, at the exclusion of red fluo-
rophores for frozen sections, to avoid confusion with DsRed
endogenous emission. Antigen retrieval in citrate buffer pH 6.0
was performed for E-cadherin, LAMP-1, KDEL, ZO-1, F4/80
and NKx2.1. Sections were imaged with a spinning disk confocal
microscope using EC Plan-NeoFluar 40X/1.3 or Plan Apochro-
mat 100x/1.4 Oil DIC objectives (Cell Observer Spinning Disk;
Zeiss) and pseudocolors were assigned afterwards using Axio-

a .
fluorescence

Table 1. Antibody table
target W o) Name of Antibody dw'-mu‘.ﬁ'q"nm:.q- m% Dilution used

E<adherin Pured Mo At E-adheen 08 Boncence, 610 182 ‘mouse morodonal (dore 36 025 sl
Noa-1 Puried Mouse Ants Human K67 08 Pharmingen. 556 003 mouse manadonal (cone 856) 2 i
LAl Monse Ant-Thyrod Tramscrption Facior Dako, M3ISTS mouse monodonal (done 8GIGV1) V500
o GIP (D5, 1) XP Rablst mAb Coll sgraling, 2956 st podycions! 1200
aFe aa1-246 At GFP antibody Abcam, 06673 ‘gout polyconal w250
204 24631109 Rabit anto 20-1 Tewitrogen, 61-7300 st polycionsl 25 ol
laminin Ant-lamurn antody Sigma, 19393 bt potyconsl 5 pohnl
a0 At FABO antibody Abcam, aA640 rat monocionsl (done CLAS-1) 34 pyimi
Faso Ant-mouse FUBO antigen purifed efcnoence, 14-4801 rat monodonal (clone BME) S pgml
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Figure 1. WT HSC transplantation into Ctns” mice can normalize thyroid
function and prevents thyrocyte hyperplasia and hypertrophy. Eight months-old/6-
months post-transplant Ctns” mice were compared to age-matched WT and Ctns™ mice. Since
there was no significant difference between males and females, combined values are presented.
A. Normalization of cystine accumulation. Cystine levels were assayed in thyroid lysates
of WT, Ctns™ and grafted Ctns” mice and were normalized to protein concentration. * P < .05;
** P < .01, NS, non significant. B. Protection against against primary
hypothyroidism. TSH and T4 plasma concentrations were measured in WT, Ctns” and
grafted Ctns™ mice. In about half treated Ctns” mice, TSH and T4 plasma concentration are
within normal range. C, Prevention of thyrocyte hyperplasia and hypertrophy.
Hematoxylin and eosin staining of thyroid paraffin sections from WT (a), Ctns” (b) and grafted
Ctns™ mice (c). (a) WT thyroid is made of uniform follicles filled with homogenous colloid and
mostly delineated by flat thyrocytes. (b) In Ctns™ thyroid, sustained TSH response causes
thyrocytes hypertrophy and hyperplasia associated to colloid exhaustion (insert); # indicates a rare
normal follicle. () In grafted Ctns™ mice, follicular activation is suppressed, except at the gland
center (asterisks). D. Normalization of thyrocyte proliferation. Triple immunostaining
for E-cadherin (white, thyrocyte basolateral membrane), Ki-67 (red, proliferation marker) and GFP
(green, HSCs) in WT (a), Ctns” (b) and grafted Ctns” mice thyroid (c). Notice in nongrafted
Ctns” numerous proliferating cells, mostly thyrocytes (arrows), as compared to WT and grafted

Vision Rel. 4.8 software. Electron microscopy was performed
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exactly as described (8).

Statistical analysis

Statistical significance was tested us-
ing Mann-Whitney test. Differences
were considered significant for P < .05.

Results

HSC transplantation into Ctns”
mice normalizes thyroid function
and protects follicular structures

We recently reported that Ctns™”
mice develop between 6-9 months
subclinical hypothyroidism with
multifocal thyrocyte hyperplasia/hy-
pertrophy and colloid exhaustion, as
cystinotic patients. Increased Ctns™”
thyrocyte apoptosis and prolifera-
tive repair revealed accelerated cell
turnover (8). Clinical benefit of early
WT-eGFP-HSCs  transplantation
was first assessed by measuring thy-
roid cystine and plasma hormone
levels. Grafting of WT-eGFP-HSCs
decreased by ~75% cystine accumu-
lation in 8-months old Ctns™ thyroid
(Figure 1A), half of them showing
normal plasma T4 and TSH levels
(Figure 1B). By conventional histo-
pathology, grafted Ctns” thyroids
showed striking overall improve-
ment over nongrafted controls, as
evidenced by predominantly normal
thyrocyte height and homogeneous
colloid filling (Fig 1Cc). Thyrocyte
proliferation, as measured by Ki-67
immunolabeling, was decreased by
~60% upon transplantation, in
agreement with hyperplasia correc-
tion (Figure 1D; Supplemental Fig-
ure 1). This analysis also revealed
proliferation of WT-eGFP-HSCs, in-
dicating local graft expansion in cys-
tinotic thyroid (Fig 1Dc and insert).
Altogether, these data demonstrated
a remarkable benefit of early en-
graftment of WT-eGFP-HSCs to cor-
rect thyroid disease progression in
Ctns” mice.
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WT-eGFP-HSCs transplantation improves
biosynthetic and lysosomal overload in Ctns™

Ctns™ mice. For quantification, see Supplemental Figure 1. At right, high magnification views
then merge images of grafted HSCs (GFP)

from grafted Ctns™ mice s al chann

immunolabeled for Ki-67 (red), demonstrating ongoing local graft expansion

c. grafted Ctns™”

R

lumen

lumen

lumen

lumen

lumen

c. grafted Ctns™ d.\grafted Ctns™

lumen

lumen

Figure 2. Improvement by HSC transplantation of biosynthetic and lysosomal
overload in Ctns™ thyroid. Eight months-old/6-months post-transplant Ctns
ed WT and Ctns
immunofluorescence for E-cadherin (red, thyrocyte structure) and either (green) KDEL, as
marker of endoplasmic reticulum residents (A) or LAM
Endoplasmic reticulum (ER) expansion. In WT follicles (a), thyrocyt
and the ER mostly occupies the basal cytoplasm. In nongrafted Ctns™ (b),
columnar (hypertrophic, reaching ~20 um in height), and KDEL labeling fills the lumen of dilated
ER (arro

mice were

compared to ag mice. Samples were analyzed by double

generic
er (B). A.

or cuboidal

1, as lysosomal membrane mai

s are flat

thyrocytes are

thyrocyte height
er, KDEL

jevoid of luminal signal (arrow). (B)

a), LAMP-1-labeled structures are dotty and

thyrocytes (b), many lysosomes are dilated and

5), which is spread over the entire cytoplasm. Upon grafting (c), Ctns
ly decreased and the ER is ¢
antibodies occasionally delineate larger struct
Lysosome abnormalities. In WT thyrocyt
sparse along the cytoplasm. In nongrafted Ctr

is general verall reduced as compared to (b). Howe

concentrated at the apical pole (arrows and enlarged in insert). LAMP-1 also labels abundant cell
remnants in the follicular lumen. Panels (¢) and (d) s vo distinct patterns of grafted Ctns

0 WT (ie, « preserved »). At (d), enlarged lysosomes are

b). For EM, see Supplemental Figure 2 (crystals were only
thyrocytes)

thyrocytes. At (c), aspect is comparable
obvious, even frequently larger than

ted Ctns

detected in nongraf
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thyroid.

We thus looked for protection by
HSC transplantation against subcel-
lular alterations induced by cystino-
sis (8). Upon grafting, we found a
major decrease of ER expansion in
most Ctns” thyrocytes, as monitored
by KDEL immunolabeling, suggest-
ing relief of ER stress (Figure 2A).
Endolysosomal status of grafted
Ctns”
LAMP-1
2B) and electron microscopy (EM)

thyroids, monitored by

immunolabeling (Figure

(Suppl Figure 2), was very heteroge-
neous: regions apparently normal
upon grafting, elsewhere very much
altered, but no cystine crystal could
be detected, in contrast to non-
grafted Ctns™” thyroids (Suppl Figure
2). Of note, neither cystinosis (data
not shown) nor HSC engraftment
and follicular infiltration (see below)
disrupted thyrocyte tight junction in-
tegrity, thus epithelial barrier (Suppl
Figure 2).

Thyroid-grafted WT-eGFP-HSCs
emit tunneling nanotube-like
expansions able to cross follicle
basement lamina

We next addressed the mecha-
nism(s) of HSCs-mediated tissue
protection in a bifluorescent mouse
model (17), which allows to discrim-
inate the fate of green WT-eGFP-
HSCs transplanted into DsRed mice
(here identifying Ctns™ thyrocytes).
No grafted WT-eGFP-HSCs simul-
taneously expressed DsRed (Figure
2A, no yellow signal), thereby ex-
cluding cell fusion as protective
mechanism. WT-eGFP-HSCs with
dendritic-like shape frequently ap-
posed onto follicular basement lam-
inae (Figure 3Aa,b and Ba) which
they further crossed by long cyto-
plasmic extensions, either very thin
(stricto sensu “tunnelling nano-
tubes”) or much thicker with bud-
ding tips (Fig 3Ba-c). Furthermore,
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several WT-eGFP-HSCs became completely inserted in-
side follicles, intertwined with thyrocytes (Fig 3Aa,b; Ba;
Suppl Figure 3). Inserted WT-eGFP-HSCs thus enjoyed
extensive close contact with adjacent Ctns™ thyrocytes,

lumen

Figure 3. Grafted GFP*-WT-HSCs produce tunneling nanotubes that perforate
follicular basement lamina and squeeze into the thyrocyte monolayer. Note
here different use of red at A (Ctns™" tissue) vs B (laminin). A. General view of
spatial relation between GFP*-WT HSCs and DsRed*-Ctns™ thyrocytes. Double
fluorescence confocal imaging in cryostat sections of 6 (a) and 11 months (b) post-transplant
Ctns™ mice (endogenous emission from DsRed (red, thyrocytes) and GFP (green, HSCs)). (a) Low
magnification shows that HSCs either preferentially appose onto follicles (arrows; outside yellow
dotted line at b’ indicating basement lamina at (b)) or appear colinear with, ie, integrate within,
thyrocytes (arrowheads; inside follicular space at b"). For further views of HSCs fully incorporated
into the follicle, see Supplemental Figures 3 and 5. Colloid space is indicated by asterisks. Notice
that intrafollicular HSCs do not fuse with thyrocytes (no yellow signal). B. Extrafollicular
HSCs produce tunneling nanotubes. 3-D reconstruction of z-stack series images (0.23-um
increment, 5-um total thickness) obtained after double immunolabeling for GFP (green, HSCs)
and laminin (red, basement lamina) in frozen sections of grafted mice thyroid at 6-months post-
transplantation. (a) Typical extrafollicular HSCs (#), closely apposed to the follicle basement
lamina, produce slender cytoplasmic extensions some of which bend perpendicular to (yellow
arrowhead) or cross the basement lamina (white arrowhead). Extensions can be very thin (yellow
arrow at (b)) or irregular and varicose (white arrow at (a)). Notice local absence of laminin
indicating basement lamina galleries allowing TNT passage (better seen in enlargement at (c))
and the overall mottled aspect of follicular basement lamina. Asterisk indicates another,
intrafollicular HSC. For rotating view, see Supplemental video 1. For comparison of laminin
structure between WT, Ctns™ vs grafted Ctns”see Supplemental Figure 4
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which was never found in Ctns” PTC (Suppl Figure 8).
Lateral extensions of individual inserted HSCs could fur-
ther contact several thyrocytes (Suppl Figure 3). Follicular
basement lamina porosity to invading cells could be due to

tissue-specific difference between
thyroid and kidneys, combined with
cystinosis-related alterations (Suppl
Figure 4). Indeed, follicular base-
ment lamina in nongrafted Ctns”
mice lost normal circularity (indicat-
ing lesser tensile strength) and dis-
closed large discontinuities which
were not seen in grafted congeners.

Despite extensive contiguity,
inserted WT-eGFP-HSCs do not
transdifferentiate into
thyrocytes

Grafted WT-eGFP-HSCs did not
simultaneously expressed DsRed,
thus excluding cell fusion as protec-
tive mechanism. However, in re-
sponse to tissue injury, engrafted
HSCs may transdifferentiate into un-
expected lineages, including epithe-
lial cells (19). We thus investigated
whether follicle-inserted WT-eGFP-
HSCs could instead transdifferenti-
ate into thyrocytes. Although in-
WT-eGFP-HSCs
apparently circumscribed by the thy-

serted were

membrane
marker, E-cadherin, (Suppl Figure

rocyte  baso-lateral
5A), they never engaged in tight junc-
tion formation with neighboring
thyrocytes (Suppl Figure 5B). This
indicated that HSCs did not trans-
differentiated into polarized thyro-
cytes and suggested that circum-
scribing E-cadherin signal originated
from a single, adjacent epithelial cell,
thus arguing against transdifferen-
tiation. Furthermore, none of the in-
serted WT-eGFP-HSCs nuclei were
labeled for the thyrocyte-specific
transcription factor, Nkx2-1, ex-
cluding transdifferentiation into thy-
rocytes (Suppl Figure 5C). No WT-
eGFP-HSCs

(not shown),

expressed calcitonin
thereby excluding
transdifferentiation into epithelial
C-cells.



Annexes

6 stem cell therapy in cystinotic thyroid

Distinct phenotype of thyroid-engrafted
WT-eGFP-HSCs

Macrophages form a plastic population (20), yet poorly
characterized in thyroid disease. In Ctns™ liver, brain and
kidneys, HSC-derived cells mainly differentiate into F4/
80"#" macrophages (1315, 17)(Suppl Figure 8). We thus
looked at macrophage abundance and differentiation
markers in WT, Ctns” and grafted Ctns” thyroid. In WT
thyroid, F4/80" macrophages were extremely rare but be-
came massively recruited in Ctzs” mice between 6 and 9
months of age, concomitant with histoarchitectural alter-
ations (Suppl Figure 6). Most such endogenous macro-

Figure 4. Grafted WT-HSCs replace endogenous Ctns” macrophages and
differentiate into macrophage/dendritic cell lineages. A. GFP*-WT HSCs grafted
into Ctns” mice thyroid replace endogenous macrophages recruitment. Triple
immunofluorescence for E-cadherin (white), F4/80 (red, common macrophage marker) and GFP
(green, HSCs) on thyroids of WT (a) Ctns™ (b) and grafted Ctns™ mice (c). (a) In WT mice,

mice, macrophages are abundant around and within follicles
mice, much fewer endogenous F4/80°
macrophages (red arrowhead) are seen. Whereas some grafted HSCs also express detectable F4/
80 marker (yellow arrow), most do not (interstitial cluster around the white asterisk). B.
Phenotype of grafted HSCs. Multiplex immunofluorescence for laminin (white), GFP (green,
HSCs) and specific markers of macrophages/dendritic cells (red): the common leukocyte marker
(CD45); two common macrophages makers (F4/80 or CD11b); a dendiritic cells and macrophage
marker (MHCII); a monocytes and endothelial cell marker (Ly6C); and a macrophage and
dendritic cells marker (CD11c). Most grafted HSCs are labeled for CD45 and some also express
F4/80, CD11b and MHCII markers (yellow arrow). In our conditions, Ly6C antibodies did not label
HSCs, but endothelium (#). HSCs that do not express specific marker tested are indicated by
white arrow. Endogenous inflammatory cells expressing CD45 and MHCII are indicated by a red

macrophages are rare. (b) In Ctns
(red arrowheads and insert). (c) In grafted Ctns

arrowhead
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phages further inserted into Ctns” follicles, like WT-
eGFP-HSCs described above (Fig 4Ab and Suppl Figure
6f). In grafted Ctns” thyroid, much fewer endogenous
F4/80" macrophages were observed, probably due to con-
siderable correction of tissue injury (for full thyroid sec-
tion, see Suppl Figure 7). We next attempted to better
define the status of engrafted WT-eGFP-HSC-derived
cells. CD45 confirmed hematopoietic cell lineage origin
(Figure 4B) but F4/80 was rarely detected, arguing against
conventional macrophages (Fig 4Ac and B). This differed
from other cystinotic tissues such as kidneys, indicating a
unique role of the thyroid microenvironment (Suppl Fig-
ure 8). Most engrafted WT-eGFP-
HSC-derived cells expressed MH-
CII, consistent with “healing”
differentiation (16). The signal for
CD11b macrophage marker was
weak and neither Ly6c nor CD11c
were detected (Figure 4B). These
data indicated that HSC-derived
cells grafted into Ctns” thyroid ap-
parently replaced typical endoge-
nous F4/80™ macrophages recruited
in nongrafted congeners and ac-
quired in this particular tissue mi-
croenvironment a distinct combina-
tion of macrophage/dendritic
differentiation markers. Of note,
steady-state abundance of grafted,
particularly follicle-apposed and in-
serted HSCs was very low as com-
pared to most apparently protected
thyrocytes (Suppl Figure 7).

Discussion

We here report that HSC transplan-
tation can protect thyroid structure
and normalize function in a mouse
model of cystinosis (Ctns™), a lyso-
somal storage disease due to defec-
tive membrane transporter. Thy-
roid-engrafted HSCs  generate
extensions that cross follicular basal
lamina and fully squeeze into the thy-
rocyte monolayer, thus providing
extensive close contact with target
cells. HSCs neither fuse with, nor
transdifferentiate into, thyrocytes
but mostly differentiate into MHCII-
positive macrophage/dendritic lin-
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eage instead of homogenous F4/80-labeling found in en-
grafted kidneys and eye, pointing to a unique role of
thyroid microenvironment in macrophage differentiation.
Stem cell transplantation is now a therapeutic option
for a broad range of congenital or acquired disorders (21)
but has never been validated for thyroid disorders. To the
opposite, case reports suggested that HSCs may trigger
auto-immune thyroiditis and favor thyroid cancer, al-
though indirect effects of myeloablation are unclear (22,
23). However, in a mouse model of Hashimoto’s disease,
mesenchymal stem cells efficiently reduced inflammation
and improved clinical outcome (24, 25). We here demon-
strate that bone marrow-derived HSCs can partially pro-
tect Ctns” thyroid structure and normalize function.
These data further support a major multisystemic benefit
of stem cells therapy for cystinosis, in particular thyroid
protection, and suggest it may represent a generic treat-
ment for membrane protein defects. A clinical trial is cur-
rently being developed for human cystinosis based on au-
tologous transplantation of ex vivo lentivirus-transduced
HSCs combined with myeloablation by chemotherapy.
In Ctns” kidneys and cornea, tissue repair by trans-
planted HSCs involves TNT formation and transfer into
deficient cells of cystinosin-bearing lysosomes as correct-
ing factor, ie, cross-correction (16, 17). HSC recruitment
thus cannot be primarily related to the altered thyroid state
but to the general disease (13, 16). However, the thyroid
seems so far unique, as HSCs not only emit TNT-like
structures able to cross (damaged?) follicular basement
lamina, but fully squeeze into the epithelial monolayer and
simultaneously contact several thyrocytes. Thus, inserted
HSCs adopt optimal membrane disposition to interact
closely and promiscuously with diseased thyrocytes. In
nongrafted Ctns” thyroid, infiltrating endogenous (cys-
tinosin-deficient, F4/80") macrophages can also squeeze
across follicular basement lamina, but are obviously inef-
ficient to prevent disease progression since they are unable
to provide gene- or protein-associated correcting factor.
Dendritic cells, commonly infiltrating follicles in auto-im-
mune thyroiditis, Graves disease and iododeficiency goitre
(26, 27), also strongly adhere to basement membrane, ex-
tend cytoplasmic extensions in-between thyrocytes and
even cross apical tight junctions (26). Furthermore, mu-
tual interactions between invading lymphocytes and thy-
rocytes, rendering possible transfer of material, have been
evidenced in Hashimoto’s thyroiditis (28). Altogether,
these observations suggest that (i) thyroid is more prone to
full HSCs infiltration across basement lamina as com-
pared to the kidney where HSC bodies are restricted
around tubules (13, 14, 17); and (ii) HSCs, once fully
infiltrated within the epithelial monolayer, enjoy close vi-
cinity with cystinotic thyrocytes, which allows for efficient
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correction as testified by the normalization of thyroid
function in most Ctzs™ mice.

A striking discrepancy was further noted between the
low abundance of thyrocyte-contacting HSCs at steady-
state and the remarkable extent of tissue protection. This
discrepancy favors the view of multiple cross-corrective
interactions, ie, (i) the ability of individual dendritic-
shaped HSCs to simultaneously interact with several ad-
jacent disease cells; and (ii) HSC mobility allowing itera-
tive exchange of correcting organelles at each new location
over time.

Overall histological and functional protection was
however not matched by comprehensive general subcel-
lular preservation. Tissue heterogeneity, between and
within follicles, is not really surprising if protection de-
pends on local physical connections. A deleterious effect of
irradiation can also not be excluded, although not sup-
ported by previous investigations (13). Considering the
thyroid functional reserve whereby independent follicles
contribute in parallel to total thyroid hormone produc-
tion, incomplete structural protection may still support
adequate functional correction.

In Ctns™ thyroid, engrafted WT-HSCs alleviates afflux
of endogenous cystinotic F4/80* macrophages, as also ob-
served in kidney (14), probably due to the correction of
tissue injury. Most WT-HSC-derived cells in cystinotic
thyroid expressed CD45 and MHCII as opposed to con-
ventional F4/80" macrophages suggesting a distinct dif-
ferentiation in Ctns” thyroid vs kidneys and cornea, likely
due to the cystinotic thyroid microenvironment. Remark-
ably, although proinflammatory cytokines are known
modifiers of thyroid epithelial barrier function (eg, (29)),
the inflammatory component of either cystinosis itself, or
linked to HSC engraftment and infiltration, was appar-
ently not sufficient to disrupt thyrocyte tight junction in-
tegrity, thus epithelial barrier. Whether cytokines specify
the tissue-specific cystinotic landscape and whether mac-
rophage specification influences their ability to fully cross
basement laminae deserve to be studied.
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Supplemental Figure 1. Quantification of proliferation in thyroid of WT,
Ctns”~ and grafted Ctns”- mice. Cells immunolabeled for the proliferation
marker (Ki-67) were counted in sections (n=3 WT, n=4 Cmns”", n=4 grafted
Cins”" mice); 7 representative fields spanning each entire thyroid and
corresponding to 2.6 10° um? were analyzed. Notice significant decrease of
proliferation in thyrocytes of grafted compared to non-grafted Crns”" mice.*
p<0.05 for comparison of thyrocytes.
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Supplemental Figure 2. Electron microscopy. Upper panel. Two low-
magnification views of grafted Crns” thyroid at 8 months / 6 months post-
transplant. For comparison with non-grafted Crns” thyroid, see (Gaide
Chevronnay et al. Endocrinology 2015). At (a), three preserved columnar
thyrocytes (activated) with well-defined apical junctions (yellow arrowheads).
CD, colloid droplet; asterisk, cluster of normal lysosomes. At (b), cluster of
thyrocytes with pale chromatin (suggesting proliferation). Double asterisk
denotes a huge apical vesicle filled with finely granular material, of
comparable structure as colloid droplet identified at (a). At lower left, #
indicates a cell body with electron-dense elongated nucleus, infiltrated within
basement lamina boundaries (red dotted line) and extending a cone penetrating
between thyrocytes (yellow arrow), suggesting an HSC with projecting radial
TNT. Lower panel, lysosomes. c,d. Two thyrocytes in non-grafted Crns”- mice
with crystal-bearing lysosomes of normal size (~400nm sectioned diameter)
within preserved cytoplasm. e. Grafted Ctns” thyrocyte showing a cluster of
normal lysosomes (~500nm sectioned diameter, arrowhead points to single
limiting membrane with pale halo wrapping homogenous electron-dense
matrix). Note the vicinity with longitudinal sections of TNTs (yellow arrows);
filamentous core is best seen at double arrow.
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Supplemental Figure 3. Inserted WT-eGFP-HSC emits thin and thick
cytoplasmic extensions, allowing contacting several thyrocytes. 3-D
reconstruction of z-stack series images (0.23 pm increment, 5 um total
thickness) after double immunolabelling for laminin (red, basement lamina)
and GFP (green, HSCs). This inserted HSC with dendritic shape emits both
thin (white arrows) and thick (yellow arrows) cytoplasmic extensions.
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c. grafted Ctns™”

A

f. grafted Ctns™

Supplemental Figure 4. Fine structure of basal lamina. Grazing views in
WT (a,d), Ctns” (b,e), and grafted Cins” (c.f). Lower panels are enlargements
of areas boxed above. Notice homogenous structure and regular circular
orientation of laminin in WT thyroid, contrasting with scalloped contour and
enclosures/cavities in Ctns”. HSCs grafting largely preserves circularity and
homogeneity of follicle basement lamina, except at small discontinuities
frequently occupied by HSC projections.
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Supplemental Figure 5. Follicle inserted GFP*-WT HSCs do not
transdifferentiate into thyrocytes. A. GFP*-WT HSCs insert between
follicular basement and thyrocytes. 3-D reconstruction of z-stack series
images (0.23 pm increment, 5 um total thickness) obtained after triple
immunolabelling for E-cadherin (white, thyrocytes baso-lateral membrane),
laminin (red, basement lamina) and GFP (green, HSCs). DsRed signal is not
shown here, for clarity. A HSC has passed through the follicle basement lamina
and is intertwined within the thyrocyte monolayer (at least two thyrocytes are
contacted, one by the cell body at left, and the second by a large extension
(yellow arrowhead) B. Follicle-inserted HSC do not form tight junction
with thyrocytes. Triple immunostaining for E-cadherin (red), ZO-1 (white,
thyrocyte tight junctions) and GFP (green, HSCs). The boxed HSC is inserted
into the thyrocyte monolayer and appears circumscribed by E-cadherin but
does not engage into apical tight junction, nor reaches the lumen. C. Follicle-
inserted HSC do not transdifferentiate in thyrocytes. Triple
immunolabelling for E-cadherin (white), Nkx2.1 (red, thyroid-specific
transcription factor) and GFP (green, HSCs). All nuclei are further stained with
DAPI (blue). In contrast to thyrocyte nuclei (white arrowhead), the nucleus of
inserted HSCs (red arrowhead) is not labelled for Nkx2.1. Boxed areas at B
and C are split below into black/white images for the three indicated channels.
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Supplemental Figure 6. Endogenous macrophage recruitment in Ctns”
thyroid correlates with thyrocyte proliferation and structural alterations.
Time-course of endogenous macrophage infiltration was analyzed by
immunolabelling (F4/80, red) and compared to proliferative repair (Ki-67,
green) in thyroid of WT or Cms” mice at 3, 6 and 9 months. Macrophages
invade the cystinotic tissue between 6 and 9 months, concomitant with
structural tissue alterations (E-cadherin; white) and increased cell proliferation
(Ki67; green). As in Cins” kidney (Gaide Chevronnay et al. JASN 2014),
notice silent phase for at least 3 months. Starting around 6 months and
maximal at ~9 months of age, endogenous, cystinosin-deficient macrophages
insert within cystinotic follicles (red arrowheads, best seen in enlarged box),
exactly as GFP*-WT HSCs bearing normal cystinosin, but fail to provide
protection.
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Supplemental Figure 7. Pattern of GFP*-WT HSC infiltration in the
thyroid of grafted Ctns” mice. (a) Immunolabelling of grafted WT-eGFP-
HSCs (GFP, green) in one representative mouse out of 5 reveals the pattern of
infiltrating HSCs in the entire cystinotic thyroid. Thyroid full view was
obtained using MosaiX module of AxioVision Software allowing tilling and
stitching of images captured across the thyroid section. Enlargement (b) shows
individual HSCs (white arrowheads), inserted within the epithelium (E-
cadherin, white); enlargement (c) shows 3 foci of HSC clusters mainly in the
interstitium of the center of the gland.
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A. Thyroid

B. Kidney

Supplemental Figure 8. In contrast to kidney, only few WT-eGFP-HSCs
grafted in the thyroid express F4/80 differentiation marker. Multiplex
fluorescence labeling for GFP (green, HSC), F4/80 (red, macrophages) and E-
cadherin (white, thyrocyte basolateral membrane) or by LT-lectin (white,
kidney proximal tubule cells apical membrane). In contrast to endogenous
macrophages, few WT-eGFP-HSCs grafted in the thyroid express detectable
F4/80 marker. In kidney, both endogenous macrophages and grafted HSCs
show strong comparable F4/80 signal. Boxed fields point to cells clearly
immunolabelled for F4/80, enlarged in the insets as black/white.
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Cellular uptake of proMMP-
2:TIMP-2 complexes by the
endocytic receptor megalin/LRP-2

Manuel Johanns?, Pascale Lemoine?, Virginie Janssens’, Giuseppina Grieco?, Soren K.
Moestrup?, Rikke Nielsen?, Erik |. Christensen?, Pierre J. Courtoy’, Hervé Emonard (3, Etienne
Marbaix(* & Patrick Henriet!

Matrix lloprotei (MMPs) are regulated at multiple transcriptional and post- transcnptlonal
levels, among which receptor-mediated endocytic clearance. We previously sh d that low-d y
lipoprotein receptor-related protein-1 (LRP-1) mediates the clearance of a complex between the
zymogen form of MMP-2 (proMMP-2) and tissue inhibitor of i , TIMP-2, in HT1080

human fibrosarcoma cells. Here we show that, in BN16 rat yolk sac cells, proMMP-Z :TIMP-2 complex
is endocytosed through a distinct LRP member, megalin/LRP-2. Addition of receptor-associated
protein (RAP), a natural LRP antagonist, caused accumulation of endogenous proMMP-2 and TIMP-2
in conditioned media. Incubation with RAP also inhibited membrane binding and cellular uptake of
exogenous iodinated proMMP-2:TIMP-2. M r, antibodies against megalin/LRP-2, but not against
LRP-1, inhibited binding of proMMP-2:TIMP-2 to BN16 cell surface. BlAcore analysis confirmed direct
interaction b the complex and megalin/LRP-2. Conditional renal invalidation of megalmILRP -2
in mice resulted in accumulation of proMMP-2 and TIMP-2 in their urine, highlighting the p logical
relevance of the binding. We conclude that megalin/LRP-2 can efficiently mediate ¢ell-surfa:e binding
and endocytosis of proMMP-2:TIMP-2 complex. Therefore megalin/LRP-2 can be considered as a new
actor in regulation of MMP-2 activity, an enzyme crucially involved in many pathological processes.

Matrix 1l i (MMPs) compose a family of Zn?*-dependent endoproteases that display a large vari-
ety of subs'.rales including extracellular matrix macromolecules, cell-surface receptors, growth factors, cytokines
and ch !. These p play unportam roles in physiological processes, such as wound repaxrz and
cyclic endomelnal remodelmg as well as m the develop of various pathologies including cancer.

Matrix are regulated at both transcriptional and post-lranscnpuonal levels. Mechanisms
of activity regulauon common to all members of the MMP family include activating cleavage of the latent proen-
zyme form and inhibition of the active enzyme by tissue inhibitors of 1l i (TIMPs)°. In addition,
extracellular levels of certain MMPs are regulated by selective internalization and intracellular degradation. In
this regard, low-density lipoprotein receptor-related proteins (LRPs) compose a family of endocytic and signaling
receptors that cxcn their activities on a large vanety of molecules including proteolytic enzymes®. Particularly,
LRP-1 regulates the extracellular levels of MMPs and serine-proteinases” .

Megalin/LRP-2 shares c ligands with LRP-1, notably the complexes b the pl
gen activator (PA) inhibitor type-1 (PAI-1) with either ti type PA (tPA)’, p ki type PA (pro uPA) or
mature uPA'* . Moreover, a member of the MMP family, MMP-9 also binds to both LRP-1 and -2'%, In addition,
we previously reported that LRP-1 mediates endocytic clearance of the proMMP-2:TIMP-2 complex'’, which
represents the major form of MMP-2 in biological tissues'.

In the present study, we investigated the ability of megalin/LRP-2 to control extracellular levels of MMP-2 and
TIMP-2 by endocytosis of the proMMP-2:TIMP-2 complex. For this purpose, we used Brown Norway rat yolk sac
carcinoma cells (BN16) that express megalin/LRP-2 but not LRP-1'*'%, We also evaluated the physiological rel-
evance of proMMP-2 and TIMP-2 uptake in transgenic mice undergoing renal invalidation of megalin/LRP-2"7.

'de Duve Institute, Université catholique de Louvain, 1200, Brussels, Belgium. 2Department of Biomedicine, Aarhus
University, 8000, Aarhus, Denmark. *CNRS UMR 7369, Matrice Extracellulaire et Dynamique Cellulaire, Université de
Reims Champagne-Ardenne, 51687, Reims, France. Etienne Marbaix and Patrick Henriet contributed equally to this
work. Correspondence and requests for materials should be addressed to P.H. (email: patrick.henriet@uclouvain.be)

ITIFICREPORTS | 7:4328 | DOI:10.1038/541598-017-04648-y
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Class lll phosphoinositide 3-kinase/VPS34 and dynamin are critical for apical

endocytic recycling

PI3K-1Il/ VPS34 and dynamin in apical endocytic recycling

Carpentler S.", N'Kuli F.! X Grieco P.', Van Der Srmssen P.!, Janssens Vil Emonard H.2 A Bllanges
B.%, Vanhaesebroeck B.®, Gaide Chevronnay H.P.', Pierreux C.E."’, Tyteca D."", Courtoy P.J."

'CELL Unit, Université catholique de Louvain & de Duve Institute, Brussels, Belgium

ZUFICA/CNHS FRE 3481, Reims, France

SCentre for Cell Signalling, Barts Cancer Institute, Queen Mary, University London, UK

*These authors contributed equally to this work

Corresponding author: Tyteca D., CELL Unit, de Duve Institute & Université Catholique de Louvain, UCL
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mail: donatienne.tyteca@uclouvain.be

Recycling is a limiting step for receptor-mediated
endocytosis. We first report three in vitro or in vivo
evidences that class Il PI3K/VPS34 is the key PI3K
isoform regulating apical recycling. A substractive
approach, comparing in OK cells a pan-class VIl
PI3K inhibitor (LY294002) with a class I/l PI3K
inhibitor (ZSTK474), suggested that class Il
PI3K/VPS34 inhibition induced selective apical
endosome swelling and sequestration of the endocytic
receptor, megalin/LRP-2, causing surface down-
regulation.  GFP-(FYVE)x2  overexpression to
sequester PI(3)P caused undistinguishable apical
endosome swelling. In mouse kidney proximal tubular
cells, conditional Vps34 inactivation also led to
vacuolation and intracellular megalin redistribution. We
next report that removal of LY294002 from LY294002-
treated OK cells induced a spectacular burst of
recycling tubules and restoration of megalin surface
pool. Acute triggering of recycling tubules revealed
recruitment of dynamin-GFP and dependence of
dynamin-GTPase, guidance  directionality by
microtubules, and suggested that a microfilamentous
net constrained endosomal swelling. We conclude that
(i) besides its role in endosome fusion, PI3K-III is
essential for endosome fission/recycling; and (ii)
besides its role in endocytic entry, dynamin also
supports tubulation of recycling endosomes. The
unleashing of recycling upon acute reversal of PI3K
inhibition may help study its dynamics and associated
machineries.

Key words: megalin, kidney
tubulation, PI3K class Il
wortmannin, ZSTK474, dynamin

tubules,
VPS34,

recycling,
LY294002,

Apical receptor-mediated endocytosis (ARME) plays a
central role in the biogenesis and maintenance of
polarized epithelia (1) and is essential for embryonic
development (e.g. holoprosencephaly’, 2, 3) and for
vitamin metabolism and homeostasy (4, 5). Polarized
membrane trafficking which uses endocytic
machineries for sorting and delivery of plasma
membrane proteins to apical and basolateral domains
can be perturbed in cancer (6) and mendelian
trafficking disorders, such as Dent's disease and Lowe
syndrome that impact on recycling (7).

Kidney proximal tubular cells (PTC) use the multivalent
tandem endocytic receptors, megalin and cubilin, to
support full reabsorption of ultrafiltrated low-molecular
weight (LMW) proteins (8, 9). The exceptionally high
endocytic activity of PTC is due to the combination of a
strong expression of the endocytic receptors with a
particularly fast endocytic cycle (T1/2 ~90sec’, 10),
thus offering a model of choice to identify rate-limiting
regulators of ARME.

Megalin, first identified as the large target antigen of
experimental Heyman glomerulonephritis (11), is also
known as LRP-2 for its high similarity to the scavenger
receptor LRP-1, but is targeted instead to the apical
membrane (12). As a consequence of defective PTC
endocytosis, megalin-KO mice suffer from impaired
vitamin D kidney activation leading to rickets (4), and
impaired lysosomal biogenesis due to failure to
recapture ultrafiltrated lysosomal enzymes (13). A
dual, endocytic and signalling, function of megalin has
been suggested (14) but the latter is not essential, as
shown by lack of phenotype in transgenic mice with
deleted megalin cytoplasmic domain (15). Megalin
trafficking involves (i) rapid internalization thanks to its
three NPXY-like motives, membrane; (ii) fusion with
the apical recycling endosome (ARE); and (iii)
recycling via tubules known as “dense apical tubules”
in  kidney PTC, where extremely dense
immunolabelling identifies a major fraction of total
receptor pool (16).

Both small (Rabs) and large (dynamin) GTPases are
involved in endocytic trafficking. Extensive studies
based on in vitro (acellular) vesicle fusion assays
established that homotypic membrane docking and
fusion at the early endosome compartment is triggered
by Rab5-dependent activation of class |l
phosphoinositide 3-kinase (PI3K-Ill), the only PI3K
able to generate phosphatidylinositol 3-phosphate
[PI(3)P], which in turn recruits the bivalent adaptator
EEA1 thanks to its FYVE domains (17, 18). Rapid
recycling occurs from Rab5/Rab4 interconnected
domains on the same early endosome compartment,
while slow recycling is under the control of Rab5 and
Rab11 on endosome recycling compartment (19).
Dynamin GTPase, essential for coated-pits
internalization (20) and involved in endosome recycling
(21), can promote tubulation in vitro (22) and could be
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OFEN Vps34/PI3KC3 deletion in kidney
proximal tubules impairs apical
trafficking and blocks autophagic

LS. flux, causing a Fanconi-like
memmmmmeEtt - syndrome and renal insufficiency

Giuseppina Grieco?, Virginie Janssens?, Héloise P. Gaide Chevronnay?, Francisca N'Kuli?,
Patrick Van Der Smissen?, Tongsong Wang?, Jingdong Shan?, Seppo Vainio?, Benoit Bilanges?,
Frangois Jouret(»*, Bart Vanhaesebroeck?, Christophe E. Pierreux(* & Pierre J. Courtoy*

Kidney proximal tubular cells (PTCs)are hlghly specialized for ultrafiltrate reabsorption and serve as
paradigm of apical epi | diff iation. Vpst/PIB -kinase type Il (PI3KC3) regulates endosomal
dy ics, macr hagy and ly | function. | , its in vivo role in PTCs has not been
evaluated Condmonal deletlon oprs3lolPl3KC3 in PTCs by Pax8-Cre resulted in early (P7) PTC
dysfunction, manifested by Fanconi-like syndrome, followed by kidney failure (P14) and death.
By confocal microscopy, Vps34*/* PTCs showed preserved apico-basal specification (brush border,
NHERF-1 versus Na*/K*-ATPase, ankyrin-G) but basal redistribution of lat d nes
(LAMP-1) and mis-localization to lysosomes of apical recycling endocytic receptors (megahn, cubilin)
and apical non-recycling solute carriers (NaPi-lla, SGLT-2). Defective endocytosis was confirmed by
Texas-red-ovalbumin tracing and reduced albumin content. Disruption of Rab-11 and perinuclear
galectin-3 compartments suggested mechanistic clues for defective receptor recycling and apical
biosynthetic trafficking. p62-dependent autophagy was tnggered yet abomve (p62 co-localization
with LC3 but not LAMP-1) and PTCs became vacuol itioning and blocked
autophagy are known causes of cell stress. Thus, early trafﬁckmg defects show that VpsBlo is a key in vivo
component of molecular machineries governing apical vesicular trafficking, thus absorptive function in
PTCs. Functional defects underline the essential role of Vps34 for PTC homeostasis and kidney survival.

Kidney proximal tubular cells (PTCs) show exquisite structural differentiation that supports their huge reab-
sorption activity and serve as paradigm for apical polarity'. Efficient reabsorption of water and solutes from the
ultrafiltrate is ensured by abundance of channels and transporters (NaPi-Ila for phosphate, SGLT-2 for glucose) at
the highly developed apical brush border membrane. These transporters are anchored by ezrin and by multi-PDZ
scaffold proteins including Na*/H*-exchanger regulatory factor-1 (NHERF-1)* Transeplthellal transpon is
achieved by ¢ 1 y sets of ch Is and porters inserted into infolded basol and
complemented by Na*/K*-ATPase as primary transport driving force, itself stabilized by ankyrin-G scaffold. Full
reabsorption of ultrafiltrated proteins by apical receptor-mediated endocytosis is no less remarkable, considering
the brief contact of PTCs with rapidly passing urine. Full reabsorption is made possible by high expression of mul-
tiligand tandem receptors, megalin and cubilin®, combined with extremely fast apical endocytic recycling rate’.
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SCIENTIFICREPORTS | (2018) 8:14133 | DOI:10.1038/541598-018-32389-2 1

273



Annexes

274



Annexes

Vps34/PIK3C3 controls thyroid hormone production by
regulating thyroglobulin iodination, lysosomal proteolysis and
tissue homeostasis

Grieco G.*, TS. Wangl*, 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 (T;, T,4) 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/T, 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 '*| injection and by serum plasma analysis.
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RESULTS: Vps34° mice were born at the expected Mendelian ratio and showed
normal growth until postnatal day 14, then stopped growing and died at around 1

ckKO

month of age. We therefore analyzed thyroid Vps34—"" 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
T, levels (0.75 £ 0.62 ug/dL) and huge TSH plasma levels (19,300 + 10,500 mU/L);
(iii) impaired '*| 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

Ts/T4 excision in lysosomes.
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