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REVIEWS I

The renal Fanconi syndrome in
cystinosis: pathogenic insights
and therapeutic perspectives

Stephanie Cherqui’ and Pierre J. Courtoy?

cell-mediated kidney protection.

Introduction

Renal Fanconi syndrome presents as a generalized dys-
function of the proximal tubule, characterized by the
presence of polyuria, phosphaturia, glycosuria, protein-
uria, acidosis, growth retardation and rickets'. The
leading cause of inherited renal Fanconi syndrome in
children is cystinosis, which accounts for up to 20% of
cases of hereditary tubular disorders*.

Cystinosis is an autosomal recessive metabolic dis-
ease that belongs to the family of lysosomal storage
disorders. It is characterized by an accumulation of cys-
tine within all organs as a result of a deletion or mutations
in CTNS, which encodes the lysosomal cystine trans-
porter, cystinosin®. The most frequent and most severe
form of cystinosis is infantile cystinosis (MIM 219800),
which is the focus of this Review and is hereafter simply
referred to as ‘cystinosis. Children with this form of cys-
tinosis appear normal at birth, but demonstrate failure to
thrive by around 6-9 months of age. By 6-18 months of
age, symptoms of kidney dysfunction, such as polyuria
and polydipsia, develop, as well as rickets. Continuing
loss of glomerular function eventually leads to renal
insufficiency by ~10 years of age if untreated’® and at a

Abstract | Cystinosis is an autosomal recessive metabolic disease that belongs to the family of
lysosomal storage disorders. It is caused by a defect in the lysosomal cystine transporter,
cystinosin, which results in an accumulation of cystine in all organs. Despite the ubiquitous
expression of cystinosin, a renal Fanconi syndrome is often the first manifestation of cystinosis,
usually presenting within the first year of life and characterized by the early and severe
dysfunction of proximal tubule cells, highlighting the unique vulnerability of this cell type. The
current therapy for cystinosis, cysteamine, facilitates lysosomal cystine clearance and greatly
delays progression to kidney failure but is unable to correct the Fanconi syndrome. This Review
summarizes decades of studies that have fostered a better understanding of the pathogenesis of
the renal Fanconi syndrome associated with cystinosis. These studies have unraveled some of the
early molecular changes that occur before the onset of tubular atrophy and identified a role for
cystinosin beyond cystine transport, in endolysosomal trafficking and proteolysis, lysosomal
clearance, autophagy and the regulation of energy balance. These studies have also led to the
identification of new potential therapeutic targets and here, we outline the potential role of
stem cell therapy for cystinosis and provide insights into the mechanism of haematopoietic stem

median of ~20 years of age if cysteamine treatment is ini-
tiated before 5 years of age®. Deposition of cystine crys-
tals in the cornea occurs early in the course of disease,
causing photophobia and painful corneal erosions’. In
their second to third decade of life, patients can develop
hypothyroidism, hypogonadism, diabetes, myopathy, and
deterioration of the central nervous system® .

Juvenile (MIM 219900)" and ocular (MIM 219750)"2
cystinosis are milder and rarer than infantile cystinosis.
Juvenile cystinosis usually manifests around 12 years
of age and causes photophobia and kidney dysfunc-
tion at variable ages, with a combination of glomeru-
lar and tubular alterations causing marked proteinuria,
eventually leading to end-stage renal disease (ESRD).
Ocular cystinosis is characterized by adult-onset mild
photophobia without renal manifestations.

CTNS — which encodes the lysosomal cystine—proton
co-transporter, cystinosin — was first identified as the
causative gene in cystinosis in 1998 (REFS 13-15). CTNS is
expressed in all tissues, and mutations in the gene there-
fore eventually cause multi-systemic disease. Deletion
of Ctns in mice leads to the development of multiple
features of cystinosis, including ocular defects with
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Key points

e Cystinosis is a multi-systemic lysosomal storage disease caused by inactivating
mutations in, or the absence of, the lysosomal membrane exporter for cystine,
cystinosin; cystinosis is the main cause of hereditary renal Fanconi syndrome

* Treatment with cysteamine efficiently depletes lysosomal cystine and delays
progression to renal insufficiency; however, cysteamine does not reverse established
renal Fanconi syndrome, indicating functions of cystinosin beyond cystine transport

* Insights from mechanistic studies suggest that the pathological mechanisms of
Fanconi syndrome in cystinosis are multifactorial, involving oxidative stress and
impaired vesicular trafficking, autophagy, and mTORC1 and TFEB signalling

* Haematopoietic stem cell (HSC) transplantation ameliorates renal Fanconi
syndrome in cystinotic mice; HSCs differentiate into macrophages that transfer
cystinosin-bearing lysosomes into proximal tubule cells via tunnelling nanotubes
that cross the tubular basement membrane

¢ Since tunnelling nanotubes contain donor-derived cytosol and carry all types of
organelles, this mechanism should be generic and could be used to correct other
genetic diseases that affect proximal tubule cells

Swan neck deformities
Tubular lesions that appear in
microdissected nephrons as
long atrophic tubules (the
‘swan necks’), appending below
the glomeruli (the ‘swan
heads’).

deposition of corneal cystine crystals'®'’, bone deminer-
alization and deformities'®, muscle wasting'® and thyroid
dysfunction®. On certain genetic backgrounds, deletion
of Ctns also™ leads to the development of renal pathol-
ogy, in particular a renal Fanconi syndrome between 4
and 6 months of age®'. The phenotype of the Fanconi
syndrome in mice is less severe than that observed in
humans; nevertheless, the mice eventually develop
ESRD?.. This animal model has been instrumental for
improving our understanding of kidney pathophysiol-
ogy in cystinosis. A hallmark of renal disease in Ctns-
knockout mice is the accumulation of cystine crystals
within proximal tubular cells (PTCs). Interestingly, how-
ever, evidence suggests that these PTCs become dedif-
ferentiated before crystals accumulate, losing their brush
border, becoming flattened, and eventually resting on a
thicker basement membrane than do healthy PTCs'®?'.
These tubular changes typically begin at the glomerulo-
tubular junction and extend distally, evolving to tubu-
lar atrophy with development of characteristic swan
neck deformities?. In addition, heavy inflammatory cell
infiltrates can be observed in the renal interstitium?">.
Beyond supportive therapy, the only specific therapy
for cystinosis is cysteamine, which acts by depleting
cystine in lysosomes. Cysteamine was first used in cys-
tinosis patients in 1976 but wasn’t approved by the FDA
until 1994 (REFS 24,25). Although early administration of
cysteamine therapy delays the progression of cystinosis
complications including ESRD®*'°**%, it has no effect on
established renal Fanconi syndrome. Moreover, the renal
Fanconi syndrome in cystinosis is unique in that it is typ-
ically the earliest manifestation of the disease process. In
addition, in cystinotic mice, the renal Fanconi syndrome
manifests before structural anomalies, such as cystine
crystal deposition or PTC dedifferentiation and atrophy,
are detected in PTCs. These findings raise questions as to
the unique features of PTCs that explain their early vul-
nerability in cystinosis; the molecular mechanisms that
account for the development of PTC dysfunction before
the development of detectable lesions; the cellular and
molecular mechanisms that link cystinosin deficiency
and the resulting lysosomal defects to histopathological

changes and eventual tubular atrophy; and how best
to translate this knowledge into better management
approaches, and potentially a cure for cystinosis.

This Review summarizes decades of research into the
pathogenesis of renal Fanconi syndrome in cystinosis,
focusing on findings that have provided insights into
the pathogenic roles of global metabolic and oxidation
defects; impaired endolysosomal trafficking, proteolysis
and signalling; and apical dedifferentiation in disease
processes. We emphasize the importance of cystinosin
in the maintenance of cellular homeostasis, beyond
its function in cystine transport and discuss current
treatment approaches as well as emerging therapeutic
avenues that have arisen from improved understanding of
the pathophysiology of cystinosis and from studies
of haematopoietic stem cell transplantation in mice.

Cystinosis: an overview

Clinical course of cystinosis

Renal Fanconi syndrome is the most common initial
clinical manifestation of infantile cystinosis, typically
becoming evident at 6-18 months of age***. Although
glomerular proteinuria can be detected early in the dis-
ease course (as early as 1 year of age)***, glomerular
filtration rate begins to deteriorate from 5-6 years of
age, leading to the development of ERSD. According
to the North American Pediatric Renal Trials and
Collaborative Studies (NAPRTCS) 2010-2011 annual
report, cystinosis accounts for 1.4% of children on
dialysis and 2.1% of paediatric renal transplant recip-
ients in the USA?2. Cystinosis is, however, a multi-
systemic disease with accumulation of cystine in
lysosomes throughout the body. Deposition of cystine
crystals in the cornea, which begins in infancy, gradu-
ally leads to photophobia, blepharospasm, and recur-
rent corneal erosions’. Retinopathy can also develop
as early as 3 years of age, and can cause blindness*?*.
Affected individuals often develop endocrine complica-
tions such as hypothyroidism, diabetes, pubertal delay,
and male hypogonadism™®. Vascular damage®**” and
hypertension®?* have also been described in relation
to hyperplasia of renin-producing cells in the juxtaglo-
merular apparatus®; chronic kidney disease and disrup-
tion of calcium, phosphate and parathyroid hormone
homeostasis; and cystine accumulation in blood vessels.
Cystinosis also causes rachitism with bone deformities
and fragility*, which is attributed to massive urinary
phosphate loss, defective conversion of 25-hydroxyvita-
min D into active calcitriol in the kidney and deposition
of cystine in bone, although the exact pathophysiology
is not fully understood*'. Cystinosis is also associated
with the development of neuromuscular and neuro-
cognitive dysfunction including the deterioration of
fine vision, motor coordination and peripheral muscle
strength, and the development of swallowing difficul-
ties**"¥. Impaired swallowing and chronic respiratory
dysfunction favour the development of aspiration pneu-
monia, a major cause of death in affected patients***.
Most of these complications, with the exception of
established renal Fanconi syndrome, can be delayed or
even prevented with cysteamine therapy®”.
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Figure 1| CTNS produces two isoforms with distinct subcellular localizations. CTNS, which encodes the seven
transmembrane lysosomal protein cystinosin, is composed of 12 exons (solid boxes) with the start codon (ATG) in

exon 3 and two alternative stop codons (TAGs) in exon 12. The common, canonical form of cystinosin is shown on the left.
The 3’ region of CTNS (dashed box) encodes the C-terminal extension of the less frequent isoform, cystinosin-LKG, which
arises from alternative splicing in exon 12 (right). Canonical cystinosin exclusively localizes to lysosomes due to the
concerted effect of two lysosome-targeting signals: a classic tyrosine-based C-terminal motif, GYDQL, and a non-classic
motif, YFPQA, in the fifth transmembrane loop named the ‘PQ loop’, which also contains a cystine-proton binding site.
The GYDQL motif allows recognition by the adaptor protein complex 3 (AP-3), which is responsible for direct lysosomal
targeting of cystinosin. The cystinosin-LKG isoform lacks the GYDQL motif but instead contains the carboxyl-terminal
SSLKG sequence, which directs this isoform to the plasma membrane, with secondary endocytic trafficking to lysosomes

involving AP-2 complexes.

Epidemiology of cystinosis

Cystinosis is a rare, autosomal-recessive, monogenic dis-
order with a general incidence of 1:100,000-1:200,000
live births*. A higher local incidence has been reported
in French Brittany (1:26,000 live births)*"** and
Saguenay-Québec (1:62,500 live births)>, due to dis-
tinct founder mutations in CTNS (c.898-900 + 24del27
(REFS 54,55) and p.Trp138X (REF. 56), respectively).
Another founder mutation, involving a 57 kb deletion in
CTNGS, is the most common cause of cystinosis, affecting
65% of patients of northern European descent'***” but
almost never occurs in other families® . Cystinosis is
also reported in countries with high levels of consan-
guinity such as some countries in the Middle East, but
accurate prevalence data are lacking®®*'-**. The low
reported frequency of cystinosis in Russia®®, India®® and
China® likely reflects underdiagnosis.

Molecular basis of cystinosis

CTNS is located on the short arm of chromosome 17
(REF. 68) and comprises 12 exons, the two first of which
are non-coding". The remaining 10 exons encode a 367
amino-acid protein, called cystinosin, which is predicted
to contain seven transmembrane domains, a luminal
N-terminal region bearing seven N-glycosylation sites
and a cystolic C-terminal GYDQL lysosomal target-
ing signal. A longer CTNS isoform can be generated by
alternate splicing of exon 12, which removes the GYDQL
motif and adds 39 amino acids to produce a 400 amino-
acid protein, called cystinosin-LKG® (FIC. 1). Like the

canonical form of cystinosin, cystinosin-LKG localizes at
lysosomes, but unlike canonical cystinosin, it also resides
in the secretory apparatus and the plasma membrane,
where it mediates proton-coupled cystine transport”.
The cystinosin-LKG isoform represents 5-20% of all
CTNS transcripts in most tissues (representing up to
50% of all CTNS transcripts in testes)”.

Subcellular localization studies have confirmed the
localization of the canonical cystinosin isoform to the
lysosomal membrane'. The GYDQL motif interacts
with the adaptor protein complex 3 (AP-3), which is
responsible for direct lysosomal targeting”. An addi-
tional, non-classical lysosomal targeting motif located
in the fifth cytoplasmic loop, YFPQA (FIG. 1), reinforces
association with lysosomes™. Paired lysosomal sorting
motives are thought to ensure robust targeting of the
protein to the lysosome, and are present in other lyso-
somal membrane proteins, such as battenin, which
is involved in the neurodegenerative disorder Batten
disease”. The YFPQA sequence comprises part of a
‘PQ-loop’ motif, a defining feature of the PQ-loop fam-
ily proteins, which are seven transmembrane helices
with a duplicated region containing a well-conserved
PQ-dipeptide motif”. The cystine and proton-binding
site in cystinosin belongs to this second PQ-loop”, as
seen in other PQ-loop proteins such as the SWEET sugar
transporters”.

Cystinosin is a cystine-proton symporter that uses
the proton gradient to transport cystine from the lyso-
somal lumen to the cytosol. The affinity of cystinosin
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Km

Concentration of half-maximal
rate. For a transporter, the

Km value is inversely related
to its affinity for its cargo.

Half-cystine

In biochemical assays,

cystine values are reported

as half-molecules because
cystine was originally
measured in reducing
conditions (as cysteine),

and cysteine is half a molecule
of cystine. Cystine is now
directly measured as cystine
using a mass spectrometer but
the values are still reported as
half-cystine per mg of protein.

for cystine at acidic pH'®, is much higher than that
of other lysosomal amino-acid transporters for their
substrates. Indeed, the Km of cystinosin for cystine is
~0.25mM in Cos-1 cells and down to 0.075 mM when
protonated, as occurs in the acidic lysosomal lumen”,
in contrast to micromolar ranges for the lysosomal
amino acid transporter PQ loop repeat containing
protein-2 (PQLC2; 3 mM for arginine and even higher
for lysine”), and peptide/histidine transporter-2
(PHT2; 5mM for histidine’®). These values suggest
that saturation of cystinosin occurs much below
the level at which cystine saturation of lysosomes
occurs (5mM under acidic lysosomal conditions).
Quantitative mass spectrometry studies further indi-
cate low copy numbers of cystinosin at the lysosomal
membrane (~10 transporters per lysosome)”, which
is compatible with cystinosin abundance being the
rate-limiting step for cystine transport, consistent with
reduced transport efficiency in heterozygotes carrying
one defective CNTS allele”. This rate-limiting effect
of transporter number contrasts with lysosomal stor-
age diseases caused by defective luminal hydrolases,
whereby heterozygotes show no accumulation of sub-
strate at 50% residual activity*’. Moreover, although
a low abundance of transporters in individual lyso-
somes would not be expected to cause a problem as
lysosomes constantly exchange their digestive load
by fission and homotypic fusion, such job sharing is
compromised upon rigid content overload. In addi-
tion, genotype-phenotype correlation revealed com-
plete disruption of cystine transport in patients with
infantile cystinosis associated with point mutations in
CTNS, in contrast to the partial preservation of cystine
transport observed in individuals with juvenile and
ocular cystinosis®. A total loss of cystine transport
might not, however, be sufficient to cause nephrop-
athic cystinosis. For example, two missense mutations
in CTNS — Lys280Arg and Asn323Lys — found in
patients with juvenile cystinosis, result in undetecta-
ble levels of cystine transport, yet these mutated forms
of cystinosin still localize at lysosomes®'. This finding
indicates that the presence of cystinosin without trans-
port capability is associated with a milder phenotype
than that associated with the 57 kb deletion present
in most forms of infantile cystinosis, and is compati-
ble with an important function of cystinosin beyond
cystine transport (BOX 1).

Box 1| Evidence for cystinosin functions beyond cystine transport

e Established Fanconi syndrome is refractory to efficient cystine depletion by

cysteamine?

e Cystinosin physically interacts with mTORC1 (REF. 142)
¢ Impaired mTORC1 and TFEB signalling are not restored by cysteamine

administration#214

* Chaperone-mediated autophagy and LAMP2A mislocalization in cystinosin-deficient
cells are not corrected by cysteamine administration but by restoring cystinosin

expression’**

e Lysosomal enlargement and perinuclear clustering are not rescued by cysteamine

administration'?

Biochemistry of cystinosis

Cystine accumulation in lysosomes

Mechanism of cystine accumulation. Impaired trans-
porter-dependent exodus of cystine across the lysoso-
mal membrane leading to intralysosomal accumulation
of cystine was until a few years ago considered to be the
primary cause of all cystinosis manifestations. Studies in
cultured human cystinotic fibroblasts further demon-
strated that intracellular cystine does not originate from
oxidation of local cysteine in lysosomes® but from lyso-
somal degradation of disulfide-bearing proteins®-54.
Moreover, cystine loading in fibroblasts is proportional
to the extracellular concentration of albumin® and to
the intrinsic abundance of disulfide bridges in various
endocytic cargos®.

In particular, since albumin contains 17 disulfide
bonds, each degraded albumin releases 17 cystine
molecules®. Furthermore, a surprisingly low fraction
of cystine released by albumin degradation (<1%) was
retained, which was attributed to cystine exocytosis®.
Vesicular exodus of free cystine by exocytosis should
thus be regarded as a natural clearance mechanism
that considerably slows the accumulation of cystine.
Quantitative estimations detailed below indicate that
in PTCs from Ctns-knockout mice, receptor-mediated
endocytosis of ultrafiltrated plasma proteins is more
than a sufficient source of cystine. Albumin, the major
ultrafiltrated protein, is barely detectable in urine, indi-
cating virtually complete reabsorption. Upon selective
genetic abrogation of receptor-mediated endocytosis,
mice excrete on average roughly 25 pg of albumin per
day®, indicating that this amount is normally reab-
sorbed daily via the megalin-cubilin pathway and
transferred to lysosomes, corresponding to ~12 nmol
of half-cystine released from albumin alone in PTC lyso-
somes every day. Similar calculations can be extended to
humans, on the basis of high levels of proteinuria observed
in patients with homozygous deletion of the gene that
encodes cubilin®. Moreover, during the first months of
life, when endocytic receptors are preserved, kidneys
of Ctns-knockout mice accumulate ~0.1 nmol half-
cystine per mg of total protein per day (~1.5nmol
half-cystine per day)?'. Thus, similarly to cystinotic
cells in vitro, where only 1% of cystine released by lyso-
somal proteolysis is actually retained in lysosomes®,
the rate of lysosomal cystine generation in PTCs from
Ctns-knockout mice exceeds the rate at which it is
retained by at least sevenfold. Although these calcu-
lations are rough estimates, two conclusions can be
drawn: first, albumin endocytosis and lysosomal degra-
dation in PTCs is sufficient to account for the supply of
cystine precursors; and second, the amount so supplied
largely exceeds the amount being stored implying that
cystine is poorly retained by endolysosomes in vivo and
that, in addition to cystinosin-mediated transmem-
brane exodus, cystine can be efficiently discharged by
vesicular efflux (exocytosis). These two conclusions
indicate that inhibition of megalin-dependent endo-
cytosis and triggering vesicular exocytosis could both
slow the build-up of cystine in PTCs and progression
of cystinosis.
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Figure 2 | Cystine crystals accumulate within lysosomes of cystinotic cells. a|Conventional electron micrograph
of a proximal tubule cell from an 8-month old Ctns-knockout mouse showing a lysosome that is about twofold larger
in diameter than usual. b | Pseudo-colour conversion of grey levels, to better demonstrate intertwining of the normal
dense matrix (dark areas) with amorphous, less electron-dense material suggestive of undigested protein (blue areas);
and the two types of crystals: a sharp, needle-shaped crystal (arrow) and two polyhedric crystals (arrow heads). Such
crystals are never seen before 6 months of age and needles do not usually contact the lysosomal membrane. Note the
lack of luminal membrane packing that identifies autophagic structures. ¢ | Conventional electron micrograph of a
mouse proximal tubule cell deformed by a single huge lysosome. Red lines indicate the straight borders and angles of
a polyhedric crystal, close to 10 um in height. Note the preservation of the brush border in adjacent cells. Part ¢
reproduced with permission from the American Society of Nephrology © Gaide Chevronnay, H. P. et al. J. Am. Soc.

Nephrol. 25,1256-1269 (2014).

Lysosomal fusion

Fusion of acidified late
endosomes carrying endocytic
cargo with resting lysosomes
bearing concentrated enzymes,
or fusion between resting
overloaded lysosomes (then
also called interlysosomal
fusion).

Lysosomal fission

Vesicular budding from
endolysosomes (to regenerate
late endosomes and resting
lysosomes), or division of
overloaded resting lysosomes
into smaller ones to randomize
residual content by
interlysosomal fusion.

Residual body

Aresting lysosome, filled with
undigestible content, that no
longer engages in vesicular
trafficking.

Lysosomal defecation

Active exocytosis of overloaded
lysosomes. This lysosomal
clearing activity is stimulated
by transcription factor EB.

Cystine accumulates as two forms in growth-arrested
cells such as PTCs and interstitial macrophages. First, as
soluble cystine, which in principle cannot exceed con-
centrations of ~5mM, the limit of solubility under acidic
lysosomal conditions®. Soluble cystine can then organ-
ize into polyhedral crystals within the lysosomal matrix
(FIC. 2). The theoretical limit of cystine solubility within the
acidic lysosomal environment can be roughly converted
into a maximal soluble cystine load per cell. Given that the
typical protein concentration in kidney cells is 160 mg/ml,
the 5mM free cystine in acidic lysosomes, which typ-
ically occupy ~4% of cell volume, would correspond
to ~0.2 umol half-cystine per ml of tissue, or ~1 nmol
half-cystine per mg of tissue protein. However, higher val-
ues of free cystine do not necessarily imply the formation
of cystine crystals, since up to 20 nmol of half-cystine per
mg of protein®® has been recorded in short-lived cystinotic
neutrophils (which are assessed to monitor the efficiency
of cysteamine therapy), without evidence of crystals. The
discrepancy between the theoretical solubility threshold of
cystine and the actual load might reflect enlarged lysoso-
mal volumes, electrostatic interaction between cystine and
the charged fixed residues of lysosomal proteins enabling
cystine to exit the soluble free pool, or the possible con-
tribution of variable amounts cytosolic cystine included
in the tissue cystine assay. Of note, a 5mM maximal con-
centration of cystine is too low to cause osmotic swelling,
and therefore cannot be the primary cause of lysosomal
enlargement.

Crystal formation. The absence of crystals in exponen-
tially growing cultured human and murine cystinotic
fibroblasts, immortalized shed urinary cells, and

short-lived cystinotic neutrophils suggests that crystal-
lization within the heterogeneous lysosomal matrix is a
rather slow process. Crystals are first detected by electron
microscopy in cystinotic mouse PTCs as tiny needles that
are invisible by light microscopy, which then build up as
polyhedra that deform lysosomes and can reach huge
dimensions (>10 um in diameter). A build-up of crystals
after the onset of renal Fanconi syndrome explains the
exponential increase of cystine in kidney extracts from
cystinotic mice. Large crystals have a significant impact
on lysosome motility (see below) and lysosome vesicu-
lar dynamics. Enlargement and content rigidification
are known to impair lysosomal fusion®>*. In addition,
non-breakable micrometer-large crystals must prevent
lysosomal fission. The combination of these effects should
block interlysosomal exchange, and thereby arrest ran-
domization of endocytic load between lysosomes, thus
favour their conversion into residual bodies®>®. Unlike kid-
neys from Ctns-knockout mice, in which cystine crystals
are predominantly found in PTCs*"!, crystals are absent
or rarely found in PTCs from children with cystinosis”.
Rather, biopsy samples from children aged 1.5-3.0 years
with cystinosis show crystal deposition predominantly
in interstitial macrophages®. Importantly, crystals of
mouse PTCs, but not of macrophages, can be disposed
into the tubular lumen, either by exocytosis (in a process
known as ‘lysosomal defecation’), or by apoptotic cell frag-
mentation®'. Of note, flattened cells in swan neck deform-
ities in cystinotic mice are devoid of crystals®. Moreover,
allografts from renal transplant recipients do not show
evidence of crystals in PTCs whereas crystal formation
recurs in macrophages, consistent with infiltration of
the allograft by cystinosin-defective host macrophages™.
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Thus, cystine crystals are clearly pathognomonic of cysti-
nosis, but should no longer be considered pathogenic in
the initiation of renal Fanconi syndrome, which develops
in Ctns-knockout mice before crystals appear in PTCs and
is inconsistent with the absence of crystals at early stages
of cystinosis in PTCs in humans. Moreover, the failure of
cystine-clearing cysteamine to reverse established renal
Fanconi syndrome demonstrates the involvement of addi-
tional essential mechanisms. Crystals might, however, be
crucial in driving the progression of renal disease at later
stages, for example, by activating the inflammasome to
trigger inflammation and fibrosis®.

Energy imbalance

Loading of renal tubules with cystine dimethylester was
historically used to study the effects of cystine build-up
in vitro and in vivo; this approach led to a drastic decrease
in cellular ATP levels in renal tubules, but this effect was
later attributed to mitochondrial intoxication®*”. Low
levels of ATP were, however, later found in fibroblasts
from patients with cystinosis’®®, as well as upon silencing
of cystinosin in rabbit PTCs with small interfering RNA'®,
independent of a detectable mitochondrial defect, sug-
gesting that cystinosis is associated with altered cellular
energy homeostasis. The cause of the reduced ATP levels
in cystinosin-deficient cells is unknown. The presence of
an energy imbalance in cystinosis is further supported by
evidence that the cytosolic fuel sensor, AMP-activated
protein kinase (AMPK), is activated in primary rabbit
PTCs with cystinosin knockdown'”'. However, the inter-
pretation of this finding must be regarded with caution
since AMPK is involved in kinase-based energy sensing
and adaptive crosstalk, in particular with mTORC-1, a
sensor of energy supply at lysosomes (FIC. 3).

Apoptosis

Cystinotic fibroblasts and PTCs are particularly vulnera-
ble to apoptosis'®>'®. In vivo, the characteristic ‘swan neck
deformity of the proximal tubules is associated with local
apoptosis'™ (FIC. 4). The propensity of PTCs to undergo
apoptosis is supported by the uniform overexpression
of the pro-apoptotic cysteine protease, caspase-4, in
kidney biopsy samples from patients with cystinosis'®.
Transcripts for genes encoding caspase-1, caspase-4, and
caspase-12, are significantly increased in kidneys from
15-month-old Ctns-knockout mice, suggesting global
overexpression of the apoptosis cascade (S. Cherqui,
unpublished work). Increased activation of the immediate
apoptosis executioner, caspase-3, was also demonstrated
in scattered PTCs from Ctns-knockout mice, associated
with luminal shedding of apoptotic bodies and a partial
compensatory response through PTC proliferation and
repair®’. However, apoptosis is more likely to be a com-
mon end-point of disease processes than a primary cause
of proximal tubule dysfunction in cystinosis. Although
iterative PTC apoptosis from the swan neck could even-
tually cause tubular atrophy, apoptotic luminal PTC shed-
ding can also be viewed as an initial adaptive mechanism
for the selective removal of irreversibly altered and/or
crystal-overloaded cells”. Indeed, each replacement of
an apoptotic PTC by a proliferating neighbour implies

generation of a completely new set of lysosomes. An
additional possible mechanism contributing to the swan
neck deformity is sliding metaplasia, whereby the flat epi-
thelium of the Bowman capsule would extend into the
convoluted segment of the proximal tubules that has been
depopulated by apoptosis. This mechanism is conceptu-
ally analogous, albeit in opposite direction, to colonization
of the distal Bowman capsule by PTCs.

Oxidative stress
Cystine efflux from lysosomes is widely considered
to serve as a source for cysteine, which itself is used
in the synthesis of the tripeptide, glutathione, via
the y-glutamyl cycle. Reduced glutathione (GSH) is the
major antioxidant in the cystosol, facilitating the neu-
tralization of free radicals such as reactive oxygen spe-
cies. Accordingly, altered glutathione metabolism and
increased oxidative stress have been proposed to cause
the Fanconi syndrome in cystinosis (FIC. 5). A significant
decrease in total glutathione content and increase in
superoxide dismutase activity, which enhances oxidative
stress, were observed in cultured human cystinotic fibro-
blasts and were corrected by administration of exogenous
cysteine'’, raising the possibility that lowered cytosolic
glutathione levels resulted from a shortage of cysteine that
is normally derived from cystine (FICS 3b,5). Further stud-
ies demonstrated altered glutathione metabolism in skin
fibroblasts, polymorphonuclear cells, and cultured PTCs
from patients with cystinosis'”'®. Fibroblasts derived
from patients were unable to increase glutathione syn-
thesis in response to oxidative stress'”. Under conditions
of ATP inhibition, levels of 5-oxoproline, an intermediate
of the y-glutamyl cycle, were almost doubled in cystinotic
cells compared to controls whereas that of y-glutamyl
cysteine remained unchanged, indicating that the cycle
was impaired at the step of cysteine entry, further support-
ing the hypothesis that the supply of cysteine in cystinotic
cells is limited. Of note, elevated levels of 5-oxoproline have
also been identified in urine of patients with cystinosis,
confirming the in vitro results'’. Interestingly, one study
reported that PTCs extracted from the urine of patients
with cystinosis had decreased basal glutathione levels,
combined with lower ATP levels and a higher apoptosis
rate'", suggesting that these defects could be linked.

GSH has an important role in preventing mitochon-
drial oxidative damage and abnormal mitochondria have
been reported in PTCs from humans and mice with cys-
tinosis'®"">'3, In Ctns-knockout mice, the increase in
oxidative stress preceded the development of swan neck
deformities, which could be delayed by administration
of mitoquinone, an antioxidant compound that targets
mitochondria'™. Of interest, a pilot clinical trial in which
N-acetyl-cysteine was administered for 3 months to 23
patients with nephropathic cystinosis demonstrated a
significant reduction in oxidative stress and improved
renal function''*. However, additional studies with
larger cohorts and longer follow-up are clearly needed to
confirm this conclusion.

Together the above-described studies document
alterations in glutathione metabolism and support the
hypothesis that synthesis of cytoplasmic cysteine is
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Figure 3 | Cell biological alterations in cystinotic cells. a|Lysosomes of healthy proximal tubule cells (PTCs) are

small, motile and dispersed throughout the cytoplasm (1), where they can readily fuse with late endosomes. High apical
expression of the tandem multiligand receptors, megalin and cubilin, and their unusually fast recycling rate result in
extremely active receptor-mediated endocytosis (2). Endosomal trafficking, transfer into lysosomes and proteolysis (3)

of ultrafiltrated disulfide-rich plasma proteins ensures an ample lysosomal supply of amino-acids (AAs) together with
sulfur-bearing cystine. Following cystinosin-mediated export from the lysosome, cystine becomes a source of cysteine in
the cystosol (4), which favours the biosynthesis of reduced glutathione (GSH), which confers protection against reactive
oxygen species (ROS; 5). Moreover, functional mitochondria do not release ROS (6). An abundance of AAs (7) keeps the
mTORC1 complex at the lysosomal membrane in its active kinase form (8). Crucial physical interactions between
cystinosin and mTORC1 are not indicated. Lysosomal mTORC1 inhibits macroautophagy (9) and maintains TFEB
phosphorylation, thereby abolishing its nuclear translocation and transcriptional effects (10). Localization of LAMP2A at
the lysosomal membrane supports the clearance of altered cytosolic proteins by chaperone-mediated autophagy (11).
b|In cystinotic PTCs, lysosomes engorged by undigested proteins (evident as amorphous inclusions) become enlarged
and cluster around nuclei (1); they are less motile than lysosomes of healthy PTCs and are located further from the apical
membrane, rendering them less accessible to endocytic cargo and less prone to exocytic clearance. Endocytic uptake is
also decreased as expression of megalin and cubilin declines (2). Impaired proteolysis (3) lowers AA supply (7). Moreover,
cystine can no longer cross the lysosomal membrane due to an absence or loss-of-function of cystinosin, which
presumably limits cysteine availability (4) and therefore GSH synthesis, reversing the ratio of GSH to oxidized glutathione
(GSSQ), leading to increased oxidative stress by ROS (5). Concomitantly, ROS production increases as mitochondria are
damaged and/or are less efficiently cleared (6). The shortage of free AAs (7) inhibits mTORC1 (8), which activates
autophagic programmes, including mitophagy (9). nTORC1 inactivation also leads to dephosphorylation and

nuclear translocation of TFEB (10), activating transcription programmes (11) that further promote autophagy.
Chaperone-mediated autophagy of altered (including oxidized) cytosolic proteins is hampered, in part because of
impaired LAMP2A trafficking to lysosomes (12). Continuous autophagy eventually causes cell atrophy. In parallel, energy
depletion activates AMPK, which inhibits mTORC1 thus activates autophagy (13). Enhanced apoptosis is not represented.
Hsp70, heat shock protein-70.

limited when recycling of lysosomal cystine is abro-
gated. However, cells have alternative sources of cysteine.
Indeed, cysteine can be synthesized from methionine,
albeit to a limited extent'"*. More importantly, cysteine
can be imported from the extracellular space''® espe-
cially in PTCs where cysteinyl-glycine is reabsorbed by
the PEPT?2 transporter'", and cystine is reabsorbed by
the heterodimeric rBAT-b(0,+)AT transporter, which are
active at the apical membrane'®. In addition, cysteam-
ine releases equimolar amounts of cysteine from the
lysosomes into the cytosol and cysteamine is also itselfa
potent antioxidant, shown to increase intracellular levels

of GSH"*'2.. However, the vexing inefficacy of cysteam-
ine on established Fanconi syndrome in patients with
cystinosis argues against a primary role for defective
glutathione metabolism and increased PTC suscepti-
bility to oxidative stress in the pathogenesis of Fanconi
syndrome, suggesting the involvement of more complex
cellular and molecular disease mechanisms.

Cell biological alterations

Trafficking and proteolysis defects

A host of structural and endocytic trafficking defects
have been reported in cystinotic cells (FIC. 3b). First,
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a Initial proximal insult
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tubular
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atrophy and sliding
metaplasia
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Apoptotic
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Figure 4 | Origin and consequences of swan neck deformities. a|The canonical localization at the glomerulotubular
junction represents the transition between the flat parietal epithelium typical of the Bowman capsule and the thick
columnar epithelium lining the proximal tubules, with a highly differentiated apical pole represented by a brush border.
The transition between the two types of epithelial cells can occur within the glomerulus, with the lower third of the
Bowman capsule lined by thick epithelium that is undistinguishable from differentiated proximal tubule cells (PTCs). The
opposite scenario (that is, a transition from thin to thick epithelium distal to the glomerulotubular junction) is never found
under normal conditions. The insult here arises from the apical pole by an ultrafiltrated and reabsorbed toxic factor. We
suggest that this factor could be disulfide-bearing albumin, which is the main source of cystine, and first affects the most
proximal PTCs. b | Swan neck deformities arise from the apoptotic cell death and shedding of individual PTCs; atrophy by
dedifferentiation of PTCs; and possibly by replacement of dead PTCs upon expansion of the flat Bowman epithelium from
the glomerular wall into the tubules (sliding metaplasia hypothesis). ¢ | The characteristic features of a microdissected
nephron exhibiting a normal-sized glomerulus (swan head) and an atrophic proximal tubule (swan neck) suggest the
extension of lesions to cells at the base of the neck, as they become exposed to the ultrafiltrated and reabsorbed toxic

factor, are thus governed by the same mechanisms as in part b.

in addition to severely decreased expression of the
endocytic receptors megalin and cubilin in PTCs*"'%,
impaired megalin recycling has been reported in
cystinotic cells'®, as in two other hereditary diseases
associated with renal Fanconi syndrome: Dent disease'**
and Lowe oculocerebrorenal (OCRL) syndrome'?.
However, the finding that administration of cysteamine
fails to control established Fanconi syndrome despite
correction of megalin recycling in vitro' argues against
a major role for recycling defects in cystinosis.

Second, cystinotic lysosomes become enlarged and
cluster to the perinuclear region of cells, reflecting
impaired lysosome motility and indicating reduced
accessibility to endocytic and autophagic loads'*>'%.
Three possible explanations exist for the pericentriolar
trapping of cystinotic lysosomes: first, through physical
retention, since enlarged lysosomes have impaired free
diffusion'?® and are predicted to engage with increased
numbers of microtubular contacts via their cytoskele-
tal motor protein, dynein, and since the microtubular
network is most dense around centrioles'”’; second,
through altered regulation of lysosomal calcium
release that controls lysosomal dynamics'?, although

no change in the total level of lysosomal calcium store
has been detected in cultured cystinotic cells'?; and
third, through downregulation of Rab-GTPase(s)
that normally catalyse lysosomal trafficking, such as
Rab27a, which is specifically expressed in PTCs and is
downregulated in PTCs from mice and humans with
cystinosis'®.

Third, delayed transfer of endocytosed proteins into
the lumen of endolysosomes that act as the degrada-
tive compartment has been documented in PTCs from
Ctns-knockout mice, with evidence that cargo-loaded
endosomes can dock without actually fusing with
LAMP-1-labelled lysosomes.

Fourth, proteolysis in endolysosomes is impaired,
as was first suggested for cystinotic fibroblasts three
decades ago based on ultrastructural evidence of
‘amorphous inclusions’ and high equilibrium density
in subcellular fractionation studies as a result of protein
accumulation'. Direct in situ evidence of an impaired
rate of proteolysis, independent of less frequent
encounters between internalized protein cargo carried
by late endosomes and the set of proteolytic enzymes
brought by lysosomes, has been demonstrated in
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Figure 5 | Cystinosin deficiency and oxidative stress in proximal tubular cells. Absence of cystinosin was thought to
lead to decreased cytosolic cysteine content, resulting in decreased glutathione and increased production of reactive
oxygen species (ROS) and oxidative stress (blue squares). One of intermediates of the y-glutamyl cycle is 5-oxoproline,
which is increased in the urine of cystinotic patients. However, alternative sources of cysteine exist including through

the reabsorption of cysteinyl-glycine by PEPT2 and cystine by the actions of the amino-acid transporter rBAT-b(0,+)AT
(orange squares). Moreover, cysteamine drug, another source of cytoplasmic cysteine, does not prevent the renal Fanconi
syndrome, suggesting the contribution of factors other than cysteine deficiency to this phenotype.

primary PTC cultures from Ctns-knockout mice'?, and
in human cystinotic cells'®. Assuming that lysosomal
influx of cysteine does not increase in cystinotic cells
to compensate for higher intralysosomal levels of free
cystine due to impaired exodus, thus leading to lumi-
nal oxidation of lysosomal thiols, the defect in intrinsic
lysosomal proteolysis could result from three possible
mechanisms (FIG. 3b): first, by impairing the unfold-
ing of disulfide-bonded substrates that are necessary
to expose masked peptide bonds for endoproteolytic
attack''; second, through inactivation of mature lys-
osomal cathepsins that belong to cysteine proteinases
and critically depend on preservation of the reduced
thiol in their catalytic site; and third, through impaired
autoactivation and hetero-activation of pro-cathepsins
by proteolytic excision of the masking pro-peptide. In

turn, impaired proteolysis could affect lysosomal amino
acid sensors, such as mTORCI, thereby affecting lyso-
somal signalling'** (FIC. 3b).

Signalling and autophagy defects

Lysosomes are no longer considered simply as bags
for protein degradation, but rather, they are viewed as
multipurpose, adaptive signalling organelles'** (FIG. 3a).
One major function is in the control of autophagy,
and increased numbers of autophagosomes, especially
enclosing mitochondria, have been reported in various
cystinotic cell lines as well as in liver and kidney from
Ctns-knockout mice'**'**. The lysosomal membrane is
now recognized to be a regulated docking surface for
the mTORCI machinery, which integrates informa-
tion on the nutritional status of the cell (that is, amino
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acid supply), to regulate autophagy and cell differen-
tiation through various pathways including through
transcription factor EB (TFEB) phosphorylation'#>!%3.
Specifically, mTOR complexes have fundamental roles
in renal physiology, highlighting the importance of this
pathway in kidney cell homeostasis and function'*.
Upon stimulation by amino acids, the small GTPases
Ras-related GTP-binding proteins (Rag) and the pen-
tameric Ragulator complex recruit cytosolic mTORC1
to the lysosomal membrane, close to its activator, Rheb
GTPase*”1*, Activation of mMTORC1 by Rheb GTPase
increases protein synthesis, while inhibiting autophagy.
Conversely, starvation (amino acid deprivation) inac-
tivates mTORCI, thereby triggering mobilization of
nutrient reserves by activating autophagy'**'*". The
vacuolar ATPase (v-ATPase) proton pump is nec-
essary for mTORCI activation by amino acids, by
engaging in amino acid-sensitive interactions with the
Rag-Ragulator complex'*”'*!. Co-immunoprecipitation
and mass spectrometry studies have demonstrated that
cystinosin interacts physically with almost all compo-
nents of the v-ATPase, Ragulator complex and RagA/
RagC'¥; these interactions require the fifth loop in cysti-
nosin, which contains the PQ signal. Furthermore, PTC
lines derived from Ctns-knockout mice showed defective
lysosomal recruitment of mTOR upon nutrient short-
age (FIG. 3b). Impairment of mTOR activation was con-
firmed in human cystinotic cells'*’. Of note, as lysosomal
v-ATPase-mTOR activation controls the expression of
megalin and thereby regulates apical protein uptake in
Drosophila epithelial cells and mouse PTCs'*, these data
provide a possible explanation for the decreased megalin
expression in cystinotic kidney, as discussed in further
detail below.

TFEB is the master transcription factor responsible
for coordinating the expression of all lysosomal con-
stituents, including cystinosin, and therefore has a key
role in regulating lysosomal biogenesis and clearance, in
coordination with autophagy and anabolism'** (FIG. 3b).
This factor is silenced by mTOR-dependent phosphoryl-
ation, which causes it to become trapped in the cytosol,
and is in turn activated by Ca’*-dependent dephos-
phorylation, which enables its nuclear translocation.
Expression of TFEB mRNA and protein is impaired in
PTCs deficient in cystinosin'®*. Conditionally immor-
talized PTCs derived from the urine of a patient with
cystinosis showed persistent nuclear translocation of
TFEB, indicating stimulation of lysosomal clearance.
Prolonged overexpression of exogenous TFEB or its
pharmacological activation by genistein lowered cystine
levels and corrected cellular alterations in endocytic traf-
ficking and rescued deficits that could not be corrected
by cysteamine, demonstrating again that the absence of
cystinosin affects lysosomal signalling and pointing to
the potential benefits of pharmacological intervention
targeting TFEB'®.

Contrary to observations in many lysosomal stor-
age disorders' and to predictions based on evidence
of defective mTOR signalling in cystinosis cells'*,
surprising findings from one study showed that auto-
phagosomes in fibroblasts from Ctns-knockout mice

matured normally. These autophagosomes supported
fully functional macroautophagic fluxes'*, but cells
demonstrated impairment of chaperone-mediated
autophagy (CMA)"** (FIG. 3b). CMA is a process of auto-
phagy that involves the chaperone-dependent selection
of altered cytosolic proteins and their translocation into
lysosomes via lysosome-associated membrane protein
type 2A (LAMP2A)'¥. In cells from Ctns-knockout
mice, LAMP2A is mislocalized, presumably as a result of
altered vesicle trafficking. In addition, CMA-dependent
proteolysis by isolated lysosomes from Ctns-knockout
mice was defective, whereas lysosomal proteases seemed
to function normally. Importantly, CMA is activated
during oxidative stress to facilitate the clearance of irre-
versibly modified molecules'*; therefore, impaired CMA
in cystinosis could increase cell sensitivity to oxidative
stress. The various autophagy defects observed in cys-
tinosis are probably interconnected, as impairment of
CMA impairment might induce compensatory activa-
tion of other autophagic pathways''*. However, the
mechanisms leading to defective CMA in cystinosis are
unclear and whether cystinosin stabilizes LAMP2A, a
variant of LAMP2, at the lysosomal membrane is not
known. Moreover, isolated autophagy deficits observed
in Danon disease, a lysosomal storage disorder caused
by mutations in LAMP2 (REFS 150,151), do not lead to a
renal phenotype'****, implying that this defect cannot be
the primary reason for the Fanconi syndrome associated
with cystinosis.

Although many questions remain unanswered with
regard to the regulation and roles of autophagy in cysti-
nosis, it is clear that cysteamine therapy does not correct
many defects of cellular homeostasis, such as altera-
tions in mTOR signalling, TFEB expression and CMA,
despite improvements in cystine clearance'**'*>!**, These
findings underscore the effects of cystinosin deletion,
beyond the direct effects on cystine overload (BOX 1).

Histopathological alterations

Transporters and endocytic receptors

For all their use in investigating the biochemical and cell
biological alterations in cystinosis, studies with immor-
talized cell lines are unable to recapitulate the exqui-
site apical differentiation of PTCs, nor their sequential
organization as tubes with segmental specialization.
As the renal Fanconi syndrome is characterized by a
global defect in PTC reabsorption, a global loss of sol-
ute transporters and endocytic receptors at the apical
membrane of cystinotic PTCs has been hypothesized®'.
Indeed, careful molecular examination of early changes
in kidneys from Ctns-knockout mice revealed a loss of
the major phosphate and glucose transporters (NaPi-IIa
and SGLT-2, respectively) concomitant with the detec-
tion of urinary markers of Fanconi syndrome, account-
ing for the functional urinary loss of solutes before any
detectable (ultra)structural alterations, including at the
brush border. Moreover, studies revealed a parallel spa-
tiotemporal loss of the apical multi-ligand endocytic
receptors, megalin and cubilin®'??>, which normally
ensure near complete reuptake and lysosomal degrada-
tion of ultrafiltrated plasma proteins. This observation
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Figure 6 | Lysosomal membrane transport and luminal events associated with
cystinosis and cysteamine therapy. Under normal conditions (black pathways (left)),
vesicular transfer into lysosomes of disulfide-bearing proteins, such as albumin (1), which
is avidly taken up by receptor-mediated endocytosis into proximal tubule cells,
combined with lysosomal import of cysteine by a still unknown mechanism (2)*° leads

to the reduction of disulfide bonds, resulting in protein unfolding and release of free
cystine (3)1"1%, Cystine is rapidly exported into the cytosol by the cystine—proton
symporter, cystinosin (4). Protein unfolding unmasks peptide bonds buried in globular
proteins thus allows endoproteolytic attack by the concerted action of lysosomal
cathepsins, such as the cysteine protease, cathepsin B (5)'*!. Free thiolin the catalytic site
of cysteine proteinases is preserved by the reducing lysosomal environment. In the
absence of cystinosin (orange pathways), cystine export across the lysosomal membrane
is abolished. Cystine accumulation (6) inhibits the reduction of disulfide bonds in
lysosomes, which thereby is expected to slow down further cystine generation (7) but
also impairs protein unfolding and inactivates cysteine proteases (8), together leading to
impairment of proteolysis (8). Cysteamine (-mercaptoethylamine; purple pathways
(right)) penetrates lysosomes by a distinct importer (9)*° and reacts with cystine to
exchange its disulfide bridge into a mixed (cysteamine—cysteine) disulfide (10), which
exits via the cationic amino-acid exporter PQLC2 (11), and generates free cysteine,
which must also exit lysosomes although this transporter is unknown (12). Question
marks indicate that steps 7, 8 and 12 are still hypothetical.

Low molecular weight
proteinuria

A commonly used term to
describe tubular proteinuria
due to defective proximal
tubular endocytosis of plasma
proteins selectively
ultrafiltrated according to their
size and/or sieving coefficient
(thus excluding 1gGs and other
high molecular weight (MW)
proteins), as opposed to
non-selective glomerular leak.

This terminology is convenient,

but might be misleading since
pure tubular proteinuria
typically includes relatively
high MW proteins such as
transferrin (80 kDa) and even
larger globular proteins.

thus explains the characteristic tubular proteinuria of
the renal Fanconi syndrome (commonly referred to as
low molecular weight proteinuria). Although expression of
megalin and cubilin was initially reported as being pre-
served in cystinosis®, subsequent reports found levels of
these endocytic receptors to progressively decline®"'?'.
Thus, the early disappearance of several apical solute
transporters and endocytic receptors, in a process that
could be referred to as ‘apical dedifferentiation, might
provide a common functional molecular mechanism
for the renal Fanconi syndrome, well before tubule
atrophy occurs.

Marked cellular heterogeneity within the same his-
topathological section of proximal tubules is obvious in
patients* and mice with cysinosis®. This heterogene-
ity distinguishes cystinosis from other causes of renal
Fanconi syndrome, such as Dent disease'®, and calls
attention to cell-autonomous responses, such as genetic
regulation, in the response of individual PTCs to cysti-
nosin deficiency. Interestingly, studies of primary PTC
cultures from Ctns-knockout mice have demonstrated
loss of megalin to be associated with the nuclear trans-
location of ZO-1-associated nucleic acid binding protein
(ZONAB)'*, a transcription factor that promotes cell
proliferation and downregulates megalin and cubulin

REVIEWS

expression as direct targets'®. However, ZONAB is only
part of a transcriptional network that integrates with
mTOR-regulated pathways, including those regulated
by TFEB.

Longitudinal extension and atrophy
Over time, apical dedifferentiation of PTCs extends
longitudinally from the glomerulotubular junction to
the more distal PTC segments® (FIG. 4). According to the
estimates provided above, endocytosis of ultrafiltrated
disulfide-rich plasma proteins, in particular albumin, is
the primary source of lysosomal cystine for PTCs**.
Thus, early defective reabsorption by PTCs closest to
the glomeruli followed by distal extension of the defect
further suggests a causal role for defective endocytosis
in disease progression. Indeed, documented transfer of
endocytic load, and thus cystine insult, to more distal
PTCs was predicted to cause longitudinal extension of
the lesion®'. Supporting this endocytosis-based model
of nephropathic cystinosis, we have found that kidney-
specific ablation of megalin in Ctns-knockout mice
prevents accumulation of cystine only in the kidneys
and protects nephrons from swan neck deformities'**.
On the other hand, decreased expression of endocytic
receptors in proximal PTCs could be viewed as another
cell-autonomous mechanism of adaptation, by lowering
protein uptake to decrease the supply of cystine'*®. This
notion is also consistent with the fact that an absence of
cystinosin does not prevent primary neonatal nephron
differentiation, but later induces apical dedifferentiation.
Late-stage cystinotic kidneys show extreme anatomic
atrophy due to a combination of PTC atrophy with inter-
stitial and glomerular fibrosis. Atrophied PTCs have the
appearance of being replaced by flat cells resembling
glomerular parietal cells, supporting the sliding meta-
plasia hypothesis. Interstitial fibrosis follows marked
thickening of tubular basement membrane. End-stage
cystinotic kidneys also show frequent glomerulotubu-
lar disconnection, due to encroachment of the junction,
resulting in the development of atubular glomeruli.
However, atubular glomeruli occur in a wide variety
of chronic kidney diseases including glomerular, tubu-
lar, toxic obstructive and infectious syndromes'*; they
do not, of course, contribute to urine production and
therefore cannot contribute to the phenotype of the renal
Fanconi syndrome.

Treatment and therapeutic perspectives

Current treatment

Beyond supportive therapy?, patients with cystinosis
benefit from the oral drug, cysteamine (B-mercapto-
ethylamine). Cysteamine depletes lysosomal cystine
by cleaving cystine into free cysteine and cysteamine-
cysteine mixed disulfide, which is exported from lyso-
somes by the cationic amino acid transporter, PQLC2,
which also belongs to the PQ-loop family” (FIG. 6).
Although effective in delaying the complications of cys-
tinosis including ESRD?, cysteamine therapy cannot
correct established renal Fanconi syndrome, nor the
autophagy, mTOR, TFEB and CMA defects in cystine-
deficient cells'**!*>!57. These sobering observations
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highlight the fact that the pathogenic mechanisms of
cystinosis involve both the lysosomal accumulation
of cystine and the lack of cystinosin itself, which prevents
essential, yet only partially understood, interactions with
key cellular machineries. These considerations proba-
bly explain why cysteamine delays but does not prevent
kidney failure even if taken compliantly from early
stages of disease. Moreover, adherence to conventional
immediate-release cysteamine therapy is cumbersome.
Pills must be taken every 6h, day and night, and cause
body odour, halitosis and severe gastrointestinal adverse
effects®®, which hinder treatment compliance. Using
enteric-release technology, a delayed and prolonged
release formulation of cysteamine'**! was approved by
the FDA in 2013 (REF. 162). Although this new formula-
tion needs to be taken only every 12h, thus improving
the quality-of-life of affected patients'*>'**, the impact
on the disease is expected to be similar, in delaying but
not arresting the complications. Topical cysteamine
hydrochloride eye drops are highly effective in reducing
the density of corneal crystals and alleviating the associ-
ated symptoms”'®®. Treatment of the Fanconi syndrome
requires careful replacement of electrolytes and vita-
mins. Indomethacin can reduce polyuria in patients with
cystinosis, but was not adopted by consensus guidelines
owing to toxicity issues®*. Taken together, the burden
of cystinosis and current approaches to its management
is heavy. The combination of cysteamine therapy and
multi-systemic supportive treatment requires patients to
take up to 60 pills per day; young children often require
a gastric tube to tolerate the medications and achieve
the necessary caloric intake, and patients who develop
renal failure require dialysis or transplantation. Thus
any novel treatment or improvement to the current
treatment regimen is eagerly awaited.

New potential targets

The above-described mechanisms — involving energy
depletion, oxidative stress, lysosomal enlargement,
altered autophagy, lysosomal signalling and trafficking,
and apoptosis — are most probably linked in the patho-
genesis of the renal Fanconi syndrome in cystinosis'®.
Interventions that improve any step in these cascades
might therefore alleviate the renal Fanconi syndrome.
For example, preclinical and a limited clinical study of
cysteine supplements or antioxidants indicated favour-
able outcomes'**''*; however, larger studies with longer
follow up are needed. Improved understanding of cel-
lular dysfunctions induced by the absence of cystinosin
has already identified other potential therapeutic targets.
For example, small molecules that rescue CMA'®” or
reduce lysosomal overload by enhancing cystine excre-
tion'® might lead to improved outcomes if they are used
concomitantly with cysteamine'*'**. Another approach
is to enhance TFEB levels, as TFEB triggers lysosome
biogenesis and promotes the clearance of accumulated
protein aggregates'®®, in models of Huntington'”® and
Parkinson disease'”’. Induction of TFEB expression,
nuclear translocation and activation of TFEB-dependent
lysosome biogenesis by genistein'’?, has been reported
to decrease lysosomal storage of glycosaminoglycans

due to mucopolysaccharidosis in vitro'” and has been

validated in a pilot clinical trial resulting in cognition
improvement'’. These findings suggest that genistein
might be beneficial in other lysosomal storage diseases
such as cystinosis. Indeed, activation of TFEB by genis-
tein in cystinotic PTCs can decrease intracellular cystine
levels and lysosome enlargement and rescue endocyto-
sis defects'*. Importantly, however, genistein has mul-
tiple effects, including activation of AMPK'”, which as
mentioned earlier is activated in primary rabbit PTCs
with cystinosis knockdown'”, and inhibition of mTOR
signalling'”®, which is already reduced in cystinotic
PTCs'. These varied actions call for great caution
before the effects of genistein are assessed in patients
with cystinosis.

PTC rescue by haematopoietic stem cells
A more radical and specific approach to those described
above is the direct systemic replacement of cystinosin
through administration of cystinosin-producing pro-
genitor cells. This approach has been tested in cystinotic
mice, using wild-type bone marrow-derived stem cells
as a vehicle to target all tissues. Total bone marrow stem
cells, or purified mesenchymal stem cells (MSCs) ver-
sus haematopoietic stem cells (HSCs), were transplanted
into irradiated Ctns-knockout mice to repopulate their
bone marrow with Ctns-carrying donor cells. MSCs
offered only short-term benefits; however, transplanta-
tion of HSCs yielded long-term rescue of the cystino-
sis phenotype®*'7¢!77. HSC transplantation led to stable
engraftment of abundant bone marrow-derived cells
in all organs, correlating with a dramatic reduction in
cystine tissue levels (up to 94% clearance). Most impor-
tantly, this treatment led to a long-term improvement
in kidney structure and function including the Fanconi
syndrome, even though HSCs did not reprogramme
into PTCs*. As expected, effective therapy depended
on strong engraftment of Ctns-expressing HSCs (with
>50% of blood cells being donor-derived). Interestingly,
kidney protection was not dependent on transplantation
at a young age and was still effective in 10-month old
mice, suggesting the potential for established kidney
dysfunction to be rescued by stem cell therapy. Whether
the observed ‘rescue’ of the cystinosis phenotype actually
reflects protection of previously ‘healthy tissue’ and/or
reversal of organ injury is addressed in ongoing studies.
The ability of HSCs to rescue cystinosis in mice is
remarkable since cystinosin is a transmembrane lysoso-
mal protein'*™"* as opposed to secreted, soluble lysosomal
enzymes that can be readily recaptured by receptor-me-
diated endocytosis in diseased cells. Indeed, cross-
correction, that is, the transfer of a functional protein from
wild-type cells to deficient cells, has been well demon-
strated in several lysosomal storage disorders caused
by defective soluble hydrolases, after bone marrow
transplantation or by recombinant enzyme infusion'?®.
However, no cross-correction has been previously
reported for lysosomal transmembrane proteins. A strik-
ing finding was the differentiation of tissue-engrafted
HSCs into macrophages'”. In addition to their phago-
cytic function, engrafted HSCs exerted paracrine effects
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Figure 7 | Proposed mechanisms by which haematopoietic stem cell (HSC) transplantation rescues cystinosis-
induced Fanconi syndrome. Injury to renal cells, including proximal tubular cells (PTCs) induced by loss of cystinosin
triggers an inflammatory response, which probably aggravates the injury. Transplanted wild-type (WT) cystinosin-sufficient
HSCs repopulate the bone marrow of Ctns-knockout mice then migrate into injured tissues, where they differentiate
into macrophages. Extracellular exosome or microvesicle-mediated transfer of cystinosin might correct the

cystinosin deficiency of adjacent interstitial renal cells. However, rescue of PTCs, which are embedded in the tubular
basement membrane, requires tunnelling nanotubes (TNTs), which extend from the macrophages across the

tubular basement membrane, and are capable of bidirectional transfer of lysosomes, cystinosin-containing lysosomes
(red vesicles) from wild-type HSC-derived macrophages into PTCs and cystine-loaded lysosomes (white vesicles) from
Ctns-deficient PTCs into macrophages. A single macrophage can generate multiple TNTs that have the ability to transfer
lysosomes over long distances, which makes this route of cross-correction particularly efficient, likely accounting for the
observed long-term correction of the Fanconi syndrome in Ctns-knockout mice.

that were responsible for effective cystine clearance'”.

Cystinosin-containing microvesicles and/or exosomes
shed by cystinosin-expressing cells have been suggested
as potential vehicles to decrease cystine in cystinotic
cells”'. However, co-culture assays of Ctns-deficient
fibroblasts with wild-type MSCs or macrophages showed
low correction efficiency by shed exosomes and/or
microvesicles in fibroblasts (~20% clearance) contrast-
ing with efficient cross-correction (~75% clearance)
upon cell-cell contact'”. Vital co-culture imaging fur-
ther revealed that bone marrow-derived macrophages
physically transfer cystinosin-bearing lysosomes into
cystinosin-deficient cells via very long tubular exten-
sions known as ‘tunnelling nanotubes’ (TNTs). These
TNTs support long-distance intercellular communica-
tion, vesicular trafficking and pathogen spreading!®-'%3.
Amazingly, cystinosin-deficient cells exploit the same
route in the opposite direction to transfer cystine-loaded
lysosomes into macrophages, where they can fuse with
competent lysosomes, thus providing bidirectional
correction.

The mechanism of HSC-mediated renal repair in vivo
has been debated'®*'®, in particular with regard to the
route by which HSCs access PTCs across the normally
continuous, thick, dense and stiff tubular basement

membrane'®®'¥. However, bone marrow-derived mac-
rophages engrafted in cystinotic kidneys generate
nanotubular extensions that readily cross the tubular
basement membrane and deliver cystinosin into dis-
eased PTCs' (FIG. 7). This novel mechanism of genetic
correction, which offers long-term kidney preservation
after HSC transplantation in cystinosis, opens broad
perspectives for the treatment of inherited renal disor-
ders. Although the specific signals that trigger this effect
remain to be identified, we hypothesize that inflamma-
tion is a key factor since recruitment of macrophages at
the injury site is necessary for therapeutic rescue (FIC. 7).
Similar protection has been demonstrated in the eyes
and thyroid of Ctns-knockout mice, leading to near com-
plete clearance of corneal cystine crystals and preserva-
tion of corneal structure'®, as well as normalization of
thyroid-stimulating hormone level and preservation
of thyroid follicles, repectively'®.

Future directions

The importance of genetic context for the renal pheno-
type of cystinosis has long been acknowledged. In 2002,
the first Ctns-knockout mouse was generated on a mixed
C57BL6/129sv background'®. Despite accumulation of cys-
tine and crystal build-up in all tissues (including kidneys),
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no signs of renal Fanconi syndrome or renal dysfunction
were observed. Subsequently generation of knockout
mice on pure genetic backgrounds revealed that Ctns
knockout on a C57/BL6] background led to proximal
tubule dysfunction and progressive chronic renal fail-
ure, whereas Ctns knockout on a FVB background pre-
sented no renal anomaly despite some accumulation of
cystine in the kidney?'. These data point to the existence
of modifier genes influencing the renal phenotype that
could also account for the variability of disease severity
in patients with identical mutations, such as patients who
are homozygotes for the 57kb deletion. Comparative
genetic analyses of the two congenic Ctns-knockout
mouse strains should enable the identification of such
modifier genes and help unravel either the primary
cause or aggravating as well as attenuating factors of
the Fanconi syndrome in cystinosis. Another surprising
finding was the existence of gender discrepancies in the
cystine content of Ctns-knockout mice, with higher lev-
els in females than males, specifically in the kidneys'’®,
although no evidence exists of a gender predisposition in
humans. Of note, kidney function was similar in males
and female Ctns-knockout mice, which supports the cur-
rent view that cystine accumulation cannot be the only
factor that leads to renal defects in cystinosis. Proteins
encoded by modifier genes might be involved in apical
transcriptional regulation, vesicular trafficking, lysoso-
mal signalling and autophagy, which are all impaired
in cystinotic cells. Further studies of the cause of these
defects might reveal the still elusive, additional cellu-
lar functions of cystinosin. In particular, the role(s) of
the second PQ-loop in cystinosin, which in addition to
lysosomal targeting carries a cystine—proton binding site
and includes the interaction site with mTORC1'7>!42,
deserves further study. The challenge remains to define
the mechanisms that ultimately explain the susceptibil-
ity of PTCs to cystinosin depletion and the early onset
of the renal Fanconi syndrome, and to develop rational
strategies for early prevention.

Rescue of PTCs by HSCs raises a new set of ques-
tions. First, whether crossing of the tubule basement
membrane (TBM) by TNTs is restricted to pathologic
states such as cystinosis or whether it is a so far unrec-
ognized physiologic phenomenon that might support
bidirectional exchange between PTCs and interstitial cell
components during normal development or adult life. In
this context, resident dendrite cells are known to closely
surround tubules and to generate membrane extensions

in the healthy kidney, suggesting a role as sensors of the
microenvironment'®. Second, whether TNTs are able to
actively perforate the TBM, or simply exploit pre-existing
local TBM defects due to alterations in cystinotic PTCs
requires clarification. Third is whether our improved
understanding of the mechanisms by which HSCs res-
cue cystinotic PTCs can be used to design novel treat-
ment for other kidney disorders, in particular proximal
tubulopathies.

Given the considerable risks of morbidity and mor-
tality associated with allogeneic HSC transplantation,
the current goal is to develop autologous transplantation
of gene-corrected HSCs using a lentiviral vector con-
taining CTNS for the treatment of cystinosis. Preclinical
studies using such an approach have been completed in
Ctns-knockout mice and showed evidence of efficacy'”.
Clinical trials using lentiviral vectors to transduce
human HSCs have been widely undertaken in the USA
and Europe, for several conditions including HIV infec-
tion, B-thalassemia, immunodeficiency diseases such
as severe combined or adenosine deaminase immuno-
deficiency and metabolic diseases such as adrenoleuko-
dystrophy and metachromatic leukodystrophy; no major
adverse events have been reported so far, but extreme
care remains necessary'' "',

Conclusions

Important new findings have improved our understand-
ing of the renal Fanconi syndrome in cystinosis, and this
entity is now understood to derive from several patho-
genic mechanisms, including PTC dedifferentiation,
impaired vesicular trafficking, defective mTOR signal-
ling and autophagy. Further studies will be necessary in
order to completely understand the mechanisms that
lead to initiation of this syndrome. Recent insights have
highlighted the fact that cystinosin is not only a lysoso-
mal cystine transporter, but also carries other functions
important for PTC homeostasis and vesicular transport.
Only a combination of genomic, proteomic, and meta-
bolomic approaches along with integrated analyses using
histology, cell biology and biochemistry can help eluci-
date the underlying mechanisms of the renal Fanconi
syndrome in cystinosis, potentially leading to new ther-
apeutic approaches. Preclinical studies of HSC trans-
plantation in a mouse model of cystinosis have yielded
promising results, and translation of this approach into
a clinical trial, which will examine to what extent this
approach is also beneficial to patients, is underway.
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