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Abstract

Nephropathic cystinosis (NC) is a rare disease caused by mutations in the CTNS gene encoding for cystinosin, a
lysosomal transmembrane cystine/H+ symporter, which promotes the efflux of cystine from lysosomes to cytosol.
NC is the most frequent cause of Fanconi syndrome (FS) in young children, the molecular basis of which is not well
established. Proximal tubular cells have very high metabolic rate due to the active transport of many solutes. Not
surprisingly, mitochondrial disorders are often characterized by FS. A similar mechanism may also apply to NC.
Because cAMP has regulatory properties on mitochondrial function, we have analyzed cAMP levels and
mitochondrial targets in CTNS-/- conditionally immortalized proximal tubular epithelial cells (ciPTEC) carrying
the classical homozygous 57-kb deletion (delCTNS-/-) or with compound heterozygous loss-of-function mutations
(mutCTNS-/-). Compared to wild-type cells, cystinotic cells had significantly lower mitochondrial cAMP levels
(delCTNS-/- ciPTEC by 56% + 10.5, P < 0.0001; mutCTNS-/-by 26% + 4.3, P < 0.001), complex I and V activities,
mitochondrial membrane potential, and SIRT3 protein levels, which were associated with increased mitochondrial
fragmentation. Reduction of complex I and V activities was associated with lower expression of part of their
subunits. Treatment with the non-hydrolysable cAMP analog 8-Br-cAMP restored mitochondrial potential and
corrected mitochondria morphology. Treatment with cysteamine, which reduces the intra-lysosomal cystine, was
able to restore mitochondrial cAMP levels, as well as most other abnormal mitochondrial findings. These
observations were validated in CTNSsilenced HK-2 cells, indicating a pivotal role of mitochondrial cAMP in the
proximal tubular dysfunction observed in NC.
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Introduction

Nephropathic cystinosis (NC) is a rare metabolic disease caused by mutations in CTNS gene that encodes for the
cystine carrier cystinosin [48] and is characterized by an impaired transport of the amino acid cystine out of
lysosomes[10, 19]. NC is the most frequent cause of Fanconi syndrome (FS) in young children, a tubular defect that
ischaracterized by impaired reabsorption processes in proximal renal tubular cells with subsequent loss of
electrolytes, glucose, bicarbonate, phosphate, amino acids, and lowmolecular-weight proteins [9]. FS can result
from several congenital and acquired conditions that, in most cases, cause global dysfunction of the proximal
tubular cell, altered mitochondrial metabolism and impairment of energy-dependent reabsorption processes
[16].In recent years, several pathological cell processes, including altered endosomal trafficking, impaired
autophagy, and cell oxidation, have emerged as key aspects in the pathogenesis of NC, in addition to lysosomal
cystine accumulation [21, 28, 35, 39, 54]. Primary involvement of mitochondria in the pathogenesis of the disease
has been long debated. After the first description of abnormal mitochondria in renal biopsies of patients with NC
[4], successive work showed conflicting results. The early in vitro studies of the 1990s using CDME to induce
cystine accumulationin lysosomes were subsequently found to be poor models of the disease, because this drug
causes direct mitochondrialtoxicity. Thereafter, a number of studies showed variable levels of ATP in cystinotic
cells cultured under different conditions [55], but clear mitochondrial abnormalities were not found in a detailed
study performed on cystinotic fibroblasts [26]. More recent studies, however, have shown increased mitophagy,
increased sensitivity to apoptosis, and evidence of mitochondrial depolarization [42, 46], all of which pointi to a
mitochondrial defect. An important regulatory mechanism of mitochondrial metabolism is represented by cyclic-
AMP (cAMP) [1, 11, 13, 49]. cAMP is one of the most important second messengers in living organisms, has anti-
inflammatory properties [34], and modulates ROS levels [6], ion channel functions [25], energy metabolism [40],
and cell proliferation [45], among others. In mammalian cells, cAMP is generated by a family of transmembrane
adenylyl cyclases (tmACs) or by the soluble adenylyl cyclase (sAC), which generates cAMP in different intracellular
compartments, including mitochondria. Contrary to tmAC that is activated by § adrenergic receptor stimulation,
SsAC is modulated by intracellular stimuli, including calcium, bicarbonates, and ATP levels [27, 60]. At the
mitochondrial level, sAC-dependent cAMP has been shown to promote the turnover of nuclear-encoded subunits
of complex I [14], the activity of cytochrome c oxidase [49], the structural and functional organization of ATP
synthase [11], the overall ATP production [15], and the mitochondrial morphology [44]. Herein, we show, using
different approaches and different cell models of NC, that low levels of mitochondrial cAMP in NC are associated
with structural and functional mitochondrial alterations. Mitochondrial cAMP levels as well as mitochondrial
functional impairment can be rescued, at least in part, by cysteamine, a drug that is currently used to treat NC.

Results

Altered cAMP level in CTNS-/- proximal tubule epithelial cells

We measured the total cellular level of cAMP using a direct immunoassay in conditionally immortalized proximal
tubular epithelial cells (ciPTEC) obtained from a healthy volunteer (CTNS+/+) and from two cystinotic patients
bearing the classical homozygous 57-kb deletion (delCTNS-/-) or a compound heterozygous loss-of-function
mutations: ¢.518-519delCA (p.Tyr173X)+c.1015G>A (p.Gly339Arg) (mutCTNS-;-). Comparable levels of total
CAMP in delCTNS-/- cells, mutCTNS-/-cells (12.1 + 0.8 and 11.9 + 2.0 pmol/mg prot, respectively), and wild-type
cells (12.1 £ 1.2 pmol/mg prot) were observed. However, the treatment of cell cultures with 50 pM KH7 for 4 h a
selective inhibitor of SAC [11]) showed a more marked and significant reduction of cAMP in CTNS+/+ with respect
to delCTNS-/-and mutCTNS-/- cells (Supplemental Figure S1) indicating a slight contribute of sAC-dependent cAMP
to the total cAMP levels in cystinotic cells. Treatment of cell lines with 100 uM cysteamine (MEA) for 24 h increased
the total cAMP level in delCTNS-/- and mutCTNS-/- cells but not in wild-type cells (Supplemental Figure S1). Since
SsAC enzyme is present in the mitochondria as well as in the nucleus and cytosol, a more in depth analysis was
carried out using Normalized Fluorescence Resonance Energy Transfer (netFRET) analysis. netFRET signals in
cells transfected with the selective mitochondrial 4mtH30 probe allows to detect specifically mitochondrial cAMP
levels. As shown in Fig. 13, in cells transfected with the selective mitochondrial

4mtH30 probe, netFRET signals were found to be significantly higher in cystinotic delCTNS-/- ciPTEC (by 156% *
10.5; P<0.0001) and mutCTNS-/- (by 126% * 4.3; P < 0.001) cell lines compared to CTNS+/+ ciPTEC. Based on FRET
probe features, these indicated lower levels of mitochondrial cAMP compared to CTNS+/+ ciPTEC. Treatment with
100 puM cysteamine for 24 h decreased mitochondrial cAMP levels in CTNS+/+ ciPTEC, while significantly increased
mitochondrial cAMP in cystinotic ciPTEC. No changes in FRET signals were observed in cells transfected with the
FRET probe (H96) to detect cytosolic cAMP; neither

cysteamine treatment affected it (Fig. 1b).



Study of OxPhos system in cystinotic ciPTEC

It is reported that mitochondrial cAMP signaling has a critical role in the regulating mitochondrial respiratory
chain activity and structure. To verify if the altered mitochondrial cAMPnlevels exert their regulatory effect on the
respiratory chain of cystinotic ciPTEC, analyses of enzymatic activities of complex I, IV, and V were performed. As
shown in Fig. 2, the NADH:Q oxidoreductase activity of complex I was reduced in delCTNS-/- and mutCTNS-/-
ciPTEC compared to CTNS+/+ ciPTEC (21.7 + 3.57 and 19.2 + 2.24 vs. 38.7 * 1.80 nmol/mg/ min. P delCTNS-/- vs.
CTNS+/+ = 0.012 and P mutCTNS-/- vs. CTNS+/+ = 0.017). Likewise, the ATP hydrolase activity (complex V) was
reduced in cystinotic ciPTEC (64.4 + 2.45 and 72.7 + 3.75 vs. 123.4 + 12.1 nmol/mg/min; P delCTNS-/-vs. CTNS+/+
= 0.0065 and mutCTNS-/-vs. CTNS+/+ = 0.022). Treatment with 100 pM cysteamine for 24 h restored completely
both enzymatic activities. The activity of cytochrome c oxidase (complex IV) appeared slightly reduced in
cystinotic ciPTEC, but this did not reach statistical significance (Fig. 2). Studies on complex I and V subunits levels
were also performed. Western blotting analysis of NADH:ubiquinone oxidoreductase subunits showed reduced
expression of the NDUFS4 and NDUFA9 subunits in CTNS-/-ciPTEC compared to CTNS+/+ ciPTEC, while the protein
level of NDUFB7 was unchanged. Treatment with 100 pM cysteamine for 24 h normalized the NDUFS4 and
NDUFA9 protein levels (Fig. 3a). Protein expression of ATP synthase subunits is shown in Fig. 3a. As shown,
delCTNS-/- ciPTEC displayed reduced levels of the d and OSCP subunits, while the expression of the alpha and beta
subunits was comparable to control cells. Here again, treatment with cysteamine (100 pM for 24 h) restored
normal values. Similar results were observed when analyzing compound heterozygous mutated cells. In particular,
as shown in Fig. 3b, cysteamine rescued in part or completely OSCP and NDUFAO9 levels.

Mitochondrial profile in HK-2 cells silenced for CTNS gene

To validate the results obtained in cystinotic ciPTEC, we silenced the CTNS gene in HK-2 cell line using the
SMARTpool technology, which combines different siRNAs to mimic the natural silencing pathway and used, as
negative control, a non-targeted siRNA pool (Mock). Transfection of CTNStargeted siRNAs in HK-2 cells caused a
64% reduction of CTNS mRNA, as assessed by qRT-PCR (Supplemental Figure S2). This caused a significant
reduction of expression of the NDUFA9 complex I subunit and that of the OSCP complex V subunit, compared to
control and to mock-transfected cells. Treatment with cysteamine (100 uM for 24 h) re-established normal levels
of expression. The expression of NDUFB7 and alpha subunits was unchanged (Fig. 4a). Silencing the CTNS gene in
HK-2 cells, similar to the previous observations in cystinotic cells, altered the enzymatic activities of complex I
(50.5 +5.72 vs. 83.5 £ 7.86 nmol/ mg/min; P = 0.039) and complex V (55.4 + 1.79 vs. 102.9 * 4.25 nmol/mg/min;
P =0.009), and cysteamine normalized these findings (Fig. 4b).

Altered mitochondrial potential in cellular models of cystinosis

The transmembrane electrochemical proton gradient generated by pumping of H+ From the matrix across the
inner mitochondrial membrane into the intermembrane space generates an electrochemical force that has two
components, namely a minor component related to the H+ gradient (ApH) and a major component represented by
the membrane potential (Aym). The latter was found to be decreased in delCTNS-/- and mutCTNS-/- ciPTEC,
compared to wild-type ciPTEC (16.6 A.U. + 0.62 and 13.2 A.U. £ 0.55 vs. 20.4 A.U. + 0.67; P < 0.001) (Fig. 5a). Here
again, treatment with cysteamine (100 uM for 24 h), but also with 8-Br-cAMP (100 uM for 24 h), a permeant and
non-hydrolysable form of cAMP, restored a normal membrane potential (Fig. 5a). Similarly, we observed lower
mitochondrial membrane potential in HK- 2-silenced cells, with a reduction of 28.3% (P < 0.0001), compared to
cells transfected with non-targeted siRNA that was corrected by cysteamine or by 8-Br-cAMP at the same
concentrations and length of exposure (+ 21.9%, P < 0.0001 and + 18.4%, P < 0.05, respectively) (Fig. 5b).

SIRT3 changes in cellular models of cystinosis

Mitochondrial sirtuins are NAD+- dependent deacetylases and ADP-ribosyltransferases that play an important role
in the control of mitochondrial ATP production, metabolic processes,mitochondrial integrity, and cellular viability.
The previous findings showed that exogenous cAMP increased SIRT3 protein levels [53]; on the other hand,
decrease of mitochondrial cAMP levels resulted in reduced SIRT3 protein level [44]. The protein expression of
SIRT3 was reduced in all analyzed models of cystinosis, compared to controls. SIRT3 was reduced in
delCTNS-/-and mutCTNS-/- ciPTEC by 41.8 and 38.2%, respectively (P < 0.003) (Fig. 6a, b). In HK-2 cells treated
with CTNS siRNA, SIRT3 was reduced by28.2% (P < 0.05) compared to control cells (Fig. 6c). Interestingly,
treatment with cysteamine restored normal levels of SIRT3 (+ 53.7%, P < 0.05).



Analysis of mitochondrial network morphology in cellular models of cystinosis

Because mitochondrial cAMP influences mitochondrial dynamics, we analyzed mitochondrial morphology in cells
stained with MitoTracker ® by fluorescence microscopy. In cystinotic ciPTEC and HK-2 silenced for CTNS gene,
mitochondria appeared fragmented into short sticks or spheres. Treatment with cysteamine or 8-Br-cAMP (100
UM for 24 h) in all cell types normalized the mitochondrial network, which reacquired a branched and tubular
morphology, similar to wild-type cells (Fig. 7a). The morphometric analysis revealed a greater fragmentation index
() in cystinotic ciPTEC (55.5 *+ 4.05 A.U. of delCTNS-/- and 72.4 + 6.11 A.U. of mutCTNS-/-vs. 33.5 + 2.36 A.U. of
CTNS+/+ciPTEC, P < 0.00001) and in HK-2 silenced for CTNS gene (43.6 + 2.70 A.U. of siCTNS vs. 22.8 + 2.70 A.U. of
mock and 28.6 + 3.50 A.U. of control, P < 0.0001) (Fig. 7b, c). To verify if the effect on mitochondrial network
exerted by MEA or 8-Br-cAMP in ciPTEC-/- cell lines and siCTNS HK-2 cells is depending on SIRT3, we generated
a double knockdown in HK2 cell line, for CTNS and SIRT3 genes. Transfection of CTNS targeted siRNAs and SIRT3-
targeted siRNAs in HK-2 cells caused 80 and 40% reduction of CTNS and SIRT3 mRNAs, respectively (Supplemental
Figure S3-A). Compared to control and to mock-transfected cells, the double silenced HK2 cell line showed an
increase of mitochondrial fragmentation index (32.1 + 2.47 A.U. of control and 30.0 * 3.93 A.U. of mock vs. 42.9
2.49 A.U. of double silenced, P < 0.005) that was recovered by treatment with MEA (30.9 + 2.91 A.U., P < 0.003) or
8-Br-cAMP (34.3 + 3.20 A.U,, P < 0.04) (Supplemental Figure S3-B).

Discussion

Nephropathic cystinosis is a lysosomal storage disease characterized by the cystine accumulation into lysosomes
and represents the leading cause of FS in children [9]. To date, the mainstay of treatment is represented by
cysteamine that decreases cystine lysosomal accumulation and allows delaying progression of renal failure and of
other symptoms related to NC [17]. In recent years, a large body of evidence has been produced demonstrating
close links between the mitochondrial and lysosomal compartments and, in particular, the development of
significant mitochondrial damage in lysosomal storage disorders, causing cell dysfunction and potentially cell
death [38]. In addition to oxidative phosphorylation, mitochondria are key organelles that regulate apoptosis, ROS
production, and calcium homeostasis, among many others. In this work, we first showed that mitochondrial cAMP
is decreased in cystinotic ciPTEC. In theory, this could be secondary to decreased cAMP synthesis by sAC or
increased degradation by phosphodiesterase 2 (PDE2). The latter enzyme is allosterically activated by cGMP,
whose synthesis is stimulated by nitric oxide [18], a compound that has been shown to increase in HK-2 cells
treated with CTNS siRNA [46]. In addition, lack of substrate, namely lack of ATP, could result in lower cAMP. In
this respect, several studies have observed lower ATP levels in various CTNS-/- cell lines under variable
experimental conditions [23, 26, 47, 56]. The effect of cysteamine in our experimental model was unexpected. As
shown in the results section, cysteamine was able to increase significantly mitochondrial cAMP levels and to
correct all other observed mitochondrial abnormalities. Our observation, however, is not unique. Mitznegg, first,
observed, in 1973, a direct modulation of cAMP levels by cysteamine, which, at that time, was used as
radioprotective agent [32]. The mechanism by which cysteamine induced these changes is still unclear but could
be related, atleast in part, to its anti-oxidative properties, as it reduces cystine disulfide links. This may also explain
the beneficial effects of cysteamine in other models of chronic diseases, including Huntington’s disease,
Parkinson’s disease, or non-alcoholic fatty liver disease (NAFLD) [7]. Interestingly, these latter diseases are also
characterized by mitochondrial abnormalities [31, 36, 43], which further suggest a role of cysteamine in
preventing and treating mitochondrial damage [29]. Compartmentalization of cAMP is a strategy that has probably
been adopted by eukaryotic cells to develop targeted responses in different sub-cellular districts. In mitochondria,
cAMP modulates the amount of nuclearen coded subunits of complex I and the enzymatic activity of this same
complex [14]. In brief, nuclear-encoded subunits of complex I are imported into mitochondria, where they are
assembled together with subunits encoded by mitochondrial DNA to form mature complex. In another mechanism,
termed “dynamic assembly” [24], subunits that are imported into mitochondria are exchanged with pre-existing
aged copies and, by this mean, modulate the overall activity of the respiratory chain [12]. Among these, the
NDUFS4 and NDUFA9 subunits have a high turnover resulting from high cytosolic synthesis, and import into
mitochondria and elevated proteolysis which are regulated by cAMP [14]. We observed that both subunits were
downregulated in cystinotic cells and in HK-2 cells silenced for the CTNS gene, whereas the level of the NDUFB7
accessory subunit, which is not subjected to the dynamic assembly of complex I, was unchanged. Lack of critical
subunits in cystinotic cells had an impact on the activity of complex I, which, in this circumstance, can produce
more reactive oxygen species (ROS) [50], supporting the previous findings suggesting oxidative cell damage in NC
[30, 42, 46]. In addition, low mitochondrial cAMP levels in cystinotic cells and in CTNS-/- HK-2 cells were
associated with downregulation of specific subunits of the F1Fo- ATP synthase (complex V). Complex V is composed
by two main functional domains: the membrane-embedded Fo- ATPase and the membrane-extrinsic catalytic F1-
ATPase that are linked by a central stalk [52]. In both yeast and mammalian cells, complex V exists in monomeric
or multimeric states [3, 59].



Changes in the oligomerization of complex V modulate theorganization of the mitochondrial cristae and indirectly
modulate the mitochondrial membrane potential [8, 20, 37]. For example, inhibition of sAC in rat liver
mitochondria and myoblasts results in lower mitochondrial cAMP levels, reduced expression of the d and OSCP
subunits of complex V, impaired oligomerization of complex V, decreased ATP hydrolase activity, and impaired
mitochondrial membrane potential [11]. Similarly, we observed that subunits d and OSCP were decreased in
cystinotic cells and in CTNS-/- HK-2 cells, and that complex V enzymatic activity was decreased. Conversely, the
expression of the o and 8 subunits was unchanged, consistent with the previous results obtained in cystinotic
fibroblasts [58]. Most likely, downregulation of complex I in CTNS-/- cells causes mitochondrial depolarization, a
finding that has already been observed in other studies [30, 46]. In addition, we observed significant alterations of
the mitochondrial network, which appeared fragmented. Treatment with cysteamine has been shown in other
studies to restore normal ATP levels in cystinotic cells [56]. Our data suggest that this effect translates into
normalization of the mitochondrial membrane potential and of the mitochondrial morphology, which are probably
explained by the recovery of normal cAMP levels. Alternatively, or in addition, cysteamine may have a positive
effect related to its anti-oxidative properties. However, the former hypothesis is supported by the positive effects
of 8-Br-cAMP treatment. 8-Br-cAMP, which is a cAMP analog resistant to degradation achieved by
phosphodiesterases, restored completely both mitochondrial membrane potential and mitochondrial network in
our cell models of cystinosis. To complete the analysis, we examined the expression of mitochondrial sirtuin 3.
This protein has emerged in recent years as a key regulator of redox processes and mitochondrial dynamics, by
means of deacetylation of enzymes that are involved in ROS balance, such as the mitochondrial manganese
superoxide dismutase [5]. These processes have critical relevance in the pathogenesis and recovery of acute renal
failure [16, 33]. In this respect, cAMP has been shown to increase SIRT3 level, while the induction of ROS
production decreases mitochondrial cAMP concentrations and, consequently, decreases SIRT3 level [44, 53].
SIRT3 expression has been extensively analyzed in several tissues, in particular in the heart [22]. In tissues that
normally express high level of SIRT3, such as liver, heart or kidneys, lack of deacetylase activity causes a marked
reduction in ATP [2]. Furthermore, reduced SIRT3 activity causes acetylation of NDUFA9, which, in turn, inhibits
complex I [2]. Similarly, we observed downregulation of SIRT3 in our cystinotic cell models. In this context,
cysteamine may exert its protective action by increasing cAMP, which, in turn, activates SIRT3. However, as shown
by double silenced of CTNS and SIRT3 genes in HK-2 cell line, the rescue effect on mitochondrial network exerted
by MEA and 8-Br-cAMP appeared to be SIRT3-independent. In conclusion, our data show in vitro mitochondrial
damage and dysfunction in models of cystinosis, which is consistent with the mitochondrial damage previously
observed in vivo in renal biopsies obtained from patients [4]. Further studies will be necessary to evaluate the role
of mitochondrial impairment in producing clinical symptoms. For example, in addition to FS, azoospermia or
progressive neuromuscular degeneration could also result from a similar mechanism involving mitochondrial
degeneration. In addition to promoting cystine efflux from lysosomes, cysteamine may exert its beneficial action
by preventing mitochondrial damage. Other drugs that exert similar effects on mitochondria would be good
candidates to be associated with cysteamine for the treatment of this severe disease.

Methods

Cell culture

Conditionally immortalized proximal tubular cells (ciPTEC) were kindly provided by Dr. Elena N. Levtchenko and
cultured as described in Wilmer et al. [57]. Human Kidney-2 cells (HK-2) obtained from the American Type Culture
Collection (ATCC, #CRL-2190) were grown in Dulbecco’s modified Eagle’s medium-F12 Glutamax ® supplemented
with 5% fetal bovine serum, 100 units/ml penicillin and 100 mg/ml streptomycin, 10 mg/ ml insulin from bovine
pancreas, 5.5 mg/ml human transferrin, and 5 ng/ml sodium selenite. Cells were grown in a humidified
atmosphere with 5% COz at 37 °C.

siRNA transfection and assessment of CTNS

HK-2 cell line was transfected with siGENOME human CTNS or non-targeting siRNA, SMARTpool (Dharmacon,
Thermo Scientific, Dublin, Ireland) by Oligofectamine Reagent (Invitrogen) according to the manufacturer’s
instructions. After 48 h of transfection, when necessary, cells were treated for other 24 h with cysteamine or
vehicle. Total RNA was extracted by TRIzol reagent (Ambion, Life Technologies, Foster, CA) and cDNA was
synthesized using the Euro-Script RT-PCR kit (EuroClone, Milano, Italy) according to the manufacturer’s
instructions. Quantitative PCR assay was performed using SYBR FAST quantitative

PCR Kit Master Mix (Kapa Biosystems, Wilmington, MA, USA) with corresponding primers listed in Supplementary
Table S1. Gene expression data for human CTNS were determined using the 2-aacmethod. Human glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) expression was used as the endogenous control.



FRET measurements

ciPTEC were transfected (transiently) with the EPAC-based FRET sensor target specifically to mitochondria
(4mtH30) or to cytosol (H96). After treatments, cells were fixed with 4% paraformaldehyde (PFA) in PBS (pH 7.4)
for 20 min at room temperature, and then washed three times in PBS; and afterwards, coverslips were mounted
in Mowiol (polyvinyl alcohol 4-88; Sigma-Aldrich, Milan, Italy). Visualization of ECFP- and/or EYFP-expressing
cells and detection of FRET was performed on an inverted microscope (Nikon Eclipse TE2000-S) equipped with a
monochromator controlled by MetaMorph/MetaFluor software. ECFP was excited at 433 nm and EYFP at 512 nm.
Each image was further corrected for ECFP crosstalk and EYFP cross excitation [41]. Briefly, images were aligned
and corrected for background in the emission windows for FRET (535/30 nm ECFP (475/30 nm), and EYFP
(535/26 nm). Each image was further corrected for ECFP crosstalk and EYFP cross excitation. Thus, netFRET =
[[FRETbg - ICFPbg x k1 - IYFPbg (K2 - aK1)]/(1 - K16), where IFRETbg, ICFPbg, and IYFPbg are the background-
corrected pixel gray values measured in the FRET, ECFP, and EYFP windows, respectively; K1, K2, a, and § are
calculated to evaluate the crosstalk between donor and acceptor. The obtained netFRET values were analyzed
using MetaMorph ® Microscopy Automation and Image Analysis Software.

SDS-PAGE and western blotting

Cells were harvested from Petri dishes with 0.05% trypsin, 0.02% EDTA, pelleted by centrifugation at 500xg, and
then resuspended and lysed in RIPA buffer containing 150 mM NaCl, 5 mM EDTA, 50 mM Tris/HCl, 0.1% SDS, and
1% Triton X-100, pH 7.4, in the presence of a proteases inhibitor (0.25 mM PMSF). Proteins from cell lysate were
separated by 8% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to a nitrocellulose membrane.
The membrane was probed with antibodies against NDUFS4 (Thermo Scientific, Pierce Antibodies), NDUFA9,
NDUFB?7, Alpha, Beta and d subunit (Invitrogen Life Technologies), OSCP (Santa Cruz Biotechnology), and SIRT3
(Cell Signaling). The control loading was performed with antibody against actin (SIGMA). After being washed in
TTBS, the membrane was incubated for 60 min with anti-rabbit or anti-mouse IgG peroxidase-conjugate antibody
(diluted 1:5000). Immunodetection was then performed, after further TTBS washes, with the enhanced
chemiluminescence (ECL) (Thermo Scientific, Pierce). Densitometric analysis was performed by VersaDoc imaging
system (BioRad).

Enzymatic spectrophotometric assays

Harvested cells were exposed to ultrasound energy for 15 s at 0 °C, and then, the cellular lysate was centrifuged at
500xg for 5 min at 4 °C and the supernatant recovered and centrifuged at 20,000xg for 5 min at 4 °C. The pellet
wasused for next determinations. The NADH-UQ oxidoreductase activity of complex I was performed in 40 mM
potassium phosphate buffer, pH 7.4, 5 mM MgClz, in the presence of 3 mM KCN, 1 ug/ml antimycin, and 200 uM
decylubiquinone, using 30 pg of proteins, by following the oxidation of 100 uM NADH at 340-425 nm (Ae =
6.81/mM/cm). The activity was corrected for the residual activity measured in the presence of 1 ug/ ml rotenone.
Cytochrome c oxidase (complex IV) activity was measured by following the oxidation of 10 uM ferrocytochrome c
at 550-540 nm (Ae = 19.1/mM/cm). Enzymatic activity was measured in 10 mM phosphate buffer, pH 7.4, using
20 pg of proteins. This rate was inhibited over 95% by KCN (2 mM). ATP hydrolase activity was measured by an
ATP-regenerating system. Proteins were suspended (final concentration 0.1 mg/ml) in a buffer consisting of 375
mM sucrose, 75 mM KCl, 30 mM Tris-HCl pH 7.4, 3 mM MgClz, 2 mM PEP, 55 U/ml lactate dehydrogenase, 40 U/ml
pyruvate kinase, and 0.3 mM NADH. The reaction was started by the addition of 1 mM ATP and the oxidation of
NADH was followed at 340 nm.

Mitochondrial potential (A ¢y m) and morphometric analysis

Images were collected using Leica DMi8 microscope equipped with an oil immersion 63x objective on cells
seeded in chamber slides (BD). The living cells were incubated for 20 min with 50 nM of MitoTracker ® Orange
CMTMRos probe (Invitrogen, Molecular Probes) in FBS-free medium, washed with PBS, and examined by
fluorescence microscopy (Aex 554 nm, Aec 576 nm) in complete growth medium. Images analysis of mitochondrial
potential was done using Image] v. 1.50 g software (http://image j.nih.gov/ ij/). For quantitative analysis of
mitochondrial network morphologies, the acquired images were conveniently adjusted for background and
brightness/contrast and then analyzed with MitoLoc, a plugin of Image], according to Vowinckel et al. protocol
with slight modifications [51].



Statistical analysis

All data are presented as mean * SEM (standard error of mean). N value denotes the number of independent
experiments.Statistical difference was determined by Student’st test or ANOVA test as indicated in the legend to
figures. P value of 0.05 was considered as statistically significant (***P < 0.001; **P < 0.01; *P < 0.05).
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Figure legends:

Fig. 1 Mitochondrial cAMP level is lower in cystinotic cells and increased by cysteamine treatment. ciPTEC
obtained from a healthy volunteer (CTNS+/+) and from two cystinotic patients (delCTNS-/- or mutCTNS-/-)
were transfected (transiently) with the EPAC-based FRET sensor target specifcally to mitochondria (4mtH30)
(a) or cytosol (H96) (b). Where indicated, the cells were treated with 100 uM cysteamine (MEA) or DMSO
(vehicle) for 24 h. The histograms represent the means valuestSEM of net% FRET observed (ANOVA test).
For other details, see under “Methods” section

Fig. 2 Activities of complex | and complex V are reduced in cystinotic ciPTEC cells and restored by cysteamine
treatment. ciPTEC obtained from a healthy volunteer (CTNS+/+) and from two cystinotic patients
(delCTNS-/- or mutCTNS-/-) were treated with 100 uM cysteamine (MEA) or DMSO (vehicle) for 24 h. After
incubation, the enzymatic activities of complex | (NADH:ubiquinone oxidoreductase), complex V (ATP
hydrolase), and complex IV (cytochrome c oxidase) were performed. The histograms represent the means
values+SD of three independent experiments (Student’s t test). For other details, see under “Methods”
section

Fig. 3 Several subunits of complex | and complex V are reduced in cystinotic ciPTEC cells and restored by
cysteamine treatment. a Immunoblotting analysis of ciPTEC obtained from a healthy volunteer (CTNS+/+)
and cystinotic patient (delCTNS-/-). b Immunoblotting analysis of CTNS+/+ and cystinotic patient
(mutCTNS-/-). a, b Where indicated, the cells were treated with 100 uM cysteamine (MEA) or DMSO
(vehicle) for 24 h. After incubation, proteins of cellular lysate were loaded on 8% SDS-PAGE, transferred to
nitrocellulose membranes, and immunoblotted with the antibodies described in the fgure. Protein loading
was assessed by reprobing the blots with the actin antibody. Densitometric analysis was performed by
VersaDoc imaging system BioRad, using Quantity One software. The histograms represent the means
valuestSEM of the ratio of ADU (arbitrary densitometric units) of the immuno-revealed protein normalized
on actin level (Student’s t test)

Fig. 4 HK-2 cells silenced for CTNS gene show a reduction of enzymatic activities and subunit expression levels
of the complexes | and V. Cysteamine restores the activities and protein expression. Human kidney-2 cells
(HK-2) were transfected with sSiGENOME human CTNS gene (siCTNS) or non-targeting siRNA (Mock). Where
indicated, the cells were treated for 24 h with DMSO (vehicle) or 100 pM cysteamine (MEA). a Proteins of
cellular lysate were loaded on 8% SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted
with the antibodies described in the fgure. Protein loading was assessed by reprobing the blots with the actin
antibody. The histograms represent the means values+SEM of the ratio of ADU (arbitrary densitometric units)
of the immune-revealed protein normalized on actin level (Student’s t test). b Enzymatic activities of complex
I (NADH:ubiquinone oxidoreductase) and complex V (ATP hydrolase) were performed as described under
“Methods”

Fig. 5 Mitochondrial membrane potential (Am) is lower in cystinotic cells and in HK-2 cells silenced for CTNS
gene and rescued by cysteamine or 8Br-cAMP treatment. a Analysis of mitochondrial potential (Aym) in
CiPTEC obtained from a healthy volunteer (CTNS+/+) and from two cystinotic patients (delCTNS-/- or
mutCTNS-/-) treated with 100 uM cysteamine (MEA) or 100 uM 8Br-cAMP for 24 h. b Analysis of
mitochondrial potential (Apm) in HK-2 cells transfected with sSiGENOME human CTNSgene (siCTNS) or non-
targeting siRNA (Mock) and treated with 100 uM cysteamine (MEA) or 100 uM 8Br-cAMP for 24 h. Data result
from the analysis of the fuorescence intensity mean expressed in arbitrary units (A.U.)+SEM measured in at
least 30 cells (a) and in about 100 cells (b) (Student’s t test)

Fig. 6 SIRT3 protein level is reduced in cellular models of cystinosis and recovered by cysteamine treatment.
Proteins of cellular lysate of the diferent cellular models were loaded on 8% SDS-PAGE, transferred to
nitrocellulose membranes, and immunoblotted with the antibody against SIRT3. Protein loading was
assessed by reprobing the blots with the actin antibody. The histograms represent the means values+SEM of



the ratio of ADU (arbitrary densitometric units) of the immune-revealed SIRT3 normalized on actin level
(Student’s t test)

Fig. 7 Cysteamine or 8Br-cAMP treatment ameliorates mitochondrial morphology in cystinotic cells and in
HK-2 cells silenced for CTNS gene. a Representative images of mitochondrial network of cells stained with
MitoTracker® Orange CMTMRos and a z-stack of optical sections, 10 um in total thickness, were captured by
fuorescence microscopy. Scale bars correspond to 25 um. b, ¢ Reported the quantifcation of mitochondrial
fragmentation index (f index) in ciPTEC and HK-2 cells treated with 100 uM cysteamine (MEA) or 100 uM 8Br-
cAMP for 24 h. Data are the mean values (£tSEM) of the analyses performed in cell numbers of n=20 for ciPTEC
cells and n=30 for HK-2 cells. Signifcant diferences were calculated with Student’s t test «



