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Abstract

Mitochondrial diseases represent a significanicdiinchallenge. Substantial efforts have been
devoted to identifying therapeutic strategies f@oohondrial disorders, but effective
interventions have remained elusive. Recently,eperted attenuation of disease in a mouse
model of the human mitochondrial disease Leigh syme through pharmacological inhibition
of the mechanistic target of rapamycin (mTOR). ihewan mitochondrial disorder
MELAS/MIDD (Mitochondrial Encephalopathy with LactAcidosis and Stroke-like Episodes/
Maternally Inherited Diabetes and Deafness) shaaasy phenotypic characteristics with Leigh
syndrome. MELAS/MIDD often leads to organ failureddransplantation and there are currently
no effective treatments. To examine the therapgatiential of mTOR inhibition in human
mitochondrial disease, four kidney transplant riegits with MELAS/MIDD were switched

from calcineurin inhibitors to mTOR inhibitors fanmunosuppression. Primary fibroblast lines
were generated from patient dermal biopsies anthtpact of rapamycin was studied using cell-
based endpoints. Metabolomic profiles of the foatignts were obtained before and after the
switch. pS6, a measure of mTOR signaling, was Bagmitly increased in MELAS/MIDD cells
compared to controls in the absence of treatmembodistrating mTOR overactivation.
Rapamycin rescued multiple deficits in culturedseicluding mitochondrial morphology,
mitochondrial membrane potential, and replicatiapaxity. Clinical measures of health and
mitochondrial disease progression were improvedllifour patients following the switch to an
MTOR inhibitor. Metabolomic analysis was consistith mitochondrial function improvement
in all patients.
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Significance Statement

Mitochondrial diseases represent a challenge inamumedicine. Recent studies have indicated
that the mechanistic target of rapamycin (nMTOR)hpaly is upregulated in a number of
mitochondrial diseases, and its inhibition is afefve therapeutic strategy in animal models.
Mitochondrial diseases are clinically and genelychéterogeneous that can lead to organ failure
and transplantation. mTOR inhibitors are used iméws as anti-transplant rejection drugs. We
show that fibroblasts derived from patients withtaohondrial diseases exhibit hyperactive
MTOR and cellular and mitochondrial defects, atéé@d by mTOR inhibition. We further find
that patients switched to mTOR inhibitors for tya@last management show clinical
improvement. This study provides the first direadence that mTOR inhibition is beneficial in

human mitochondrial disease patients.



Introduction

Mitochondrial diseases are a clinically and gerdiiicheterogeneous group of disorders that
arise as a result of mitochondrial dysfunctidnherited mitochondrial diseases can be caused by
mutations of mitochondrial DNA (mtDNA) or of nucle@enes that encode mitochondrial
proteins, with an overall prevalence estimated mpreximately 1 in 5,000 The clinical
phenotypes of patients affected by mitochondrisbriiers are considerably heterogen&ous
Individuals with mitochondrial disorders resultifigpom mutation of mtDNA may harbor a
mixture of mutated and wild-type mtDNA within eachll. The percentage of mutant mtDNA
varies between individuals, as well as among orgart tissues within the same individual,
contributing to the varied clinical phenotype

Mitochondrial encephalomyopathy with lactic acidosand stroke-like episodes (MELAS)
syndrome is a genetic disorder that results frontatians affecting mtDNA encoding NADH
dehydrogenase or transfer RMAsSThe most frequent mutation in patients with MELAS
syndrome is a 3243A>G mtDNA point mutation, but roee dozen distinct causal genetic
variants have been linked to the disease. Patwiits MELAS syndrome typically undergo
normal developmental but develop bilateral deafnesdate childhood, diabetes in early
adulthood, progressive neurological disabilitiesnirthe third decade of life with migraines,
seizures, stroke-like episodes and encephaloph#ayt failure, and progressive kidney faifure
Not all MELAS patients will follow this clinical géern with some showing a limited phenotype,
such as maternally inherited diabetes and deafiwi§D)".

Currently, there is no effective treatment for roitondrial diseases of any etiology and
management is mainly supportive. In small uncolgdoktudies, vitamins C and K, thiamine,

riboflavin, and ubiquinone have shown varying degref benefit in individual cases



Recent experimental studies have demonstratedrédaced mTOR signaling through caloric
restriction or genetic manipulation rescues thespfan of yeast harboring mutations in genes
encoding mitochondrial proteihsFurthermore, we recently reported a robust attgon of
disease in a mouse model of the human mitochondisebse Leigh syndromalqufs4’~ mice)
using pharmacological inhibition of mTGR We observed that th&ldufs4’~ mice show
increased tissue mTOR activation in affected tigbuain) associated with metabolic defects and
progressive neurological disease. Importantly, aenél that rapamycin, a specific inhibitor of
MTOR, substantially delayed the onset of neurollgigmptoms and lesions and extended the
lifespan of theNdufs4’~ micé’. These data where then confirmed in iPS cells fpatients with
Leigh syndrom®.

Rapamycin is an immunosuppressive drug used aftiedl srgan transplantation to prevent
allograft rejection*2 Thus, transplant recipients receiving rapamyairderivatives present a
unique opportunity to study the effects of mTORIlon on human mitochondrial diseases. In
this study, we identified four kidney transplantipents with MELAS/MIDD syndrome. The
four patients had stable allografts with an immuppsessive regimen based on calcineurin
inhibitors but their global health status was denlj rapidly. Based on the findings in the mouse
model we examined activation of the mTOR pathwapdtient derived fibroblasts and switched

the immunosuppression regimen from calcineurinditbis to mTOR inhibitors accordingly.



Results

Patients

Patient 1 was a man born in 1962 and was diagnesdd a MELAS syndrome in 1996
(m.3243A>G mutation) Table 1). Heteroplasmy was determined in three differem@es:
blood leukocytes (10-15% mutant mtDNA), urine egilidd cells (5-10% mutant mtDNA) and
cheek cells (40-45% mutant mtDNA). At the time ddghosis, the patient had severe hearing
impairment, diabetes years and kidney dysfunctioth vproteinuria. The kidney biopsy
performed in 1996 showed focal and segmental gloloselerosis (FSGS). The patient had a
first stroke-like episode in 2001. He reached etabes renal disease in 2004 and began
hemodialysis. In 2005, he received a kidney frodeeeased donor. The patient had no evidence
for cardiac dysfunction but had muscle weakness.itHmunosuppressive regimen was based on
steroids, mycofenolate mofetil, and tacrolimus. rikdsky and ECOG scores were 90% and 1,
respectively, at the time of transplant. Followingnsplantation, the patient did not experience
any complications related to immunosuppression t@wedestimated glomerular filtration rate
(eGFR) remained stable at approximately 72 ml/minngd) the subsequent years. However, his
general condition was found to be declining dracadlty with considerable weight loss (-18kg,
A:-30%), anorexia, and excessive fatigability. Biatad) markers, such as serum albumin and
prealbumin, showed severe malnutrition. We excluckucer, chronic infection, inflammation,
and depression as a cause of denutrition. Therpati€arnofsky and ECOG scores dropped to
30% and 3, respectively. We concluded that theeaahwas related to progression of MELAS
syndrome.

Patient 2 was the sister of patient 1. She was inoi954 and MELAS syndrome was diagnosed

at the same time of her brother's diagnosis in 19863243A>G mutation) Table 1).



Heteroplasmy was determined in three different dasapblood leukocytes (<5% mutant
MtDNA), urine epithelial cells (15-20% mutant mtDNAnd cheek cells (25-30% mutant
MtDNA). She had hearing loss, diabetes, and seesa@ impairment with proteinuria. Kidney
biopsy revealed FSGS with severe interstitial fiisoShe had a first stroke like episode in 1999.
She reached end stage renal disease in 2001 agide@ first kidney transplantation in 2003.
In 2010, she had a second stroke like episode pa@tient had no evidence for heart dysfunction
but had muscle weakness. She reached end stageé fedinae and received a kidney
transplantation. Her immunosuppressive regimen udedl steroids, azathioprine and
cyclosporine. The Karnofsky and ECOG scores attithe of transplantation were 90% and 1
respectively. Following transplantation, she did eaperience any complication related to
immunosuppression and the eGFR remained stablgabxamately 78ml/min for several years.
However, such as for her brother, we observed gressive anorexia with severe body weight
loss (-30kgA:-50%), a dramatic decrease in nutrition markersd, ianrease in fatigability. We
excluded cancer, infection or depression as a cafus&chexia. The Karnofsky score and ECOG
scores dropped to 30% and 3 respectively. We theretoncluded that the phenotype was
related to MELAS syndrome progression.

Patient 3 was a man born in 1965 who was diagnesttda mitochondrial disorder in 1998
(m.3243A>G mutation)Table 1). Heteroplasmy was determined in two differerguiss: blood
leukocytes (15-20% mutant mtDNA) and cheek cel3-33% mutant mtDNA). At the time of
diagnosis, the patient had severe hearing impat;nedmonic kidney disease with proteinuria
and diabetes. A kidney biopsy performed in 2001wst FSGS lesion. He underwent
hemodialysis in 2008 and received a first kidneysplantation from a deceased donor 2 years

later. Progressively, he developed severe andctefsa systolic heart dysfunction related to



mitochondrial disease. He has never had strokedpisode and presented muscle weakness.
Given the lack of stroke-like episodes he was diagisas having a MIDD syndrome according
to criteri@. He underwent hemodialysis and received a kidreysplantation from a deceased
donor. The Karnofsky and ECOG scores at the timerafsplantation were 90% and 1
respectively. The immunosuppressive regimen indudeeroids, mycofenolate mofetil, and
tacrolimus. Following the transplantation, the gatidid not experience any complication related
to immunosuppression and the eGFR remained stald@moximately 56 ml/min. However,
systolic heart function continued to worsen leadingsevere congestive heart failure. His
systolic ejection fraction dropped progressivelgnir42 to 30% and was resistant to standard
treatment. In addition to weight gain related temd secondary to heart failure, the general
condition of the patient was dramatically worsenwgh excessive fatigability and severe
markers of malnutrition. His Karnofsky score and & scores dropped to 40% and 2
respectively. Following multiple exams, we conclddtéhat his symptoms were related to
progression of MELAS syndrome.

Patient 4 was a man born in 1955 who was diagneséda MELAS in 1999 (m.3243A>G
mutation) [able 1). Heteroplasmy was determined in two different gles, blood leukocytes
(10-15%, mutant mtDNA) and cheek cells (40-45% mutatDNA). At the time of diagnosis
the patient presented with hearing impairment, éyddysfunction with proteinuria and diabetes.
A kidney biopsy was performed in 2002 and showeG&%esion. He had a stroke like episode
in 2008. He underwent hemodialysis in 2014 andivedea first kidney transplantation from a
deceased donor 1 year later. The immunosuppressgimen included steroids, mycofenolate
mofetil, and tacrolimus. The Karnofsky and ECOGresaat the time of transplantation were

90% and 1 respectively.



Cdlular effects of blocking mTOR overactivation in primary cultured fibroblasts with
m.3243A>G mutation

Hyperactive mTOR signaling in primary fibroblastsrh patients with m.3243A>G mutation

In our previous work we found mTOR to be hyperaatdd in whole brain lysates of the Leigh
syndrome mouse modelTo examine if the mTOR pathway was also hyperadtiverimary
MELAS/MIDD cells we cultured primary fibroblastsoim patients and control individuals and
collected protein lysates for western blotting. ortpntly, we observed that the MELAS/MIDD
cells show a significant increase in phosphorytatid ribosomal protein S6 (rpS6) compared to
control fibroblasts, indicative of hyperactivatedfl@R signaling Fig. 1A; dose-response in
Supplementary Fig. 1 and additional targets fBupplementary Fig. 2;).

MELAS/MIDD and controls cells were then treated #8 hours with DMSO, rapamycin, or
cyclosporin A. Cyclosporin A was included as a coinfor the immunosuppressive therapy
patients were receiving prior to the start of tiisdy. Cyclosporin A had no significant impact
on pS6/S6, while 48 hours of rapamycin treatmeduced pS6 levels in all cell lines, as
anticipated.

Rescue of mitochondrial morphology and membraneernpial by short-term rapamycin
treatment with no impact on heteroplasmy levels

To examine the impact of mTOR inhibition on mitooddal morphology and membrane
potential, a general measure of mitochondrial fienctwe treated dermal fibroblasts with
rapamycin or DMSO. Cells were stained with TMREmarker of mitochondrial membrane
potential, and 10-NAO, a marker of the inner mitmutirial membrane which acts as a
membrane potential insensitive marker of mitoch@ianass Fig. 1B and 1C). MELAS/MIDD

lines show reduced membrane potential, determiyetMiRE staining intensity, and abnormal



morphology, characterized by swelling, fragmentatand the presence of depolarized (low
TMRE staining) mitochondriaSupplementary Fig. 3). Treatment with rapamycin attenuated
these phenotypes in all MELAS/MIDD fibroblasts vehthaving no overt impact on the control
cells Fig. 1B and 1C). Electron microscopy also indicated that rapamyt@atment is
associated with a partial rescue of mitochondriapimology and cytoskeletal fibers organization
in fibroblasts from MELAS/MIDD patientsSupplementary Fig. 4).

mMTOR inhibition is associated with induction of epihagy and mitophagy. Previously, we
demonstrated that rescue of mitochondrial diseasg mmouse model was independent of any
direct changes to primary mitochondrial def®ctrguing against the model that selective
removal of defective mitochondria underlies the dfgs of mTOR inhibition. Consistent with
this model, the rescue of membrane potential wasassociated with a change in levels of
m.3243A>G heteroplasmy(g. 1D-F).

Hyperactive mTOR signaling in primary fibroblastorh pediatric mitochondrial disease
patients

To determine whether hyperactive mTOR is a shagatufe in mitochondrial disease fibroblast
lines we obtained three control primary fibrobllses and five pediatric mitochondrial disease
primary fibroblast lines from the Coriell Institu@ell Repository. This set includes three Leigh
syndrome lines, one ataxia and cerebellar hypapl&implex | line, and a Kearn-Sayre
syndrome line Table 2). Interstingly, we found that pediatric mitochomrdirdisease cells also
demonstrated a significant increase in pS6 comparedntrol fibroblasts. These results indicate
that hyperactivated mTOR signaling is a sharedufeabf genetically distinct mitochondrial
disordersFig. 1G).

Attenuation of early replicative senescence in MEIMIDD fibroblast
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To determine whether long-term rapamycin treatmeontuld rescue additional cellular
phenotypes in MELAS/MIDD cells we performed reptica senescence assays to measure
cellular replicative capacity. Primary MELAS/MIDDbfoblast lines lose the ability to grow at
early population doublings compared to controldifdasts, indicating a dramatic reduction in
proliferative capacity and premature senescenceaced to control lined={g. 2A). Rapamycin
increased proliferative capacity in both controtl d2iELAS/MIDD lines, but, importantly, the
relative increase in MELAS/MIDD cells was substaltyi greater than in control$ig. 2A-B).
Interestingly, cyclosporin A slightly increased lifierative capacity in all cell lines, but to a
similar level in control and MELAS/MIDD cells.

A recent study investigating senescence in thengetf non-physiological models which induce
mitochondrial dysfunction in cultured cells fourkgat presence or absence of pyruvate governs a
cellular decision to proliferate or seneScésing media supplemented with pyruvate we found
that neither the shortened lifespan of MELAS/MIDibrbblasts nor the lifespan increase
resulting from rapamycin treatment were impactedggesting key differences between
senescence in genuine mitochondrial disease eelisus models of mitochondrial stress
(Supplementary Fig. 5).

In addition to measuring replicative capacity, warained the effects of rapamycin on markers
of senescence - senescence associated beta-gdastofSAB-Gal) staining, accumulation of
actin-cytoskeleton stress fibers (detected by plhfi staining), nuclear morphology defects
(nuclear ‘blebbing’), expression @fl6"** and expression of the senescence associated factor
p21/Cipl. In each case the MELAS/MIDD lines shoatiees consistent with premature cellular
senescence that were attenuated by rapamycin gpaifg. 2C-G and Supplementary Fig.

6).
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Attenuation of early replicative senescence in MEIMIDD fibroblast

To determine whether the observed benefits to gajie capacity result from changes in
m.3243A>G heteroplasmy levels we collected DNA dasymat each passage (every other
population doubling, PD) across the duration ofrég@icative lifespan study. At the completion
of the study we assessed the mutant mitochondiigd ad as a function of PD in MD1, the
line with the highest levels of mutant DNA at thars of the study Kig. 2H). Suprisingly,
m.3243A>G levels did not change throughout the tthmaof the study in either DMSO or
rapamycin treated cell§=ig. 21), demonstrating that our culture conditions diteseagainst
mutant DNA and indicating that the beneficial eféeof rapamycin treatment are not a result of
altered heteroplasmy levels.

Clinical impact of mTOR inhibition in transplant recipientswith MELAS/MIDD

Based on then vitro studies we decided to stop calcineurin inhibitorsall patients and to
introduce either rapamycin or everolimus. Only & feeeks after introducing mTOR inhibitors
we observed a dramatic improvement in the generaditon of the four patients. Patients 1 and
2 started to quickly gain weight, without edemad arecover their appetites. Anorexia
progressively disappeared as well as the genethkrda. Clinical tests showed a marked
improvement in the serum levels of prealbumin abdrain. The Karnofsky and ECOG scores
of patients 1 and 2 increased from 30 to 60% amah 3 to 1 within 20 month$-(g. 3, Table 1).
Improvement was also visible in patient 3 with ahancement of the general conditidng; 3,
Table 1). The patient lost weight due to the reductionttd edema related to a progressive
amelioration of the heart systolic ejection frantfoom 30 to 48%. No additional treatments for
congestive heart failure were added during theogesupporting a beneficial effect of mTOR

inhibitors in this context. The Karnofsky and EC@Gores of patient 3 increased from 40 to
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80% and from 2 to 1 within the 18 months. Patienvals switched only few months after
transplantation compared to others but we coulcemesan improvement of the global status
compared to the dialysis period. However, in ttpecific case it is difficult to separate the
amelioration linked to the transplantation or theeaduction of mTOR inhibitors or botlrig. 3,
Table 1). Importantly, in all patients the eGFR remaindtable after the switch meaning that
the clinical improvement was not related to a gdikidney function(Table 1).

Metabolomic impact of mTOR inhibition in transplant recipientswith MELAS

Metabolic profiling of patients’ sera also providedditional evidence of improved clinical
outcome upon switching to sirolimus/everolim#sg 3G and Supplementary Fig. 7). Serum
3-nitro-tyrosine, a marker of oxidative stress, vgagnificantly reduced by mTOR inhibition
(Fig. 3G and Supplementary Fig. 7), consistent with ouin vitro results on mitochondrial
membrane potential and morphology. Several markéramino acid metabolism were also
significantly altered by rapamycin treatmehtd. 3G and Supplementary Fig. 7). In particular,
levels of 1- and 3-methyl-histidine were signifidgnreduced upon switching to rapamycin,
consistent with decreased muscle protein breakd@im 3G and Supplementary Fig. 7).
Similar to our previous findings iNdufs4™ micé®®, free fatty acid levels were generally elevated
by rapamycin treatment, though not significantlyhilee TCA intermediates were reducdeid.

3G and Supplementary Fig. 7). Lastly, rapamycin treatment increased the legélsirculating
glucose in all 4 patientd(g. 3G and Supplementary Fig. 7), also consistent with our prior
findings in theNdufs4™ modef°. Notably, a robust reduction in glucose consunmpti@s also
observed in the fibroblasts treated with rapamyumidicating that the altered glucose handling

resulting from mTOR inhibition is at least partglicautonomousSupplementary Fig. 8).
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Discussion

This study provides the first direct evidence suppg mTOR inhibition as a promising
therapeutic strategy in human mitochondrial dise¥geile this work will need to be followed
by studies involving larger sample sizes, and MEIMI®D patients who have not undergone
organ transplantation, our results indicate thatORTinhibition may be a safe and effective
means to improve health and quality of life in gplant patients with MELAS/MIDD.

In addition, our cell-based studies provide new ma@gstic insight into the cellular impact of
MELAS/MIDD and the mechanism of benefit by rapamyciwe found S6 to be
hyperphosphorylated in MELAS/MIDD fibroblasts areport premature cellular senescence to
be one cellular pathological feature of MELAS/MIDDisease. We also observed
MELAS/MIDD cells to have overtly defective mitochdnal membrane potential and
morphology which was rescued by short-term mTORbitibn. We were able to show that the
improvement with rapamycin was not associated witteduction in relative levels of mutant
mitochondrial DNA, arguing against selective mitagi of dysfunctional mitochondria as a
mechanistic explanation.

Defining the precise mechanism that mediates tinefiie of mMTOR inhibition in mitochondrial
disease is an active area of research that maytéeatbre targeted intervention strategies. We
foused here on fibroblasts but we cannont formatkgclude a positive impact of mTOR
inhibitors on the immune systeme in this population

The unigue unbiased metabolomics profile of theep&t before and after the switch to mTOR
inhibitors provide additional evidences of mitocbdal improvement. We observed a drop in
the levels of 1 and 3-methyl-histidine, a markemuiscle protein breakdown, suggesting that

MTOR inhibition in this context prevent muscle vilagtin MELAS/MIDD patients. We also
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found a decrease in oxidative stress markers aggfom mitochondrial respiratory chain
improvement. Importantly, the results were consisteith those observed in tiédufs4’™ mice
before and after rapamycin treatnfent

Finally, our study suggest that pre-screening ofORThyperactivation in patient samples and
response to MTOR inhibitors may be a viable approtm personalized medicine in
mitochondrial disease patients. More basic rese&cheeded to determine which forms of
mitochondrial disease will be refractory to mTORibition, but it seems likely that those

associated with hyperactive mTOR are the mostylit@benefit.
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M ethods

Patients and Data Collection

Our institutional review board approved the studg avritten informed consent was obtained
from each patient. Between January 2006 and Decefib, 1753 adult kidney transplants
were performed at Necker Hospital. Among thesejdeatified four transplant recipients with
MELAS/MIDD syndrome (baseline characteristics aremmarized in Table 1). After
transplantation, patients were monitored monthlgrduthe first year, then every three months.
Each patient received an immunosuppressive regimaged on calcineurin inhibitors, steroids,
and purine inhibitors. In all patients we stoppeel ¢alcineurin inhibitors for one week (wash out
period) before switching to mTOR inhibitors. Aftdre switch, patients were followed weekly
for a month, bi-weekly for a month, monthly for thext 12 months, and then every 3 months.
At all time-points, patients had physical examioas, performance status scoring using the
Karnofsky**° (on a scale from 0 to 100, with lower numbers d¢atlhg greater disability) and
the Eastern Cooperative Oncology Grbup (ECOG) indexes (a scale of 0 to 5, with 0
indicating no symptoms and higher scores indicaimgeasing symptoms), and biological
samplings. Sera from the four patients were ca@ldevery year after transplantation, before the
switch to the mTOR inhibitors and then for all tesafter switch.

Generation of primary dermal fibroblast cultures

Punch skin biopsies were collected from patients lagmlthy control individuals using standard
methods. To generate dermal fibroblast culturespdies were minced and incubated at room
temperature in 0.05% trypsin-EDTA (ThermoFisher @&84) solution for 30 min with gentle
shaking. Cells were collected by centrifuging ad@®r 10 min, re-suspended in cell culture

media containing 25% FBS, and plated onto 24 watles to establish lines. Fibroblast cultures
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were grown and maintained in 1X MEM (Corning 10-800) supplemented with 25% FBS and
penicillin/streptomycin (Corning 30-001-Cl) to adl concentration of 100 IU penicillin and 500
pg/mL streptomycin.

Pediatric Cell Lines

Pediatric mitochondrial disease cell lines wereawot#d from the Coriell Institute Cell
Repository. Pediatric lines are as follows: LS 4gheSyndrome, ACH — ataxia and cerebellar
hypoplasia, complex I, KSS — Kearns-Sayre Syndrarhe. Coriell cell line ID’s are GM01503,
GMO03672, GM13411, GM24529, GM06225, respectivelge SSupplementary Table 2 for
addition cell line details. All cell line charadtaation, including patient data and relevant cell
line publications, can be found on the Coriell @y website by searching the cell line ID and
opening the catalog data for the fibroblast celheli matching the identification
(https://www.coriell.org/0/Sections/Search/).

Analysis of mitochondrial membrane potential andphology

Cells at similar population doubling (PD~10 +/-#2¢re plated 1:4 from confluent cultures onto
coverglass chamberslides and allowed to grow w®i% confluent. Media was replaced and
supplemented with 100 ng/mL rapamycin (Fisher BB296n DMSO (Fisher BP321-1), or
equal volume DMSO, for 48 hours. Cells were staif@d15 min in media with 100 nM
tetramethylrhodamine ethyl ester (TMRE, Fisher BB8&6) and 5 pg/mL Hoechst 33342
(Biotium 89139-126) and imaged on a Leica SP5 amaifmicroscope. Samples were treated and
imaged in one session using identical imaging patars. Flow cytometry analysis was
performed by staining cells with only TMRE or 10rényl acridine orange (10-NAO),
dissociating with trypsin-EDTA containing dye fod inin at room temperature, collecting cells

by centrifugation, resuspension in cold PBS, aralyasis on a BD Canto Il flow cytometer using
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488nm excitation with 585/42 BP and 530/30 BP rfdtleor TMRE and 10-NAO, respectively. A
single gate was set to cells using forward and sadgter and all settings unchanged throughout
data collection. 10,000 or more events were cabbfbr every sample.

Analysis of S6 phosphorylation by western blotting

Cells at similar population doubling (PD~10 +/-\#¢re plated 1:4 from confluent cultures and
allowed to grow until ~80% confluent. Media was leged with media containing 100 ng/mL
rapamycin in DMSO, 200ng/mL cyclosporin A (R&D Samists 1101/100) in DMSO, or equal
volume DMSO for 48 hours. Cultures were rinsed viikPBS, treated for 10 min with 0.05%
Trypsin, collected by centrifugation at 4°C, andlgie were flash frozen on dry ice. Protein
lysates were collected by directly adding 1X RIRAfer (Pierce 89900) containing protease and
phosphatase inhibitors (Pierce P178441) to cellepl sonicating in 10 one-second bursts, on
ice, with an XL-2000 QSonica at maximum output, amshtrifuging to remove cell debris.
Protein concentration was determined by BCA asBasr¢e P123228), equal protein run on 4-
12% bis-tris 26 well NuPage midigels (Fisher WGI4@®d transferred to nitrocellulose blots
(Fisher 1B23001). Blots were blocked in LICOR Odggblocking buffer (LICOR 427-40100),
probed with primary antibodies anti-pS6, anti-S6d anti-GAPDH (Cell Signaling 4858P,
2217S, and 2118S, respectively) followed by secondatibody IRDye800 donkey anti-rabbit
(LICOR 925-32213) and imaged using LICOR Odyssey §tanning imager as previously
describedf. Data quantified using NIH Imag€J

Replicative capacity studies

Excluding Supplementary Fig. 3 all cell studiesspréged were performed in 1X MEM (Corning
10-010-CV) supplemented with 25% FBS and penicgtieptomycin (Corning 30-001-Cl) at a

final concentration of 100 IU Penicillin and 500/pd. Streptomycin. Fibroblast replicative
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capacity studies were performed using standard austh Briefly, to start the replicative
capacity studies, low population doubling (PD) selt ~80% confluence were treated with 100
ng/mL rapamycin in DMSO, 200ng/mL cyclosporin AMSO, or equal volume DMSO for 48
hours. Cells were split 1:4 and capacity measusedgiitting cells 1:4 (adding two PD) each
time they reached confluence. Media was changedti?¥@s per week with fresh drugs. All
drugs were stored in frozen aliquots to preventaldation associated with freeze-thaw cycles.
The lifespans in Supplementary Fig. 3 were perfar@ae above with the exception that the cell
media used was EMEM with 1.5 g/L sodium bicarbopaten-essential amino acids, L-
glutamine, and pyruvate (Corning 10-009-CV) supmetad with 25% FBS and
penicillin/streptomycin.

SAS-Gal, Actin Cytoskeleton Staining, and Nuclear Bleg

Senescence associated beta-galactosidasg{Sa&l) staining was performed using Abcam kit
ab65351 according to manufacture specificationgages were collected using a Zeiss Axiovert
40CFL brightfield inverted microscope. Fraction 8Asal positive cells were determined by
counting total and SA&-Gal stained cells in 3-6 20X fields per treatmpet cell line. Average
values were grouped to compare control and MELASMIfibroblasts. Cytoskeletal staining
was performed by growing cells on glass coverslifpsing cells for 10 min in 3.7%
paraformaldehyde in PBS, permeabilizing in 1% T2 100 (Fisher AC327371000) for 5 min
with gentle shaking, blocked for 30 in 1% BSA (FE&siBP9700100), and stained in 1X PBS
containing 1% BSA, 5 U/mL Phalloidin-CF594 (Biotiug9427-138), and Hoechst 33342 (5
pag/mL) for 30 min at RT. Cells were washed threses with 1XPBS, mounted onto slides using
Everbrite mounting media containing 1 pg/mL Hoe@®342, and imaged on a Zeiss Axiovert

40CFL brightfield inverted microscope with a 20Xjediive and DAPI and Texas Red filter
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cubes. All images were collected in one sessionguie same exposure settings. Actin (red)
and DNA (blue) channel signal intensities were raeas using ImageJ. The ratio of red to blue
channel intensity was calculated in 3-6 20X fiefas treatment per cell line. Average values
were grouped to compare control and MELAS/MIDD diblasts.

Nuclear blebbing was assessed using images calldoben the Phalloidin/Hoechst stained
slides. The fraction of ‘blebbed’ nuclei was casted in 3-6 20X fields per treatment per cell
line. Averages for each sample were combined topementreated and untreated control and
MELAS/MIDD fibroblast lines.

A3243G genotyping by Sanger sequencing and rastridigestion

Total DNA was extracted using the phenol/chloroftsomamyl alcohol method following
manufacturer protocol (Sigma 25666). A 183 base-paiplicon containing the A3243 locus
was amplified using forward primer 5-
GCGCCTTCCCCCGTAAATGATATCATCTCAACTTAG-3 and reverse primer 5'-
AATGGGTACAATGAGGAGTAGGAGGTTGGCCATGG-3' using Phusio High-Fidelity
Polymerase (ThermoFisher F-530S) in a two-cycle P&Rtion. PCR products were submitted
for Sanger sequencing by Macrogen (www.macrogeoosg. and analyzed by restriction
digestion using Haelll according to manufacturecg#pations (NEB R0108S). Cleaved and
uncleaved products were run on a 4-20% TBE polyaorgle gel (Fisher EC62255), stained
with GelGreen DNA dye (Biotium 41007) and imagedngs blue-fluorescent excitation
wavelength Supplementary Fig.9).

Real-time quantitative PCR

RNA was extracted from flash-frozen cell pellettngghe Trizol method. cDNA was generated

using the Superscript 11l First strand synthesis (HihermoFisher 18080051) according to
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manufacturer specifications. Expression of pl6 (CRK, pl6INK4a) was assessed using
Tagman probes (ThermoFisher) hs00923894 ml1 (pl1l6) H899999907_ml (B2M, beta-2-
microglobulin, a control gene), and the Tagman GErpression Master Mix (ThermoFisher
4369016), as directed, on an Applied Biosystemp@te realtime PCR machine using the
standard RT PCR protocol. Relative expression vessrohined using the delta-delta CT method.
Serum metabolomics

Serum samples were obtained at each visit (seeeqlaod 50 uL of serum was analyzed via LC-
QQQ-MS in MRM mode at the Northwest Metabolomics&ech Center of the University of
Washington. 128 metabolites were successfully itledtin all samples.

Glucose consumption

Glucose consumption in Supplementary Fig. 6 wassored using a Bayer Contour glucose
monitoring system with test strips (Fisher Scient#3125600). Briefly, media was replaced 24
hours prior to splitting at confluence and glucasmcentration was measured immediately
before splitting cells. Consumption was calculasdinal minus initial glucose mass in media.
Statistical Analysis

All data were presented as means +/- SEM. Compeibetween groups were performed using
student t-tests, 2-tail$2<0.05 was considered significant. Statistical comparisohgapacity
curves were performed using the log-rank test disdted.

For the metabolomics analysis, the ilpgf the area under the curve for each metabolite wa
centered on the mean lggand scaled on the standard deviation of each ishaay sample.
Centered and scaled values were treated as repeaadures for each patient on either

calcineurin inhibitors or mTOR inhibitors.

21



Acknowledgments

This project has received funding from the Europ&asearch Council under the European
Union’s Horizon 2020 research and innovation prog@rant 679254 (awarded to GC).

This work was supported by the Emmanuel Boussarthdation (London, UK) and the Day
Solvay Foundation (Paris, France), INSERM, AssitarPublique-Hopitaux de Paris and
University Paris Descartes.

This work was supported by NIH grants AG017242, GNA59, and CA180126 (awarded to
YS). SCJ was supported by an American Federatiofiing Research (AFAR) Postdoctoral
Fellowship and NIH grant F32 AG050444-02. BG wagpsuted by NIH pre-doctoral training
grant 6T32AG023475-13.

AB was supported by NIH training grant T32AG000057.

COMPETING FINANCIAL INTERESTS

The authors declare no competing financial interest

22



References

1. DiMauro S, Schon EA. Mitochondrial respiratotyatn diseases. N Engl J Med
2003;348:2656-68.

2. Schon EA, DiMauro S, Hirano M. Human mitochoatlDNA: roles of inherited and
somatic mutations. Nat Rev Genet 2012;13:878-90.

3. Macmillan C, Lach B, Shoubridge EA. Variabletdimution of mutant mitochondrial
DNAs (tRNA(Leu[3243])) in tissues of symptomatidateves with MELAS: the role of mitotic
segregation. Neurology 1993;43:1586-90.

4. Koopman WJ, Willems PH, Smeitink JA. Monogeniitochondrial disorders. N Engl J
Med 2012;366:1132-41.

5. Laloi-Michelin M, Meas T, Ambonville C, et al.h& clinical variability of maternally
inherited diabetes and deafness is associated thihdegree of heteroplasmy in blood
leukocytes. The Journal of clinical endocrinology anetabolism 2009;94:3025-30.

6. Dimauro S, Mancuso M, Naini A. Mitochondrial epbalomyopathies: therapeutic
approach. Ann N'Y Acad Sci 2004;1011:232-45.

7. Schleit J, Johnson SC, Bennett CF, et al. Médeamechanisms underlying genotype-
dependent responses to dietary restriction. Ageti613;12:1050-61.

8. Johnson SC, Yanos ME, Kayser EB, et al. mTORbitibn alleviates mitochondrial
disease in a mouse model of Leigh syndrome. Sci20t8;342:1524-8.

9. Johnson SC, Yanos ME, Bitto A, et al. Dose-ddpan effects of mTOR inhibition on
weight and mitochondrial disease in mice. Front&@915;6:247.

10. Zheng X, Boyer L, Jin M, et al. Alleviation akuronal energy deficiency by mTOR

inhibition as a treatment for mitochondria-relatedirodegeneration. Elife 2016;5.

23



11. Kreis H, Oberbauer R, Campistol JM, et al. Ltergn benefits with sirolimus-based
therapy after early cyclosporine withdrawal. J Aat Slephrol 2004;15:809-17.

12. Canaud G, Bienaime F, Viau A, et al. AKT2 isesdial to maintain podocyte viability
and function during chronic kidney disease. Nat M8i3;19:1288-96.

13.  Wiley CD, Velarde MC, Lecot P, et al. Mitocheiadl Dysfunction Induces Senescence
with a Distinct Secretory Phenotype. Cell metabolz016;23:303-14.

14. Oken MM, Creech RH, Tormey DC, et al. Toxiciyd response criteria of the Eastern
Cooperative Oncology Group. American journal oficial oncology 1982;5:649-55.

15.  Velarde-Jurado E, Avila-Figueroa C. [Methodadayj considerations for evaluating
quality of life]. Salud Publica Mex 2002;44:448-63.

16. Canaud G, Bienaime F, Tabarin F, et al. Inlwbitof the mTORC pathway in the
antiphospholipid syndrome. N Engl J Med 2014;373:30Q.

17. Schneider CA, Rasband WS, Eliceiri KW. NIH Irealp ImageJ: 25 years of image
analysis. Nature methods 2012;9:671-5.

18. Park SH, Kang HJ, Kim HS, et al. Higher DNA agpactivity is related with longer

replicative life span in mammalian embryonic fibliadi cells. Biogerontology 2011;12:565-79.

24



FigureLegends

Figure 1. mTOR Activation and Mitochondrial Defects in Primary MELASMIDD
Fibroblast Lines. A) Western blotting of lysates from primary MELASIDD patient (MD -
mitochondrial disease) and control fibroblasts.|<elere treated for 48 hours with DMSO
(‘vehicle’ solvent control), rapamycin (Rapa), grclosporin A (CsA) and lysates were probed
for phosphorylated ribosomal protein S6, total rp&6d GAPDH and quantification. B)
Representative confocal microscopy images of pyrfiaroblast lines treated for 48 hours with
DMSO or rapamycin and stained for mitochondrial rheane potential (tetramethylrhodamine
ethyl ester, TMRE, red), mitochondrial mass (10-dwyl acridine orange, 10-NAO, green), and
DNA (Hoechst 33342, blue). C) Representative floometry analysis of primary fibroblasts
treated for 48 hours with DMSO or rapamycin andhsié for mitochondrial membrane potential
(tetramethylrhodamine ethyl ester, TMRE, red). Dgh&natic of m.3243A>G mutant
mitochondrial DNA restriction analysis assay. E)stietion analysis based assessment of
m.3243A>G heteroplasmy levels in cells treated4®rhours with DMSO or rapamycin at two
concentrations, 10 and 100 ng/mL. F) Quantificatmin restriction analysis. 48 hours of
rapamycin treatment has no impact on heteroplagwsld, as anticipated. G) Western blotting
of lysates from primary fibroblast derived from pedc mitochondrial disease patients and
control fibroblast obtained from the Coriell Inat# Cell Repository and quantification. Pediatric
lines are as follows: LS — Leigh Syndrome, ACH ax& and cerebellar hypoplasia, complex I,
KSS — Kearns-Sayre Syndrome. *P<0.05, ***P<0.004al& bar ~1am.

Figure 2: mTOR Inhibition Attenuates Replicative Capacity Defects in Primary
MELASMIDD Fibroblast Lines. A) Replicative capacity data from three controlsl daur

MELAS/MIDD fibroblasts (MD - mitochondrial diseas#eated with DMSO, rapamycin, or
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cyclosporin A (CsA). B) Relative change in replieatcapacity in of CsA and rapamycin treated
control and MELAS/MIDD primary fibroblast lines \@rs DMSO treatment. C) Representative
senescence associated beta-galactosidasB-(&#) staining of low population doubling DMSO
and rapamycin treated MELAS/MIDD and control fibladts (PD: population doubling). D)
Quantification of SAB-Gal staining (datapoints representive individuall ¢éines, 6 or more

fields assessed for each line). $8nescence associated fagidf<*?

(p16) displays increased
expression in MD fibroblasts which is attenuated 48/ hours of rapamycin treatment. F)
Representative images of normal nuclei and nut¢iewsg nuclear blebbing (arrows indicate
nuclear invaginations or ‘blebs’). Staning showsracytoskeleton (Phalloidin, red) and nuclei
(Hoechst 33342, blue). Quantification of nucleasbing (datapoints representive individual
cell lines, 6 or more fields assessed for each).li@¢ Staining for actin cytoskeletal organization
(Phalloidin, red) and nuclei (Hoechst, blue). Qifardtion of nuclear cytoskeletal signal
normalized to DNA content. Datapoints represeniivaéividual cell lines, 6 or more fields
assessed for each line). H) Mitochondrial m.3243Aw®roplasmy analysis across the lifespan
of MD line 2. Samples were collected every two gdapan doublings and assessed together at
the completion of the lifespan study. 1) Quantifioa of K). Mitochondrial m.3243A>G
heteroplasmy did not change in either DMSO or ragamtreated cells throughout the duration
of the lifespan studies. *P<0.05, **P<0.01 **PQ0.1.

Figure 3: Clinical and biological impact of mTOR inhibition in transplant recipients with
MELAS/MIDD. A) Patient 1, B) Patient 2, C) Patient 3 and D)d?at4. Pink parts of the graph
are showing the period of exposure to calcineuntmhitors (CNI) and in green the period of

exposure to mMTOR inhibitors (MTORI). The blue dst®w body weight of the four patients

over time, the black dots represent the serum albuevels and the red dots the serum
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prealbumin levels. In patient 3, the heart ejecfraction (EF, %) before and after the switch to
MTOR inhibitors is added. E) ECOG and F) Karnofskgres at initiation of mTOR inhibitor
treatment and at 18-20 month follow up. P-valudsutated by paired t-test. G) Lagaverage
difference of amino acid metabolites levels betwsamples on sirolimus/everolimus and on
calcineurin inhibitors.

Supplementary Figure 1: Dose-dependent effects of rapamycin in fibroblasts. (A) Western
blotting of phosphorylated and total S6 in conif¥l38 line) fibroblasts treated with varying
concentrations of rapamycin for 48 hours. IC50 apamycin for S6 phosphorylation was
calculated to be ~0.3 nM. (B) Relative glucose us&VI38 fibroblasts treated with varying
doses of rapamycin for 48 hours. IC50 for rapamwetirglucose consumption is ~2.6 nM.
Supplementary Figure 2. Additional western blot data. (A) Western blotting of
phosphorylated and total PRAS40, a component of RCDusing samples shown in Figure 1.
MELAS fibroblasts show a significant reduction ihgsphorylated PRAS40 which is attenuated
by 48 hours of rapamycin treatment. (B) Westerritinlg of phosphorylated and total PKC.
There was a trend toward increased PKC phosphamylédriven by 2 of the 4 lines) but this did
not reach significance. (C) Western blotting of kBRprocessing and phospho-ERK (p42/44).
IGF1R is produced as a pro-protein and processedlégvage. MELAS fibroblasts have
significantly lower levels of processed, comparedunprocessed, IGF1R, but this is not
substantially altered by 48 hours of rapamycintinegat. Conversely, levels of phosphorylated
ERK (p42/44 MAPK) are significantly increased by d&uirs of rapamycin treatment but are not
different between the control and MELAS lines.

Supplementary Figure 3: Abnormal morphology and membrane potential of mitochondria

in fibroblasts from patients with  MELAS/MIDD. Representative images abnormal
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mitochondria morphology and membrane potential he fibroblasts from MELAS/MIDD
patient, characterized by swelling, fragmentateomg the presence of depolarization as indicated
by low TMRE (tetramethylrhodamine ethyl ester, ratQining relative to the less membrane
potential sensitive dye 10-N-nonyl acridine orarf@@-NAO). Nuclear DNA stained with the
cell permeant dye Hoechst 33342 (blue). Low magaiion in the left column and higher
magnification in the right column. Arrows highligbtertly swollen mitochondria, as indicated
by balloon or ball like appearance versus norntallfar organization. Scale bar ~16.
Supplementary Figure 4: Mitochondrial and cytoskeletal defects in MELAS/MIDD
fibroblasts. A) Mitochondria in MELAS/MIDD fibroblasts have dapsed and abnormal cristae
and cells are characterized by high levels of dgletal fibers. B) Mitochondria are visually
more intact and organized in rapamycin treated MBIMIDD fibroblasts while cytoskeletal
fibers are less distinct. Red arrows point to nhitoaria with collapsed and abnormal cristae.
Yellow arrows indicate mitochondria with healthyistae morphology. Blue arrows point to
regions of cytoskeletal fibers.

Supplementary Figure 5: Replicative lifespan in the presence of pyruvate. Addition of
pyruvate attenuated the early growth retardatico@ated with rapamycin treatment but had no
impact on the short lifespan of MELAS/MIDD cells thre increase in lifespan resulting from
rapamycin treatment. A) Replicative lifespans ofotwontrol lines treated with DMSO or
rapamycin in media supplemented with pyruvate. ¥®@©001, paired t-test DMSO versus
rapamycin. B) Replicative lifespans of three MELRMEDD fibroblast lines treated with DMSO
or rapamycin in media supplemented with pyruvate=0:02, paired t-test DMSO versus

rapamycin.
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Supplementary Figure 6: p21 expression in fibroblasts from MELASMIDD. Western blot
analysis of the senescence associated marker pdl/@nd quantification. Western blot
performed at the start of the lifespan study, ptimronset of senescencMELAS/MIDD
fibroblast lines show substantially increased Isva p21/Cipl compared to control fibroblast
lines. *P<0.05.

Supplementary Figure 7: Metabolomic impact of mTOR inhibition in transplant recipients
with MELAS/MIDD. Heatmap of the log change of 128 serum metabolites before and after
switch to mTOR inhibitors. Individual sample valyssr each metabolite were averaged across
treatment per each patient. Data are representdte atifference between the average value on
sirolimus/everolimus and the average value on algin inhibitors period. Green: increase,
red: decrease, white: unchanged. Black: P<0.0%; gra5<P<0.05.

Supplementary Figure 8. Glucose usage in primary fibroblast culture. Glucose useage in
primary fibroblasts was robustly decreased by tneat with rapamycin but was not effected by
treatment with cyclosporin A. Glucose consumptieclohed with replicative age in control and
MELAS/MIDD cells treated with DMSO or cyclosporintapamycin treatment lowered
consumption but also slowed the replicative age@ated decline. Linear regression trendlines
added when greater than 3 datapoints availableds&iusage is reported in (ug glucose / hour /
confluent 15 cm plate) (see Methods).

Supplementary Figure 9: Schematic of heteroplasmy analysis assay. A) Oligonucleotide
primer sequences, amplicon sequence, and restristie location. B) Schematic of restriction
analysis band pattern. C) Restriction analysisasfyepassage patient and D) control fibroblast

lines. E) Sanger sequencing chromatogram of thamhsite in the amplicon from patient 1.
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Table 1. Demographic and clinical characteristics of tatignts

Characteristics Patient 1 Patient 2 Patient 3 Fiadie
Age at diagnosis (years) 34 42 33 44
Sex Male Female Male Male
Sensorineural hearing loss Yes Yes Yes Yes
Diabetes Yes Yes Yes Yes
Heart dysfunction No No Yes No
Muscle weakness Yes Yes Yes Yes
Peripheral neuropathy Yes Yes No No
Age at transplantation (years) 44 52 51 59
Immunosuppressive regimen Steroids/MMF/ Steroids/Aza/ Steroids/MMF/ Steroids/MMF/
before switch Tacrolimus  Cyclosporine  Tacrolimus Tacrolimus
Switch to mTOR inhibitors after 89 96 40 3
transplantation (months)

mTOR inhibitor after switch Rapamycin Everolimus Rapamycin Everolimus
Mean mTOR inhibitors trough 813 7+3 7+3 812
levels (ng/mL)

Karnofsky (%) / ECOG scores 30/3 30/3 40/2 90/1
before switch

eGFR (mL/min) before the switch 72 8 o6 4
eGFR (mL/min) after the switch 4 79 60 4
HbAlc (%) before the switch 7.1 6.9 7.2 6.3
HbAlc (%) after the switch 6.9 7.0 7.1 6.5
Cholesterol level before the switch 275 221 195 179
(mg/dl)

Cholesterol level after the switch 332 296 251 221
Triglyceride level before the switch 195 204 177 135
(mg/dl)

Triglyceride level after the switch 231 267 243 195

(mg/dl)




MMF: Mycofenolate mofetil; Aza: Azathioprine; ECOGastern Cooperative Oncology Group;

eGFR: estimated Glomerular Filtration Rate; Dagaraeans *+ SD.



Cdl LinelD  Description Mutation(s) Gender  Agea Race Passage Publication  dbSNP
Sampling Frozen ID
(yrs)

GMO06225 Kearns-Sayre - Male 10 Caucasian 5 15280047 14761
Syndrome

GMO01503 Leigh MTATP6 Female 3 Caucasian 5 2376596; 21779
Syndrome 7200213

GM03672 Leigh MTATP6 Female 1 Caucasian 2 2376596 21068
Syndrome

GM13411 Leigh MTATPS; Male 0.8 Asian 3 23665194; 11776
Syndrome  8993T>G mtDNA,; 8042671

L156R
GM?24529  Ataxiaand NUBPL; T311C; Female 14 Caucasian 2

Ceaebdlar  NADH:Ubiquinone
Hypoplasia oxidoreductase
Mitochondrial Fe/S protein;
Complex | Assembly of
deficiency; Mitochondrial
NUBPL complex |

Table 2: Fibroblast cell lines obtained from the Coriéll Institute Cell Repository





