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Abstract

Mitochondrial diseases represent a significant clinical challenge. Substantial efforts have been
devoted to identifying therapeutic strategies for mitochondrial disorders, but effective interventions
have remained elusive. Recently, we reported attenuation of disease in a mouse model of the
human mitochondrial disease Leigh syndrome through pharmacological inhibition of the
mechanistic target of rapamycin (mTOR). The human mitochondrial disorder MELAS/MIDD
(Mitochondrial Encephalopathy with Lactic Acidosis and Stroke-like Episodes/Maternally
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Inherited Diabetes and Deafness) shares many phenotypic characteristics with Leigh syndrome.
MELAS/MIDD often leads to organ failure and transplantation and there are currently no effective
treatments. To examine the therapeutic potential of mMTOR inhibition in human mitochondrial
disease, four kidney transplant recipients with MELAS/MIDD were switched from calcineurin
inhibitors to mTOR inhibitors for immunosuppression. Primary fibroblast lines were generated
from patient dermal biopsies and the impact of rapamycin was studied using cell-based end points.
Metabolomic profiles of the four patients were obtained before and after the switch. pS6, a
measure of mTOR signaling, was significantly increased in MELAS/MIDD cells compared to
controls in the absence of treatment, demonstrating mTOR overactivation. Rapamycin rescued
multiple deficits in cultured cells including mitochondrial morphology, mitochondrial membrane
potential, and replicative capacity. Clinical measures of health and mitochondrial disease
progression were improved in all four patients following the switch to an mTOR inhibitor.
Metabolomic analysis was consistent with mitochondrial function improvement in all patients.
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INTRODUCTION

Mitochondrial diseases are a clinically and genetically heterogeneous group of disorders that
arise as a result of mitochondrial dysfunction.! Inherited mitochondrial diseases can be
caused by mutations of mitochondrial DNA (mtDNA) or of nuclear genes that encode
mitochondrial proteins, with an overall prevalence estimated at approximately 1 in 5000.1
The clinical phenotypes of patients affected by mitochondrial disorders are considerably
heterogeneous.?

Individuals with mitochondrial disorders resulting from mutation of mtDNA may harbor a
mixture of mutated and wild-type mtDNA within each cell. The percentage of mutant
mtDNA varies between individuals, as well as among organs and tissues within the same
individual, contributing to the varied clinical phenotype.3

Mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS)
syndrome is a genetic disorder that results from mutations affecting mtDNA encoding
reduced nicotinamide adenine dinucleotide dehydrogenase or transfer RNAs.* The most
frequent mutation in patients with MELAS syndrome is a 3243A>G mtDNA point mutation,
but more than a dozen distinct causal genetic variants have been linked to the disease.
Patients with MELAS syndrome typically undergo normal development but develop bilateral
deafness in late childhood; diabetes in early adulthood; progressive neurologic disabilities
from the third decade of life with migraines, seizures, stroke-like episodes, and
encephalopathy; heart failure; and progressive kidney failure.* Not all MELAS patients will
follow this clinical pattern, with some showing a limited phenotype, such as maternally
inherited diabetes and deafness (MIDD).?

Currently, there is no effective treatment for mitochondrial diseases of any etiology and
management mainly is supportive. In small uncontrolled studies, vitamins C and K,
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thiamine, riboflavin, and ubiquinone have shown varying degrees of benefit in individual
6
cases.

Recent experimental studies have shown that reduced mTOR signaling through caloric
restriction or genetic manipulation rescues the lifespan of yeast harboring mutations in genes
encoding mitochondrial proteins.” Further-more, we recently reported a robust attenuation of
disease in a mouse model of the human mitochondrial disease Leigh syndrome (Naufs4 =
mice) using pharmacologic inhibition of mTOR.8:° We observed that the Ndufs4'~ mice
show increased tissue mTOR activation in affected tissue (brain) associated with metabolic
defects and progressive neurologic disease. Importantly, we found that rapamycin, a specific
inhibitor of mTOR, substantially delayed the onset of neurologic symptoms and lesions and
extended the lifespan of the Nigufs47/~ mice.8 These data then were confirmed in induced
pluripotent stem cells from patients with Leigh syndrome.10

Rapamycin is an immunosuppressive drug used after solid organ transplantation to prevent
allograft rejection.1112 Thus, transplant recipients receiving rapamycin or derivatives
present a unique opportunity to study the effects of mTOR inhibition on human
mitochondrial diseases. In this study, we identified 4 kidney transplant recipients with
MELAS/MIDD syndrome. The 4 patients had stable allografts with an immunosuppressive
regimen based on calcineurin inhibitors but their global health status was declining rapidly.
Based on the findings in the mouse model we examined activation of the mTOR pathway in
patient-derived fibroblasts and switched the immunosuppression regimen from calcineurin
inhibitors to mTOR inhibitors accordingly.

RESULTS

Patients

Patient 1 was a man born in 1962 and was diagnosed with MELAS syndrome in 1996 (m.
3243A>G mutation) (Table 1). Heteroplasmy was determined in 3 different samples: blood
leukocytes (10%-15% mutant mtDNA), urine epithelial cells (5%—-10% mutant mtDNA),
and cheek cells (40%—-45% mutant mtDNA). At the time of diagnosis, the patient had severe
hearing impairment, diabetes, and kidney dysfunction with proteinuria. The kidney biopsy
performed in 1996 showed focal and segmental glomerulosclerosis. The patient had his first
stroke-like episode in 2001. He reached end-stage renal disease in 2004 and began
hemodialysis. In 2005, he received a kidney from a deceased donor. The patient had no
evidence of cardiac dysfunction but had muscle weakness. His immunosuppressive regimen
was based on steroids, mycophenolate mofetil, and tacrolimus. His Karnofsky and Eastern
Cooperative Oncology Group (ECOG) scores were 90% and 1, respectively, at the time of
transplant. After transplantation, the patient did not experience any complications related to
immunosuppression and the estimated glomerular filtration rate remained stable at
approximately 72 ml/min during subsequent years. However, his general condition was
found to be declining dramatically with considerable weight loss (=18 kg; A, —30%),
anorexia, and excessive fatigability. Biological markers, such as serum albumin and
prealbumin, showed severe malnutrition. We excluded cancer, chronic infection,
inflammation, and depression as a cause of malnutrition. The patient’s Karnofsky and
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ECOG scores decreased to 30% and 3, respectively. We concluded that the cachexia was
related to progression of MELAS syndrome.

Patient 2 was the sister of patient 1. She was born in 1954 and MELAS syndrome was
diagnosed at the same time as her brother’s diagnosis in 1996 (m.3243A>G mutation) (Table
1). Heteroplasmy was determined in 3 different samples: blood leukocytes (<5% mutant
mtDNA), urine epithelial cells (15%-20% mutant mtDNA), and cheek cells (25%-30%
mutant mtDNA). She had hearing loss, diabetes, and severe renal impairment with
proteinuria. A kidney biopsy showed focal and segmental glomerulosclerosis with severe
interstitial fibrosis. She had her first stroke-like episode in 1999. She reached end-stage renal
disease in 2001 and received her first kidney transplantation in 2003. In 2010, she had her
second stroke-like episode. The patient had no evidence for heart dysfunction but had
muscle weakness. She reached end-stage renal failure and received a kidney transplant. Her
immunosuppressive regimen included steroids, azathioprine, and cyclosporine. The
Karnofsky and ECOG scores at the time of transplantation were 90% and 1, respectively.
After transplantation, she did not experience any complication related to
immunosuppression and the estimated glomerular filtration rate remained stable at
approximately 78 ml/min for several years. However, similar to her brother, we observed a
progressive anorexia with severe body weight loss (=30 kg; A, —=50%), a dramatic decrease
in nutrition markers, and an increase in fatigability. We excluded cancer, infection, or
depression as a cause of cachexia. The Karnofsky and ECOG scores decreased to 30% and
3, respectively. We therefore concluded that the phenotype was related to MELAS syndrome
progression.

Patient 3 was a man born in 1965 who was diagnosed with a mitochondrial disorder in 1998
(m.3243A>G mutation) (Table 1). Heteroplasmy was determined in 2 different tissues: blood
leukocytes (15%-20% mutant mtDNA) and cheek cells (30%—35% mutant mtDNA). At the
time of diagnosis, the patient had severe hearing impairment, chronic kKidney disease with
proteinuria, and diabetes. A kidney biopsy performed in 2001 showed a focal and segmental
glomerulosclerosis lesion. He underwent hemodialysis in 2008 and received his first kidney
transplantation from a deceased donor 2 years later. Progressively, he developed severe and
refractory systolic heart dysfunction related to mitochondrial disease. He had never had a
stroke-like episode and presented with muscle weakness. Given the lack of stroke-like
episodes he was classified as having MIDD syndrome according to criteria.® He underwent
hemodialysis and received a kidney transplantation from a deceased donor. The Karnofsky
and ECOG scores at the time of transplantation were 90% and 1, respectively. The
immunosuppressive regimen included steroids, mycophenolate mofetil, and tacrolimus.
After the transplantation, the patient did not experience any complication related to
immunosuppression and the estimated glomerular filtration rate remained stable at
approximately 56 ml/min. However, his systolic heart function continued to worsen, leading
to severe congestive heart failure. His systolic ejection fraction decreased progressively from
42% to 30% and was resistant to standard treatment. In addition to weight gain related to
edema secondary to heart failure, the general condition of the patient was dramatically
worsening with excessive fatigability and severe markers of malnutrition. His Karnofsky
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score and ECOG scores decreased to 40% and 2, respectively. After multiple examinations,
we concluded that his symptoms were related to progression of MELAS syndrome.

Patient 4 was a man born in 1955 who was diagnosed with MELAS in 1999 (m.3243A>G
mutation) (Table 1). Heteroplasmy was determined in 2 different samples: blood leukocytes
(10%-15%, mutant mtDNA) and cheek cells (40%-45% mutant mtDNA). At the time of
diagnosis the patient presented with hearing impairment, kidney dysfunction with
proteinuria, and diabetes. A kidney biopsy was performed in 2002 and showed a focal and
segmental glomerulosclerosis lesion. He had a stroke-like episode in 2008. He underwent
hemodialysis in 2014 and received his first kidney transplantation from a deceased donor 1
year later. The immune-suppressive regimen included steroids, mycophenolate mofetil, and
tacrolimus. The Karnofsky and ECOG scores at the time of transplantation were 90% and 1,
respectively.

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

Hyperactive mTOR signaling in primary fibroblasts from patients with m.
3243A>G mutation.—In our previous work we found mTOR to be hyperactivated in
whole brain lysates of the Leigh syndrome mouse model.8 To examine if the mTOR pathway
also was hyperactive in primary MELAS/MIDD cells we cultured primary fibroblasts from
patients and control individuals and collected protein lysates for Western blot.Importantly,
we observed that the MELAS/MIDD cells show a significant increase in phosphorylation of
ribosomal protein S6 (rpS6) compared with control fibroblasts, indicative of hyperactivated
mTOR signaling (Figure 1a; dose-response in Supplementary Figure S1 and additional
targets in Supplementary Figure S2).

MELAS/MIDD and controls cells then were treated for 48 hours with dimethylsulfoxide
(DMSOQ), rapamycin, or cyclosporin A. Cyclosporin A was included as a control for the
immunosuppressive therapy that patients were receiving before the start of this study.
Cyclosporin A had no significant impact on pS6/S6, whereas 48 hours of rapamycin
treatment reduced pS6 levels in all cell lines, as anticipated.

Rescue of mitochondrial morphology and membrane potential by short-term
rapamycin treatment with no impact on heteroplasmy levels.—To examine the
impact of MTOR inhibition on mitochondrial morphology and membrane potential, a
general measure of mitochondrial function, we treated dermal fibroblasts with rapamycin or
DMSO. Cells were stained with tetramethylrhodamine ethyl ester (TMRE), a marker of
mitochondrial membrane potential, and 10-N-nonyl acridine orange, a marker of the inner
mitochondrial membrane that acts as a membrane potential insensitive marker of
mitochondrial mass (Figure 1b and c). MELAS/MIDD lines show reduced membrane
potential, determined by TMRE staining intensity, and abnormal morphology, characterized
by swelling, fragmentation, and the presence of depolarized (low TMRE staining)
mitochondria (Supplementary Figure S3). Treatment with rapamycin attenuated these
phenotypes in all MELAS/MIDD fibroblasts while having no overt impact on the control
cells (Figure 1b and c). Electron microscopy also indicated that rapamycin treatment is
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associated with a partial rescue of mitochondria morphology and cytoskeletal fiber
organization in fibroblasts from MELAS/MIDD patients (Supplementary Figure S4).

mTOR inhibition is associated with induction of autophagy and mitophagy. Previously, we
showed that rescue of mitochondrial disease in a mouse model was independent of any
direct changes to primary mitochondrial defects,8 arguing against the model that selective
removal of defective mitochondria underlies the benefits of mTOR inhibition. Consistent
with this model, the rescue of membrane potential was not associated with a change in levels
of m.3243A>G heteroplasmy (Figure 1 d-f).

Hyperactive mTOR signaling in primary fibroblasts from pediatric
mitochondrial disease patients.—To determine whether hyperactive mTOR is a shared
feature in mitochondrial disease fibroblast lines, we obtained 3 control primary fibroblast
lines and 5 pediatric mitochondrial disease primary fibroblast lines from the Coriell Institute
Cell Repository (Camden, NJ). This set includes 3 Leigh syndrome lines, 1 ataxia and
cerebellar hypoplasia Complex | ling, and a Kearn-Sayre syndrome line (Table 2).
Interestingly, we found that pediatric mitochondrial disease cells also showed a significant
increase in pS6 compared with control fibroblasts. These results indicate that hyperactivated
mTOR signaling is a shared feature of genetically distinct mitochondrial disorders (Figure

19).

Attenuation of early replicative senescence in MELAS/MIDD fibroblasts.—To
determine whether long-term rapamycin treatment could rescue additional cellular
phenotypes in MELAS/MIDD cells we performed replicative senescence assays to measure
cellular replicative capacity. Primary MELAS/ MIDD fibroblast lines lose the ability to grow
at early population doublings compared with control fibroblasts, indicating a dramatic
reduction in proliferative capacity and premature senescence compared with control lines
(Figure 2a). Rapamycin increased the proliferative capacity in both control and MELAS/
MIDD lines, however, importantly, the relative increase in MELAS/MIDD cells was
substantially greater than in controls (Figure 2a and b). Interestingly, cyclosporin A slightly
increased the proliferative capacity in all cell lines, but to a similar level in control and
MELAS/ MIDD cells.

A recent study investigating senescence in the setting of nonphysiological models that
induce mitochondrial dysfunction in cultured cells found that the presence or absence of
pyruvate governs a cellular decision to proliferate or senesce.13 By using media
supplemented with pyruvate we found that neither the shortened lifespan of MELAS/MIDD
fibroblasts nor the lifespan increase resulting from rapamycin treatment were impacted,
suggesting key differences between senescence in genuine mitochondrial disease cells
versus models of mitochondrial stress (Supplementary Figure S5).

In addition to measuring the replicative capacity, we examined the effects of rapamycin on
markers of senescence: senescence associated p-galactosidase (SA-B-Gal) staining,
accumulation of actin-cytoskeleton stress fibers (detected by phalloidin staining), nuclear
morphology defects (nuclear blebbing), expression of p16/VK42 and expression of the
senescence-associated factor p21/Cipl. In each case the MELAS/MIDD lines showed
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features consistent with premature cellular senescence that were attenuated by rapamycin
treatment (Figure 2c—g and Supplementary Figure S6).

Attenuation of early replicative senescence in MELAS/MIDD fibroblasts.—To
determine whether the observed benefits to replicative capacity result from changes in m.
3243A>G heteroplasmy levels we collected DNA samples at each passage (every other
population doubling [PD]) across the duration of the replicative lifespan study. At the
completion of the study we assessed the mutant mtDNA load as a function of PD in MD1,
the line with the highest levels of mutant DNA at the start of the study (Figure 2h).
Surprisingly, m.3243A>G levels did not change throughout the duration of the study in
either DMSO- or rapamycin-treated cells (Figure 2i), showing that our culture conditions did
select against mutant DNA and indicating that the beneficial effects of rapamycin treatment
are not a result of altered heteroplasmy levels.

Clinical impact of mTOR inhibition in transplant recipients with MELAS/MIDD.
—Based on the in vitro studies we decided to stop calcineurin inhibitors in all patients and
to introduce either rapamycin or everolimus. Only a few weeks after we introduced mTOR
inhibitors we observed a dramatic improvement in the general condition of the 4 patients.
Patients 1 and 2 started to gain weight quickly, without edema, and recover their appetites.
Anorexia progressively disappeared, as well as the general asthenia. Clinical tests showed a
marked improvement in the serum levels of prealbumin and albumin. The Karnofsky and
ECOG scores of patients 1 and 2 increased from 30% to 60% and from 3 to 1, respectively,
within 20 months (Figure 3, Table 1).

Improvement also was visible in patient 3 with an enhancement of his general condition
(Figure 3, Table 1). The patient lost weight owing to the reduction of the edema related to a
progressive amelioration of the heart systolic ejection fraction from 30% to 48%. No
additional treatments for congestive heart failure were added during the period, supporting a
beneficial effect of mTOR inhibitors in this context. The Karnofsky and ECOG scores of
patient 3 increased from 40% to 80% and from 2 to 1, respectively, within the 18 months.
Patient 4 was switched only a few months after transplantation compared with the other
patients, but we observed an improvement of his global status compared with the dialysis
period. However, in this specific case it was difficult to separate the amelioration linked to
the transplantation or the introduction of mTOR inhibitors, or both (Figure 3, Table 1).
Importantly, in all patients the estimated glomerular filtration rate remained stable after the
switch, meaning that the clinical improvement was not related to a gain of kidney function
(Table 1).

Metabolomic impact of mTOR inhibition in transplant recipients with MELAS.
—Metabolic profiling of patients’ sera also provided additional evidence of improved
clinical outcome upon switching to sirolimus/everolimus (Figure 3g and Supplementary
Figure S7). Serum 3-nitro-tyrosine, a marker of oxidative stress, was reduced significantly
by mTOR inhibition (Figure 3g and Supplementary Figure S7), consistent with our /in vitro
results on mitochondrial membrane potential and morphology. Several markers of amino
acid metabolism also were altered significantly by rapamycin treatment (Figure 3g and
Supplementary Figure S7). In particular, levels of 1- and 3-methyl-histidine were reduced
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significantly upon switching to rapamycin, consistent with decreased muscle protein
breakdown (Figure 3g and Supplementary Figure S7). Similar to our previous findings in
Ndufs4™~ mice,89 free fatty acid levels generally were increased by rapamycin treatment,
although not significantly, whereas tricarboxylic acid intermediates were reduced (Figure 3g
and Supplementary Figure S7). Finally, rapamycin treatment increased the levels of
circulating glucose in all 4 patients (Figure 3g and Supplementary Figure S7), also
consistent with our prior findings in the AVaufs4”~ model.8° Notably, a robust reduction in
glucose consumption also was observed in the fibroblasts treated with rapamycin, indicating
that the altered glucose handling resulting from mTOR inhibition is at least partly cell
autonomous (Supplementary Figure S8).

DISCUSSION

This study provides direct evidence supporting mTOR inhibition as a promising therapeutic
strategy in human mitochondrial disease. Although this work will need to be followed up by
studies involving larger sample sizes, and MELAS/MIDD patients who have not undergone
organ transplantation, our results indicate that mTOR inhibition may be a safe and effective
means to improve health and quality of life in transplant patients with MELAS/MIDD.

In addition, our cell-based studies provide new mechanistic insight into the cellular impact
of MELAS/MIDD and the mechanism of benefit of rapamycin. We found S6 to be
hyperphosphorylated in MELAS/MIDD fibroblasts and report premature cellular senescence
to be one cellular pathologic feature of MELAS/MIDD disease. We also observed MELAS/
MIDD cells to have overtly defective mitochondrial membrane potential and morphology,
which was rescued by short-term mTOR inhibition. We were able to show that the
improvement with rapamycin was not associated with a reduction in relative levels of mutant
mtDNA, arguing against selective mitophagy of dysfunctional mitochondria as a
mechanistic explanation.

Defining the precise mechanism that mediates the benefits of mMTOR inhibition in
mitochondrial disease is an active area of research that may lead to more targeted
intervention strategies. We focused here on fibroblasts, but we cannot formally exclude a
positive impact of mMTOR inhibitors on the immune system in this population.

The unique unbiased metabolomics profile of the patients before and after the switch to
mTOR inhibitors provide additional evidence of mitochondrial improvement. We observed a
decrease in the levels of 1 and 3-methyl-histidine, a marker of muscle protein breakdown,
suggesting that mTOR inhibition in this context prevents muscle wasting in MELAS/MIDD
patients. We also found a decrease in oxidative stress markers, arguing for mitochondrial
respiratory chain improvement. Importantly, the results were consistent with those observed
in the Naufs4™~ mice before and after rapamycin treatment.8

Finally, our study suggests that prescreening of mTOR hyperactivation in patient samples
and response to mTOR inhibitors may be a viable approach to personalized medicine in
mitochondrial disease patients. More basic research is needed to determine which forms of
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mitochondrial disease will be refractory to mTOR inhibition, but it seems likely that those
associated with hyperactive mTOR are the most likely to benefit.

METHODS

Patients and data collection

Our institutional review board approved the study and written informed consent was
obtained from each patient. Between January 2006 and December 2015, there were 1753
adult kidney transplants performed at Necker Hospital. Among these, we identified 4
transplant recipients with MELAS/MIDD syndrome (baseline characteristics are
summarized in Table 1). After transplantation, patients were monitored monthly during the
first year, and then every 3 months. Each patient received an immunosuppressive regimen
based on calcineurin inhibitors, steroids, and purine inhibitors. In all patients we stopped the
calcineurin inhibitors for 1 week (wash-out period) before switching to mTOR inhibitors.
After the switch, patients were followed up weekly for a month, biweekly for a month,
monthly for the next 12 months, and then every 3 months. At all time points, patients had
physical examinations, performance status scoring using the Karnofsky415 (on a scale from
0 to 100, with lower numbers indicating greater disability) and the ECOG1#15 indexes (a
scale of 0 to 5, with 0 indicating no symptoms and higher scores indicating increasing
symptoms), and biological samplings. Sera from the 4 patients were collected every year
after transplantation before the switch to the mTOR inhibitors, and then for all visits after
the switch.

Generation of primary dermal fibroblast cultures.—Punch skin biopsy specimens
were collected from patients and healthy control individuals using standard methods. To
generate dermal fibroblast cultures, biopsy specimens were minced and incubated at room
temperature in 0.05% trypsin-ethylenediamine tetraacetic acid (25300054; Thermo Fisher
Scientific, Waltham, MA) solution for 30 minutes with gentle shaking. Cells were collected
by centrifuging at 700g for 10 minutes, resuspended in cell culture media containing 25%
fetal bovine serum, and plated onto 24-well plates to establish lines. Fibroblast cultures were
grown and maintained in 1x Eagle minimal essential medium (10-010-CV; Corning,
Corning, NY) supplemented with 25% fetal bovine serum and penicillin/streptomycin (30—
001-ClI; Corning) to a final concentration of 100 IU penicillin and 500 pg/ml streptomycin.

Pediatric cell lines.—Pediatric mitochondrial disease cell lines were obtained from the
Coriell Institute Cell Repository. Pediatric lines were as follows: Leigh Syndrome; ataxia
and cerebellar hypoplasia, complex I; and Kearns-Sayre Syndrome. The Coriell cell line IDs
were as follows: GM01503, GM03672, GM13411, GM24529, and GM06225 (see Table 2).
All cell line characterizations, including patient data and relevant cell line publications, can
be found on the Coriell Institute Cell Repository website by searching the cell line ID and
opening the catalog data for the fibroblast cell line matching the identification (https://
www.coriell.org/0/Sections/Search/).

Analysis of mitochondrial membrane potential and morphology.—Cells at
similar PD (~10 * 2) were plated 1:4 from confluent cultures onto coverglass chamber slides
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and allowed to grow until approximately 80% confluent. Media was replaced and
supplemented with 100 ng/ml rapamycin (BP29631; Fisher, Hampton, NJ) in DMSO
(BP321-1; Fisher), or equal volume DMSO, for 48 hours. Cells were stained for 15 minutes
in media with 100 nmol/l TMRE (BDB564696; Fisher) and 5 mg/ml Hoechst 33342
(89139-126; Biotium, Fremont, CA) and imaged on a Leica SP5 confocal microscope
(Leica, Wetzlar, Germany). Samples were treated and imaged in 1 session using identical
imaging parameters. Flow cytometry analysis was performed by staining cells with only
TMRE or 10-N-nonyl acridine orange, dissociating with trypsin-ethylenediamine tetraacetic
acid-containing dye for 10 minutes at room temperature, collecting cells by centrifugation,
resuspension in cold phosphate-buffered saline (PBS), and analysis on a BD Canto Il flow
cytometer (San Jose, CA) using 488-nm excitation with 585/42 band-pass and 530/30 band-
pass filters for TMRE and 10-N-nonyl acridine orange, respectively. A single gate was set to
cells using forward and side scatter and all settings were unchanged throughout data
collection (this gate was applied to all samples). A total of 10,000 or more events were
collected for every sample.

Analysis of S6 phosphorylation by Western blot.—Cells at similar PD (~10 + 2)
were plated 1:4 from confluent cultures and allowed to grow until approximately 80%
confluent. Media was replaced with media containing 100 ng/ml rapamycin in DMSO, 200
ng/ml cyclosporin A (1101/100; R&D Systems, Minneapolis, MN) in DMSO, or equal
volume DMSO for 48 hours. Cultures were rinsed with 1x PBS, treated for 10 minutes with
0.05% trypsin, collected by centrifugation at 4° C, and pellets were flash frozen on dry ice.
Protein lysates were collected by directly adding 1x RIPA buffer (89900; Pierce, Waltham,
MA) containing protease and phosphatase inhibitors (P178441; Pierce) to cell pellets,
sonicating in 10 one-second bursts, on ice, with an XL-2000 QSonica (Cole-Palmer, Vernon
Hills, IL) at maximum output, and centrifuging to remove cell debris. Protein concentration
was determined by BCA assay (P123228; Pierce), equal protein was run on 4% to 12% Bis-
Tris 26-well NuPage midigels (WG1403; Fisher), and transferred to nitro-cellulose blots
(1B23001; Fisher). Blots were blocked in LI-COR Odyssey blocking buffer (427-40100; LI-
COR, Lincoln, NE); probed with primary antibodies anti-pS6, anti-S6, and anti-glyceralde-
hyde-3-phosphate dehydrogenase (4858P, 2217S, and 2118S; Cell Signaling, respectively);
followed by secondary antibody IRDye800 donkey anti-rabbit (925-32213; LI-COR) and
imaged using the LI-COR Odyssey Clx scanning imager as previously described.16 Data
were quantified using National Institutes of Health ImageJ software (Bethesda, MD).17

Replicative capacity studies.—Excluding Supplementary Figure S3, all cell studies
presented were performed in 1x Eagle minimal essential medium (10-010-CV; Corning)
supplemented with 25% fetal bovine serum and penicillin/streptomycin (30-001-Cl;
Corning) at a final concentration of 100 IU penicillin and 500 pg/ml streptomycin.
Fibroblast replicative capacity studies were performed using standard methods.18 Briefly, to
start the replicative capacity studies, low PD cells at approximately 80% confluence were
treated with 100 ng/ml rapamycin in DMSO, 200 ng/ml cyclosporin A in DMSO, or equal
volume DMSO for 48 hours. Cells were split 1:4 and capacity was measured by splitting
cells 1:4 (adding 2 PD) each time they reached confluence. Media was changed 2 to 3 times

Kidney Int. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Johnson et al.

Page 11

per week with fresh drugs. All drugs were stored in frozen aliquots to prevent degradation
associated with freeze-thaw cycles.

The lifespans in Supplementary Figure S3 were performed as described earlier, with the
exception of the cell media that was used, which was Eagle minimal essential medium with
1.5 g/l sodium bicarbonate, nonessential amino acids, L-glutamine, and pyruvate (10-009-
CV;, Corning) supplemented with 25% fetal bovine serum and penicillin/streptomycin.

SA-B-Gal, actin cytoskeleton staining, and nuclear blebbing.—SA-B-Gal staining
was performed using Abcam kit ab65351 (Cambridge, UK) according to the manufacturer’s
specifications. Images were collected using a Zeiss Axiovert 40CFL brightfield inverted
microscope (Oberkochen, Germany). The fraction of SA-B-Gal-positive cells was
determined by counting the total and SA-p-Gal-stained cells in 3 to 6 fields (20 x) per
treatment per cell line. Average values were grouped to compare control and MELAS/MIDD
fibroblasts. Cytoskeletal staining was performed by growing cells on glass coverslips, fixing
cells for 10 minutes in 3.7% paraformaldehyde in PBS, permeabilizing in 1% Triton-X 100
(AC327371000; Fisher) for 5 minutes with gentle shaking, blocked for 30 minutes in 1%
bovine serum albumin (BP9700100; Fisher), and stained in 1x PBS containing 1% bovine
serum albumin, 5 U/ml phalloidin-CF594 (89427-138; Biotium), and Hoechst 33342 (5
mg/ml) for 30 minutes at room temperature. Cells were washed 3 times with 1x PBS,
mounted onto slides using Everbrite mounting media (Biotium, Fremont, CA) containing 1
ug/ml Hoechst 33342, and imaged on a Zeiss Axiovert 40CFL brightfield inverted
microscope with a 20x objective and 4°,6-diamidino-2-phenylindole and Texas Red filter
cubes. All images were collected in 1 session using the same exposure settings. Actin (red)
and DNA (blue) channel signal intensities were measured using ImageJ software. The ratio
of red to blue channel intensity was calculated in 3 to 6 fields (20x) per treatment per cell
line. Average values were grouped to compare control and MELAS/MIDD fibroblasts.

Nuclear blebbing was assessed using images collected from the phalloidin/Hoechst-stained

slides. The fraction of blebbed nuclei was calculated in 3 to 6 fields (20x) per treatment per
cell line. Averages for each sample were combined to compare treated and untreated control
and MELAS/MIDD fibroblast lines.

A3243G genotyping by Sanger sequencing and restriction digestion.—Total
DNA was extracted using the phenol/chloroform/isoamyl alcohol method following the
manufacturer’s protocol (25666; Sigma, St. Louis, MO). A 183-base pair amplicon
containing the A3243 locus was amplified using forward primer 57 -
GCGCCTTCCCCCGTAAATGATATCATCTCAACTTAG-3~ and reverse primer 5”-AATGGGTA-
CAATGAGGAGTAGGAGGTTGGCCATGG-3~ using Phusion High-Fidelity Polymerase (F-530S;
Thermo Fisher Scientific) in a 2-cycle polymerase chain reaction (PCR) reaction. PCR
products were submitted for Sanger sequencing by Macrogen (Seoul, South Korea,
www.macrogenusa.com) and analyzed by restriction digestion using Haelll according to the
manufacturer’s specifications (R0108S; NEB, Ipswich, MA). Cleaved and uncleaved
products were run on a 4% to 20% tris/borate/EDTA polyacrylamide gel (EC62255; Fisher),
stained with GelGreen DNA dye (41007; Biotium), and imaged using blue-fluorescent
excitation wavelength (Supplementary Figure S9).
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Real-time quantitative PCR.—RNA was extracted from flash-frozen cell pellets using
the TRIzol method (Thermo Fisher Scientific) cDNA was generated using the Superscript 111
First-strand synthesis kit (18080051; Thermo Fisher Scientific) according to the
manufacturer’s specifications. Expression of p16 (CDKN2A, p16INK4a) was assessed using
TagMan probes (Thermo Fisher Scientific) hs00923894 _m1 (p16) and Hs99999907_m1
(B-2-microglobulin, a control gene), and the TagMan Gene Expression Master Mix
(4369016; Thermo Fisher Scientific), as directed, on an Applied Biosystems StepOne real-
time PCR machine (Foster City, CA) using the standard reverse-transcription PCR protocol.
Relative expressionwas determined using the AA threshold cycle method.

Serum metabolomics.—Serum samples were obtained at each visit (see earlier) and 50
ul serum was analyzed via triple quadruple liquid chromatography-mass spectrometry in
multiple reaction monitoring mode at the Northwest Metabolomics Research Center of the
University of Washington. A total of 128 metabolites were identified successfully in all
samples.

Glucose consumption.—Glucose consumption in Supplementary Figure S6 was
measured using a Bayer Contour glucose monitoring system with test strips (23125600;
Thermo Fisher Scientific). Briefly, media was replaced 24 hours before splitting at
confluence and glucose concentration was measured immediately before splitting cells.
Consumption was calculated as the final concentration minus the initial glucose mass in
media.

Statistical analysis

All data were presented as means + SEM. Comparisons between groups were performed
using the 2-tailed Student #test. < 0.05 was considered significant. Statistical comparisons
of capacity curves were performed using the log-rank test as indicated.

For the metabolomics analysis, the logg of the area under the curve for each metabolite was
centered on the mean logg and scaled on the SD of each individual sample. Centered and
scaled values were treated as repeated measures for each patient on either calcineurin
inhibitors or mTOR inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE STATEMENT

Mitochondrial diseases represent a challenge in human medicine. Recent studies have
indicated that the mechanistic target of rapamycin (mTOR) pathway is up-regulated in a
number of mitochondrial diseases, and its inhibition is an effective therapeutic strategy in
animal models. Mitochondrial diseases are clinically and genetically heterogeneous and
can lead to organ failure and transplantation. mTOR inhibitors are used in human beings
as anti-transplant rejection drugs. We show that fibroblasts derived from patients with
mitochondrial diseases show hyperactive mTOR and cellular and mitochondrial defects,
attenuated by mTOR inhibition. We further found that patients switched to mTOR
inhibitors for transplant management showed clinical improvement. This study provides
direct evidence that mTOR inhibition is beneficial in human mitochondrial disease
patients.
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Figure 1|. Mechanistic target of rapamycin (mTOR) activation and mitochondrial defects in
primary mitochondrial encephalopathy with lactic acidosis and stroke-like episodes/maternally
inherited diabetes and deafness (MELAS/MIDD) fibroblast lines.

(a) Western blot of lysates from primary MELAS/MIDD patient and control fibroblasts.
Cells were treated for 48 hours with dimethylsulfoxide (DMSO) (vehicle-solvent control),
rapamycin (Rapa), or cyclosporin A (CsA), and lysates were probed for phosphorylated
ribosomal protein S6, total rpS6, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and quantification. (b) Representative confocal microscopy images of primary fibroblast
lines treated for 48 hours with DMSO or rapamycin and stained for mitochondrial

Kidney Int. Author manuscript; available in PMC 2020 February 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Johnson et al.

Page 16

membrane potential (tetramethylrhodamine ethyl ester [TMRE], red), mitochondrial mass
(10-N-nonyl acridine orange [10-NAO], green), and DNA (Hoechst 33342, blue). (c)
Representative flow cytometry analysis of primary fibroblasts treated for 48 hours with
DMSO or rapamycin and stained for mito-chondrial membrane potential (TMRE, red). (d)
Schematic of m.3243A>G mutant mitochondrial DNA restriction analysis assay. (e)
Restriction analysis-based assessment of m.3243A>G heteroplasmy levels in cells treated
for 48 hours with DMSO or rapamycin at 2 concentrations: 10 and 100 ng/ml. (f)
Quantification of restriction analysis. Forty-eight hours of rapamycin treatment has no
impact on heteroplasmy levels, as anticipated. (g) Western blot of lysates from primary
fibroblast derived from pediatric mitochondrial disease patients and control fibroblast
obtained from the Coriell Institute Cell Repository and quantification. Pediatric lines were as
follows: Leigh Syndrome (LS), ataxia and cerebellar hypoplasia, complex | (ACH), and
Kearns-Sayre Syndrome (KSS). *P< 0.05, ***P< 0.001. Bar: ~10 um. MD, mitochondrial
disease; mtDNA, mitochondrial DNA. To optimize viewing of this image, please see the
online version of this article at www.kidney-international.org.
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Figure 2|. Mechanistic target of rapamycin (MTOR) inhibition attenuates replicative capacity
defects in primary mitochondrial encephalopathy with lactic acidosis and stroke-like episodes/
maternally inherited diabetes and deafness (MELAS/MIDD) fibroblast lines.

(a) Replicative capacity data from 3 controls and 4 MELAS/MIDD fibroblasts treated with
dimethylsulfoxide (DMSO), rapamycin, or cyclosporin A (CsA). (b) Relative change in the
replicative capacity of CsA and rapamycin-treated control and MELAS/MIDD primary
fibroblast lines versus DMSO treatment. (c) Representative senescence-associated p-
galactosidase (SA-p-Gal) staining of low population doubling (PD) DMSO and rapamycin-
treated MELAS/MIDD and control fibroblasts. (d) Quantification of SA-p-Gal staining
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(data points are representative of individual cell lines, =6 fields were assessed for each line).
(e) Senescence-associated factor p16/VK44 (p16) shows increased expression in MD
fibroblasts, which was attenuated by 48 hours of rapamycin treatment. (f) Representative
images of normal nuclei and nuclei showing nuclear blebbing (arrows indicate nuclear
invaginations or blebs). Staining shows actin cytoskeleton (Phalloidin, red) and nuclei
(Hoechst 33342, blue). Quantification of nuclear blebbing (data points are representative of
individual cell lines, =6 fields were assessed for each line). (g) Staining for actin cytoskeletal
organization (Phalloidin, red) and nuclei (Hoechst, blue). Quantification of nuclear
cytoskeletal signal normalized to DNA content (data points are representative of individual
cell lines, =6 fields were assessed for each line). (h) Mitochondrial m.3243A>G
heteroplasmy analysis across the lifespan of MD line 2. Samples were collected every 2
population doublings and assessed together at the completion of the lifespan study. (i)
Quantification of (h). Mitochondrial m.3243A>G heteroplasmy did not change in either
DMSO- or rapamycin-treated cells throughout the duration of the lifespan studies. *P <
0.05, **P<0.01, ***P< 0.001. Bar ~ 50 uM. To optimize viewing of this image, please see
the online version of this article at www.kidney-international.org.
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Figure 3|. Clinical and biological impact of mechanistic target of rapamycin (mTOR) inhibition
in transplant recipients with mitochondrial encephalopathy with lactic acidosis and stroke-like
episodes/maternally inherited diabetes and deafness (MELAS/ MIDD).

(a) Patient 1, (b) patient 2, (c) patient 3, and (d) patient 4. Pink parts of the graph show the
period of exposure to calcineurin inhibitors (CNI), and green shows the period of exposure
to mTOR inhibitors (mTORI). The blue dots show the body weight of the 4 patients over
time, the black dots represent the serum albumin levels, and the red dots represent the serum
prealbumin levels. In patient 3, the heart ejection fraction (EF, %) before and after the switch
to mTOR inhibitors is added. (e) Eastern Cooperative Oncology Group (ECOG) and (f)
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Karnofsky scores at initiation of mTOR inhibitor treatment and at 18 to 20 months of
follow-up evaluation. Pvalues were calculated by paired t test. (g) Logyg average difference
of amino acid metabolites levels between samples on sirolimus/everolimus and on
calcineurin inhibitors.
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