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Abstract

Mitochondrial disorders affecting oxidative phosphorylation (OxPhos) are caused by mutations in both the nuclear and

mitochondrial genomes. One promising candidate for treatment is the drug rapamycin, which has been shown to extend

lifespan in multiple animal models, and which was previously shown to ameliorate mitochondrial disease in a knock-out

mouse model lacking a nuclear-encoded gene specifying an OxPhos structural subunit (Ndufs4). In that model, relatively

high-dose intraperitoneal rapamycin extended lifespan and improvedmarkers of neurological disease, via an unknown

mechanism. Here, we administered low-dose oral rapamycin to a knock-in (KI) mouse model of authentic mtDNA disease,

specifically, progressive mtDNA depletion syndrome, resulting from a mutation in the mitochondrial nucleotide salvage en-

zyme thymidine kinase 2 (TK2). Importantly, low-dose oral rapamycin was sufficient to extend Tk2KI/KI mouse lifespan signif-

icantly, and did so in the absence of detectable improvements in mitochondrial dysfunction. We found no evidence that rapa-

mycin increased survival by acting through canonical pathways, including mitochondrial autophagy. However,

transcriptomics and metabolomics analyses uncovered systemic metabolic changes pointing to a potential ‘rapamycin meta-

bolic signature.’ These changes also implied that rapamycin may have enabled the Tk2KI/KI mice to utilize alternative energy

reserves, and possibly triggered indirect signaling events that modified mortality through developmental reprogramming.

From a therapeutic standpoint, our results support the possibility that low-dose rapamycin, while not targeting the underly-

ing mtDNA defect, could represent a crucial therapy for the treatment of mtDNA-driven, and some nuclear DNA-driven, mito-

chondrial diseases.

Introduction

Mitochondrial disease represents a diverse class of disorders

caused by mutations affecting oxidative phosphorylation

(OxPhos) (1). While presentation can vary greatly among

disorders and among patients, common features are encepha-

lopathy, myopathy, or both. Mutations have been identified in a

wide range of genes encoded by both the nuclear and mitochon-

drial genome (mtDNA). Pathogenic mutations have been identi-

fied in genes specifying individual subunits of OxPhos
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complexes, assembly factors, and components of the mitochon-

drial genome maintenance and translational machinery.

Identification of disease-causing nuclear mutations has led to

the development of several targeted therapies (2–5). By contrast,

clinically-applicable treatments aimed at reversing the mtDNA

defects remain elusive.

One promising treatment candidate is rapamycin (also

known as sirolimus), a drug that has been shown to extend

lifespan in multiple animal models, including mice (6).

Rapamycin inhibits the protein mechanistic target of rapamy-

cin (mTOR), a master regulator of cell growth and metabolism

that integrates numerous intracellular and extracellular nutri-

ent signals to regulate a diverse array of processes, including

autophagy, lipid synthesis, translation, mitochondrial biogen-

esis, and cell survival (7). Importantly, rapamycin has been

shown to ameliorate morbidity and mortality in mouse mod-

els of several neurological diseases, most notably a model of

mitochondrial disease caused by ablation of the nucleus-

encoded gene specifying the Ndufs4 subunit of OxPhos com-

plex I (8,9). Treated Ndufs4�/� mice showed improvements in

neurological disease markers, as well as significant alterations

in metabolism, most notably a shift away from glycolysis and

towards amino acid metabolism that could be favorable in the

setting of OxPhos dysfunction. However, the underlying mito-

chondrial dysfunction was not attenuated, and the mecha-

nism of rapamycin‘s beneficial effect was not elucidated (8).

There is independent cellular evidence that rapamycin could

induce selective autophagy of mitochondria (‘mitophagy’) to

degrade dysfunctional organelles (10), but this phenomenon

remains to be demonstrated in mammals, and the applicabil-

ity to disease is currently untested.

While mice have been engineered to express mutations in

mtDNA (11–13), there are currently no available mice that

model known pathogenic mutations in human mtDNA, due

mainly to the difficulty of manipulating this genome in mam-

mals (14,15). However, mice containing nuclear mutations

that affect mtDNA replication and stability provide a good

model of authentic mtDNA-driven disease phenotypes. One

such mouse model expresses a homozygous knock-in muta-

tion in the mitochondrial nucleotide salvage enzyme thymi-

dine kinase 2 (Tk2)—specifically, p.His126Asn, corresponding

to the pathogenic human TK2 variant p.His121Asn—that re-

sults in a progressive mtDNA depletion syndrome (MDS) (16).

Similarly to human MDS patients, who typically present with

a myopathy, occasionally with an encephalopathy (17), Tk2KI/

KI (henceforth denoted TK2) mice exhibit a progressive severe

depletion of mtDNA and concordant respiratory chain defects

and disease (16). Newborn pups are comparable to littermates

in size, but after the first week of life exhibit a failure to thrive

and progressive motor dysfunction, culminating in a rapid de-

cline phase prior to death at a median age of two weeks (16).

Organs are differentially affected, with the most severe pheno-

type exhibited in brain (16). Brain mtDNA levels, while approx-

imately normal at birth, decrease to �20% of WT levels by two

weeks of age, concordant with the time frame of the rapid de-

cline (18). Similarly, brain respiratory chain complex protein

levels and activities are decreased dramatically. Skeletal mus-

cle also exhibits mtDNA depletion and myofiber atrophy, but

in contrast to human patients (17), retains normal respiratory

function (16,19); the liver, kidney, and heart show only mild

abnormalities (16).

In the present work, we treated TK2 mice with low-dose

rapamycin to investigate this drug as a potential therapy for se-

vere early-onset mtDNA disease.

Results

Rapamycin therapy extends mortality in TK2 mice

Because rapamycin has been shown previously to extend sur-

vival in the setting of nuclear-encoded mitochondrial disease

(8), we hypothesized that it might also alter the disease severity

and/or course in TK2 mice. As rapamycin has been adminis-

tered successfully in utero in humans (20,21), and is known to

cross the placenta (22,23), we administered it orally to dams, as

described previously (24). Pilot studies in TK2 mice demon-

strated that both pre- and postnatal treatments independently

extended lifespan by several days, while combination pre- and

postnatal therapy resulted in an even greater survival extension

(data not shown). Accordingly, beginning at conception, dams

were administered 0.8mg/kg rapamycin, and dosage was in-

creased to 4mg/kg at delivery (Fig. 1A). This low-dosage regi-

men compares favorably with the range of reported values (25),

and was selected to reduce the adverse effects of early and con-

tinuous rapamycin treatment.

Remarkably, rapamycin treatment extended significantly

both the median (by �60%) and the maximum (by �35%) sur-

vival of TK2 mice (log-rank test, P¼ 3.4�10�5) (Fig. 1B). This ex-

tension of lifespan resulted in the longest-surviving TK2

animals surviving through weaning. No significant gender dif-

ference was observed in either median or maximum survival

(Supplementary Material, Fig. S1A).

In order to establish a relationship between this enhanced

survival and our rapamycin administration protocol, we mea-

sured steady-state rapamycin levels in these animals, both bio-

chemically (by high performance liquid chromatography

[HPLC]) and functionally [by monitoring the phosphorylation

status of ribosomal protein S6 [rpS6], which is inhibited by rapa-

mycin (6)]. HPLC values for male and female pups averaged

�5ng/ml in blood, �3ng/g in liver, and were undetectable in

brain (Fig. 2A). The steady-state levels in blood fell within the

low end of reported doses in the literature (19). In agreement

with the biochemistry, liver was responsive to rapamycin treat-

ment (i.e. reduced phospho-rpS6 signal), whereas brain was not

(Fig. 2B). The lack of a rapamycin signal in the brain has been

observed by others (26,27), and is thought to be related to a

dose-dependent permeability of the blood-brain barrier to rapa-

mycin (28). Moreover, although rapamycin was clearly detected

by analytical methods in both male and female livers (Fig. 2A),

the phospho-rpS6 response was present in female (Fig. 2B), but

not in male (Supplementary Material, Fig. S2), livers. This sexual

dimorphism in rpS6 constitutive phosphorylation and in rapa-

mycin response is also in agreement with previous reports

(29,30). Taken together, these results show that despite gender

differences in bioavailability and a low penetration into brain—

the most vulnerable tissue in this disorder—low-dose rapamy-

cin was sufficient to extend lifespan in TK2 mice of both

genders.

Rapamycin therapy does not affect morbidity in
TK2 mice

We next asked whether this increase in survival corresponded to

an improvement in morbidity. A notable characteristic of TK2

mice is their failure to thrive, which is evident within one week of

birth by a decreased weight gain relative to wild-type (WT) litter-

mates. This is followed approximately one week later by rapid

weight decline, and subsequent death within 2–3days.

Considering that rapamycin therapy, in and of itself, is known to
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cause decreased weight (25), we monitored pup weight through-

out the lifespan of both treated and untreated litters. In fact, all

treated mice exhibited decreased weight compared with

untreated mice, with the effect most pronounced in treated TK2

animals (Fig. 3A and B; Supplementary Material, Data File S1).

Segregation of the data by gender showed that this trend was pre-

sent in both male and female mice (Supplementary Material,

Fig. S1B). Some of this weight loss might be attributable to de-

pleted fat stores, as necropsy ofmice sacrificed after overt disease

manifestation revealed decreased adiposity in treated animals of

both genotypes, consistent with the literature (31,32), and again,

most severe in treated TK2 mice (Supplementary Material,

Fig. S3). Gross morphology and histology of the brain, heart, liver,

kidney, spleen, and skeletal muscle were notable only for hypo-

splenism in treatedWT and TK2 mice and muscle atrophy in TK2

mice (Supplementary Material, Fig. S4). Given this finding, and

previous studies in mice and flies demonstrating the adverse ef-

fects of rapamycin on muscle mitochondrial gene transcripts and

functions (33,34), we assayed respiratory chain activity by stain-

ing muscle for cytochrome c oxidase (COX) activity. While defi-

cient in many TK2 patients (19), COX activity appeared normal in

our TK2 mice and was not adversely affected by rapamycin treat-

ment (Supplementary Material, Fig. S4). Assessment of motor

function using a rotating rod assay of motor function (e.g. coordi-

nation and balance) revealed severe deficiencies in TK2 mice

compared withWT littermates that was unaffected by rapamycin

treatment (Fig. 3C). There was no change, either by underlying

disease or by rapamycin therapy, in liver lipid droplet content

as measured by Oil-Red-O staining (Supplementary Material,

Fig. S4). Similarly, there was no evidence of increased leukocytic

infiltration (data not shown) or apoptosis (by TUNEL staining) in

the brain, liver, or muscle of treated or untreated WT or TK2 ani-

mals (Supplementary Material, Fig. S4).

Rapamycin does not improve molecular markers of
mtDNA disease

We were particularly interested in the effect of rapamycin ther-

apy on mtDNA disease as measured by molecular indicators of

mitochondrial dysfunction. We compared treated and

untreated animals of both genotypes, again sacrificing animals

after overt disease manifestation but before end-stage. As the

brain is the organ most affected in our TK2 mouse model, we

first focused on this tissue. Depletion of brain mtDNA was unal-

tered by treatment, as assessed both by quantitative PCR of

mtDNA levels (Fig. 4A) and by measurement of mitochondrial

transcription factor A (TFAM), a stoichiometric protein marker

of mtDNA content (Fig. 4C). Similarly, there was no change in

the decreased protein levels of respiratory chain subunits (spe-

cifically subunits of complexes I, III and IV) (Fig. 4B) or in com-

plex IV activity (Fig. 4D), whether normalized to total

mitochondrial content (Fig. 4) or to complex II (data not shown).

Finally, there was no significant difference in mitochondrial

content between WT and TK2 brains from treated and

untreated animals, as demonstrated by unaltered total cellular

levels of TOM20, an mtDNA-independent protein marker of to-

tal mitochondrial mass (Fig. 4C), and by unchanged RNA
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expression of the mitochondrial biogenesis master regulator

PGC-1a (34) (Fig. 4E).

The lack of improvement in brain markers of mtDNA disease

was not surprising in light of the fact that rapamycin was not de-

tected in the brains of these low-dose treated animals. However,

it was quite surprising in the context of the significant survival

benefit seen after therapy. We therefore decided to assess the ef-

fects of rapamycin in the liver, because despite being a relatively

unaffected organ in TK2 disease (16), it is the first organ exposed

to drug from the gut in oral rapamycin therapy (with clearly de-

tectable levels in our animals) and plays a key role in drugmetab-

olism (35). Consistent with the results seen in the brain, the liver

exhibited no change in mtDNA levels as a result of rapamycin

therapy (Supplementary Material, Fig. S5A). There was also no

significant change in liver expression of respiratory chain subu-

nits after treatment (Supplementary Material, Fig. S5B) [with the

exception of the decreased expression of complex II in

rapamycin-treated TK2 animals], and COX activity was normal in

the setting of TK2 disease (Supplementary Material, Fig. S5D), as

seen previously (16). There were trends toward decreased liver

mitochondrial mass (Supplementary Material, Fig. S5C) and bio-

genesis (Supplementary Material, Fig. S5E) following rapamycin

therapy, which is consistent with the known inhibitory effect of

rapamycin on mitochondrial function and biogenesis (36).

Despite the decrease in mitochondrial mass, mtDNA content was

preserved so as to maintain a constant level of total cellular

mtDNA (Supplementary Material, Fig. S5C), implying that rapa-

mycin does not affect mtDNA copy control (37).

Taken together, these findings indicate that rapamycin ther-

apy dosed at the lowest end of the reported therapeutic range is

nevertheless sufficient to enhance survival of mtDNA disease

mice significantly, but does so without any apparent ameliora-

tion of the underlying mitochondrial dysfunction.

Rapamycin does not act through canonical pathways

Previous studies have implicated several downstream targets of

rapamycin in ameliorating neurological (including mitochon-

drial) disease (7,10,38). Given the dramatic mortality improve-

ment seen in our TK2 mice with rapamycin treatment, albeit in

the absence of an obvious change in morbidity, we sought to

understand the mechanism of action by investigating candidate

pathways associated with rapamycin treatment. Again, we fo-

cused our analysis on the brain, as we hypothesized that the

most affected organ ought to manifest treatment-induced

changes. Similarly, we analysed liver, because this organ is

highly responsive to oral rapamycin therapy (35).
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Perhaps the best-known target of rapamycin is the appropri-

ately named protein complex mechanistic target of rapamycin

(mTOR), which serves as a master regulator for numerous cellular

processes, including translation, lipid metabolism, mitochondrial

biogenesis, and autophagy (39). Rapamycin binds the immuno-

philin protein FKBP12 to inhibit mTOR, thereby de-repressing

autophagy and inducing the conjugation of phosphatidylethanol-

amine to the cytosolic form of the autophagic membrane protein

light chain protein 3 (LC3-I) to form the autophagosome-bound

form (LC3-II); elevated LC3-II relative to LC3-I indicates autopha-

gic induction (40). The LC3-II/I ratio wasmeasured in all four treat-

ment groups, and was found to be statistically unchanged in the

brains of both WT and TK2 rapamycin-treated animals (Fig. 2C),

though trending upwards in the livers of treated animals.

A marker of mitochondrial-specific autophagy (‘mitophagy’),

BCL2L13 (41), was unchanged in the brain (Fig. 5A) and was ele-

vated in TK2 liver (Supplementary Material, Fig. S6A), but these

values were unchanged in response to rapamycin treatment

(Supplementary Material, Fig. S6A). These data, taken together

with the tissue-dependent detection of rapamycin in our treated

mice (Fig. 2), agree with previous studies showing that rapamycin

induces autophagy in treated tissues, although this does not

translate into an increase in mitochondrial-specific degradation

by mitophagy (42).

Next, we hypothesized that rapamycin might provide a sur-

vival benefit in TK2 mice by upregulating OxPhos-independent

energy pathways to maintain cellular ATP levels (8). A primary

candidate pathway was glycolysis, where glucose can be

oxidized to pyruvate and ultimately converted to lactate to by-

pass mitochondrial oxidative phosphorylation. We therefore

measured cellular levels of hexokinase (HK), the first enzyme in

the brain glycolytic pathway, which has been shown to be dif-

ferentially regulated in response to both mitochondrial disease

and rapamycin treatment (8). Brain HK was unchanged in both

untreated and treated animals (Fig. 5A). In contrast, the liver ho-

mologue, glucokinase (GK), which is also differentially regulated

in response to insulin signaling (43), trended upwards in TK ani-

mals and downwards following rapamycin treatment

(Supplementary Material, Fig. S6A).

Another candidate metabolic pathway for ATP generation

was b-oxidation of fatty acids. Although this pathway is par-

tially mitochondrial, it does not involve mtDNA-encoded subu-

nits of the respiratory chain and thus would likely be spared in

the setting of TK2 disease. Beta-oxidation requires the importa-

tion of CoA-acylated long chain fatty acids into the mitochon-

drion via the carnitine shuttle, whose activity can be

approximated by measuring the activity of the rate-limiting en-

zyme carnitine palmitoyltransferase I (CPT1) (44). Surprisingly,

measurement of CPT1 activity in the brain revealed a slight de-

crease in activity in untreated TK2 mice, which was unaltered

by rapamycin treatment (Fig. 5B). Liver CPT1 activity in

untreated TK2 animals did not differ significantly from WT, and

showed no change with rapamycin treatment (Supplementary

Material, Fig. S6B).

Finally, we asked if rapamycin could be extending lifespan

by altering cellular energy homeostasis. In response to elevated
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cellular AMP/ATP ratios, the regulatory kinase AMPK is acti-

vated by phosphorylation at Thr-172 (45,46) and proceeds to in-

hibit anabolic processes and activate catabolic processes

through downstream effectors, including PGC-1a and mTORC1

(47), in efforts to increase ATP production and restore homeo-

stasis. We hypothesized that in TK2 disease, tissues deficient in

mitochondrial respiration might exhibit elevated AMPK activa-

tion. Additionally, since AMPK acts upstream of mTORC1 (7), we

considered the possibility that rapamycin might be acting by in-

terdicting AMPK signaling. However, while Thr172-pAMPK

levels were elevated significantly in TK2 animals compared

with WT, they were unaltered by rapamycin treatment (Fig. 5A).

In the liver, by contrast, Thr172-pAMPK levels were decreased

in rapamycin-treated WT animals, as predicted (Supplementary

Material, Fig. S6A).

Taken together, we found little evidence that the effect of

rapamycin on survival in TK2 mice could be ascribed to pathways

most typically associated with this molecule [notably, this con-

clusion was unchanged upon re-analysis of the data segregated

by gender, despite sex differences in rpS6 phosphorylation (data

A
m

tD
N

A
 (

%
 o

f 
W

T
)

- R
0 -

100 -

80 -

60 -

40 -

20 -

- R

n.s.

120 -

n.s.

B

C
o
m

p
le

x 
IV

 a
ct

iv
ity

 (
%

 o
f 
W

T
)

- R
0 -

100 -

80 -

60 -

40 -

20 -

- R

n.s.

D

- β-Actin (~42 kDa)

- TOM20 (~16 kDa)

- TFAM (~28 kDa)

C +Rapa C +Rapa

WT TK2

C

P
ro

te
in

/T
O

M
2
0
 (

%
 o

f 
W

T
)

0 -

20 -

40 -

60 -

80 -

100 -

120 -

140 -

Complex I

R R

WT

TK2*

n.s.

E

C +Rapa C +Rapa

WT TK2

- IV (MTCO1)

- II (SDHB)

- V (ATP5A)

- III (UQCRC2)

- TOM20

- I (NDUFB8)

P
ro

te
in

 (
%

 o
f 
W

T
)

0 -

20 -

40 -

60 -

80 -

100 -

120 -

140 -

TFAM TOM20

*

n.s.

- -
Complex II

R R- -
Complex III

R R- -
Complex IV

R R- -
Complex V

R R- -

R- R- R- R-

*

*

P
G

C
-1

α
 m

R
N

A
 (

%
 o

f 
W

T
)

0 -

100 -

80 -

60 -

40 -

20 -

n.s.

120 -

140 -

- R - R

n.s.

n.s.

n.s.

n.s.n.s.
n.s. n.s.

n.s.

n.s.

*
*

n.s.

n.s.
n.s.

n.s.

n.s.

n.s.

Figure 4. Rapamycin does not affect mtDNA disease in the brains of treated TK2 mice. (A) Quantitation of brain mtDNA levels [relative to nuclear DNA (Gapdh)] by qPCR

in 15- to 18-day-old pups (n¼11, n¼ 12, n¼ 10, and n¼13 for untreated WT, rapamycin-treated WT, untreated TK2, and rapamycin-treated TK2 mice, respectively). (B)

Representative western blot and quantitation (n¼ 6) of representative subunits from respiratory complexes I–V, normalized to TOM20. (C) Representative western blot

and quantitation (n¼6) for TFAM, TOM20 and b-actin; TFAM was quantitated relative to TOM20, and TOM20 relative to b-actin (n¼6). (D) Complex IV activity was mea-

sured in isolated mitochondria from brain tissue using a Seahorse XFe24 flux analyzer and the standard electron flow assay; values were normalized to total mitochon-

drial content (n¼5). (E) Quantitation of PGC-1a signal by qRT-PCR (n¼5). For all graphs, values are shown as percentages relative to untreated WT, with error bars

indicating standard deviation, and significance tested by Welch’s t-test at 95% confidence. Other notation as in Figure 3.

A B

Figure 5. Canonical pathways of rapamycin are not perturbed in TK2 brains. (A) Representative western blots and quantitation for LC3-II/LC3-I (n¼4), BCL2L13 normal-

ized to TOM20 (n¼ 6), pAMPK normalized to b-actin (n¼7), and hexokinase (HK) normalized to b-actin (n¼8). (B) Assay of CPT1 activity (n¼4 for all groups). For all

graphs, values are shown as percentages relative to untreated WT, with error bars indicating standard error; *P<0.05. Other notation as in Figure 3.
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A

Figure 6. RNA-Seq analysis. Overrepresentation analysis based on the PANTHER GO-Slim biological process gene ontology categorization of differentially expressed

genes identified by the DESeq2 (blue bars) and edgeR (red bars) algorithms for the indicated comparisons (3 biological replicates for each condition). Bars denote log2
fold-enrichment of the indicated GO category, representing relative likelihood that the process is (positive values) or is not (negative values) an important source of the

difference between groups. (A) Brain, (B) Liver.
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B

Figure 6. Continued
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not shown)]. However, there was evidence of altered metabolic

homeostasis in response to treatment, particularly in the liver.

Unbiased approaches reveal potential mediators of the
rapamycin effect

Because the investigation of candidate pathways did not reveal

an obvious mechanism for rapamycin‘s role in the survival ex-

tension in TK2 mice, we embarked upon an unbiased approach

that might elucidate putative mechanisms. We investigated the

brain and liver RNA expression and metabolite profiles of

treated and untreated WT and TK2 mice sacrificed after disease

manifestation. Metabolomics analysis was conducted in plasma

as well, because of the traditional role of certain plasma metab-

olite levels in diagnosing mitochondrial disease (48,49).

RNA expression profiles of brain and liver were analysed by

sequencing the RNA transcriptome (‘RNA-Seq’) of three

biological replicates for each of the four biological groups:

untreated WT, rapamycin-treated WT, untreated TK2, and

rapamycin-treated TK2 (raw read counts in Supplementary

Material, Data File S2). We then compared these animals in

three ways: untreated WT vs untreated TK2; untreated WT vs

treated WT; and untreated TK2 vs treated TK2. Genes of interest

varying significantly within each comparison were identified

using two complementary packages for differentially-expressed

gene (DEG) analysis, available in Bioconductor (www.bioconduc

tor.org): DESeq2 (50,51) and edgeR (52–54). The DEGs were then

used to identify differentially regulated biological functions via

overrepresentation analysis (ORA) based on the GO-Slim biolog-

ical process annotations from the Protein Analysis THrough

Evolution Relationships (PANTHER) gene ontology classification

system (55–57). As both platforms are commonly employed in

analysing RNA-Seq data, and have previously been shown to

differ in their selection of DEGs [DESeq2 is considered more
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Figure 7. Unsupervised analysis of metabolomics data by principle component analysis. PCA was performed on all 32 mice in the 4 treatment groups: untreated WT,
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lipses represent 95% confidence range for the indicated biological group.
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Table 1. Univariate analysis of liver and plasmametabolites in rapamycin-treated vs untreated mice

Liver

Metabolite WT6 rapa(Fold change) TK26 rapa(Fold change) Pathway

L-glutamine 1.3 Amino acid metabolism

L-methionine 1.5

N-acetyl-l-alanine 1.3

5-oxo-l-proline 1.5 1.6

Trans-4-hydroxyproline (*) 1.2 1.6

L-glutamic acid 1.5 1.5

4-acetamidobutanoic acid (*) 1.4 1.4

Ketoleucine 1.7 1.4

2-hydroxyglutarate 1.4 1.4

Taurine 0.7 0.8

S-(5’-adenosyl)-l-homocysteine 0.6 0.6

L-pipecolic acid (*) 0.6 0.4

Guanidinoacetate 0.6

Hypotaurine 0.3

N-acetyl-d-galactosamine 1.4 1.9 Carbohydrate metabolism

Melibiose 0.4

D-(þ)-raffinose 0.4

Palatinose 0.4

D-ribose 0.6 0.6

Nicotinamide 0.7 Cofactor metabolism

6-carboxyhexanoate 1.5

4-pyridoxate 0.6

3-(4-hydroxyphenyl)lactate 0.7

Omega-hydroxydodecanoic acid 1.5 Fatty acid/lipid metabolism

Ethylmalonic acid 0.9 0.6

Glyoxylic acid 1.6

Myo-inositol 0.8

N-methyl-l-glutamate 0.5 Methane metabolism

Uridine 1.4 Nucleotide metabolism

Deoxycytidine 2.3

5’-methylthioadenosine 2.0

Cytidine 1.6

Uracil 0.7 0.7

Xanthine 0.7

Inosine 0.7

Adenosine 0.6

2-hydroxybutyric acid 0.8 Oxidative stress

Alpha-ketoglutaric acid 2.0 2.0 TCA cycle

L-fucose 0.7 0.7

Plasma

Alpha-ketobutyrate 1.4 Amino acid metabolism

N-acetylserine 1.3

4-acetamidobutanoic acid (*) 1.5 1.7

Trans-4-hydroxyproline (*) 1.3 1.6

N-acetyl-l-alanine 1.3 1.4

O-acetyl-l-serine 1.3 1.3

L-pipecolic acid (*) 0.7 0.7

Ketoleucine 0.8

L-lysine 0.7

L-tryptophan 0.6

Phenylpyruvate 0.3

Propanoate 0.8 0.8 b-oxidation

Gluconic acid 1.3 Carbohydrate metabolism

N-acetylneuraminic acid 1.6 1.7

L-arabitol 1.3 1.3

4-hydroxybenzoate 0.7 Cofactor metabolism

Pyridoxal 0.7 0.7

b-Glycerophosphoric acid 0.6 Glycerolipid metabolism

Creatinine 1.2 Muscle breakdown

2-amino-2-methylpropanoate 1.4 Nucleotide metabolism

Inosine 0.6

Xanthine 0.7

Ophthalmic acid 4.2 Oxidative stress

*Numbers indicate fold change of significantly altered metabolites (p>0.05); upregulated values (treated/untreated) shown in red, downregulated in blue. Metabolites

are also shown as colored data points in Supplementary Material, Fig. S9. Blank boxes denote no significant change. Compounds highlighted in bold were altered signif-

icantly in both the WT6rapa and TK26rapa columns. Asterisks indicate the compounds identified in both liver and plasma.
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conservative in DEG selection through control for false-

positives, whereas edgeR is optimized for<12 biological repli-

cates (58)], we employed both packages to increase the sensitiv-

ity of our analysis (59,60). Differences in output from the two

platforms were therefore not surprising, although consistency

between analyses was used as stronger evidence of differential

regulation.

We first performed overrepresentation analysis on the brain

with the three comparisons noted above (Fig. 6A). Comparison

of untreated WT to untreated TK2 animals (Fig. 6A, Column 1)

showed that, beyond the expected overrepresentation in nucle-

otide pathways, differences fell primarily in neurological and

myological developmental pathways (e.g. GO categories for ec-

toderm and mesoderm development, as well as for muscle or-

gan and nervous system development). These results likely

represent hitherto unknown effects of TK2 disease on develop-

mental processes. Interestingly, comparison of both untreated

WT to treated WT (Fig. 6A, Column 2) and untreated TK2 to

treated TK2 (Fig. 6A, Column 3) yielded a similar result. In

addition, the last comparison also showed differences in intra-

cellular and cell-cell signaling, cell cycle, and transcriptional

processes (e.g. GO categories for intracellular signaling

mediated by the MAPK cascade, cyclic nucleotides, and

phosphate-containing compounds). Thus, rapamycin appar-

ently influenced systemic signaling events and developmental

pathways in the brain, possibly modifying disease.

The expression pattern in liver (Fig. 6B) contrasted dramati-

cally with that in the brain. When comparing treated and

untreated livers, both in WT and TK2 mice (Fig. 6B, Columns 2

and 3), differences from both platforms were seen primarily in

metabolic, not developmental, pathways. In particular, there

were alterations in amino acid, fatty acid, lipid, steroid, and

TCA metabolism (e.g. GO categories for cellular amino acid me-

tabolism, fatty acid metabolism, fatty acid b-oxidation, and re-

spiratory electron transport chain). On the other hand, few

changes were seen when comparing untreated WT to untreated

TK2 animals (Fig. 6B, Column 1), including primarily nucleotide

metabolism, and thus those changes likely reflected underlying

disease.

In addition to the overrepresentation analysis, which exam-

ines the transcriptome in a global fashion, we assessed the ef-

fects of rapamycin on the differential expression of specific

genes that are markers for cellular processes of potential inter-

est, focusing on mediators of metabolism, oxidative stress, apo-

ptosis, and epigenetics (summarized in Supplementary

Material, Data File S3). We found evidence in the liver support-

ing the role of fatty acid metabolism/transport (29 of 69 genes

were differentially regulated in one or both treatment compari-

sons), b-oxidation (4 of 9 genes), and especially ketogenesis (5 of

6 genes), whereas fatty acid biosynthesis was unaffected (0 of 9

genes). There was little evidence of rapamycin-mediated effects

on adipokine signaling (14 of 19 genes unchanged), oxidative

stress (38 of 42 genes unchanged), apoptosis (11 of 14 genes

unchanged), or epigenetics (150 of 166 genes unchanged). The

latter two categories were also unaffected in the brain (15 of 15

genes and 146 of 166 genes unchanged, respectively; see

Supplementary Material, Data File S3). Finally, to validate the

RNA-Seq results, we conducted side-by-side comparison of the

RNA-Seq and qRT-PCR expression values for five representative

genes: acetyl-CoA carboxylase a (Acaca), diacyglycerol O-acyl-

transferase 2 (Dgat2), fatty acid synthase (Fasn), lipoprotein li-

pase (Lpl); and the mitochondrial master regulator PGC-1a

(Ppargc1a). The qRT-PCR results for these five genes were

essentially congruent with the expression values for these

same genes obtained by RNA-Seq analysis (Supplementary

Material, Fig. S7).

The metabolomics analysis included a panel of �130 as-

signed compounds from a total of>2000 detected peaks (3)

(Supplementary Material, Data File S4). We analysed seven

untreated TK2 animals plus 7 age-, gender- and treatment-

matched WT littermates; and 9 treated TK2 animals plus 9 age-,

gender- and treatment-matched WT littermates. Data analysis

was performed using two complementary approaches (61).

First, we conducted unsupervised analysis by principal compo-

nent analysis (PCA) to assess the effect size of genotype and

treatment, i.e. our ability to separate the 32 mice into the four

known biological groups based solely on their metabolite val-

ues. Next, we expanded on the results of the unsupervised anal-

ysis by dividing the samples into non-overlapping datasets and

conducting univariate analyses to identify differentially ex-

pressed metabolites.

After validating the ability of PCA to distinguish among the

metabolic profiles of the three tissues analysed (Fig. 7A), we per-

formed PCA on each tissue, using the 25–30 most significantly

altered metabolites, as identified by ANOVA (analysis was also

performed by hierarchical clustering, and yielded similar results

[Supplementary Material, Fig. S8]). Plasma showed the greatest

segregation of the 32 animals, forming four relatively distinct

groups based on genotype and treatment (Fig. 7B). Liver segre-

gated primarily based on common treatment, indicating a larger

effect on liver metabolites of rapamycin than that of TK2 dis-

ease (Fig. 7D). We therefore conducted univariate analysis in

liver and plasma to compare untreated vs treated WT mice, as

well as untreated vs treated TK2 mice. Treatment-induced me-

tabolite changes that were common to both genotypes

(i.e. altered both in the WT6 rapa and TK26 rapa analyses)

were deemed worthy of inclusion in a ‘rapamycin signature’

(Table 1; Supplementary Material, Fig. S9). The signature in liver

(compounds in Table 1 highlighted in bold) included 15 com-

pounds that were primarily intermediates of amino acid and

carbohydrate metabolism, but also included compounds associ-

ated with nucleotide and fatty acid metabolism and with cofac-

tor biosynthesis. The signature in plasma included nine

compounds, namely intermediates of amino acid and carbohy-

drate metabolism, as well as b-oxidation and collagen biosyn-

thesis. Notably, three metabolites (marked with asterisks in

Table 1) were present, and altered in the same direction, in the

signatures of both tissues: the amino acid metabolic intermedi-

ates 4-acetamidobutanoic acid (a GABA derivative; increased af-

ter rapa), trans-4-hydroxyproline (a hydroxylated form of the

imino acid proline; increased after rapa), and L-pipecolic acid

(an imino acid generated during lysine degradation; decreased

after rapa). Of note, there were no significant changes seen in

liver or plasma levels of glucose, lactate, pyruvate, and b-hy-

droxybutyrate (Supplementary Material, Data File S4).

PCA in the brain separated the 32 mice into relatively distinct

groups based on genotype, but with almost no segregation based

on treatment, indicating that rapamycin had little effect on the

metabolite signature of this tissue (Fig. 7C; Supplementary

Material, Fig. S8A). As a result, we pooled the data from all WT

and all TK2 mice and conducted univariate analysis to compare

the metabolic profiles of the two genotypes. Significant changes

were seen in intermediates of the TCA cycle and in nucleotide,

amino acid, and fatty acid metabolism, as well as in markers of

oxidative stress and cofactor biosynthesis (Supplementary

Material, Table S1). The results in brain, while not pointing to a
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treatment effect of rapamycin, may nevertheless provide key in-

sights for future studies into the pathogenesis of TK2 disease.

Discussion

This work presents the first evidence of the therapeutic benefit

of rapamycin in a mouse model of mtDNA-driven mitochon-

drial disease. Administration of low-dose oral rapamycin to TK2

mice throughout life extended median and maximum survival

by 60 and 35%, respectively. Our results complement previous

studies of rapamycin therapy used to treat a mouse model of

mitochondrial disease due to ablation of a nuclear-encoded

OxPhos subunit gene, Ndufs4 (8). Importantly, we expand here

on that finding by demonstrating the clinical efficacy of a signif-

icantly lower dose, which is relevant to patient applications be-

cause of the importance of minimizing side effects when

administering rapamycin long term (62).

Remarkably, although this dosage was sufficient to extend

lifespan dramatically, it produced no detectable improvement

in fitness or in molecular measures of disease; in none of our as-

says did rapamycin reverse TK2 phenotypes to more closely re-

semble those in untreated WT animals, as all examined

performance markers were unimproved by rapamycin.

Specifically, the brains of TK2 animals exhibited a severe and

progressive mtDNA depletion and respiratory chain dysfunction

that was unaltered by therapy. Additionally, there were no ap-

parent changes in the brain—the most affected organ in this

mouse—in canonical rapamycin-associated pathways, includ-

ing macroautophagy, mitophagy, mitochondrial biogenesis,

lipid metabolism, or glycolytic energy production. This was not

surprising, given that rapamycin at the dose used here could

not be detected in the brain. However, in the liver, which retains

relatively preserved mtDNA levels and no significant respiratory

chain defects (16), there was a clear response to rapamycin

treatment, including inhibition of translation and inhibition of

mitochondrial biogenesis. We note that there were no differ-

ences observed between male and female mice with the excep-

tion of phospho-rpS6 [as has been reported previously (16)], and

which likely relates to differences in constitutive rpS6 phos-

phorylation that become more apparent at low doses, such as

those employed here). Because we saw no evidence of the ab-

sence of either mitophagy or altered mtDNA depletion, it is

unlikely that selective degradation of dysfunctional or mtDNA-

depleted mitochondria in the liver explains the lifespan exten-

sion. Similarly, we found little evidence in support of an

immune- or apoptosis-mediated rescue mechanism.

The results of targeted analyses of brain and liver eliminated

possible mechanisms by which rapamycin exerts its effects, but

shed no light on the actual mechanism(s) involved.We considered

the possibility that our inability to deduce the mechanism of rapa-

mycin rescue was due to omission of other disease-critical target

tissues. However, we considered this possibility to be unlikely,

as previous studies of TK2 mice indicate that brain is the most se-

verely affected tissue (16) and ought to demonstrate phenotypes

associated with rescue. Furthermore, the other tissue demonstrat-

ing degenerative changes in TK2 disease histologically was skele-

tal muscle, which did not manifest respiratory deficiency, either

with or without treatment, and showed no improvement in the

degenerative phenotype upon treatment. We therefore turned to

unbiased hypothesis-generating approaches, namely metabolo-

mics and transcriptomics of both liver and brain, and uncovered

several interesting consequences of rapamycin treatment in both

tissues (even though low-dose rapamycin does not enter the

brain).

Metabolomics analysis of brain revealed a high degree of simi-

larity between genotype-matched brains, regardless of treatment.

Combining this finding with the biochemical evidence showing

unaltered hexokinase expression and AMPK activation with treat-

ment, and with the transcriptomics analysis showing no differ-

ence in key metabolic processes, such as amino acid, lipid, and

glucose metabolism, it seems unlikely that rapamycin extended

TK2 survival by rescuing brain function through metabolic reprog-

ramming. However, transcriptomics demonstrated significant dif-

ferences between untreated WT and TK2 animals in neural

developmental processes and in nucleic acid metabolism in the

brain, which were also similarly perturbed when comparing

treated and untreated mice. Altered developmental processes in-

cluded cell-cell and intracellular signaling processes and cell cycle

and transcriptional pathways. While rapamycin is known to in-

hibit cell cycle (7), the evidence from our metabolomics, HPLC, and

expression analyses all imply that the drug did not penetrate this

organ. It is therefore possible that the effects seen in the brains of

rapamycin-treated animals represent systemic signaling changes

induced by the drug.

Another surprising finding from the untargeted analysis

came from the liver, which showed profound effects of rapamy-

cin treatment. Transcriptomics revealed alterations in meta-

bolic processes between untreated WT and TK2 animals,

namely amino acid, nitrogen, and nucleic acid metabolism.

There were even more marked metabolic pathway changes af-

ter rapamycin treatment, including fatty acid, lipid, steroid, and

TCA metabolic gene expression, but notably not in oxidative

stress pathway expression. Metabolomics similarly showed that

rapamycin treatment had a larger effect on metabolic profile

than did TK2 disease, and identified treatment-induced changes

in amino acid, carbohydrate, fatty acid, cofactor, and nucleic

acid metabolism, but not in key markers of mitochondrial func-

tion, such as glucose, lactate, pyruvate, and b-hydroxybutyrate.

These results, taken together with the altered liver glycolytic

and energy homeostasis markers, agree with previous studies

finding that rapamycin exerts a significant metabolic effect on

the liver in the setting of mitochondrial disease (8,35). This is

also consistent with changes seen in plasma, including alter-

ations in amino acid, carbohydrate, b-oxidation, and lipid me-

tabolites. It is possible that systemic energy homeostasis, which

is differentially regulated by rapamycin, is a key mediator of

TK2 mouse survival through downstream signals on affected

tissues. A targeted lipidomics analysis might shed light on these

questions.

Of note, the results of the metabolomics analysis were con-

cordant with those of transcriptomics. Specifically, both analy-

ses identified amino acid, carbohydrate, and fatty acid

metabolism as being perturbed by rapamycin treatment in liver,

whereas these were not perturbed by rapamycin in the brain. By

combining the information derived from both transcriptomics

and metabolomics, we identified tissue-specific and systemic

changes that may constitute a ‘rapamycin signature,’ thereby

providing insight into potential mechanisms of TK2 rescue as

well as putative future biomarkers of disease and treatment.

Further work will be required to determine if this signature can

be validated in humans treated with rapamycin.

Perhaps the most striking finding in this work was the dem-

onstration of lifespan extension in the face of a failure to re-

verse the underlying phenotype of mitochondrial disease in

general, and severe mtDNA depletion in particular. This result

is all the more remarkable in the specific mouse model studied

here, in which rapamycin apparently was unable to reach the

most severely affected tissue, namely brain.
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We note that this finding contrasts with the mitigation of

neurological disease markers and progressive weight decline

seen in rapamycin-treated Ndufs4�/� mice (8). It is possible that

this discrepancy is due to differences in the disease model em-

ployed or to differences in the mode of rapamycin administra-

tion [our study administered �0.8mg/kg orally, compared with

8mg/kg given intraperitoneally (8)]. Supporting this conclusion,

follow-up studies by the same group detected a striking de-

crease in weight of up to �50% in their Ndufs4�/� model after

modifying dose and mode of administration, which agrees with

numerous other literature reports (25). Variability in rapamy-

cin’s effects on disease morbidity, including weight loss, repre-

sents a crucial revelation that requires further exploration

prior to considering rapamycin therapy in human mitochon-

drial disease patients.

Our results thus support the possibility that rapamycin treat-

ment may circumvent the OxPhos defect by tapping into alterna-

tive energy reserves, such as amino acids and lipids, a view

supported by decreased weight and adiposity of all treated ani-

mals described in the literature (31,32). It is equally possible, how-

ever, that rapamycin exerts its effects indirectly, by inducing

systemic signaling events through third-party molecules to modu-

late disease. One possible outcome of such signaling could be

rapamycin-mediated developmental delay, consistent with the re-

tardation in growth irrespective of the animals’ genetic status and

with the alteration of brain transcriptional pathways associated

with development. In either case, from a therapeutic standpoint,

our results support the possibility that even though the TK2 mice

are destined to die by OxPhos deficiency, this outcome can be

postponed significantly while other therapies [e.g. nucleoside sup-

plementation in TK2 disease (63)] are being developed or em-

ployed, through administration of low-dose rapamycin, either

alone or in combination with other treatment modalities.

Materials and Methods

Treatment and analysis of TK2 knock-in mice

The homozygous recessive Tk2-H126N knock-in model of

mtDNA Depletion Syndrome (MDS) was generated and charac-

terized as reported previously (16). All experiments were per-

formed according to a protocol approved by the Institutional

Animal Care and Use Committee of the Columbia University

Medical Center and were consistent with the National Institutes

of Health Guide for the Care and Use of Laboratory Animals. The

mouse colony was housed and bred in accordance with interna-

tional standards, including a 12-h/12-h light/dark cycle.

To generate homozygous Tk2 mice, heterozygous Tk2þ/KI

mice were crossed, and plugs were checked daily to mark date

of conception. Upon detection of a plug, each litter was desig-

nated for rapamycin or control (vehicle) treatment to generate a

‘timed mating’ of vehicle- and rapamycin-treated TK2 pups and

WT littermates for comparison. Rapamycin treatment was initi-

ated by dissolving rapamycin (LC Laboratories, #R-5000) in 100%

ethanol (Sigma) to a concentration of 8mg/ml. This rapamycin

stock was then diluted in sterilized drinking water (24) and

administered to the pregnant dam at a final concentration of

8 mg/ml. Because mice are expected to consume approximately

10% of their body mass in water daily, the anticipated resulting

dose to the dam was 0.8mg/kg. Water containing rapamycin or

ethanol vehicle was replaced every 48h. At delivery, the rapa-

mycin dose administered to the dam was increased to 40 mg/ml

(dilution of a stock of 40 mg/ml). The resulting target dose deliv-

ered to the dam was 4mg/kg, and blood concentrations were

verified by HPLC to be �10ng/ml. All untreated control litters

were given water with equivalent concentrations (0.1%) of vehi-

cle alone (100% ethanol).

To generate Kaplan-Meier curves, animals were monitored

daily and sacrificed humanely immediately upon exhibiting ex-

treme distress: inability to remain upright, labored breathing, or

loss of>10% body weight within 24h. All deaths were recorded

in rapamycin-treated WT litters regardless of genotype, and no

WT animal deaths were observed which could not be explained

by extenuating circumstance.

All analyses of TK2 mouse phenotypes were performed on

mouse ‘tetrads’ consisting of at least one untreated TK2 and

one untreated WT littermate, and at least one rapamycin-

treated TK2 pup and one rapamycin-treated WT littermate, all

of the same age and gender-matched when possible. Mice were

sacrificed when the untreated TK2 pups stopped gaining weight

and reached the weight plateau, at �p15–18.

Necropsy and histological analysis of mouse tissues

For necropsy, mouse weight and general appearance were re-

corded at the time of sacrifice. Subdermal dorsal adipose tissue

was inspected by making a dorsal incision immediately below

the level of the scapula, then anteriorly peeling back dermal tis-

sue to expose the skull, and photo-documenting adipose tissue.

Brain was subsequently removed and weighed, sliced laterally,

and placed in �20 volumes of 4% paraformaldehyde (PFA) in 1x

phosphate-buffered solution (PBS) pH 7.6 at 4 �C for>48h. Next,

a ventral incision was made at the base of the diaphragm and

along the sternum, and dermal tissue was removed to photo-

document thoracic musculature and adiposity. General appear-

ance of the thoracic and peritoneal cavities was recorded, along

with appearance of bowels and stomach. We then removed and

weighed the liver, spleen, kidneys, heart, and quadriceps mus-

cle. Half of the muscle samples were frozen immediately by

submerging in dry ice-chilled 2-methylbutane and stored at

�80 �C. All remaining organs were fixed for>24h in �20 vol-

umes of 4% PFA/1� PBS at 4 �C. After 24h, one-half of each liver

was transferred to 20% sucrose for 24h prior to freeze-

embedding for Oil-Red-O staining. Remaining samples (except

brain) were transferred to 70% ethanol/1� PBS for up to 1week,

until embedding and sectioning. All histology and specialized

assays were performed at the Columbia University Medical

Center‘s Molecular Pathology Shared Resource, as follows: brain,

heart, liver, spleen, kidney, and muscle tissues for organ histol-

ogy were paraffin-embedded, sectioned at 5 mm, and stained

with hematoxylin and eosin (H&E); TUNEL staining was

performed on PFA-fixed, paraffin-embedded brain, liver,

and muscle sections; Oil-Red-O staining was performed on

PFA/sucrose-equilibrated frozen liver sections; COX/SDH stain-

ing was performed on 5-mm flash-frozen muscle sections as de-

scribed previously (64). Pathological analyses of histological

samples were performed blinded as to sample identity.

Measurement of rapamycin concentrations

All rapamycin measurements in whole blood and tissues were

performed as described (6).

mtDNA quantitation

Tissue levels of mtDNA were quantitated by quantitative real-

time PCR using an ABI PRISM 7000 sequence detection system,
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as described previously (65), with the following modifications.

The intercalating dye SYBRVR Green was used as a fluorescent

probe, and separate reactions were performed on each sample

in triplicate using mtDNA-specific primers for murine COX I

(Mtco1) (5’-TGCTAGCCGCAGGCATTACT-3’; 5’-CGGGATCAAAGA

AAGTTGTGTTT-3’) or nuclear DNA-specific primers for murine

glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (5’-ACAGT

CCATGCCATCACTGCC-3’; 5’-GCCTGCTTCACCACCTTCTTG-3’).

Technical replicates were averaged and normalized to Gapdh.

Ratios of mtDNA/nDNA were reported as a percentage of levels

in untreated WT mice. Selected samples analysed in parallel by

both qPCR and Southern blot demonstrated agreement between

the two methods.

Rotating rod test

A rotating rod (adapted rotarod) performance test was used to

assess and quantitate locomotor activity in mouse pups at p15

(i.e. following disease onset in TK2 mice, but prior to end-stage).

Due to the age and exceptionally small size of both WT and mu-

tant mice after rapamycin treatment, the traditional assay was

adapted. A �1-cm diameter plexiglass 10-ml serological pipette

(Sigma-Aldrich) was coated with one layer of NalgeneTM Super

Versi-DryTM Surface Protector (ThermoFischer Scientific), with

the padded side facing outward to enhance traction. Mouse

pups were placed upright in the center of the rod, which was

held 5 cm above a cushioned surface, and rotated at 1 rotation/s

for 30 s, or until the pup was unable to maintain grip and slipped

to the cushioned surface. Each rotation event was filmed, and

total time maintained on the rod (up to 30 s) was recorded.

Molecular analysis of mouse tissues

TK2 and littermate controls were sacrificed at early stage dis-

ease (p15–18), and �0.3 g tissue were immediately homogenized

on ice in an isotonic and viscous mitochondrial extraction buf-

fer (70mM sucrose, 210mM mannitol, 5mM HEPES, and 1mM

EDTA, pH 7.2) using 15 strokes in a glass Dounce tissue grinder

with a TeflonVR pestle (Thomas Scientific). Aliquots of total ly-

sate were saved for mtDNA and western blot analysis. To enrich

for mitochondria, the remaining homogenate was centrifuged

at 900�g for 10min at 4 �C. Supernatant was transferred and re-

centrifuged at 900�g for 10min at 4 �C, followed by a final trans-

fer and re-centrifugation at 4000�g for 10min at 4 �C. Finally,

supernatant was removed and discarded, and the resulting

mitochondrial-enriched pellet was re-suspended in mitochon-

drial assay solution (70mM sucrose, 220mM mannitol, 5mM

KH2PO4, 5mM MgCl2, 2mM HEPES, 1mM EGTA, and 0.2%

fatty acid-free BSA, pH 7.4) to a concentration of approximately

10 mg/ml. The resulting mitochondrial enrichment sample was

used to assess respiratory chain and CPT1 enzymatic activities,

and for western blot analysis.

Respiratory chain activity

Respiratory chain activity was assessed in enriched mitochon-

drial fractions from brain or liver according to the electron flow

assay using a Seahorse XFe24 Flux Analyzer (Agilent

Technologies, Santa Clara, CA), as described (66). Brain and liver

respiratory chain activity was performed in parallel on age-

matched ‘tetrads’ as described above, with five technical repli-

cates per animal. Each technical replicate contained either 5 mg

(brain) or 50 mg (liver) of enriched mitochondrial fraction.

Western blotting

Western blotting was performed as described previously (4), with

the following specifications, For all western blotting, 10–25mg of

whole tissue extract or mitochondrial enrichment fraction were

prepared as described above, electrophoresed through a NovexTM

4–20% Tris-Glycine mini gel (ThermoFischer Scientific), trans-

ferred to Immun-BlotTM PVDF membranes (Biorad, Hercules, CA),

and probed overnight. Antibodies included: AMPKa (#2532, Cell

Signaling, Danvers, MA), phospho-AMPKa (Thr172) (40H9) (#2535,

Cell Signaling), BCL2L13 (16612-1-AP, Proteintech, Chicago, IL,

USA), b-actin monoclonal AC-15 clone (A5441, Sigma-Aldrich),

glucokinase (ab37796, abcam, Cambridge, U.K.), hexokinase

(AB3279, EMD Millipore, Darmstadt, Germany), LC3B (ab48394,

abcam), phospho-S6 Ribosomal Protein (Ser240/244) (#2215, Cell

Signaling), S6 Ribosomal Protein (54D2) (#2317, Cell Signaling),

TFAM (ab131607, abcam), TOM20 FL-145 (SC-11415, Santa Cruz

Biotechnology, Dallas, TX), and Total Rodent OXPHOS antibody

cocktail (ab110413, abcam). Signal was detected using

SuperSignalVR West Dura Extended Duration Substrate (34076,

Thermo Scientific) and a KwikQuant Digital Western System

(Kindle Biosciences LLC, Greenwich, CT). Quantification of pro-

teins was carried out using NIH ImageJ 1.46r software (Rasband,

W.S., ImageJ, U.S. National Institutes of Health, Bethesda, MD,

http://imagej.nih.gov/ij/). Average gray value after lane back-

ground subtraction was normalized to loading control (b-actin for

whole-tissue lysates, TOM20 for mitochondrial enrichment), and

reported as a percentage of untreatedWT signal.

RNA expression analysis by quantitative reverse
transcription

Total tissue RNA was isolated by TRIzolVR (ThermoFischer

Scientific) extraction followed by treatment with RNAse-free

DNAse (Qiagen) and subsequent purification with a RNeasy kit

(Qiagen). For expression analysis by quantitative reverse-

transcriptase PCR (qRT-PCR), cDNA synthesis and qPCR analysis

was conducted as described previously (18) with specific murine

primers and TaqmanVR probes (Applied Biosystems, Invitrogen) for

mouse Acaca (Mm01304257_m1), Dgat2 (Mm00499536_m1), Fasn

(Mm00662319_m1), Lpl (#Mm00434764_m1), Ppargc1a (PGC-1a;

#Mm01208835_m1), and mouse Gapdh endogenous control [VICVR /

MGB probe #4352339E (all probes from ThermoFischer Scientific)].

RNA transcriptome analysis by RNA-seq

RNA transcriptome analysis was performed on brain and liver for

four sample groups (untreated WT, rapamycin-treated WT,

untreated TK2, and rapamycin-treated TK2) eachwith 3 biological

replicates. Tissues were isolated from 15-day-old female TK2

pups and age- and treatment-matched WT littermate controls.

RNA was extracted as above, and quality control was performed

using an Agilent Bioanalyzer 2100 (Agilent Technologies) through

the Columbia University Medical Center’s Molecular Pathology

Shared Resource; subsequent analysis was limited to samples

with RNA integrity numbers of 8.0–10.0.

RNA sequencing was performed at the Columbia University

Sulzberger Genome Center. In brief, we used poly-A pull-down to

enrich mRNAs from total RNA samples (�200ng per sample) and

proceeded with library preparation using the TruSeq RNA Prep kit

(Illumina). Libraries were sequenced using an Illumina HiSeq2500/

HiSeq4000. Samples were multiplexed in each lane, yielding tar-

geted number (30 million) of single-end 100-bp reads per sample,

as a fraction of 280–400million reads for the whole lane.
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We used RTA (Illumina) for base calling and bcl2fastq2 (ver-

sion 2.17) for converting BCL to fastq format, coupled with adap-

tor trimming. We mapped the reads to the mouse reference

genome (UCSC/mm10) using STAR (2.5.2 b) and featureCounts

(v1.5.0-p3).

Differentially expressed gene (DEG) analysis was conducted

in parallel, using two Bioconductor packages, DESeq2 and

edgeR, as described previously (51,67). In brief, raw gene counts

were filtered according to 1 count per million in at least two

samples, normalized using the empirical Bayes method, and

DEGs were identified using the Benjamini-Hochberg correction

for multiple testing, with a false discovery rate (FDR)<0.05 ac-

cording to a threshold log2-transformed fold-change of 1.2. In

the brain, DESeq2 identified a total of 725, 407, and 1334 DEGs

for the untreated WT vs TK2, rapa-treated vs untreated WT, and

rapa-treated vs untreated TK2 groups, respectively; for the

brain, DESeq2 identified 1477, 902, and 1924 DEGs. For the same

comparisons, EdgeR identified 489, 670, and 1530 DEGs in the

brain and 167, 1733, and 210 DEGs in the liver.

Metabolomics analysis

Metabolomics analysis was performed as described previously

(3) on 32 animals representing four distinct sample groups:

seven untreated TK2 mice together with seven gender-matched

WT littermates (also untreated), and nine rapamycin-treated

TK2 mice together with nine gender-matched littermates (also

rapamycin-treated). All animals were sacrificed when 15days

old. Blood was collected immediately following sacrifice and

anticoagulated with sterile ethylenediamine tetraacetic acid

(EDTA) (ThermoFischer Scientific), pH 8.0 to a concentration of

100 mM, then centrifuged at 2000�g for 15min at 4 �C.

Supernatant (plasma) was transferred to a new tube and stored

at �80 �C until further analysis. Intact liver and brain were iso-

lated, divided into two equal sections (for brain, divided into left

and right hemispheres) and immediately frozen and stored at

�80 �C until further analysis.

Metabolite extraction of plasma was performed as described

previously (68). Briefly, 25 ll plasma was mixed with 250 ll ice-

cold acetonitrile: methanol (75%/ 25% v/v). The solution was

vortexed for 15 s, placed on ice for 30min and then centrifuged

for 20min at 4 �C at maximum speed (i.e. �16, 000�g).

Supernatant (100 ll) was transferred to an LC-MS glass vial. For

brain and liver, samples were cut from frozen tissue sections

and � 50–100mg was placed in 2ml safe-lock Eppendorf tube

and 1.5ml dry ice-cooled methanol: H2O (80%/20% v/v) was

added. Samples were then homogenized in a Qiagen

TissueLyzer II (2 � 1min at 30Hz) and then centrifuged for

20min at 4 �C at maximum speed. An aliquot of the supernatant

(750ll) was transferred to a new 2-ml tube and 1250 ll water

were added. After vortexing, samples were frozen at �80 �C and

lyophilized overnight. The remaining pellet was dissolved in a

volume of acetonitrile: H2O (70%/30% v/v) proportional to 3

times the initial mass of the sample and transferred to an LC-

MS vial; for example, a 50-mg tissue sample was extracted and

dissolved into 150 ll of 70% acetonitrile. LC-MS data collection

and analysis were performed as described previously (68).

Briefly, negative mode data were collected using a Q Exactive

Plus Orbitrap Mass Spectrometer coupled to a Dionex Ultimate

3000 UHPLC system (ThermoFisher Scientific) with a Xbridge

Amide HILIC 100�2.1mm, 2.5-lm particle size column (Waters,

186006091). Mobile phase A was 20mM ammonium acetate,

0.25% ammonium hydroxide pH 9; mobile phase B was 100%

acetonitrile. The flow rate was 220 ml/min and the elution gradi-

ent was from 85% B to 2% B over 11min followed by re-

equilibration to 85% B. Full scan data were collected in a range

of 70–1000m/z, with the resolution set at 140 000, the AGC target

at 3E6, and the maximum injection time at 400ms. Progenesis

QI software (Waters) was used to perform peak picking, peak

identification, deconvolution, and intensity integration and nor-

malization. Using metabolite reference standards purchased

from IROA Technologies (Bolton, MA), an in-house metabolite

retention time library of 520 reference standards was estab-

lished. Metabolite identification in Progenesis was based on

mass tolerance of 5 ppm and retention time tolerance of

0.3min. For each tissue, of the>2000 peaks detected, �100 com-

pounds were identified and assigned.

For each tissue, we analysed data using several complemen-

tary approaches, via the comprehensive, web browser-based

bioinformatics tool MetaboAnalyst 3.0, designed for metabolo-

mics data processing, statistical analysis, and functional inter-

pretation (69). Analysis was performed as described previously

(70), with the following specifications. In brief, we first per-

formed unsupervised exploratory analysis using both principle

component analysis (PCA) and hierarchical clustering.

Normalized peak intensities were variance-filtered and mean-

centered, then analysis was conducted in each tissue using the

25–30 most significantly altered metabolites as identified by

parametric ANOVA (25 compounds for brain, 30 for liver and

plasma). Results of the PCA were reported as the score plot for

the two principle components explaining the greatest variance,

with 95% confidence regions indicated for each biological group.

Hierarchical clustering was performed using Euclidian distance

measures and the Ward clustering algorithm, and results were

displayed as a dendrogram with heatmap displaying auto-

scaled features in red/yellow. Validations for unsupervised

analyses were performed with all �100 identified compounds

from the seven untreated WT samples from each tissue.

We next divided the tissues into non-overlapping datasets,

based on the results of the clustering analysis, to conduct uni-

variate analysis. For the brain, there was one comparison:

pooled untreated and rapamycin-treated WT vs pooled

untreated and rapamycin-treated TK2 mice. For liver and

plasma, we compared untreated to rapamycin-treated WT

mice, and also untreated to rapamycin-treated TK2 mice. To

confirm Gaussian distribution of data, we generated normal

probability plots for randomly selected metabolites from each

sample group (genotypeþ treatment combination). We then cal-

culated fold-difference and adjusted P-values using Welch’s t-

test adjusted for multiple testing using the Benjamini-Hochberg

approach at a FDR, Q, of 10% (71). Metabolites of interest were

defined as those with a fold change of at least 20% between

groups and significant at a 95% confidence level, with P-values

adjusted by the Benjamini-Hochberg method for a 10% false dis-

covery rate (72).

Statistics

Unless otherwise indicated, all quantitations, including those of

Western blots and qPCR data, are expressed as average values

of at least three biological replicates, normalized to untreated

WT and expressed as a % of WT, with error bars representing

standard deviation. Significance was established using a two-

sided Welch’s t-test, and a P-value of a< 0.05 was considered to

be statistically significant. To determine significance of survival

data represented by the Kaplan–Meier curve, the log-rank test

4602 | Human Molecular Genetics, 2017, Vol. 26, No. 23

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/h
m

g
/a

rtic
le

/2
6
/2

3
/4

5
8
8
/4

1
0
1
8
7
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

Deleted Text: 4
Deleted Text: 7 
Deleted Text: 7
Deleted Text: 9 
Deleted Text: 9 
Deleted Text: x
Deleted Text: -
Deleted Text: -
Deleted Text: ec
Deleted Text: -
Deleted Text: i
Deleted Text: x
Deleted Text: -
Deleted Text: x
Deleted Text: utes
Deleted Text: ,
Deleted Text: ec
Deleted Text: z
Deleted Text: -
Deleted Text: 7 
Deleted Text: `
Deleted Text: `
Deleted Text: -


was used to compare the survival of rapamycin-treated vs

vehicle-treated mice, and a log-rank statistic<0.05 was consid-

ered to be statistically significant. Because statistical analysis is

integral to the RNA-expression and metabolite profile analyses,

all relevant testing is listed under the section for metabolomics

analysis.

Supplementary Material

Supplementary Material is available at HMG online.
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