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Abstract

Mitochondrial encephalomyopathies (ME) are frequently associated with
mutations of mitochondrial DNA, but the pathogenesis of a subset of ME
(sME) remains elusive. Here we report that haploinsufficiency of a mitochon-
drial inner membrane protein, Mic60, causes progressive neurological abnor-
malities with insulted mitochondrial structure and neuronal loss in mice. In
addition, haploinsufficiency of Mic60 reduces mitochondrial membrane poten-
tial and cellular ATP production, increases reactive oxygen species, and alters
mitochondrial oxidative phosphorylation complexes in neurons in an age-
dependent manner. Moreover, haploinsufficiency of Mic60 compromises brain
glucose intake and oxygen consumption in mice, resembling human ME syn-
drome. We further discover that MIC60 protein expression declined signifi-
cantly in human sME, implying that insufficient MIC60 may contribute for
pathogenesis of human ME. Notably, systemic administration of antioxidant
N-acetylcysteine largely reverses mitochondrial dysfunctions and metabolic
disorders in haplo-insufficient Mic60 mice, also restores neurological abnor-
mal symptom. These results reveal Mic60 is required in the maintenance of
mitochondrial integrity and function, and likely a potential therapeutics target
for mitochondrial encephalomyopathies.
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1 | INTRODUCTION

Mitochondria are cytoplasmic organelles with outer and
inner membranes of all aerobic nucleated cells. The
inner mitochondrial membrane is highly folded into the
cristae and harbors the respiratory chain complexes of
the electron transport chain and ATP synthase [1].
Maintenance of mitochondrial structure and function is
particularly important to neurons because its high
energy demand only relies on glucose oxidation [2].
Thus, mitochondrial dysfunction can severely compro-
mise neuronal functions and is in turn one of the main
causative factors leading to neurodegenerative disorders
[3, 4]. Mitochondrial DNA (mtDNA) mutations, by
impairing respiratory chain/oxidative phosphorylation
(OXPHOS), could affect the organs with a high demand
of oxidative metabolism (such as the brain and muscle)
and further lead to mitochondrial encephalomyopathies
(ME) [5-7]. Because of an impaired energy state, ME
may be accompanied with lactic acidosis and stroke-like
episodes (MELAS) or myoclonus epilepsy and ragged
red fibers (MERRF). However, a subset of ME (sME)
was found of no mtDNA mutation, which indicates the
presence of other reasons causing mitochondrial dys-
function, such as mutations of energy related nuclear
genes [8].

Mic60 (also called Mitofilin or Immt), originally
named as heart muscle protein (HMP) [9], is a nuclear
gene encoding mitochondrial inner membrane protein
ubiquitously expressed in fetal and adult tissues, with the
highest expression in muscle and the brain [10]. Mic60
expression was significantly decreased in the brains of
fetal Down syndrome as well as Parkinson’ disease (PD).
[11, 12] As a central component of the mitochondrial con-
tact site and cristae organizing system (MICOS), a large
protein complex which comprises MIC60, MIC27/
APOOL, MIC26, MIC25/CHCHD6, MIC19/CHCHD3,
MIC10, MIC14/CHCHD10, MIC23/APOO and MIC13/
QIL1 [13-15], MIC60 is essential for mitochondrial mem-
brane architecture as well as in mitochondrial dynamics
[15, 16]. Moreover, Mic60 has physical interaction with
the outer membrane proteins including SAMMS0 and
Metaxin, as well as inner membrane/intermembrane space
proteins OPA1 and Hsp70, which are involved in mito-
chondrial cristae morphology and function [17-22]. In
addition, Mic60 was found to interact with a mitochon-
drial protein DISCI involved in schizophrenia [23], DNA
damage response protein PARP-1 [24], PNKP functioning
in mitochondrial DNA (mtDNA) stability [25], and
PINK1, a mitochondrial serine/threonine kinase involved
in PD [26]. Furthermore, phosphorylation of Mic60 by
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PKA and PINK1 is essential in maintaining mitochondrial
membrane structures and might be involved in the patho-
genesis of Parkinson’s disease [27, 28]. Interestingly, all
these mitochondrial proteins are involved in a subset of
neurodegenerative diseases [16].

In this study, we investigated the potential role of
Mic60 in neuronal function by using Mic60 haplo-
insufficient mouse model. We found that haploinsufficiency
of Mic60 caused neurological abnormalities with neuronal
loss in an age-dependent manner. In addition, haploinsuffi-
ciency of Mic60 altered mitochondrial function, promoted
brain glucose intake and oxygen consumption in mice,
which resembles human ME. Intriguingly, antioxidant N-
acetylcysteine largely reversed mitochondrial dysfunctions
and metabolic disorders, as well as neurological disable in
heterozygotic Mic60 mice. Besides haploinsufficiency of
Mic60 induced ME in murine, distinct MIC60 protein
expression lessening was observed in human ME. These
results revealed an essential role of Mic60 in maintaining
mitochondrial function and prevention of neurodegenera-
tion, especially ME.

2 | MATERIALS AND METHODS

2.1 | Clinical information

Based on clinical presentation, magnetic resonance
neuroimaging abnormalities, evidence of muscle
histopathological, and mitochondrial ultrastructural
changes, a subset of eight ME patients (male 6, female
2 from 16 to 79-year-old, median age 39.5 years, out of
57 ME patients screened for mtDNA, without the pres-
ence of mtDNA mutations) and four ME patients with
mtDNA mutations were enrolled (Table S4) in the
Neuromuscular and Genetic Centre, Department of
Neurology, Beijing Tiantan Hospital. The subject’s
consent was obtained according to the Declaration of
Helsinki, and Institutional ethical committee approval
was obtained.

2.2 | Generation of Mic60-deficient mice

A gene trap with an insertion in the third intron of the
Mic60 gene was donated from the Sanger Institute. The
ES clone (AW 0256) was injected to generate Mic60 '~
mice. All mice were maintained in a temperature-
controlled barrier facility with a 12-h light/dark cycle and
were given free access to food and water in the Center for
Experimental Animal Research, IBMS, PUMC/CAMS,



THE ROLE OF MIC60 IN THE PATHOGENESIS OF ME

Brain 3of 14
Pa‘rhologyJ—o

Beijing. All animal experiments were performed accord-
ing to the guideline of Institutional Animal Care and Use
Committee (IACUC) of IBMS/PUMC. Mic60 genotyp-
ing PCR primers are listed as follows:

Primer 1 forward 5-TTGCTTTGCTGACTGTTC-

CACT-3.

Primer 2 reverse 5-CTGACCTGAAGATCGTCTC
CGT-3.

Primer 3 forward 5-AAGCGGTGAAGTGCCTCT
GG-3'.

Primer 4 reverse 5-CGTTAGGGTCAATGCGGG
TC-3'.

2.3 | Small animal imaging

For small animal magnetic resonance imaging (micro-
MRI), mouse brain MRI was performed on a 7T MRI
animal scanner (Varian). For small animal positron emis-
sion tomography (microPET) analysis, all mice were
examined under overnight fasting status. A total of
7.4 MBq (0.2 mCi) "*F-FDG (PUMCH, CAMS, Beijing)
was injected into peritoneal cavity of each mouse. Anes-
thesia was performed 45 min later with 1.5% isoflurane in
combination with O, in 2 L/min using a Summit AS-
1-000-7 animal anesthesia system. An Inveon microPET
system (Siemens) was used and the acquisition procedure
lasted for 5 min for each mouse.

2.4 | ROS analysis

The endogenous ROS was measured on unfixed frozen
sections from mice through the conversion of dihy-
droethidium (DHE) to ethidium [29]. ROS generation
was visualized using fluorescence microscopy (Zeiss), and
analyzed using TissueQuest 5.0 system (Tissue Gnostics
GmbH, Austria).

The ROS level in isolated mitochondrial was deter-
mined by measuring the fluorescence intensity upon its
reaction with 2/,7'-dichlorodihydro-fluorescein diacetate
(DCF, Molecular Probes, Eugene, OR) [30], and mea-
sured with a Cary eclipe fluorescence spectrophotometer
(Varian).

2.5 | LC-MS/MS and data analysis

Proteins were prepared from mice cerebella at different
ages and lysed in 7 M urea, 2 M thiourea, 50 mM tris,
50 mM DTE, | mM PMSF, | mM RNAse and 1 mM
DNAse, followed by digestion with trypsin (1:50) over-
night. The samples were analyzed in duplicate by a self-
packed RPCI18 capillary LC column (75 pm x 100 mm,
1.9 pm, Michrom Bioresources). The raw data was
acquired by LTQ Orbitrap Velos, and followed by

imported into Progenesis LC-MS (v2.6, Nonlinear
Dynamics, UK). To integrate MS features with protein
identities, MS/MS spectra were exported and searched
against the SwissProt mouse database using Mascot
(v2.4, Matrix Science). Among all the proteins (about
3000 proteins) with CV <90% detected in all the samples,
we discarded those proteins that were not detected in
more than half samples, and the left 716 proteins were
considered as expressed proteins for downstream analy-
sis. Principle component analysis (PCA) were performed
using R stats package. Besides, heatmap analysis was
processed to reflect the fold change of 716 proteins
between the Mic60 "'~ and Mic60™~ cerebella of the
four stages. The proteins with log2 (fold change of the
expression values) >1 or <—1 and p-value <.05 between
the Mic60 "'~ and Mic60 "'~ cerebella were defined as
differentially expressed protein at each time point.
KEGG pathway enrichment analyses were done with
those proteins by KOBAS 3.0 online tool [31, 32].

2.6 | Metabolic analysis

Mitochondrial O, consumption in cerebellar neuron
under basal conditions was measured with high-
resolution respirometer (Oroboros Oxygraph-2k, Oxy-
graph, Innsbruck, Austria) as described [33]. Whole body
real-time metabolic analysis was conducted in a compre-
hensive laboratory animal monitoring system (CLAMS,
Columbus Instruments). Oxygen consumption (VO,)
and carbon dioxide production (VCO,) were evaluated
continuously over a 72-h period®® and presented in units
of mL/kg/h and normalized to 25°C and 760 mm
Hg. Respiratory quotient (RER) was calculated as the
ratio of VCO,/VO,.

3 | RESULTS
3.1 | Haploinsufficiency of Mic60 accelerates
age-dependent behavioral alterations

To evaluate whether Mic60-deficiency affects behavioral
and pathological changes, we generated a knockout mouse
model of Mic60 by gene trap strategy (Figure Sla—d). After
germline transmission, Mic60 heterozygote (Mic60™'™)
mice were born normally with Mendelian ratio and showed
no significant phenotype at birth compared to wild-type
mice. Unexpectedly, no Mic60 homozygote (Mic60 ')
mice were born. Genotyping analysis of staged embryos
revealed that no viable Mic60 '~ embryos were found
from embryonic day 10.5 (E10.5) on. Moreover, Mic60 '~
embryos were much smaller than those of wild-type litter-
mates at E7.5 (Figure Sle), and showed massive apoptosis
at E9.5 (Figure S1f), which was also observed in Mic60-k-
nockdown cells [22]. These results demonstrated an essen-
tial role of Mic60 for early embryonic development.
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the left and right stride length by measuring the hind base
between right and left paw prints and the matching
(Figure Slg). Shorter stride length but increased hind
base and matching were observed in Mic60 '~ mice of
6m and 12m old (Figure 1C,D). Mic60 ™'~ mice showed
time crossing balance beams and missteps increased at
different ages by balance beam test, revealing poor motor
balance and coordination (Figure 1E,F). We next per-
formed Morris maze test to further evaluate the coordi-
nation and spatial memory ability (Figure S1h). In sharp
contrast to wild-type mice, Mic60 "'~ mice showed
impaired ability to locate the platform after training,
with rotated trace (Figure 1G-I). However, the grip
strength (Figure 1J) and velocity (Figure 1K) were equiva-
lent to those of wild-type mice, indicating that abnormal
behaviors in Mic60 "'~ mice are likely caused by impaired
motor function and coordination, rather than reduced
muscle tension or motion speed. These early onset neuro-
logical abnormalities in Mic60 '~ mice suggested haploin-
sufficiency Mic60 accelerated neurodegeneration.

3.2 | Insufficient Mic60 alternates brain
structural in mice

To explore the morphological basis of the neurological
defects in Mic60™'~ mice, we then performed brain micro-
magnetic resonance imaging analysis (micro-MRI) using
paired Mic60"'~ and wild-type mice. Representative coro-
nal view of T2-weighted micro-MRI images of Mic60 ™~
mice with neurological disorders revealed heterogeneity
and partial enlargement of lateral ventricle in Mic60 ™'~
mice (Figure 2A, upper panel). The sizes of hippocampus
and cerebellum were quantified by calculating the T2
values in sagittal images (Figure 2A, lower panel) followed
by ROI analysis (Figure 2B). Compared to wild-type mice,
Mic60™'~ mice displayed a significant reduction in volume
of hippocampus, and a trend toward less volume of cere-
bellum (p = .0509, non-parametric Mann—Whitney z-test)
(Figure 2B). T2 mapping was carried out to quantify the
differences observed in the T2-weighted images. T2 relaxa-
tion time showed a significant difference in the regions of
hippocampus and cerebellum between the wild-type and
Mic60 '~ mice (Figure 2C), which is similar to the MRI
characters of ME patient.

We next performed histological examination of the
Mic60 '~ brains and found a significant loss of cerebellar
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Purkinje’s cells (Figure 2D, upper panel) in 12m-old mice
with typical neurological abnormalities. As Mic60 may
be related with dopamine function [12], we analyzed
tyrosine hydroxylase (TH) immunoactivity and
observed a marked reduction of dopaminergic neurons
in the substantia nigra (SNR) of Mic60 '~ brain, mir-
roring pathological changes in PD (Figure 2D, lower
panel). In addition, silver staining of Mic60 '~ brain
revealed an increased numbers of neurofibrillary tangles
(NFTs) in hippocampus (Figure 2E, upper panel),
implying the presence of neurodegenerative changes. To
further investigate the role of Mic60 in mitochondria,
we examined mitochondrial morphology in Mic60™'~
cerebellar neurons by electron microscopy, and found
less condensed mitochondria matrix, vacuolation, and
partial loss of mitochondrial cristae (Figure 2E, lower
panel). Taken together, these pathological changes indi-
cate the presence of mitochondria-associated neuronal
disorders in Mic60™'~ mice.

3.3 | Haploinsufficiency of Mic60 insults
oxidative phosphorylation

To further understand the molecular basis of mitochondria
dysfunction in Mic60"'~ brain, we performed proteomic
analysis by using the mouse cerebella of different age
groups (P7, 2m, 10m, >12m, respectively) (Figure S2a,
Tables S1-S3). Through principal components analysis
(PCA), an unsupervised approach designed to group sam-
ples based on their similarity in protein expression, we
observed that PCA of cerebella from Mic60-deficient and
-proficient mice were closed at age of P7 based on global
DEDPs, suggesting a compensatory mitochondrial function
in Mic60™"~ mice (Figure S2b). However, the data sets
were moderately separated in the mature Mic60"'~ mice
(2m and 10m) and significantly separated in the pheno-
typic (>12m) group, implying a compromised mitochon-
drial function and the onset of ME in the aged mice
(Figure S2b). In total, 545 differentially expressed proteins
(DEPs) were identified out of ~3000 proteins detected.
There is the equal number of DEPs for down- and upregu-
lated at P7. As the age grows, more of the DEPs were
downregulated in the Mic60"'~ mice with apparent
neurological abnormalities (Figure S2¢). KEGG pathway
analysis of all the DEPs revealed 10 most significant path-
ways in each group (Figure 2F). Strikingly, the top four

FIGURE 1

Haploinsufficiency of Mic60 caused progressive defects in neuronal functions. (A) Level of Mic60 protein in the cerebella of

Mic60 ™'~ mice compared to those in the control mice at P7. Mitochondrial inner membrane protein Tim23 and -actin were used as internal control.
(B) Relative expression of Mic60 mRNA in mice cerebella at P7, 2 month (2m), 10m, and >12m mice. n = 5. (C and D) Gait analysis of wild type
and Mic60™'~ mice. Strides, hind base and matching were measured in mice at 6m (C) and 12m (D). n = 10. (E and F) Balance beam tests of wild
type and Mic60™'~ mice. Time durations (s) (E) to cross the beam were recorded for mice of 3m and 6m. Frequencies of hindfeet missteps (F) in mice
of 3m and 6m old (n = 21). Morris water maze tests for distance (G), latency (H) and mean annulus crossing (I) of mice at 12m (n = 11). (J) Grip
strength test of 12m-old mice (n = 12). (K) Analysis of mean mice velocity (expressed in cm/s) (n = 12). White bar, Mic60 '*; black bar, Mic60 '~
Error bars represent standard error of the mean (SEM) in this and all following graphs.*p < 0.05, ***p < 0.001, N.S., non-significant. (Non-
parametric Mann—Whitney ¢-test for B-F, I-K. Repeated measures two-way ANOVA with Tukey’s HSD test for G, H).
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patterns, throughout the four time points in Mic60 "'~ cere-
bella. Haploinsufficiency of Mic60 gradually increased its
impact on these six pathways from immature neurons (P7),
mature neurons (2m and 10m) to aging neurons (>12m)
that associates with the onset of neurological disorders in
Mic60™'~ mice (Figure 2F). Notably, out of 58 DEPs
involved in HD, PD, OXPHOS and AD pathways,
31 (53.4%) DEPs shared by all these four pathways are
members of complex I, I, III, IV and complex V, which
are essential for maintaining mitochondrial stability
(Figure 2G). Thus, haploinsufficiency of Mic60 altered the
expression levels of protein components of mitochondrial
OXPHOS complexes in neurons that may cause defective
mitochondrial respiratory chain integrity, and the dynamic
changes of DEPs and associated pathways reveal early
molecular events leading to the genesis of ME.

3.4 | Haploinsufficiency of Mic60 alters
mitochondrial function in the murine brain

To explore the mechanism of neuronal disorders in
Mic60™'~ mice, we analyzed haploinsufficiency of Mic60
affected mitochondrial functions as it is essential for
maintaining mitochondrial membrane architecture. How-
ever, we found that there was no difference in mtDNA copy
number between wild-type and Mic60"'~ mice (Figure 3A).
Because the principal function of mitochondria is ATP syn-
thesis through OXPHOS and brain cells have a high energy
demand, we detected significantly impaired OXPHOS func-
tion (Figure 3B,C) and ATP generation in Mic60 '~ brain
(Figure 3D), indicating basal mitochondrial oxygen con-
sumption and ATP production levels getting worse while
Mic60 haploinsufficiency. In addition, the Mic60'~ brain
exhibited a reduction in mitochondrial membrane potential
(Figure 3E), suggesting a defective mitochondrial functions
in the Mic60 '~ brain.

ROS are products of a normal cellular metabolism
and well-known biomarkers of mitochondrial metabo-
lism [34, 35]. To monitor the consequence of compro-
mised mitochondrial functions in the Mic60™'~ brain, we
analyzed ROS level in brain tissues. Compared to that in

the wild-type mice, enhanced level of ROS was evidenced
in Mic60-deficient cerebellar neurons (Figure S3a,b). Con-
sequently, Mic60"'~ cerebellar neurons exhibited high
immunoactivity of 8-oxo-2'-deoxyguanosine (8-OHdAG) and
nitrotyrosine (Figure S3c), which are the major products of
DNA and protein oxidation, respectively, implying an
active endogenous oxidative stress in the Mic60 "'~ brain.

To test whether Mic60™*'~ mice are sensitive to exoge-
nous DNA damage, postnatal day 7 (P7) mice were sub-
jected to X-ray irradiation. Upon DNA damage, early
DNA damage response markers such as phosphorylated
53BP1 and SMCI1 foci formation [36] were markedly
increased in external granule cell layer (EGL) of prolifer-
ating Mic60 ™'~ cerebella compared to those in wild-type
cerebella (Figure S3d, upper and middle panels). In addi-
tion, Mic60*'~ cerebellar neurons exhibited an increased
cell apoptosis after DNA damage (Figure S3d, lower
panel). Together, these data imply that Mic60-deficient
neurons are more sensitive to DNA damage.

3.5 | Mic60-deficiency causes metabolic
disturbance in murine brain

Accumulating evidence has suggested a strong correla-
tion between metabolic changes and neurodegeneration
[37, 38]. As metabolic pathway was significantly affected
in Mic60-deficient brain based on LC-MS/MS analysis,
we next analyzed metabolic changes in heterozygotic
Mic60 mice. As neurons are sensitive to energy supply
and glucose is the major energy source to the adult brain
under physiological conditions, we first monitored the
glucose metabolism in the brains of paired wild-type and
Mic60™"~ mice through '®F-fluorodeoxyglucose (‘| FDG)
microPET scanning. A significant higher level of '®F-
FDG uptake was observed in the brain of Mic60 ™'~ mice
(Figure 3F,G), suggesting an elevated glucose transport
in the neurons. This likely reflects an increased anaerobic
glycolysis as compensation to disturbed energy metabo-
lism in Mic60"~ mice. In addition, age-matched wild-
type and Mic60"'~ mice without (2m and 10m) and with
apparent neurological phenotypes (>12m, NDs) were

FIGURE 2 Heterozygotic Mic60 mice displayed brain structural alterations. (A) Representative MRI image shown in coronal view (upper
panel) and sagittal view (lower panel) of Mic60 "+ and Mic60*'~ mice at 18m. Cx, cerebral cortex; Hippo, hippocampus; Cb, cerebellum; LV, lateral
ventricle. (B) The sizes of hippocampus and cerebella were quantified by calculating the T2 values in sagittal image. The size of hippocampus was
measured by mean value of bilateral size in coronal view, and the size of cerebellum was measured by mean value of its size in | mm off the median
sagittal view. (C) T2 relaxation times were calculated by T2 mapping between the Mic60 '+ and Mic60™'~ mice in the regions of hippocampus and
cerebella (n = 5). White bar, Mic60'"; black bar, Mic60'~, *p < 0.05. (Non-parametric Mann-Whitney #-test for B and C). (D) Representative
immunostaining images of calbindin-D28K (D28K) in cerebellar Purkinje cells (arrows) and tyrosine hydroxylase (TH, arrows) in substantia nigra
(SNR) in mice with apparent neuronal phenotypes (>12m) (Original magnification x40). M, molecular layer; P, Purkinje cells; Gr, granule cell layer.
the scale bar represents 200 pm. (E) Upper panel: Silver staining of neurofibrillary tangle (NFT, arrows, insert) in hippocampus (Hippo) (original
magnification x40). the scale bar represents 200 pm. Lower panel: Electron microscopic view of mitochondria in cerebellar neuron from age-matched
mice at 12m. N, nucleus; the scale bar represents 500 nm. (F) KEGG pathway analysis of the differentially expressed proteins (DEPs) in
heterozygotic Mic60 mice cerebella with LC-MS/MS. The top 10 KEGG pathways enriched in DEPs at each time point were shown. Size of the
circles indicates the gene numbers, while the color bar represents the —logl0(p value). (G) A Venn diagram showing the numbers and relationships of
DEGs enriched in the HD, PD, OXPHOS, AD pathways in the mice of >12m. Thirty-one proteins involved in mitochondrial complexes formation

are enriched in all four pathways.
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subjected for Columbus metabolic assays. Notably,
Mic60 '~ mice consumed significantly higher amount of
0,, and produced more CO,, with higher respiratory
exchange ratio (RER, VCO,/VO,) than that in wild-type

littermates of 2m and 10m old (Figures 3H and S4), indi-
cating a compensatory response of Mic60 '~ mice. In con-
trast, these parameters in Mic60 '~ mice with phenotype
(>12m) were dramatically reduced compared to that in
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FIGURE 3 Legend on next page.
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age-matched wild-type controls (Figure 3H), implying a (Figure 3I), glucose (Figure 3J), lactate dehydrogenase
decompensatory process. Consequently, those Mic60 '~ (LDH), and creatine phosphate kinase (CPK) (Figure 3K).
mice with phenotype revealed higher levels of serum lactate Furthermore, electron microscopic examination of muscle
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FIGURE 4 Antioxidant treatment largely rescued the defective mitochondrial function. (A) The ROS level in isolated cerebellar mitochondria
was measured with DCF in the presence or absence of antioxidant NAC. (B) Quantification of the ROS level in mice at P7 with or without NAC
treatment (n = 6). (C) Mitochondrial O, consumption in cerebellar neuron from 10m-old mice treated with NAC. (D) Quantitative assessment of
respiratory control ratio (RCR) by R3/R4 (n = 9). (E) Mitochondrial membrane potential was measured in 10m-old cerebella with or without NAC
treatment (n = 6). (F) Electron microscopic view of mitochondria in cerebellar neuron from 12m-old cerebella with or without NAC treatment. N,
nucleus; the scale bar represents 500 nm. White bar, Mic60 ++. black bar, Mic60™'~; *p < 0.05; ¥*p < 0.01; ***p < 0.001; N.S., non-significant.
Repeated measures two-way ANOVA with Tukey’s HSD test for B, D, E.

FIGURE 3 Haploinsufficiency of Mic60 altered mitochondrial and metabolic function (A) mtDNA copy numbers in mice at 2m and 10m

(n = 6). (B) Mitochondrial O, consumption in cerebellar neuron under basal conditions, following the addition of 10 pL of M + P (0.8 M malic and
2 M pyruvic acid) and 5 pL of ADP (20 mM). (C) Respiratory control ratio (RCR) measured by mitochondrial state 3 (R3)/state 4 (R4) (n =9).

(D) Haploinsufficiency of Mic60 led to the decrease of ATP production in mice brains (n = 11). (E) Mitochondrial membrane potential measured by
fluorescence intensity in mouse cerebella neuron (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001. (Non-parametric Mann—Whitney #-test for A, C-E).
(F) Brain microPET image after '*F-FDG intake (dot circle). (G) Quantification of "*F-FDG intake (nCi/cc) in brain normalized by the intake in the
liver. (H) Representative 3-day measurement of O, consumption was performed at different time points for the reproducibility (left panel) (n = 4).
Whole body metabolic assays for O, consumption (VO,), CO, production (VCO,), and RER (VCO,/VO,) in Mic60 "+ and Mic60*'~ mice of
different age were summarized in right panel. Blood tests were performed for measurement of lactate (LA) (I), glucose (GLUC) (J), lactate
dehydrogenase (LDH) and creatine phosphate kinase (CPK) (K) in Mic60 ™" and Mic60 '~ mice at 2 and 10m (n = 9). White bar, Mic60 """ black
bar, Mic60™'~; *p < 0.05; **p < 0.01; ***p < 0.001. (Non-parametric Mann—Whitney -test for B, D-F. Repeated measures two-way ANOVA with
Tukey’s HSD test for C). (L) Electron microscopic examination of mitochondrial density and distribution in the muscle of Mic60 ™"+ and Mic60™'~
mice. The scale bar represents 1 pm. An enlarged view of mitochondria structure was included.
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from Mic60"'~ mice showed an increased density of mito- analysis of involving metabolic pathways and carbon

chondria with relatively normal mitochondrial structure metabolism, and oxidative phosphorylation in Mic60 ™'~

(Figure 3L). These results were in line with the DEPs cerebella (Figure 2F), and suggest an elevated anaerobic
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FIGURE 5 Antioxidant treatment largely rescued the metabolic disturbance and behavior dysfunction. Serum tests for lactate (A), glucose (D),
lactate dehydrogenase (LDH), and creatine phosphate kinase (CPK) (B) in Mic60™'* and Mic60+'~ mice of 10m-old with NAC treatment (1 = 6).
(C) Glutathione peroxidase activity in mice after treated with NAC for 4 weeks (n = 5). Whole body metabolic assays for O, consumption (E), CO,
production (F), and RER (G) in Mic60*"* and Mic60 ™'~ mice with NAC treatment (n = 4). (H, 1) Balance beam tests of wild type and Mic60 ™'~
mice with NAC treatment. Time durations (s) to cross the beam (h) and frequencies of hindfeet missteps (I) were recorded for mice of 1 year. (n = 10—
14). Representative immunoblot images (J) and quantification (K) of Mic60 protein level in the cerebella of Mic60™'~ and Mic60 '+ mice with/
without NAC treatment. B-Actin were used as internal control. (n = 3). White bar, Mic60*'*; black bar, Mic60+'™; *p < 0.05; **p < 0.01;

***p < 0.001; N.S., non-significant. (Non-parametric Mann—-Whitney #-test for A, D. Repeated measures two-way ANOVA with Tukey’s HSD test
for B, C, E-I).
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glycolysis to compensate a disturbance of energy metabo-
lism in Mic60 '~ mice, resembling human ME.

3.6 | Antioxidant rescues Mic60 deficiency-
induced mitochondria dysfunction

Because oxidative stress can be a cause of energy meta-
bolic disorder, we speculate that reduction in ROS levels
may be a therapeutics strategy for ME. N-acetylcysteine
(NACQ) is an antioxidant nutrition for preventing many
diseases including neural disorders [39], which is a poten-
tial medication for ME. The peak of ROS in NAC treated
Mic60+"~ cerebellar mitochondria was ~50 AU., reduced
to that in wild-type mice, compared to ~200 AU. in
untreated mice (Figure 4A). Haploinsufficiency of Mic60
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increased ROS level in murine cerebella, and NAC admin-
istration declined ROS level significantly in Mic60 "'~
mice (Figure 4B). Coincidently, NAC-treated mitochon-
dria from the Mic60""~ cerebellar neurons exhibited an
elevated O, consumption and mitochondrial membrane
potential (Figure 4C-E). Compared to vacuolation and
partial loss of mitochondrial cristae in untreated Mic60 '~
cerebellar neurons, we do not observe abnormal mito-
chondria ultrastructure after NAC treatment (Figure 4F).

3.7 | Behavior dysfunction is restored by
NAC in Mic60 haploinsufficiency mice

To compare long-term effect of NAC against ME, we
supplied NAC for 1 year. In addition, administration of
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FIGURE 6 Down-expression of MIC60 in human ME in the absence of mtDNA mutation. (A) Representative histological analysis of
mitochondrial encephalomyopathies without mtDNA mutation. Biopsies was subjected for hematoxylin—eosin (H&E), the modified Gomori trichrome
(GMT) for ragged-red fibers (RRF), succinate dehydrogenase (SDH), and Electron micrograph (EM) for ragged-blue fibers. (B) Representative
immunofluorescence staining of MIC60, mitochondrial complex V and inner membrane protein TFAM. (C) Western blotting of MIC60 protein from
representative patients (P337, P330, P309, and P303). (D) Quantification of protein expression of MIC60. **p < 0.01. (Non-parametric Mann—Whitney
t-test). N, control; P, ME patients without mtDNA mutation; M, ME patients with mtDNA mutations. n = 7 for N, n = 8 for p, and n = 4 for M.
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NAC led to a decrease in the levels of serum glucose, lac-
tate, LDH and CPK in Mic60 "'~ mice (Figure 5A.B).
These were likely associated with an elevated glutathione
peroxidase activity (Figure 5C). Whole body metabolic
assay revealed that administration of NAC decreased O,
consumption, CO, production, and RER in Mic60 '~ mice
(for example, VO, at 2m was reduced from 4354 * 40 to
3270 £ 33 mL/kg/h, Figure 3H, Figure SE-G). However,
NAC-treated Mic60 '~ mice still had relatively higher met-
abolic activity when compared to the wild-type mice
(Figure 5E-G). After NAC administration, Mic60 '~ mice
showed similar time crossing balance beams and missteps
increased at 1 year old by balance beam test compared to
their littermate control, revealing improved motor balance
and coordination (Figure 5H,I). To determine if antioxi-
dant rescued Mic60 haploinsufficiency induced impair-
ments by upregulation Mic60 level directly, we compared
Mic60 expression among NAC treated and control groups.
The Mic60 protein increased distinctly in the cerebella of
Mic60 '~ mice after NAC treatment, to the normal level in
Mic60 " groups (Figure 5J,K), demonstrating antioxidant
restored Mic60 haploinsufficiency induced dysfunction by
upregulation Mic60 level. These results implicate that anti-
oxidant NAC could largely reverse those metabolic alter-
ations and neuronal dysfunction in Mic60 '~ mice.

3.8 | MEis associated with decreased MIC60
in ME patients

According to above results, we found that majority pheno-
types of Mic60 '~ mice were consistent with the symptom
of human ME suggest that haploinsufficiency of Mic60
might act as a potential cause of the disease. Although
majority of ME resulted from mutations of mtDNA [40],
the pathogenesis of a subset of ME (sME) without
mtDNA mutation remains unknown. Because mutations
of nuclear genes encoding mitochondria OXPHOS com-
plexes play an important role in mitochondria disorders
[41], and Mic60 serves as a key component of the MICOS,
we therefore tested whether MIC60 is involved in the sSME.
We thus selected eight patients of SME without mtDNA
mutation to investigate the possible role of MIC60
(Table S4). These patients with SsME were diagnosed based
on mosaic ragged red fibers (RRF), ragged blue fibers
(RBF), mitochondria proliferation, and crystalloid inclu-
sions in muscle biopsies, in addition to typical neurological
and neuroimaging changes (Table S4, Figure 6A).

We then performed immunostaining analysis for MIC60
from muscle biopsies of the SME patients and observed a
mosaic or uniform reduction of MIC60 (Figure 6B). In addi-
tion, MIC60 colocalized with OXPHOS complex V and
mitochondrial transcription factor A (TFAM), and a signifi-
cant decrease of complex V and TFAM were evidenced
(Figure 6B). The reduction of MIC60 protein was further
analyzed by Western blotting (Figure 6C,D) in the sME
patients. We also included four ME patients with mtDNA

mutations (M) as control, and no conclusive information
obtained because of varied level of MIC60 (Figure 6C,D).
These results imply that MIC60 may involve in the patho-
genesis of SME.

4 | DISCUSSION

Given the importance of Mic60 in regulating mitochon-
drial function and mitochondrial dysfunction contributes
to several neural diseases, we generated Mic60-deficient
mice to identify whether Mic60 contributes to the patho-
genesis of neurodegeneration. We found that haploinsuffi-
ciency of Mic60 in mice caused neurological abnormalities
with defective mitochondrial structure and function, as
well as metabolic disorders, similar to ME patients [1].
Consistently, pathological alterations of sSME patients sug-
gested dysfunction of MIC60. Administration of NAC,
which enhances mitochondria function, restored neuronal
and behavior function. These finding illustrated Mic60
haploinsufficiency caused mitochondria dysfunction,
which could be major etiology and therapeutics for ME.

Through a dynamic DEPs analysis, we discovered
that in addition to OXPHOS, haploinsufficiency of
Mic60 mainly affected proteins involved in functional
pathways of PD, AD, and HD, implying that they may
share similar molecular mechanism with sME. Func-
tional study of Mic60 may also help us to understand
other neurodegenerative disease as well. Notably,
31 DEPs shared in all the four pathways were compo-
nents of mitochondrial complexes I-V (Figure 2G),
implying that altered mitochondrial OXPHOS complexes
may play a causal role in the SsME. In addition, decreased
mitochondrial membrane potential, ATP production (not
because of the reduction of ATPase activity, data not
shown), and accumulation of ROS in Mic60 '~ cerebel-
lar neurons (Figure 3) revealed a defective mitochondrial
integrity [42]. Although how Mic60-deficiency affects
expression of mitochondrial OXPHOS remains to be
answered, this study provides a potential molecular basis
for compromised mitochondrial integrity in inducing a
subset of neurodegenerative disorders.

Mitochondria play a vital role in neuronal metabo-
lism, in which OXPHOS is the main source of ATP [1].
Consistent with the KEGG pathway analysis of DEPs
(Figure 2), haploinsufficiency of Mic60 in mice led to
metabolic disorders with abnormal O, consumption, glu-
cose metabolism, and lactic acidosis, suggesting the
importance of Mic60 in the maintenance of cellular meta-
bolic activity to compensate high energy demand in vivo.
This response in Mic60 *'~ mice, however, was compro-
mised during aging, leading to neurological abnormalities
reminiscent of neurodegenerative disorders.

We reasoned that haploinsufficiency of Mic60 may
induce leakage of electron transport across the inner
membrane leading to accumulation of ROS, and thereby
tested the role of antioxidant NAC in Mic60™~ mice.
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We found that NAC treatment largely restored the
changes of mitochondrial membrane potential, and the
level of O, consumption following ROS reduction in
Mic60 '~ mice. Tt is likely that altered mitochondrial
OXPHOS complexes may be an early response to Mic60
deficiency. Subsequently, defective OXPHOS and ATP
synthesis, accumulation of ROS led to neurodegeneration
[1, 43]. In line with this notion, an increased expression of
MIC60 has been observed in human cardiac myopathy
patients [44], and overexpression of Mic60 in mice led to
cardiac hypertrophy in response to hypertrophic stimuli
that associated with a decreased cardiac OXPHOS activ-
ity and increased ROS production [45]. Thus, a balanced
amount of Mic60 is crucial for the maintenance of mito-
chondrial integrity and in suppressing ME.

As majority of phenotypes of Mic60™'~ mice were fit
with the symptom of human ME, we therefore selected
muscle biopsies from eight patients of sME without
mtDNA mutation and seven normal patients with other
diseases which will not affect mitochondrial function.
Notably, dramatic decreased expression of MIC60 protein
was observed in the SME patients coupled with alterations
of OXPHOS complex V and mitochondrial TFAM, indi-
cating MIC60 correlated to ME. Unfortunately, because
of the small sample size of SME patients, and lacks ME
animal model, detailed role of MIC60 in sSME needs to be
further investigated. In addition, we did not find mutation
in Mic60 exons from eight SME patients (data not shown),
indicating SME maybe not a hereditary disease.

In summary, the present study suggests a role of
MIC60 in the pathogenesis of ME, and haploinsuffi-
ciency Mic60 induced ME in murine. Importantly, defec-
tive mitochondrial function and metabolic alterations in
heterozygote Mic60 mice can be largely rescued by
administration of NAC, implying a potential application
of NAC in the treatment of defective mitochondrial-
associated neurodegenerative disorders.
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