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Purrose. The purpose of this study was to gain insights on the pathogenesis of chronic
progressive external ophthalmoplegia, thus we investigated the vulnerability of five extra
ocular muscles (EOMs) fiber types to pathogenic mitochondrial DNA deletions in a mouse
model expressing a mutated mitochondrial helicase TWINKLE.

MerHops. Consecutive pairs of EOM sections were analyzed by cytochrome C oxidase
(COX)/succinate dehydrogenase (SDH) assay and fiber type specific immunohistochem-
istry (type I, IIA, IIB, embryonic, and EOM-specific staining).

Resurts. The mean average of COX deficient fibers (COX™) in the recti muscles of mutant
mice was 1.04 &+ 0.52% at 12 months and increased with age (7.01 & 1.53% at 24 months).
A significant proportion of these COX™ fibers were of the fast-twitch, glycolytic type IIB
(> 50% and > 35% total COX™ fibers at 12 and 24 months, respectively), whereas embry-
onic myosin heavy chain-expressing fibers were almost completely spared. Furthermore,
the proportion of COX™ fibers in the type IIB-rich retractor bulbi muscle was > 2-fold
higher compared to the M. recti at both 12 (2.6 & 0.78%) and 24 months (20.85 + 2.69%).
Collectively, these results demonstrate a selective vulnerability of type IIB fibers to mito-
chondrial DNA (mtDNA) deletions in EOMs and retractor bulbi muscle. We also show
that EOMs of mutant mice display histopathological abnormalities, including altered fiber
type composition, increased fibrosis, ragged red fibers, and infiltration of mononucleated
nonmuscle cells.

Concrusions. Our results point to the existence of fiber type IIB-intrinsic factors and/or
molecular mechanisms that predispose them to increased generation, clonal expansion,
and detrimental effects of mtDNA deletions.

Keywords: mtDNA deletions, extraocular muscle, type IIB fibers, cytochrome C oxidase,
selective vulnerability

hronic progressive external ophthalmoplegia (CPEO) is

a disorder typically leading to bilateral ptosis and limi-
tation of eye movements. It is caused by slowly progres-
sive paralysis of the extra ocular muscles (EOMs), which
are structurally, functionally, and biochemically distinct from
other skeletal muscles in the body. Compared to these, EOMs
are loosely packed with unusually high amounts of connec-
tive tissue, have a higher mitochondrial content in general,
are more vascularized, and have higher calcium handling
capacities, reflecting their high metabolic needs.!* Besides
having fibers that express the typical slow I, fast IIA, and fast
IIB myosin heavy chain (MyHC) isoforms observed in limb
and trunk muscles, adult EOMs also have fibers that express
embryonic MyHC (MyHC-emb), neonatal (MyHC-neo),
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slow-tonic MyHC, and EOM-specific isoforms (MyHC-
eoms).>*° Moreover, individual EOM fibers can also co-
express several MyHC isoforms along their length.>® On
the one hand, these unique features enable EOMs to medi-
ate a wide range of sophisticated eye movements with very
different speeds, but on the other hand, obviously confer
differential vulnerability to neuromuscular diseases, includ-
ing mitochondrial myopathies, for which CPEO is often an
early manifestation.

Mitochondria are highly dynamic organelles that are
involved in various cellular processes, including ATP gener-
ation, calcium buffering, signaling, and apoptosis, but also in
intermediary metabolism and synthesis of cellular building
blocks.”® ATP generation is carried out by the respiratory
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chain complexes I-IV and ATP synthase (complex V) that
are embedded within the inner mitochondrial membrane.”:8
These respiratory chain complexes are assembled from a
large number of subunits, 13 of which are encoded on mito-
chondrial DNA (mtDNA), present in thousands of copies
in all cells, whereas the rest is encoded on nuclear DNA.
In addition, mtDNA also encodes 22 transfer RNAs and
2 ribosomal RNAs, which are essential for translating the
13 messenger RNAs into protein subunits by the mitochon-
drial ribosomes.” Deleted mtDNA molecules can be mater-
nally inherited or acquired somatically, probably due to
random replication errors, but they are most often due to
mutations in nuclear genes encoding proteins needed for
mtDNA maintenance. In skeletal muscles and other post
mitotic tissues, such deleted mtDNA molecules undergo
preferential clonal expansion and upon surpassing a certain
critical threshold, usually > 60% of the total mtDNA
copies, respiratory chain defects occur, ultimately leading to
myopathy.®~11

In a previous study of patients with CPEO, EOMs
were found to have a lower threshold for cytochrome
C oxidase (COX) deficiency induced by mtDNA dele-
tions and, consequently, an up to threefold higher propor-
tion of COX-deficient (COX™) fibers compared to quadri-
ceps muscle.’? EOMs have also been shown to have a
higher mtDNA deletion load and proportion of COX™
fibers compared to limb muscles during normal human
aging.!’> These previous studies clearly demonstrated a
higher susceptibility of EOMs to accumulate mtDNA dele-
tions and that these unique muscles suffer more from
the associated respiratory chain defects. However, whether
this increased vulnerability to mtDNA deletions is uniform
across all the different EOM fiber types or not remained
unclear, which is important in order to delineate poten-
tial fiber-intrinsic factors and/or underlying molecular
mechanisms that modulate accumulation of mtDNA dele-
tions, and to bring new insights into the pathogenesis
of CPEO. To approach this, we expressed a dominant-
negative mutant of the mitochondrial replicative helicase,
K320E-Twinkle,'* using mice expressing Cre recombinase
under the control of the myosin light chain 1f (Mlclf)-
promoter,’® thereby inducing accelerated accumulation of
mtDNA deletions in all skeletal muscles. Here, we show
that indeed different EOM fiber types exhibit differential
vulnerability to COX deficiency induced by mtDNA dele-
tions, with fiber type IIB being almost exclusively affected,
whereas MyHC-emb-expressing fibers are almost completely
spared.

MATERIALS AND METHODS
Transgenic Mouse Generation

K320E-Twinkle®™ transgenic mice were generated by cross-
ing R26-K320E-Twinkle'™"* mice (point mutation K320E;
Rosa26-Stop-construct; downstream EGFP)'4 with mice
expressing Cre recombinase under the control of the skeletal
muscle-specific Mlclf-promoter.’> All mice used for experi-
ments were housed in a standard animal facility maintained
at 23°C, 12:12 hours light-dark cycle, with free access to
water and standard rodent chow. All procedures and exper-
imentation with mice were performed according to proto-
cols approved by the local authority (LANUV, Landesamt fiir
Natur, Umwelt und Verbraucherschutz North Rhine West-
phalia [NRW], approval number: 2013-A165). The animal
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experiments also adhered to ARVO Statement for the use
of Animals in Ophthalmic and Vision Research.

Sample Collection and Preparation

Mice were euthanized by cervical dislocation and both eyes
with all EOMs attached were rapidly dissected, mounted on
cork with optimal cutting temperature compound (Tissue-
Tek, Sakura), snap frozen in isopentane that was pre-cooled
in liquid nitrogen, then stored at —80°C until needed. For
all histological studies, 10 pm thick sections from the distal,
midbelly, and proximal parts of EOMs were produced using
a cryostat maintained at —20°C (Leica CM 3050s, Techno-
med), then stored at —80°C until needed.

Hematoxylin and Eosin Staining

Standard hematoxylin and eosin (H&E) staining was used
to assess general EOM structure. Briefly, 10 um thick
frozen cross-sections were air dried for 10 minutes, stained
with Gill 3 Hematoxylin (Thermo Scientific) for 3 minutes,
washed for 1 minute in acidified milli Q (MQ) water, and
then put under running tap water for 10 minutes. The
sections were then stained with Eosin Y solution (Carl
Roth) for 2 minutes, dehydrated in ascending concentra-
tions of ethanol (50%, 70%, 95%, and 100%), cleared in
100% xylene two times, and mounted with Entellan (Merck,
Germany).

Modified Gomori-Trichrome Staining

To visualize abnormal accumulation of sub-sarcolemmal
mitochondria (“ragged red fibers”), 10 ym thick frozen cross-
sections were air dried for 10 to 15 minutes, then stained
with Gill Hematoxylin (Thermo Scientific), as described
above. The sections were then incubated in Gomori-
Trichrome solution (0.6% w/v Chromotrop 2R [Carl Roth],
0.3% w/v fast green FCF (Sigma Aldrich), 0.6% w/v phos-
photungstic acid (Sigma-Aldrich), 1% v/v acetic acid, and
final pH 3.4) for 60 minutes then washed for 1 minute in
0.2% v/v acetic acid. After dehydration in ascending concen-
trations of ethanol (50%, 70%, 95%, and 100%), the stained
sections were cleared in two changes of 100% xylene and
then mounted with Entellan (Merck, Germany).

Picro-Sirius Red Staining

To evaluate fibrosis, 10 pm thick frozen sections were air
dried for 10 to 15 minutes, fixed in cold acetone (—20°C)
for 10 minutes, and stained for collagen in 0.1% v/v solu-
tion of Sirius red F3B (Sigma-Aldrich) saturated with picric
acid (Sigma-Aldrich) for 60 minutes. The sections were then
washed for 2 minutes in 0.5% v/v glacial acetic acid, and
then treated as described above.

Fiber Type Identification

The sources and dilutions of antibodies against MyHC
isoforms were as follows: mouse anti-embryonic MyHC
(1:20; embryonic-MyHC, IgG; F1.652), mouse anti-EOM-
specific MyHC (1:30; Eom-specific-MyHC, IgM; 4A6), mouse
anti-type I MyHC (1:50; I-MyHC, IgG2b; BA-D5), mouse anti-
type IIa MyHC (1:100; IIa-MyHC, IgG; SC-71), and mouse
anti-type IIb MyHC (1:20; IIb-MyHC, IgM; BF-F3); these
were obtained from the Developmental Studies Hybridoma
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Bank (DSHB, University of Iowa, Iowa City, IA, USA).
The secondary antibodies, Dylight 488 (1:200-500, goat
anti-mouse 1gG) and AlexaFluor 594 (1:1000, goat anti-
mouse IGM) were obtained from Invitrogen. Additionally,
Alexa Fluor 488 (1:500, goat anti-mouse IgM), Alexa Fluor
555 (1:500, goat anti-mouse IgG), and Alexa Fluor
647 (1:500, goat anti-mouse IgG2b) were used for fiber type
triple staining.

Sequential Cytochrome C Oxidase/Succinate
Dehydrogenase Histochemistry

To assess the functional integrity of respiratory chain (RC)
complexes, 10 pm thick cross- and longitudinal sections
were sequentially stained for COX and succinate dehydroge-
nase (SDH) activities. Briefly, frozen sections were air dried
for 10 to 15 minutes and incubated for 20 minutes in COX
staining solution (20 mg/mL catalase (Sigma), 75 mg/mL
sucrose (Sigma), 2 mg/mL cytochrome C (reduced form,
Sigma), and 1 mg/mL 3,3’-diaminobenzidine (DAB; Sigma)
in 50 mM Na,HPOy, final pH 7.4) at 37°C, then washed in
PBS for 2 minutes. The sections were then incubated in SDH
staining solution (2 mg/mL Nitrozolium blue tetrachloride
[NBT]; Sigma), 0.2 M sodium succinate, 50 mM MgCl,, 50
mM Tris-HCI, final pH 7.4) for 1 hour at 37°C, then washed in
MQ water for 2 minutes, and mounted with glycerol gelatin
(Sigma).

In the sequential COX-SDH double staining, cells with
normal COX activity oxidizes 3,3’-DAB, leading to forma-
tion of a brown indamine polymer product, which local-
izes in cristae and saturate cells, thereby appearing
brown on visualization. Cells with COX deficiencies, will
not oxidize 3,3-DAB, and therefore will not be satu-
rated by the indamine polymer, allowing SDH to effi-
ciently reduce nitroblue tetrazolium to a blue formazan
end product, thus revealing COX deficient cells in blue
(Ross et al, 2011), whereas the COX positive fibers
appear brown to dark brown. This, double COX-SDH
staining approach, which is considered the gold stan-
dard in clinical diagnosis of mitochondrial disorders, is
more sensitive and specific than either COX or SDH
alone. 110

mtDNA Deletion Screening

Total DNA was isolated using DNeasy Blood and Tissue
Kit (Qiagen) according to the manufacturer’s instruc-
tions. 25 ng of total DNA was used for the following
experiments. Long range PCR was used to screen for the
presence of mtDNA deletions accumulated in muscles
of mutant mice. The deleted mtDNA molecules were
then amplified using TAKARA LA PCR Kit (TAKARA Bio),
as described previously.'* The PCR products were then
resolved on a 0.8% agarose gel in TAE buffer, stained
with ethidium bromide (0.8 pg/mL), and visualized under
ultraviolet (UV)-light (EL Logic 200 Imaging system). Four
of the most common mtDNA deletions present in aged
mice'”'!® were detected by standard PCR and resolved in
2% agarose gel using the following primers (5’-3"): deletion
1: Forward: ggaatttcaccacttaaccct, Reverse: tagctgttata-
gaagtggcga; deletion 3: Forward: agagtaattaacctgtacactg,
Reverse: atgcggtgaataatagatggg; deletion 13: Forward:
attagcagtccggcttacage, Reverse: tcatgtcattggtcgeagttg; dele-
tion 17: Forward: tcgtaacaaggtaagcatactg, Reverse: ctcgcgga
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ctagtatatcct. D-Loop region primers were Forward: cataaa-
cacaaaggtttggtce, Reverse: ctaggcaaggtgtcttaagc. When the
corresponding deletions were detected in standard PCR,
the same primers were used to quantify the relative amount
of deletions by quantitative PCR using the fold change
method and the D-Loop as the internal control. Mitochon-
drial DNA copy number was determined by analyzing
threshold amplification differences between mitochon-
drial DNA and nuclear DNA (delta C(t) method with the
following primers (5’-3’): mitochondrial DNA_Forward:
cctatcacccttgecatcat, mitochondrial DNA_Reverse: gaggct-
gttgcttgtgtgac; nuclear DNA  (Pecaml gene) Forward:
atggaaagcctgccatcatg, nuclear DNA (Pecam1 gene)_Reverse:
tecttgttgttcageatcac).

Image Acquisition and Analysis

Whole sections stained by hematoxylin and eosin, modified
Gomori trichrome, Sirius Red, and COX / SDH were scanned
at 20x magnification and digitized using Leica SCN400
(CECAD Imaging Facility, Cologne, Germany). Images of
whole sections single-stained for fiber types were taken
using ZEISS Axio Scan.Z1. To determine the fiber type of the
COX deficient cells, images of consecutive sections stained
for COX activity (sequential COX / SDH histochemistry)
and MyHC isoforms (single immunofluoresence) were anal-
ysed using Image] / FIJI and CellProfiler open source soft-
ware. The ImageJ / FIJI Plugin bUnwarp]J'®?° was used
to perform an elastic transformation based on correspond-
ing landmarks that were manually set on the consecutive
COX / SDH and fiber type images. The registration was then
checked manually and all the areas with satisfactory registra-
tion were selected as regions of interest. Segmentation was
then performed on the COX / SDH images using CellPro-
filer, as previously described,?! to identify individual fibers. A
filtration step was then performed using predefined param-
eters (e.g. size) to exclude misidentified objects. The clas-
sifier function in Cell Profiler Analyst*? was then trained to
specifically recognize COX-deficient cells. The signal inten-
sity of the corresponding fiber in the registered immunoflu-
orescence image was then analyzed to determine whether it
was positively stained for a specific fiber type.

Quantification of Sirius red was performed in at least
3 regions of interest per mouse of 150 x 150 um for global
layer and 100 x 100 pm for orbital layer to get an aver-
aged value. Red green blue (RGB) images were split in the
three main channels and the green channel was thresholded
to obtain the area occupied by collagen. Internal plugin of
Image J was used to obtain the percentage of the image
occupied by Sirius red positive collagen.

Quantification of fiber number and fiber cross sectional
area (CSA) were performed on hematoxylin and eosin
stained sections. For fiber number quantification, regions
of interest measuring 200 x 200um were selected from
global and orbital layers of inferior and medial recti muscles
using Aperio Imagescope software (Leica Biosystems). The
cell counter plugin in Image J was then used to count
fibers in at least two regions of interest per mouse. For the
fiber cross sectional area, two regions of interest measuring
200 x 200 um were obtained from global and orbital
layers of inferior and medial recti muscles using Aperio
Imagescope software (Leica Biosystems). The free hand
tool in image J software was then used to mark individual
whole fibers, after which the area and ferret diameter was
measured.
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Figure 1. Analysis of mtDNA deletions in extraocular muscles

. (A) Quantitative PCR analysis of mtDNA copy number in EOMs at the

indicated ages. (B) Long range PCR of recti muscles at 12 and 24 months of age (2 PCR products present at both time points are probably
derived from nuclear pseudogenes.'* (C) Schematic representation of the most common mitochondrial DNA deletions present in aged mice.
(D) PCR analysis of deletions 1, 3, 13, and 17 and the D-Loop region of mitochondrial DNA at 12 and 24 months of age. (E) Quantitative
PCR of indicated deletions at 12 months and (F) 24 months. Student’s t-test, * P < 0.05; ** P < 0.01.

RESULTS

K320E-Twinkles*™ Extraocular Muscles Exhibit
Accelerated Accumulation of mtDNA Deletions

Expression of K320E-Twinkle has been shown to produce
either mtDNA depletion or accumulation of mtDNA dele-
tions depending on the targeted tissue (Baris et al., 2015;
Weiland et al., 2018; and Holzer et al., 2019). To charac-

terize mitochondrial DNA defects after transgenic expres-
sion of K320E-Twinkle in the EOMs, we performed mtDNA
copy number quantification and Long Range PCR to detect
mtDNA depletion or deletions, respectively. The mtDNA
copy number showed no difference in samples from 12 and
24 month old animals (Fig. 1A). However, re-arrangements of
mtDNA were observed at 24 months old K320E-Twinkles™
by Long Range PCR (Fig. 1B). We also performed stan-
dard PCR to detect 4 common deletions, namely deletion



Investigative Ophthalmology & Visual Science

Respiratory Chain Defects in Eye Muscles Fibers

1, deletion 3, deletion 13, and deletion 17, covering differ-
ent areas of the mtDNA sequence (Fig. 1C; Tanhauser and
Laipis, 1995; Neuhaus et al., 2014). As shown in Figure 1D,
only deletion 17, covering the area of the common deletion
mtDNA4977, was present at 12 month old animals. However,
at the age of 24 months, this deletion and several addi-
tional deletions located in the mitochondrial DNA major
arc were present. To quantify the relative amount of such
deletions we performed quantitative PCR analysis taking the
D-loop region as an internal control. In K320E-Twinkles*™
deletion 17 was up to 150 times more abundant than in
control samples at the age of 12 months (Fig. 1E). At the age
of 24 months, all of the deletions mentioned above were
present in both genotypes but enriched in K320E-Twinkle
mice (Fig. 1F). These data indicate that K320E-Twinkle cause
mitochondrial DNA instability in extraocular muscles, effec-
tively leading to an accumulation of mitochondrial DNA
deletions.

Different Eye Muscles and Extraocular Muscle
Layers in K320E-Twinkle’*™ Show Distinct
Patterns of COX Deficiency

EOMs comprise of four recti (superior rectus [SR], inferior
rectus [IR], lateral rectus [LR], and medial rectus [MR])
and two oblique muscles; superior oblique and inferior
oblique.?®?* These extraocular muscles have two struc-
turally and functionally distinct layers, the global layer (GL)
close to the eyeball and the orbital layer (OL), which is adja-
cent to the orbit.*?>-?7 In addition to these six EOMs, rodents
also have retractor bulbi muscles, which surround the optic
nerve?* (Supplementary Fig. S1). At 12 months of age, the
percentage of COX deficient fibers in the global layer of
recti muscles was 0.28 £ 0.09% in control mice compared
to 1.72 £ 0.89% in K320E-Twinkle®*™ (P = 0.15, unpaired
t-test, N = 5). This proportion increased > 4-fold, reaching
9.61 % 1.7% in K320E-Twinkle®™ compared to 0.20 % 0.04%
in control mice at 24 months of age (P = 0.0015, unpaired
t-test, N = 4, Figs. 2A, 2B, and Supplementary Fig. S1). In the
orbital layer, the proportions of COX deficient fibers were
0.18 + 0.06% and 0.32 £ 0.13% in controls and mutants,
respectively, at 12 months (P = 0.37, unpaired #test,
N = 5) and were significantly higher in mutants compared
to controls by the age of 24 months (2.23 £ 0.56% vs. 0.05 +
0.03%, P = 0.008, unpaired t-test, N = 4, Figs. 2C, 2D). In the
retractor bulbi, K320E-Twinkle**™ mice had a significantly
higher proportion of COX deficient fibers compared to
controls already at 12 months (2.6 + 0.78% vs. 0.13 =+
0.12%, P = 0.03, unpaired #-test, N = 5), which increased
7-fold by 24 months of age (20.85 £ 2.69% vs. 0.02 £ 0.02%,
P < 0.0001, unpaired -test, N = 4, .Figs. 2E, 2F). Comparative
analysis in K320E-Twinkle®™ mice showed that, the retrac-
tor bulbi was affected more heavily compared to the global
layer of the recti muscle, which in turn had a significantly
higher COX deficiency burden compared to the orbital layer
at 24 months of age (Fig. 2G and Supplementary Fig. S1,
P < 0.001, 2-way ANOVA). This suggests that at 12 months,
the retractor bulbi accumulates a higher mutational load
compared to recti muscles. Although not among the EOMs
controlling eye movements, the levator palpebrae superioris
(LPS) was also strongly affected at 24 months, to an extent
that seems comparable to the retractor bulbi (Figs. 2H, 2D).
Altogether, these results indicate a very different
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susceptibility to mtDNA deletions-driven COX deficiency in
different mouse eye muscles.

Type IIB Fibers are Most Vulnerable to COX
Deficiency in K320E-Twinkles<™

To determine wether there exists a differential succeptibil-
ity of different muscle fiber types in EOMs to develop COX
deficiency, a pair of consecutive muscle sections obtained
from recti muscles of mutant mice were stained for COX
activity (sequential COX-SDH histochemistry) and myosin
heavy chain isoforms (immunofluoresence), respectively. As
shown in Figure 3, a significantly higher proportion of COX
deficient fibers were of type IIB, both at 12 (Figs. 3A, 3E,
P < 0.001, 2-way ANOVA) and 24 months (Figs. 3B, 3E,
P < 0.001, 2-way ANOVA) of age, compared to the other
4 fiber types (I, IIA, embryonic , and EOM specific) that were
analysed. Notably, MyHC embryonic-expressing fibers were
completely spared (Fig. 3E).

Extraocular Muscles of K320E-Twinkle*™ Mice
Show Altered Fiber Type Composition

In previous studies, respiratory chain defects induced by
mtDNA deletions have been associated with fiber atrophy
and fiber loss.”®?° We therefore asked whether the observed
selective vulnerability of type IIB fibers (see Fig. 3) would
cause a preferential decrease in the proportion of this partic-
ular fiber type over time, thereby altering the fiber type
composition of EOMs. To this end, we quantified the fiber
type proportions in the global and orbital layers of EOMs as
well as the retractor bulbi. As shown in Figures 4A, 4B, the
proportion of type IIB fibers in the retractor bulbi, which
has the highest proportion of COX deficient fibers (Figs. 2F,
2G), decreased from 70% at 12 months to 45% at 24 months
of age in the mutant mice compared with the appropri-
ate age-matched controls (P < 0.001, 2-way ANOVA). This
decrease in type IIB fibers was accompanied by a tendency
to increased proportions of embryonic fibers and other fiber
types (not statistically significant). The global layer of the
recti muscles also showed a tendency to decreased propor-
tion of type IIB fibers at 24 months (see Fig. 4B, not statis-
tically significant), whereas there was no change in the
orbital, which has a much lower proportion of type IIB fibers
(see Fig. 4B) and thus also had the lowest burden of COX
deficiency (Figs. 2C, 2D). Interestingly, however, the orbital
layer of mutant recti muscles exhibited a significantly higher
proportion of type IIA compared to controls at 24 months
of age (see Fig. 4B, P < 0.05, 2-way ANOVA). Altogether,
these results demonstrated that COX deficiency alters the
fiber type composition of EOMs during aging, with the more
susceptible type IIB fibers undergoing a preferential decline
over time.

In order to further characterize the effects of RC
defects on aging-related histological changes of EOMs, we
conducted hematoxylin and eosin as wells as Picro-Sirius
red histochemical analyses. Hematoxylin and eosin staining
showed increased fibrous connective tissue in the orbital,
but not the global layer of the mutant mice as early as
12 months of age (Fig. 5B). Fiber number analysis revealed
a trend to increase in mutants compared to controls at
24 months (Figs. 5C, 5D). Fiber cross sectional area was
lower in mutants compared to controls at 24 months, both
in the global and orbital layers, indicating that mtDNA
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Ficure 2. Age-dependent and differential COX deficiency in extraocular muscles and retractor bulbi muscle. (A-F) Sequential

cytochrome c oxidase (COX)/succinate dehydrogenase (SDH) histochemical analysis showing an accelerated and age-dependent increase in
COX deficient (blue) fibers in the A global layer of rectus muscles, C orbital layer of rectus muscles and E retractor bulbi of K320E-Twinkle

skm

compared to control mice. *Indicates COX deficient cells. Scale bar, 100 pm. (B, D, F) show the average proportion of COX deficient fibers in
both global and orbital layer of the rectus muscles and the retractor bulbi, respectively. Student’s #-test. * P < 0.05; ** P < 0.01; *** P < 0.001.
(G) Differential COX deficiency burden in the global layer and orbital layers of rectus muscles, and retractor bulbi of K320E-TwinkleS*™, (H)
Sequential cytochrome C oxidase (COX) / succinate dehydrogenase (SDH) histochemical analysis in levator palpebrae superioris. * Indicates
COX deficient cells. Two-way ANOVA. ** P < 0.001. (I) Average proportion of COX deficient fibers in LPS. Data expressed as mean + SEM.
Student’s t-test. ** P < 0.001. N = 4 to 5 animals per group. Scale bar, 100 um.

deletions induce atrophic changes in EOMs. Consistent with
the hematoxylin and eosin staining, Picro-Sirius red analysis
revealed increased collagen deposition, again particularly in
the orbital layer of the mutant mice compared to controls
(Figs. 6C, 6D). Modified Gomori trichrome staining revealed
the presence of ragged-red fibers. Notably, this staining,
combined with double COX / SDH staining on consecutive
sections, demonstrated that only a few COX deficient fibers

with increased SDH activity (COX~ / SDH'™) are ragged-red
(Figs. 7C, 7D).

Di1scussION

Previous studies in CPEO patients with mtDNA deletions
reported a threefold higher proportion of COX deficient
fibers in EOMs compared to limb skeletal muscles.!?> More-
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stained for sequential COX / SDH histochemistry and MyHC I, IIA, and IIB (triple-immunofluorescence) of 12 months and (B) 24 months
old K320E-Twinkle*s™, Numbers highlight the COX™~ fibers and the corresponding fiber type on the consecutive section. (C) Representative
pictures for sequential COX-SDH histochemistry and myosin heavy chain embryonic and (D) for extraocular muscle specific myosin heavy
chain. Numbers label same fibers in the corresponding images. (E) Proportions of different fiber types that were COX deficient in selected
rectus muscles of K320E-Twinkle®™™ at the age of 12 and 24 months. Scale bar, 100 pm. Data expressed as mean + SEM, N = 4 to 5 animals
per group. Two-way ANOVA,, Interaction: ** P < 0.01; Fiber Type: *** P < 0.0001; Age: P = 0.0616.
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over, EOMs were also shown to accumulate higher levels of
somatic mtDNA deletions concomitant with a higher propor-
tion of COX deficient fibers compared to limb muscles
during normal aging in healthy humans.!®> The current study,
using a genetic model accelerating the generation of mito-
chondrial DNA deletions in mice, extends these findings and
shows that there is a surprisingly differential vulnerability to
respiratory chain defects caused by such mtDNA deletions
among different fiber types.

The retractor bulbi muscle, which is predominantly
composed of type IIB fibers (see Fig. 4B) had a much
higher proportion of COX deficient fibers than the recti
muscles both at 12 and 24 months of age in our K320E-
Twinkle**™ mice (see Figs. 2A-2G). The percentage of COX
deficient fibers was also higher in the global layer of the

rectus muscle compared to the orbital layer (see Figs. 2A—
2D). Notably, these two layers differ in fiber type composi-
tion, with the global layer again having a higher propor-
tion of type IIB (see Fig. 4B). A small proportion of
EOM specific fibers were also COX deficient at 12 months
of age, whereas COX deficiency could only be detected
at 24 months of age in type I and IIA fibers, and
embryonic fibers were, in contrast, completely spared (see
Fig. 3E). Collectively, these results clearly demonstrate selec-
tive vulnerability of type IIB fibers to respiratory chain
defects in EOMs and retractor bulbi. Importantly, this leads
to a preferential decrease in the proportion of type IIB fibers
with age, concomitant with an increase in other fiber types,
particularly type ITA and embryonic MyHC-expressing fibers
(see Fig. 4).
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Ficure 5. Respiratory chain defects alter general architecture of extraocular muscles. (A) Hematoxylin and eosin histochemical analysis
of global and (B) orbital layers of rectus muscle (inferior). (C) Quantification of fiber numbers in the indicated layers of the medial rectus
and (D) the inferior rectus. Data expressed as Mean + SEM. (E) CSA quantification and fiber size distribution for global and (F) orbital layer
of the rectus muscles. Mann-Whitney test. Scatter plots show Median value. ** P < 0.01; **** P < 0.0001. Scale bar, 100 pm.

Although we did not conduct functional experiments in chain defects and subsequent progressive decrease in their
the current study, which would be technically extremely proportion (see Figs. 3C and 4B) might cause progres-
challenging in mice, the selective vulnerability of the sive weakness of EOMs. Indeed, the glycolytic type IIB
glycolytic type IIB to mtDNA deletion-induced respiratory fibers generate stronger force, which is crucial for the
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Ficure 6. Mitochondrial DNA deletions cause increased colla-
gen deposition in the orbital layer of rectus mucles. Picro-Sirius
red histochemical analysis of 24 months old mice. (A) Collagen
staining in global and (C) orbital layer of inferior rectus muscles.
Scale bar in A, 50 pm; scale bar in C, 25 pm. (B) Quantification of
the area occupied by collagen in global layer and (D) orbital layer.
Student’s t-test, * P < 0.05.

execution of tasks that require powerful contractions.®

Notably, humans do not express type IIB fibers, but express
fiber type IIX, which is closely related to fiber type IIB in
terms of metabolism (preferentially glycolytic), force gener-
ation and fatigue resistance.® The selective vulnerability of
the strong glycolytic fibers such as type IIB (probably IIX
in humans), as well as the early but lower vulnerability of
EOM specific fibers to respiratory chain defects (see Fig. 3E),
might thus explain why slow saccades are an early and
common symptom in patients with CPEO.’ This is because
type IIB and EOM specific fibers have the fastest shorten-
ing velocities of all the other fiber types.®>' Ptosis due to
impaired levator muscle function is a common and early clin-
ical symptom in patients with mitochondrial myopathies.>?-33
This is in line with our observation of extensive respiratory
chain defects in levator palperae superioris muscle of the
mutant mice (see Fig. 1D).

Consistent with our data, a differential vulnerabil-
ity of fiber types to respiratory chain defects has also
been observed in limb skeletal muscles. In one recent
study, the central parts of the rat quadriceps, which are
predominantly composed of type I fibers was spared
from beta-guanidinopropionic acid-induced mtDNA dele-
tions compared to peripheral parts of quadriceps, which is
predominantly composed of type II fibers.?® Type II fibers
in rat rectus femoris muscles?! and specifically type IIB
fibers in rhesus monkey vastus lateralis’®®> have also been
shown to have higher susceptibility to aging-related mtDNA
deletion accumulation compared to type I fibers. Moreover,
mtDNA deletion-associated respiratory chain defects were
found to occur much earlier in fiber type IIB-rich vastus
lateralis muscle compared to fiber type I-rich soleus in rats.>
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Type IIB fibers are highly glycolytic, with a compara-
tively low mitochondrial content compared to type I and ITA
fibers in limb muscles."® This low mitochondrial content of
type IIB has been suggested as a potential factor underly-
ing their selective vulnerability to respiratory chain defects
because deletion of even a few mtDNA molecules would
be enough to surpass the mtDNA mutational threshold.?
However, the mitochondrial content of all the EOM fibers,
type IIB included, is at least threefold higher than in limb
muscle fiber types,! yet EOMs still are more susceptible
to mtDNA deletions.!?'!> Greaves, and colleagues'? demon-
strated a lower mtDNA mutational threshold for COX defi-
ciency and a higher rate of mtDNA deletion accumulation
in EOMs compared to limb muscles. Therefore, our results
showing that type IIB fibers in EOMs are affected earlier and
more extensively (see Figs. 3A, 3B, 3E), suggest that these
fibers might either have a faster rate of mitochondrial DNA
deletion accumulation, clonal expansion, or a lower thresh-
old compared to the other fiber types.

mtDNA deletions have been proposed to arise sporadi-
cally due to increased replication errors in cells with mutated
Twinkle or polymerase gamma (Pol-y).3”-3 1t is thus possi-
ble that type IIB fibers inherently have higher mtDNA repli-
cation error rates compared to other fiber types, which
become exacerbated in the presence of a defective Twinkle
as observed in our model. The induction and/or efficiency
of mitophagy in removing mitochondria harboring deleted
mtDNA molecules might also be lower in type IIB fibers
relative to the other fiber types. Importantly, oxidative fibers
have been shown to have elongated mitochondrial networks
with higher fusion rates than glycolytic fibers.*® Mitochon-
drial fusion promotes content mixing, which has been
proposed to maintain mitochondrial function and enable
human cells to tolerate high mtDNA mutations load.4!
In skeletal muscles, impaired mitochondrial fusion due to
deletion of mitofusins 1 and 2 has particularly been shown
to accelerate mtDNA mutagenesis and decreases mitochon-
drial DNA copy number.*? Therefore, the lower mitochon-
drial fusion rates observed in glycolytic fibers*® might be
another likely factor that could drive accelerated accumula-
tion of mtDNA deletions in type IIB fibers.

Recent studies have also demonstrated that respi-
ratory chain defects activates mammalian target of
rapamycin complexl (MTORCI1)-driven stress responses,
which contributes to mitochondrial DNA deletion accumula-
tion in skeletal muscles, probably via induction of deoxynu-
cleotide triphosphates (ANTPs) pool imbalances, which are
highly mutagenic.®* Inhibition of mTORC1 has also previ-
ously been shown to promote mitophagy in cybrid cells
carrying large scale partial deletions of mtDNA.* It would
thus be of interest in future studies to also determine
whether stress responses to respiratory chain defects caused
by mtDNA deletions, particularly the induction of mTORC1-
driven integrated mitochondrial stress response, is height-
ened or occur preferentially in type IIB fibers.

We observed fiber atrophy, ragged-red fibers, increased
collagen fibrosis, and infiltration of mono-nucleated non-
muscle cells (see Figs. 5-7). This is consistent with the
histopathological changes that have been observed in skele-
tal muscles of patients with multiple mtDNA deletions,
including patients with CPEO,® pointing to the value of
our model in studying the mechanistic links between mito-
chondrial DNA deletions and histopathology in mitochon-
drial disorders. Importantly, detrimental levels of multiple
mtDNA deletions have also been suggested to play a role in
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aging-related sarcopenia.?®3® Our observations of histologi-
cal changes, including fiber atrophy, and altered fiber type
composition, further support such a role.

In conclusion, the susceptibility of EOM fibers to mito-
chondrial DNA deletions vary with fiber type, IIB fibers
being the most affected. Because EOMs are tonically
active, this suggests the existence of fiber / specific intrin-
sic factors and / or molecular mechanisms that predis-
pose them to increased generation and clonal expan-
sion followed by the detrimental effects of mitochon-
drial DNA deletions. Our K320E-Twinkle**™ mouse repre-
sents a valuable model to delineate these putative factors
and mechanisms, and further explore the pathogenesis of
CPEO.
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