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Abstract

Aims: Patients with dermatomyositis (DM) suffer from reduced aerobic metabolism con-

tributing to impaired muscle function, which has been linked to cytochrome c oxidase

(COX) deficiency in muscle tissue. This mitochondrial respiratory chain dysfunction is

typically seen in perifascicular regions, which also show the most intense inflammatory

reaction along with capillary loss and muscle fibre atrophy. The objective of this study

was to investigate the pathobiology of the oxidative phosphorylation deficiency in DM.

Methods: Muscle biopsy specimens with perifascicular COX deficiency from five juve-

niles and seven adults with DM were investigated. We combined immunohistochemical

analyses of subunits in the respiratory chain including complex I (subunit NDUFB8), com-

plex II (succinate dehydrogenase, subunit SDHB) and complex IV (COX, subunit MTCO1)

with in situ hybridisation, next generation deep sequencing and quantitative polymerase

chain reaction (PCR).

Results: There was a profound deficiency of complexes I and IV in the perifascicular

regions with enzyme histochemical COX deficiency, whereas succinate dehydrogenase

activity and complex II were preserved. In situ hybridisation of mitochondrial RNA

showed depletion of mitochondrial DNA (mtDNA) transcripts in the perifascicular

regions. Analysis of mtDNA by next generation deep sequencing and quantitative PCR in

affected muscle regions showed an overall reduction of mtDNA copy number particu-

larly in the perifascicular regions.

Conclusion: The respiratory chain dysfunction in DM muscle is associated with mtDNA

depletion causing deficiency of complexes I and IV, which are partially encoded by

mtDNA, whereas complex II, which is entirely encoded by nuclear DNA, is preserved.

The depletion of mtDNA indicates a perturbed replication of mtDNA explaining the mus-

cle pathology and the disturbed aerobic metabolism.
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INTRODUCTION

Idiopathic inflammatory myopathies (IIM) are a cause of muscle weak-

ness in children and adults. In spite of immunosuppressive treatment,

many patients suffer from a lifelong disease leading to severe disabil-

ity and reduced quality of life. The classification of IIM is evolving but

the main distinct subtypes include dermatomyositis (DM), inclusion

body myositis (IBM), immune-mediated necrotising myopathy and

anti-synthetase syndrome [1, 2].

DM is characterised by subacute onset of muscle weakness along

with a characteristic heliotrope skin rash and Gottron’s papules and

occurs both in juveniles (juvenile DM) and adults (adult DM) [3]. The

pathophysiology of muscle weakness in DM remains elusive.

Interferon-ß and type I interferon-inducible proteins seem to play piv-

otal roles in the initiation and maintenance of the disease, which is

associated with a complement mediated intramuscular microangiopa-

thy, leading to loss of capillaries, muscle ischaemia and muscle fibre

degeneration [4–6]. The histopathological changes in muscle are often

highly characteristic and include perifascicular muscle fibre atrophy

and capillary loss, perifascicular upregulation of major histocompatibil-

ity complex (MHC) type I and in most cases also mitochondrial abnor-

malities. Enzyme-histochemical deficiency of cytochrome c oxidase

(COX, complex IV of the respiratory chain) in perifascicular muscle

fibres indicates a disturbance of the oxidative phosphorylation

(OXPHOS) system and occurs both in juvenile and adult DM [7, 8].

There is evidence that the mitochondrial dysfunction has an important

role in the pathophysiology of DM. The patients with DM have a

reduced maximal aerobic capacity [9, 10], which is inversely correlated

with the proportion of COX deficient muscle fibres and mitochondrial

functional defects are considered a hallmark of DM [5, 11]. The exact

mechanism for the mitochondrial dysfunction has not been clarified

and there may be several mechanisms involved.

COX deficiency combined with preserved activity of succinate

dehydrogenase (SDH, complex II of the respiratory chain) as seen in

DM [7, 8] is also typical for many disorders associated with mitochon-

drial DNA (mtDNA) defects [12]. This combined COX deficiency and

preserved SDH activity in mitochondrial diseases is because of the

fact that mtDNA encodes for three important subunits of COX but no

subunits of SDH, which is entirely encoded by nuclear genes [13].

Therefore, muscle diseases because of mtDNA point mutations in

tRNA genes, large-scale rearrangements (deletions and duplications)

or mtDNA depletion (reduced mtDNA copy number) usually display

muscle fibres with COX deficiency and preserved SDH activity [14,

15].

On this background, we aimed to explore the presence of

mtDNA, mtRNA and proteins involved in the respiratory chain to

investigate the role of mtDNA for the observed COX deficiency in

juvenile and adult DM. The results demonstrate a clear complex I and

complex IV deficiency, associated with depletion of mtDNA and

mtDNA transcripts in the perifascicular regions with enzyme-

histochemical COX deficiency.

MATERIAL AND METHODS

Muscle samples

Archival muscle biopsy specimens from 12 patients with DM (5 juve-

niles, juvenile DM1-5; 7 adults, adult DM1-7) were selected based on

early DM with no or short treatment and the presence of marked defi-

ciency of COX in the perifascicular regions. Summary of patient data

is given in Table 1. All patients had muscle weakness, seven displayed

a typical skin rash and three had joint symptoms. Cancer was not

reported in any patient. No data on myositis-specific and myositis-

associated autoantibodies were available. Control skeletal muscle

specimens included muscle biopsy specimens from 14 individuals

(C1–14, age range 3–60 years) who had been investigated for a possi-

ble muscle disorder, but in whom the clinical and pathological investi-

gations excluded muscle disease (Table 2). Four disease control

skeletal muscle specimens (DC) were included (Table 2, DC1–4).

Three were from patients with mitochondrial myopathy, two of these

due to the “common” 4977 bp mtDNA deletion (m.8470–13,447) and

one caused by a mtDNA point mutation (m.5669G > A) in the tRNA

(Asn) gene (MT-TN). The fourth disease control was a biopsy from a

patient with IBM with typical multiple mtDNA deletions in muscle.

Open skeletal muscle biopsies were performed in all individuals. Spec-

imens were snap-frozen in isopentane cooled by liquid nitrogen and

stored at �80�C until analysed.

Enzyme and immunohistochemical analyses

Cryosections, 8-μm thick, were cut and mounted on Superfrost Plus

slides (J1800AMNZ, Thermo Scientific). Standard techniques were
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applied for enzyme histochemical analyses of COX, SDH and com-

bined COX-SDH [16]. For immunohistochemical studies of the mito-

chondrial respiratory chain complex, cryosections were fixed in 4%

formaldehyde at 4�C for 10 min, washed in Tris-buffered saline-

Tween 20 (TBS-T) for 10 min, permeabilised in a graded methanol

series (70% 10 min, 95% 10 min, 100% 20 min, 95% 10 min and 70%

10 min) and washed in TBS-T for 5 min. For the study of MHC-class I

(HLA-ABC), the cryosections were fixed with acetone. The tissue sec-

tions were processed in a Dako Autostainer using the EnVision FLEX

DAB+ Substrate Chromogen System kit and incubated with the fol-

lowing primary antibodies for 1 h: anti-NDUFB8 (complex I,

ab110242, Abcam, UK, 1:100), anti-SDHB (complex II, ab14714,

Abcam, 1:500), anti-MTCO1 (complex IV, ab14705, Abcam, 1:2000),

anti-VDAC1 (porin, a mitochondrial marker, ab14734, Abcam, 1:2000)

and anti-human HLA-ABC (M0736, clone W6/32, Dako, 1:1000).

These antibodies to subunits of complex I, II and IV of the respiratory

chain have been well characterised and demonstrated to be reliable

tools in studies on mitochondrial myopathies [17–19].

Analysis of mtDNA transcripts by in situ hybridisation

Because the mtDNA is transcribed as a single polycistronic precursor

RNA, we chose to investigate the overall presence of transcripts by

combining a probe for MT-ND1 transcripts (encoding NADH–

ubiquinone oxidoreductase chain 1) in the minor arc of mtDNA with a

probe for MT-ND4 transcripts (encoding NADH–ubiquinone oxidore-

ductase chain 4) in the major arc of mtDNA. In this way, we reduced

the influence of possible large-scale deletions on the results because

such deletions are located in either the minor or the major arc of

mtDNA. Cryosections, 10-μm thick, were mounted on Superfrost Plus

slides and included muscle biopsy specimens from two patients with

DM (one adult and one juvenile), one normal control and one mito-

chondrial disease control (with the “common” 4977 bp mtDNA dele-

tion). The analysis was performed by RNAscope technology

(Advanced Cell Diagnostics, Inc., Hayward, CA, USA) according to the

manufacturer’s protocol, including a chromogenic RNAscope 2.5 HD

Assay Brown-Hs (cat no. 322370), and RNAscope probes for MT-ND1

(RNAscope® Probe - Hs-MT-ND1; 7 ZZ-probe set targeting 3310–

4049 of NC_012920.1) and MT-ND4 (RNAscope® Probe - Hs-MT-

ND4; 20 ZZ-probe set targeting 10,953–12,135 of NC_012920.1).

Quantification of mtDNA by qPCR in COX-deficient
and COX-normal muscle fibres

To study if the relative amount of mtDNA was lower in COX-

deficient (COX�) regions compared to COX-normal (COX+) in the

same muscle sections, four groups of approximately 30 muscle

T AB L E 1 Summary of patients with dermatomyositis in this study at the time of diagnosis

Cases Sex
Age at biopsy
(y)

Duration of muscle
symptoms CK Muscle Extramuscular manifestations

Juvenile DM 1 M 4 6 mo Normal n/a Skin

2 M 6 n/a Normal Tibialis anterior Skin, joints

3 F 9 4 mo Elevated n/a Skin

4 M 12 3 mo Elevated Vastus lateralis Skin, fever, myocarditis

5 F 13 3 mo Elevated n/a Skin

Adult DM 1 F 36 1 mo n/a Tibialis anterior Skin, dysphagia, joints, Raynaud’s syndrome

2 M 37 n/a n/a Vastus lateralis Lung

3 F 40 3 mo Normal Biceps Joints, fatigue

4 M 47 2 mo Normal Tibialis anterior Skin

5 F 56 n/a n/a Deltoid Skin

6 F 60 1.5 y Normal Deltoid Skin, joints, fever

7 M 88 n/a Normal Deltoid Skin

M, male; F, female; y, year; mo, months; n/a, not available.

T AB L E 2 Summary of controls used in this study

C Sex Age at biopsy (y) C Sex Age at biopsy (y)

1 F 3 8 F 41

2 M 5 9 M 49

3 M 11 10 M 51

4 F 13 11 F 54

5 M 17 12 F 54

6 F 34 13 M 56

7 M 36 14 F 60

DC Sex Age at biopsy (y) Disease

1 F 29 mtDNA, single deletion

2 M 50 mtDNA, tRNA point mutation

3 M 69 Inclusion body myositis

4 F 30 mtDNA single deletion

C, control; F, female; M, Male; y, year; DC, disease control.
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fibres in each section, either COX+ or COX�, were isolated with a

tungsten needle from 16-μm thick cryosections from four patients

with DM after SDH staining. We used sequential cryosections with

combined COX-SDH staining as a reference to select the regions

of interest to be isolated; the brown fibres were regarded as

COX+, the blue fibres were regarded as COX�. Quantitative PCR

analysis was performed as previously described [15, 20]. Briefly,

the nuclear gene CCR5 was selected to serve as the nuclear

genome control, and the Hs99999149_s1 primer/probe set was

used (TaqMan Gene Expression Assays; Life Technologies, Carlsbad,

CA, USA). mtDNA primers (forward nt 3782–3806 and reverse nt

3846–3826) and a FAM-labelled probe (nt 3808–3824) were cho-

sen from the ND1 region, a region that is rarely deleted. The

mtDNA copy number was determined by the mtDNA/nDNA ratio.

The relative mtDNA levels in COX� and COX+ regions were then

compared.

Analysis of mtDNA by deep sequencing

To investigate the overall mtDNA copy number, presence of mtDNA

rearrangements and mtDNA single-nucleotide polymorphisms (SNPs),

total genomic DNA was isolated from the muscle biopsy specimens

from two patients with juvenile DM, two patients with adult DM

(Table 1) and 14 controls (C1–14) (Table 2) using standard protocols.

DNA was subjected to whole genome sequencing (WGS) using the

TruSeq™ PCR-Free library preparation kit (Illumina, San Diego, CA,

USA), and the Illumina’s HiSeq X platform was used for sequencing

(Illumina, San Diego, CA, USA).

To identify mtDNA copy number, large mtDNA deletions and

duplications, we applied the MitoSAlt pipeline, and the paired-end

reads from the WGS were aligned as previously described [21].

Gapped alignments, indicative of deletions/duplications, were clus-

tered and visualised as described [22]. A deletion or duplication was

considered only if it was supported by five sequencing reads with a

minimum heteroplasmy level of 0.01%. Heteroplasmy levels for indi-

vidual deletions and duplications were estimated by comparing the

number of reads supporting the corresponding breakpoints to the

total number of reads overlapping the breakpoints (including wild

type).

Analysis of mtDNA copy number in relation to nuclear DNA was

estimated as previously described: mtDNA copy

number = mitochondrial genome coverage � 2/nuclear genome cov-

erage [23]. To identify somatic mtDNA SNPs, the paired-end reads

from the WGS were aligned to the reference genome (hg19) using the

CLC Biomedical Genomics workbench (Qiagen). The data were ana-

lysed using Ingenuity Variant Analysis (www.ingenuity.com/products/

variant-analysis) (Qiagen). A level of at least 1% heteroplasmy was set

to exclude sequencing errors and below 20% to exclude most of the

inherited variants, which are frequently homoplasmic or show a high

heteroplasmy level.

RESULTS

In order to get insights into the molecular pathobiology explaining the

COX deficiency in the peripheral parts of the muscle fascicles in DM,

we combined DNA, RNA and protein analyses.

F I GU R E 1 Perifascicular atrophy and COX deficiency (A and B) and upregulation of MHC-class I (D and E) in juvenile (juvenile DM5) and
adult (adult DM4) DM. Serial sections demonstrate COX deficiency (blue fibres) in the same regions as upregulation of MHC-class I is seen. In the
control, there is no perifascicular atrophy or COX deficiency (C) and no expression of MHC-class I in muscle fibres (F). Bar = 250 μm
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Combined complex I and IV OXPHOS deficiency
in DM

As part of the inclusion criteria, all twelve cases of DM showed

profound enzyme histochemical COX deficiency in the perifascicu-

lar regions of the muscle biopsies (Figure 1). These regions also

showed an upregulation of MHC-class I, indicating an association

between inflammation and COX deficiency (Figure 1). Immunohis-

tochemical analysis of complex I and IV subunits showed markedly

reduced expression in the perifascicular regions with low COX

enzymatic activity (Figure 2, left panel). In line with the preserved

SDH activity, no deficiency of complex II was identified (Figure 2,

left panel). There was no loss of mitochondria in the perifascicular

regions, as shown by normal presence of the mitochondrial marker

VDAC1. A combined complex I and IV (COX) deficiency with pre-

served complex II (SDH) activity in muscle fibres was also seen in

mitochondrial myopathy disease controls, such as the tRNA (Asn)

m.5669G > A point mutation and the “common” large-scale

mtDNA deletion involving several tRNA genes (Figure 2, right

panel).

Depletion of mtDNA transcripts in COX-deficient
perifascicular regions in DM

Because there was a reduced expression of the partly mtDNA

encoded enzyme complexes I and IV in the respiratory chain, we ana-

lysed the level of mtDNA transcripts in the same perifascicular regions

in muscle biopsies by in situ hybridisation. The analysis, which included

a combination of probes targeting MT-ND1 and MT-ND4, demon-

strated reduced numbers of mitochondrial transcripts in perifascicular

regions corresponding to the regions that showed low expression of

complex IV but preserved expression of complex II (Figure 3). To vali-

date the in situ hybridisation assay, we analysed muscle tissue from a

normal control and a patient with a single mtDNA deletion (Figure 4).

The signal from combined ND1/ND4 probes corresponded as

expected to the overall amount of mitochondria in each fibre as seen

in normal muscle (Figure 4D) and mitochondrial myopathy muscle

(Figure 4E). When using only the MT-ND4 probe (ND4) corresponding

to the deleted part of mtDNA, the signal was profoundly reduced in

COX deficient fibres confirming that the in situ hybridisation assay

reflects the number of mtDNA transcripts (Figure 4F).

F I GU R E 2 Enzyme and
immunohistochemical assays of
skeletal muscle biopsy in patients
with DM (left panels, juvenile
DM5 and adult DM3), a normal
control (middle panel), and two
patients with mitochondrial
myopathy as disease controls
(right panels: mtDNA deletion
(m.8470–13,447) and mtDNA
point mutation (MT-TN,
m.5669G > A). Each case panel
consists of enzyme-
histochemistry of COX and
immunohistochemistry of
mitochondrial respiratory chain
complex I subunit NDUFB8,
complex II subunit SDHB,
complex IV subunit MTCO1 and
the mitochondrial marker VDAC1.
In patients with DM, there is a
combined deficiency of
complexes I and IV in the
perifascicular regions with COX
deficiency. Due to mtDNA
mutations, there is combined
complex I and complex IV
deficiency in the COX deficient
fibres in mitochondrial myopathy.
Bar = 250 μm
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Depletion of mitochondrial DNA in DM

To investigate if the reduced levels of transcripts, shown by in situ

hybridisation, are associated with mtDNA depletion in the same

regions, we isolated skeletal muscle fibres and estimated the amount

of mtDNA by applying qPCR. We then compared COX� with COX+

fibres in two adult and two juvenile cases of DM. The analysis showed

a reduced amount of mtDNA in COX� compared to COX+ fibres

F I GU R E 3 Serial sections of
a muscle biopsy from a juvenile
patient with DM (juvenile DM5)
showing deficiency of complex IV
but not complex II in the
perifascicular regions where in
situ hybridisation demonstrates
the depletion of mtDNA
transcripts. (A) Enzyme
histochemistry of complex
IV. (B) Immunohistochemistry of
complex II subunit SDHB. (c) In
situ hybridisation of mtDNA
transcripts with probes ND1 and
ND4. (D) A schematic drawing of
the mtDNA genome with the
locations of the ND1 and ND4
probes marked in red.
Bar = 200 μm

F I GU R E 4 Enzyme histochemical and RNA in situ hybridisation assays of skeletal muscle biopsy. Enzyme histochemistry of COX/SDH in the
normal control (A) and the disease control (B) and COX in the disease control (C). In COX/SDH staining, the blue fibres indicate COX deficiency.
Figures 4D–H show RNA in situ hybridisation assay with either a combination of probes targetingMT-ND1 (ND1, m.3310–4049) and MT-ND4
(ND4, m.10953–12,135), or only the ND4 probe. The combination of both probes (ND1/ND4) shows that the number of transcripts corresponds
to the number of mitochondria both in control (A and D) and a disease control (B and E). The mtDNA deletion (m.8470–13,447) causes depletion
of mtDNA corresponding to the ND4 probe and therefore, depletion of the corresponding mtDNA transcripts (F). Control = Normal control.
Mitochondrial myopathy = disease control (DC1) with the single 4977 bp “common” deletion in mtDNA. Black stars indicate COX-positive
muscle fibres and red dots indicate COX-deficient fibres. Bar = 250 μm
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(p < 0.05) (Figure 5A). To investigate whether there was an overall

reduction of mtDNA, we applied deep sequencing of skeletal muscle

DNA, followed by bioinformatics analysis. Detailed characterisation of

mtDNA in muscle samples from four patients (two juveniles and two

adults) with DM and 14 age-matched controls (five juveniles and nine

adults) was performed. A mean coverage of 43,000� (range 17,000–

63,000) in the patients and 127,000� (range 75,000–230,000) in con-

trols was obtained for mtDNA. Estimations of mtDNA copy number

F I GU R E 5 Analysis of mtDNA in muscle biopsy specimens from patients with juvenile and adult DM and controls. (A) Quantitative PCR
analysis showing a relatively lower amount of mtDNA in COX-deficient (COX�) compared to COX-normal (COX+) muscle fibres in two juvenile
(juvenile DM2 and juvenile DM5) and two adult (adult DM3 and adult DM5) patients with DM. Columns show mean fold change and standard
deviation. The difference between COX� and COX+ samples was verified by two-sample t test, **p < 0.05. Columns show median, quartiles and
range. (B) mtDNA copy number in relation to nuclear DNA in two juvenile patients with DM (juvenile DM2 and juvenile DM5) and two adult
patients with DM (adult DM3 and adult DM5), and age-matched controls (C1–14) analysed by deep sequencing showing lower amount of
mtDNA copy number in patients with DM compared to controls. The difference between DM and control samples was verified by two-sample t
test, ***p < 0.001. Columns show median, quartiles and range. (C) Analysis of mtDNA rearrangements (deletions blue and duplications red) in two
patients with DM, one juvenile (juvenile DM5) and one adult (adult DM3), in normal controls, and in two disease controls (one with multiple
mtDNA deletions [DC3] and one with a single mtDNA deletion [DC4])
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revealed a significantly reduced amount of mtDNA in the DM muscles

(p < 0.001) with a mean of 2169 mtDNA copies per 1 nuclear DNA

copy (range 889–3032) compared to controls with a mean of 6590

(range 3672–9706) (Figure 5B).

Very low numbers of large-scale mtDNA deletions or duplications

(<0.5%) were identified in DM muscles and not different from controls

at a stringent clustering threshold of a minimum five reads supporting

a breakpoint (Figure 5C). This may be compared to the results from

mtDNA analysis of muscle tissue from a patient with IBM showing

the typical presence of multiple mtDNA deletions and a patient with a

single mtDNA deletion (Figure 5C). Analysis of small somatic mtDNA

variants such as single-nucleotide variants and small insertions or

deletions in coding regions showed a similar pattern with no or few

variants as in controls (data not shown).

DISCUSSION

Mitochondrial dysfunction plays an important role in muscle weakness

and fatigue in DM, because patients show a reduced aerobic capacity

and there is histopathological and biochemical evidence of OXPHOS

dysfunction mainly affecting perifascicular regions [5, 7–9, 24].

Although the mitochondrial impairment is well established, the reason

for the respiratory chain dysfunction has remained unclear. To study

the role of mtDNA in the pathobiology of OXPHOS deficiency in DM,

we investigated the respiratory chain enzyme complexes in muscle

biopsy specimens from patients with juvenile and adult DM. We

found that the respiratory chain complexes I and IV, which contain

mtDNA encoded subunits, were deficient in perifascicular regions,

whereas the entirely nuclear encoded complex II was unaltered in par-

allel with an unchanged mitochondrial density. This finding strongly

indicates defective mtDNA since this pattern of combined complex I

and complex IV deficiency with preserved complex II activity is typical

for myopathies due to mtDNA deletions, mitochondrial tRNA gene

mutations or mtDNA depletion, because these conditions cause an

overall perturbed protein synthesis of mtDNA encoded proteins [17,

18]. To explore the hypothesis that mtDNA depletion is the cause of

the complex I and complex IV deficiency, we analysed mtDNA tran-

scripts by in situ hybridisation. This technique allows for a comparison

between different single muscle fibres regarding the number of tran-

scripts, enzyme activity and protein expression in the same fibres in

consecutive sections. We found that mtDNA transcripts were

reduced in the perifascicular regions that showed decreased COX

activity and reduced complex I and complex IV proteins, indicating

mtDNA depletion in these perifascicular regions. To further prove the

mtDNA depletion hypothesis, we performed two different mtDNA

analyses. First, we analysed the mtDNA copy number by comparing

COX deficient fibres with COX positive fibres by qPCR analysis and

found a lower copy number of mtDNA in the COX deficient fibres

indicating mtDNA depletion. Second, we analysed, by deep sequenc-

ing, the overall amount of mtDNA and presence of point mutations or

large-scale rearrangements of mtDNA in the muscle specimens from

patients with DM and age matched controls. We found a significant

reduction of mtDNA copy number in patients with DM. No increase

in somatic point mutations or large-scale rearrangements were found.

These different investigations clearly demonstrate that respiratory

chain deficiency in patients with DM is associated with mtDNA and

mtRNA depletion.

The mtDNA and mtRNA depletion in muscle is apparently part of

the pathobiology of mitochondrial dysfunction in both juvenile and

adult DM. Depletion of mtDNA is associated with a variety of genetic

disorders collectively known as mitochondrial DNA depletion syn-

drome (MDS) [25]. These disorders are caused by defective mtDNA

maintenance implying defects in mtDNA replication [26]. Common

examples are disease-causing variants in mitochondrial polymerase

gamma, the mtDNA helicase twinkle or deficiency of mtDNA building

blocks, for example, secondary to thymidine kinase 2 (TK2) deficiency.

The roles of these proteins and others that are involved in mtDNA

replication for the mtDNA depletion observed in muscle biopsies from

patients with DM remain to be determined [27]. Depletion of mtDNA

is also seen in another type of inflammatory myopathy, IBM, support-

ing the concept that muscle inflammation may affect mtDNA replica-

tion [22]. However, the explanation for OXPHOS deficiency in IBM

muscle, in addition to mtDNA depletion, is multiple mtDNA deletions

that are clonally expanded in muscle fibre segments [28, 29]. Such

multiple mtDNA deletions do not explain the respiratory chain defi-

ciency in DM because the amount of large-scale mtDNA rearrange-

ments in muscle from patients with DM did not differ from controls.

The reduced mtDNA copy number in muscle from patients with

DM shows a similar perifascicular distribution as the MHC-class I

upregulation, indicating a link between the inflammation in DM mus-

cle and an impaired mtDNA replication. The accentuated inflammation

in perifascicular regions in DM is associated with high levels of differ-

ent cytokines, deposition of complement complex C5b-9, loss of capil-

laries and presumably regional ischaemia [6, 30]. By combining in vivo

and in vitro studies on humans with DM and experimental myositis in

mice, Meyer et al. [5] suggested that INF-ß-induced reactive oxygen

species (ROS) are major players in the OXPHOS deficiency. They

showed that mitochondrial respiration was reduced in human myo-

tubes in vitro after exposure to INF-ß, which was reversible after the

addition of the ROS scavenger N-acetyl cysteine. However, these

experiments do not explain the mtDNA depletion that is associated

with and at least partly causing the respiratory chain dysfunction in

humans with DM. In a murine model of inflammation-induced colon

tumourigenesis with mtDNA depletion, the suggested mechanism was

reduced replication of mtDNA by inflammation-induced DNA methyl-

ation and silencing of the mtDNA polymerase (PolγA) [31]. Further

research on the biological mechanisms that explain the link between

inflammation and mtDNA depletion will be important for understand-

ing the pathobiology of muscle weakness in patients with DM and

development of novel treatment strategies.

This study was designed to investigate the pathobiology of the

COX deficiency, which is frequently present in patients with DM and

usually shows a perifascicular distribution. Therefore, we selected

patients with this specific change in their muscle biopsies. Because

we used archival material, we did not have the possibility to correlate
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our findings with subtypes of DM as defined by different auto-

antibody profiles [3]. However, in a recent study, several different

subtypes of DM were associated with mitochondrial dysfunction indi-

cating that it is not auto-antibody specific [5]. These questions may be

further analysed in a prospective study.

CONCLUSION

We have investigated the pathobiology of the COX deficiency that is

seen in many cases of juvenile and adult DM. It is characteristically

seen in the perifascicular regions in the muscle tissue that also show

other typical alterations such as MHC-class I upregulation, muscle

fibre atrophy and capillary loss. We found a reduced mtDNA copy

number corresponding to reduced levels of mitochondrial transcripts

and respiratory chain proteins involved in the partly mtDNA encoded

complexes I and IV, but not those involved in the entirely nuclear

DNA encoded complex II. The mtDNA depletion may be explained by

perturbed mtDNA replication, and therefore, mechanisms leading to

impaired mtDNA replication in patients with DM warrant further

investigations.
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