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Abstract

Objectives: To elucidate mechanisms contributing to skeletal muscle calcinosis in patients with 

juvenile dermatomyositis.

Methods: A well-characterized cohorts of JDM (n = 68), disease controls (polymyositis, n = 7; 

juvenile SLE, n = 10, and RNP + overlap syndrome, n = 12), and age-matched health controls 

(n = 17) were analyzed for circulating levels of mitochondrial (mt) markers including mtDNA, 

mt-nd6, and anti-mitochondrial antibodies (AMAs) using standard qPCR, ELISA, and novel-in-

house assays, respectively. Mitochondrial calcification of affected tissue biopsies was confirmed 
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using electron microscopy and energy dispersive X-ray analysis. A human skeletal muscle cell 

line, RH30, was used to generate an in vitro calcification model. Intracellular calcification is 

measured by flow cytometry and microscopy. Mitochondria were assessed for mtROS production 

and membrane potential by flow cytometry and real-time oxygen consumption rate by Seahorse 

bioanalyzer. Inflammation (interferon-stimulated genes) was measured by qPCR.

Results: In the current study, patients with JDM exhibited elevated levels of mitochondrial 

markers associated with muscle damage and calcinosis. Of particular interest are AMAs predictive 

of calcinosis. Human skeletal muscle cells undergo time- and dose-dependent accumulation 

of calcium phosphate salts with preferential localization to mitochondria. Calcification renders 

skeletal muscle cells mitochondria stressed, dysfunctional, destabilized, and interferogenic. 

Further, we report that inflammation induced by interferon-alpha amplifies mitochondrial 

calcification of human skeletal muscle cells via the generation of mitochondrial reactive oxygen 

species (mtROS).

Conclusions: Overall, our study demonstrates the mitochondrial involvement in the skeletal 

muscle pathology and calcinosis of JDM and mtROS as a central player in the calcification of 

human skeletal muscle cells. Therapeutic targeting of mtROS and/or upstream inducers, such 

as inflammation, may alleviate mitochondrial dysfunction, leading to calcinosis. AMAs can 

potentially identify patients with JDM at risk for developing calcinosis.
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1. Introduction

Juvenile dermatomyositis (JDM), a systemic vasculopathy, is the most common 

inflammatory myopathy of childhood, with an incidence of 3.2 cases/per million children/

year in the United States [1]. Proximal muscle weakness, raised serum concentrations of 

muscle enzymes, and pathognomonic skin rash characterize the disease [2].

One of the debilitating consequences of JDM is calcinosis, the accumulation of calcium 

salt crystals in soft tissues like skeletal muscle, skin, and blood vessels, reported in 30% 

of JDM patients [3]. Calcification contributes to the substantial morbidity of JDM, causing 

severe pain, cutaneous ulcerations, secondary infections, and joint contractures that may lead 

to severe disability [4]. Pathological calcified deposits in JDM, although similar to bone 

in composition, are distinct in having a high mineral-to-matrix ratio, suggesting different 

mechanisms of mineralization in JDM and bone [5]. The mineral primarily observed in JDM 

samples is bone-like hydroxyapatite (HA) [6]. The type of calcification seen in JDM is 

dystrophic, which by definition occurs in necrotic or degenerated tissues while the systemic 

calcium and phosphorous levels are normal [4]. Accordingly, calcific lesions in patients with 

JDM often occur at pressure points of daily trauma [7] and do not regress with calcium 

depletion therapy or modulators of calcium/phosphate metabolism [8]. Some mechanisms 

of insoluble calcium phosphate depositions in JDM include inflammation and an imbalance 

between promoters and inhibitors of mineralization [8]. Calcinosis is frequently seen in 
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JDM children who have the pro-inflammatory TNF-α-308 promoter allele or children 

with persistent cutaneous inflammation, untreated disease of long duration, or chronic 

symptoms [4,9]. There is emerging evidence that early institution of immunosuppressive 

therapy may prevent the development and progression of calcinosis in children [8]. However, 

the mechanistic insights into the relationship between inflammation and pathological 

calcification remains unexplored. If discovered, they could lead to the development of 

novel therapies for calcinosis and the identification of biomarkers required for disease 

management.

Mitochondria, known for their remarkable calcium uptake and storage abilities, play 

a crucial role in maintaining cellular calcium homeostasis by scavenging excessive 

cytosolic calcium as calcium phosphate crystals [10]. Mitochondria mediate the biological 

mineralization process in bone [11]. Mitochondrial oxidative stress induced by LPS-

mediated inflammation was shown to cause mitochondrial calcium overload even in baseline 

cytosolic calcium levels in vascular endothelial cells [12]. Hence, we reasoned that studying 

mitochondrial calcium dynamics in inflammatory conditions could provide insights into the 

mechanistic link between inflammation and pathologic calcification, particularly in skeletal 

muscle.

In the current study, by utilizing electron microscopy and energy dispersive X-ray analysis, 

we demonstrate calcified mitochondria intracellularly in the patient muscle cell, and in 

the extracellular space, presumed as being released from damaged/dying muscle tissue. 

Consistently, analysis of clinical samples demonstrated that patients with JDM have elevated 

levels circulating mitochondrial markers. Anti-mitochondrial antibodies were predictive of 

calcinosis. In an in vitro model of calcification, we report a novel mechanism of calcification 

in skeletal muscle cells mediated by mtROS downstream of the inflammatory influence 

of (IFN-α). Calcification in calcifying skeletal muscle cells was further shown to mediate 

cGAS-STING-dependent type I IFN responses, thus generating a positive feedback loop of 

calcification and inflammation in skeletal muscle and establishing muscle as a source of 

type I IFN. Our findings suggest that therapeutic agents targeting mtROS and/or upstream 

mediators of mtROS induction, such as type I interferons (IFNs) may prevent mitochondrial 

impairment and subsequent mitochondrial calcification/extrusion in skeletal muscle cells, 

reducing calcinosis.

2. Materials and methods

2.1. Human subjects and ethics approval

Children with JDM (n = 68), healthy controls (n = 16), and age-matched disease 

controls (n = 29) were included in the study after age-appropriate informed consent was 

obtained (Institutional Review Board #2008–13457, and #2001–11715; #2010–14117 as 

a consent IRB). For patient characteristics, see Table 1; information on disease controls 

is given in Supplementary Table 1. Myositis-specific autoantibodies were assessed at the 

Oklahoma Medical Research Foundation Clinical Immunology Laboratory. Calcifications 

were confirmed by radiography or computed tomography. Disease activity score (DAS) were 

obtained at the time of the physical examination [13]. Diagnostic criteria for patients include 

Bohan and Peter classification criteria for polymyositis and dermatomyositis diagnosis 
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[14,15], American College of Rheumatology diagnostic criteria for SLE [16], Myositis 

Specific Antibodies (MSA) were assayed using Oklahoma Medical Research Foundation 

Myositis panel, OMRF panel [17,18].

2.2. Electron microscopy

Tissue samples were preserved in 2% paraformaldehyde and 0.5% glutaraldehyde in 0.05 M 

cacodylate buffer (pH 7.4) at 4 °C for 4–18 h. Following fixation, the tissues were treated 

with reduced osmium tetroxide followed by dehydration in ethyl alcohol. The Spurr’s resin 

(Electron Microscopy Sciences) was prepared and mixed 1:1 with propylene oxide and 

incubated overnight on a rotator. A change of Spurr’s resin:propylene oxide at 3:1 was 

made, and samples were infiltrated overnight. The final embedding was completed in pure 

Spurr’s resin (hard mixture) for 12–18 h and polymerized at 60 °C. Embedded samples 

were thin-sectioned (60–80 nm thickness) for electron microscopy using a diamond knife 

(Diatome) on a Reichert Ultracut E and analyzed using a Philips CM-12 transmission 

electron microscope at 80 kV accelerating voltage. Mineral crystal size and arrangement 

were studied by tilting the specimen stage through 0–20° of tilt and/or by darkfield imaging 

[19]. Individual crystals could be measured in the darkfield mode and by using the 002-

diffraction line from selected-area diffraction.

2.3. Energy dispersive X-ray (EDAX) method for calcium content analysis

JDM muscle fibers previously identified on diagnostic MRI were preserved in 2% 

glutaraldehyde buffered to pH 7.4 in sodium cacodylate buffer. Samples were processed 

for transmission electron microscopy after polymerization in EPON resin, and thin sections 

were placed on copper grids. Each sample section was exposed to electron beam currents 

variable from 50 to 100 Kilovoltage (KV) to generate X-rays from the sample to be collected 

by the Energy Dispersive X-ray (EDAX) [20] detector within the microscope column. 

The same specimen was photographed to identify the crystalline particle size and shape 

within the mitochondria. Different magnifications were used to determine which beam 

intensity provided the most reliable signal intensity. The final analysis was done at 10,000× 

magnification. EDAX analysis was done on 25 to 50 mitochondria to obtain significant data 

for analysis. Relative osmium content represented by Os (Osmium) label measures lipid 

content, K line measures the total protein content under, which relates to tissue content and 

thickness, and calcium content is represented by K alpha.

2.4. Cell culturing

A rhabdomyosarcoma cell line, RH30 (SJCRH30) was obtained from the American Type 

Culture Collection and maintained at 37 °C and 5% CO2 incubator in complete growth 

medium composed of RPMI-1640 medium (Invitrogen) supplemented with 10% fetal bovine 

serum, 1X penicillin/streptomycin and 1 mM glutamine [21]. At 80–90% confluency, 

cellswere routinely subcultured using 0.25% trypsin, 0.03% EDTA to detach cells.

2.5. In vitro induction of calcification

RH30 cells are cultured in 24-well tissue culture plate at the concentration of 200,000 

cells per well and allowed to adhere overnight (o/n) before o/n treatment with complete 
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growth medium supplemented with following concentrations of CaCl2 and Na3PO4: Very 

Low CaP: 0.7575 mM CaCl2 and 5.63 mM Na3PO4, Low CaP: 1.095 mM CaCl2 and 6.13 

mM Na3PO4; Moderate CaP: 1.77 mM CaCl2 and 6.63 mM Na3PO4 for different time 

points. Different reagents used in calcification experiments include Ru360 (557,440, Sigma-

Aldrich), Antimycin A (A8674, Sigma-Aldrich), Carbonyl cyanide 4-(trifluoromethoxy) 

phenyl-hydrazone Ready Made Solution, FCCP (SML2959, Sigma-Aldrich), Universal Type 

I IFN Protein (Recombinant Human IFN-alpha A/D [BglII]), 11,200–1, R&D systems), 

H-151 (inh-h151, InvivoGen), and VBIT-4 (S3544, Selleckchem).

2.6. Flow cytometry analysis of calcification (hydroxyapatite complexes)

Formation of hydroxyapatite complexes is quantified by using OsteoImage™ Mineralization 

Assay (Lonza, PA-1503) following manufacturer’s instructions except that stained cells 

are analyzed by flow cytometry. Briefly, following CaP treatment, trypsinized cells 

from each treatment well are transferred into a U-bottomed 96-well plate for staining. 

Staining procedure involves fixation with 2% paraformaldehyde (PFA) for 20 min at room 

temperature (RT) followed by wash with osteowash buffer (1X in ddH2O) and staining 

with OsteoImage (1:100) in dark for 30 min at RT followed by three washes with 5 min 

incubation in between. Hydroxyapatite complexes are quantified by flow cytometry.

2.7. Microscopy analysis of calcification (hydroxyapatite complexes)

For microscopy analysis, RH30 cells are seeded on Ibidi μ-slide 8 well (Ibidi GmbH, 

Germany) plates at a density of 25,000 cells/well and incubated o/n to allow for cell 

adherence and followed by o/n treatment with CaP medium (1.77 mM CaCl2 and 6.63 mM 

Na3PO4). For staining, cells are fixed by incubating 20 min with 4% paraformaldehyde at 

RT, followed by 1 h treatment with permeabilization buffer (0.03% Triton™ X-100 diluted 

in 1X PBS with 7.5% normal goat serum). Following permeabilization cells are stained with 

Anti-TOM22 antibody (Tom22, Miltenyi Biotec 130–124-256) at a final concentration of 

0.5 μg/ml, followed by 2x washes with osteowash buffer and staining with OsteoImage™ 

(1:100) as per the manufacturer’s instructions. In the last step, cells are stained with DAPI 

(1:1000) diluted in 1X osteowash buffer. Note that OsteoImage™ is incompatible with 

PBS and hence all cells are resuspended in osteowash buffer for imaging with confocal 

microscopy. Images were taken on a Leica SP8X confocal microscope in the W. M. Keck 

Microscopy Center, University of Washington. Three channels were used to look at DAPI, 

TOM22 Antibody, anti-human/mouse, APC (130–124-256, clone 1C9–2 Miltenyi Biotech 

Inc.), and OsteoImage, FITC (Lonza, PA-1503). Z stacks were taken of samples using the 

highest resolution lighting settings, a 63X oil immersion objective, zoom factor 2, and a 

0.5 pin hole. Images were further processed with lightning deconvolution software and then 

each channel was converted to TIFF files in Fiji. Post-imaging processing was performed 

using ImageJ software (https://imagej.nih.gov/ij/index.html).

2.8. RNAi-mediated MICU1 knockdown

Lentivirus production and infection are performed following the reported detailed protocol 

[22]. Briefly, RH30 cells were plated in 75 cm flasks in 15 ml of complete growth 

media. 5 ml of the media was removed the next day and cells were incubated with 5 

ml of lentivirus for expression of control shLacZ (TRCN0000072237) and two shMICU1 
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(TRCN0000053368 and TRCN0000053370), in the presence of 10 μg/ml polybrene for 

6 h. Media was refreshed after 6 h. Cells were split two days later and selected with 2 

μg/ml puromycin. MICU1 knockdown was confirmed by western blotting. HSP60 antibody: 

Cell Signaling Technology #12165; MICU1 antibody: MyBioSource #MBS9400198; MCU 

antibody: Cell Signaling Technology # 14,997.

2.9. Western blot

20 μg of protein from each sample was loaded on a 4–12% Bolt Bis-Tris gel (Thermo 

Fisher Scientific #NW04125BOX), samples were run using Bolt MES SDS running buffer 

(Thermo Fisher Scientific #B0002). Proteins were transferred to Trans-Blot Turbo Mini 

PVDF membranes (BioRad #1704156) using the mix transfer setting of a Trans-Blot Turbo 

Transfer System. Membranes were blocked with 5% milk prepared in TBST for an hour at 

RT. Antibodies were diluted 1:2000 in 5% milk in TBST and incubated overnight at 4 °C. 

HRP-conjugated secondary antibodies were used at 1:10,000 dilution in 5% milk in TBST 

and protein bands were imaged using Clarity Max ECL Substrate (BioRad #1705062) and 

an iBrighty Imaging system.

2.10. Mitochondrial isolation and purity check

Cells (RH30, HepG2), grown until 80% confluency, were resuspended in homogenization 

buffer (210 mM mannitol, 70 mM sucrose, 5 mM Tris-HCl pH 7.5, and 1 mM EDTA) prior 

to homogenization using Dounce homogenizer. The homogenized sample was centrifuged 

twice at 700 g for 10 min at 4 °C to remove cellular debris, followed by pelleting of 

mitochondria at 3,000 g for 10 min at 4 °C. Isolated mitochondria were treated with DNase 

(200 μg/ml, Millipore) for 60 min at 37 °C prior to analysis for purity by flow cytometry 

staining with MitoTracker Red CMXRos (ThermoFisher, diluted 1:4000), MitoView 

Green (Biotium, diluted 1:2000), anti-cardiolipin (diluted 1:100), and APC-conjugated anti-

TOM22 antibodies (Miltenyi Biotech, diluted 1:10). Cardiolipin antibodies were detected 

using a FITC-conjugated polyclonal goat anti-human IgG antibody (diluted 1:100, Jackson 

Immunoresearch). Isolated mitochondria were used for downstream applications within 24 

h.

2.11. Mitochondrial ROS and membrane potential measurement

mtROS analysis of RH30 cells was done using MitoSOX™ Red Mitochondrial Superoxide 

Indicator (mitoSOX) (Invitrogen™, M36008). Briefly, adhered RH30 cells were cultured in 

complete RPMI medium supplemented with or without CaCl2 and Na3PO4 for 4 h following 

which trypsinized cells from each treatment well are transferred into a U-bottomed 96-well 

plate for staining with mitoSOX (5 μM in warm 1X PBS) for 30 min at 37 °C and analysis 

by flow cytometry. Membrane potential is analyzed by MitoTracker Red CMXRos. Briefly, 

cultured, treated and trypsinized RH30 cells are stained with 250 nM of MitoTracker Red 

CMXRos (ThermoFisher, diluted 1:4000) for 20 min at 37 °C and 5% CO2 incubator 

followed by 2X washes in warm 1X PBS and analysis by flow cytometry.
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2.12. Viability analysis (flow cytometry)

Viability analysis was done using APC-conjugated Annexin V (Biolegend Cat. No. 640920 

and propidium iodide (Miltenyi Biotec Cat. No. 130–093-233). Briefly, adhered RH30 cells 

following trypsinization are transferred into a U-bottomed 96-well plate for staining. Cells 

are stained for 20 min at room temperature with APC-conjugated Annexin V (Biolegend cat 

# 640,920; 1:100 dilution) and propidium iodide (Miltenyi Biotec cat# 130–093-233; 1:100 

dilution) diluted in Annexin V Binding Buffer (Cat. No. 422201) followed by 2X washes in 

warm Annexin V Binding Buffer and analysis by flow cytometry.

2.13. Oxygen consumption rate (OCR)

OCR in RH30 cells is measured with a Seahorse XF24 analyzer. RH30 cells (200,000 

cells/well) cultured in complete RPMI medium supplemented with or without CaCl2 and 

Na3PO4 for 24 h are transferred to Seahorse XF24 plate (75,000 cells/well) and let to adhere 

for 6 h in the complete RPMI medium without CaP. Before the experiment, media was 

switched to pre-warmed Seahorse XF base medium (1 mM pyruvate, 2 mM glutamine, 

and 1 mg/ml glucose, pH to 7.4) for 1 h. OCRs were determined over 3-min increments 

that include a 3 min mixing step, a 30 s wait period, followed by a 3 min respiration 

measurement. Three measures of basal OCR were recorded before the sequential addition 

of the following compounds, each followed by three measurements of OCR: oligomycin (5 

μM), carbonilcyanide p-triflouromethoxy phenylhydrazone (FCCP, 4.5 μM), and rotenone/

antimycin A (1 μM each) phases of the mitochondrial stress test.

2.14. Metabolite profiling by LC-MS

Cell pellets collected from RH30 cells cultured in complete RPMI medium supplemented 

with or without CaCl2 and Na3PO4 for 24 h were subjected to metabolite profiling using 

targeted LC-MS metabolite analysis performed on a duplex-LC-MS system, at University of 

Washington’s Northwest Metabolomics Research Center (Seattle, Washington, US) [23]. 

Data analysis and over representative analysis (ORA) is performed in MetaboAnalyst 

version 5.0 (https://www.metaboanalyst.ca/) and volcano plot is drawn using VolcaNoseR 

web app [24].

2.15. mtDNA analysis

The StepOnePlus™ Real-Time PCR System was used to perform quantitative 

PCR. Primer sequences for mitochondrial gene, Cytochrome c oxidase subunit 

II, Cox II, Forward: 5′-CCCCACATTAGGCTTAAAAACAGAT-3′, Reverse: 5′-

TATACCCCCGGTCGTGTAGC-3′) [25] targets were reported previously. PCR reaction 

was set up in a volume of 20 μL that had 1X final of Power SYBR Green PCR Master Mix, 

one pair of primers directed against nuclear or mitochondrial genes at a final concentration 

of 100 nM, 5 μL of supernatants and 3 μL of PCR-grade water. Each PCR reaction was 

set up at the following thermoprofile: incubation for 2 min at 50 °C, followed by a first 

denaturation step of 10 min at 95 °C and 40 cycles of 95 °C for 15 s, 55 °C (COXII) for 1 

min; and 60 °C for 1 min. Absolute quantification of gene targets is derived from standard 

curve built by serial dilutions of synthesized nuclear and mitochondrial genes. In each run, 
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non-template negative controls were also included. Post-amplification melting curve analysis 

was performed to confirm the specificity of the amplification.

2.16. Quantification of ISG gene expression

RH30 cells were lysed, and RNA was extracted using Zymo Quick-RNA Whole Blood 

(cat# R1201; Zymo Research, Irvine, CA) following a protocol meant to isolate RNA 

from cells, and cDNA was prepared using the High-Capacity cDNA Reverse Transcription 

Kit for qRT-PCR (cat# 4368814; Applied Biosystems™). qRT-PCR was performed on the 

StepOnePlus™ Real-Time PCR System with Power SYBR™ Green PCR Master Mix (cat# 

4367659; Applied Biosystems™) with a template cDNA of 3 ng/μL. Gapdh was used as 

the housekeeping gene and the media treated condition Ct was used in the delta-delta 

calculations for the determination of the fold gene expression. The following primers were 

used: Human ISG15 (Forward: 5′-GAG AGG CAG CGA ACT CAT CT-3’; Reverse: 5′-

CTT CAG CTC TGA CAC CGA CA-3′), Human IFI44L (Forward: 5′-GAA CTG GAC 

CCC ATG AAG G-3′, Reverse: 5′-ACT CTC ATT GCG GCA CAC C-3′) and Human 

GAPDH (Forward: 5′- CAA CGG ATT TGG TCG TAT T-3′, Reverse: 5′-GAT GGC AAC 

AAT ATC CAC TT-3′).

2.17. AMA analysis by flow cytometry

For analysis of immunoglobulin binding to isolated mitochondria (HepG2), mitochondria 

were stained with MitoTracker Red prior to incubation with serum (diluted 1:100) for 30 

min at room temperature. Mitochondria were pelleted (3000 g 10 min at 4 °C) to remove 

non-bound antibodies and incubated with anti-human IgG-FITC (diluted 1:100, Jackson 

ImmunoResearch) for 30 min at room temperature. Mitochondria were washed in PBS and 

analyzed by flow cytometry. Only MitoTracker-positive particles, e.g., mitochondria, were 

included in the analysis.

2.18. AMA-M2 ELISA

Euroimmun anti-M2–3 E ELISA (IgG) (Order No. EA 1622–9601 G) was used to measure 

AMA against M2 antigen according to manufacturer’s instructions. Serum was diluted 1:100 

in sample buffer. Ratio-based analysis with calibrator 2 was used to identify antibodies 

against M2 antigens and quality controls are included to ensure assay functionality. The ratio 

of ≤1 and ≥ 1 is considered negative and positive, respectively.

2.19. Statistical analysis

For non-parametric analysis, the Mann-Whitney U test and Wilcoxon matched-pairs signed 

rank test were used as applicable and data are represented as the median. P values were 

considered significant at *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.

3. Results

3.1. Evidence of mitochondrial calcification in patients with JDM

Previously, we have provided evidence of infiltrating phagocytes, including neutrophils and 

macrophages, phagocytosing calcium crystals in the calcified muscle tissue of patients with 
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JDM [26]. In the current study, we extended those findings to the organellar localization 

where transmission electron microscopy demonstrated early deposition of dense, elongated 

crystals in the mitochondria of affected JDM muscle tissue (Fig. 1A, Yellow arrows). Energy 

Dispersive X-ray Analysis (EDAX) coupled to an FEI transmission electron microscope 

(CM-12) was used to analyze the calcium content of these mineralized mitochondria. 

As shown in Fig. 1B, hard tissue, i.e., affected skeletal muscle tissue with crystalline 

particles in mitochondria, showed higher calcium content per area compared to tissue with 

non-crystalline particles (K alpha 28.23% vs. 3.42% at 10,000× magnification), confirming 

calcific nature of mineral deposits in the mitochondria. The analysis of the bone sample (no 

mitochondria) as a positive control for calcium showed 150.01% calcium content.

Overall, this novel evidence of mitochondrial calcification in the degenerated muscle 

fibers of patients with JDM warrants a more in-depth characterization of mitochondrial 

involvement in the pathobiology of the disease.

3.2. Evidence of the association of extracellular mitochondria in JDM with muscle 
damage and calcinosis

In addition to intracellular calcified mitochondria in the degenerated muscle fibers of JDM 

patients (Fig. 1A), we also found evidence of extracellular mitochondria in JDM as shown 

in the electron microscopy image of muscle biopsy from an untreated JDM patient (Fig. 

1C). On further analysis, elevated levels of mtDNA (Fig. 1D) but not genomic DNA (Fig. 

1E) were found in the plasma of JDM patients and positive control jSLE compared to 

age-matched healthy controls. In addition, a subgroup of JDM patients also showed elevated 

levels of mitochondrial protein, MT-ND6 (Mitochondrial Encoded NADH: Ubiquinone 

Oxidoreductase Core Subunit 6) (Fig. 1F). Further analysis revealed that elevated levels 

of MT-ND6 and mtDNA levels associate with CK (marker of muscle damage) (Fig. 1G) 

and calcinosis (Fig. 1H), respectively, suggesting mitochondrial extrusion in JDM patients, 

potentially from damaged and calcified muscle tissues.

3.3. Anti-mitochondrial antibodies (AMA) in children with JDM

Given the presence of extracellular mitochondria and their remnants in JDM (Fig. 1A–H), 

we hypothesized that patients may develop AMAs. To test for the presence of AMA in JDM, 

purified mitochondria (Supplementary Figs. 1A and B) were incubated with plasma from 

JDM patients and analyzed for IgG binding by flow cytometry. Consistent with the role of 

mitochondria in SLE disease pathogenesis [27,28], positive disease control, jSLE patients 

had elevated levels of AMA compared to controls (p = 0.0003, Fig. 2A) and similarly 

increased levels of AMA are observed in JDM patients with select MSA (MDA5+, p = 0.04; 

p155/p140+, p = 0.02; Fig. 2A). Although, the JDM patient cohort showed only a trend 

for increased levels of AMA IgG, a statistically significant difference was observed for the 

percentage of AMA positivity (95th percentile of the healthy individuals) in the JDM cohort 

and in patients with select MSA compared to age-matched healthy controls (Fig. 2B). Levels 

of AMA were particularly elevated in JDM patients with diagnosis of calcinosis (p < 0.0001, 

Fig. 2C). Of note, in a small set of longitudinally followed patients, levels of AMAs were 

elevated prior to clinical detection of calcinosis, suggesting a potential prognostic utility 

of AMAs in predicting calcinosis development (p < 0.01, Fig. 2D). Only one of the JDM 
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patients has reported AMAs, namely AMA against M2 antigen (Supplementary Fig. 2), the 

most sensitive and specific diagnostic marker of primary biliary cirrhosis [29]. Therefore, 

we now report the presence of novel AMAs in JDM and recognize the need for their 

characterization to elucidate their clinical and pathological relevance.

3.4. Human skeletal muscle cells undergo calcification

To investigate mechanisms of calcification that may primarily rely on mitochondria, we used 

the rhabdomyosarcoma cell line RH30, which has metabolically functional mitochondria 

[21,30]. Given that calcium deposits of JDM calcinosis are primarily of HA in nature [4,5], 

we quantified calcium phosphate complexes in RH30 cells using Osteoimage™ [31], a 

fluorescent staining reagent highly specific for HA as represented in the schematic (Fig. 

3A). As shown in Fig. 3B, a dose-dependent increase in HA complex formation was 

observed in RH30 cells when cultured in RPMI 1640 supplemented with increasing Ca2+ 

and PO4
3 −  ion concentrations (Fig. 3B, Moderate vs. High calcium-phosphate concentrations, 

P ≤ 0.001). Osteoimage staining for the detection of HA complexes is also confirmed 

in purified mitochondria from RH30 cells (Supplementary Fig. 1C). Considering that we 

observed a significant effect on the viability of RH30 cells at high Ca2+ and PO4
3 −  ion 

concentrations (3.12 mM CaCl2 and 7.63 Na3PO4) compared to moderate levels (1.77 mM 

Cacl2 and 6.63 mM Na3PO4; referred to as CaP henceforth) (Fig. 3C, P ≤ 0.001), we 

used moderate Ca2+ and PO4
3 −  ion concentrations to culture RH30 cells in all subsequent 

experiments. In addition, a time-dependent increase in HA was observed in RH30 cells 

following their culture in moderate CaP media (24 h vs. 48 h, Fig. 3D, P ≤ 0.001). Thus, we 

have established an in vitro system to explore mechanisms of calcification in human skeletal 

muscle cells.

3.5. Intracellular calcification of human skeletal muscle cells occurs in mitochondria

We primarily assessed the role of mitochondria as the intracellular sites for HA complexes 

in RH30 cells considering that the sequestration of Ca2+ in the form of calcium phosphate 

complexes including HA is the major calcium buffering mechanism in mitochondria [32]. 

The active accumulation of Ca2+ in mitochondria and their retention as calcium phosphate 

complexes depends on the presence of a steep mitochondrial membrane potential, ΔΨm, 

(~150–180 mV, and that the mitochondrial matrix is negative in charge) [33]. Therefore, 

we first assessed the formation of HA complexes in RH30 in the absence or presence 

of the mitochondrial uncoupler, p-(trifluoromethoxyl) [phenyl-hydrazone] (FCCP), known 

to dissipate ΔΨm. As shown in Fig. 4A, FCCP significantly suppressed the formation 

of HA complexes in RH30 cells compared to untreated RH30 cells (Fig. 4A, P ≤ 0.01), 

without affecting the viability of cells, but with a dissipation of ΔΨm (Supplementary 

Figs. 3A and B). Confocal microscopy analysis of RH30 cells further substantiated the 

presence of HA complexes in mitochondria as shown in Fig. 4B, where an overlap of HA 

complexes (osteoimage+) with a mitochondrial marker, anti-TOM22 was observed. Ru360 

[34], a selective inhibitor of mitochondrial calcium uniporter (MCU) [35], the primary 

pathway of Ca2+ entry into mitochondria caused a significant suppression of HA complex 

formation in RH30 cells (Fig. 4C). Viability data for Ru360-treated RH30 cells are shown in 

Supplementary Fig. 3C. Further, knockdown of mitochondrial calcium uptake 1 (MICU1), a 
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Ca2+ sensing gatekeeper of MCU that functions to prevent mitochondrial calcium overload 

[36], resulted in exaggerated degree of calcification in RH30 cells (Fig. 4D). Immunoblot 

analysis confirmed MICU1 knockdown efficiency in RH30 cells (Supplementary Fig. 4). 

Altogether, functional data, imaging, pharmacological inhibition, and genetic knockdown 

approaches suggest the mitochondrial localization of HA complexes in RH30 cells in this 

useful model of in vitro calcification.

3.6. Calcification causes mitochondrial dysfunction in human skeletal muscle cells

We found that calcifying RH30 cells exhibited mitochondrial hyperpolarization (Fig. 

5A) and increased mtROS generation (Fig. 5B). This was accompanied by impaired 

mitochondrial respiration, reflected as a decreased rate of oxygen consumption (Fig. 

5C–F). Additionally, defects in mitochondrial functions of calcifying RH30 cells were 

confirmed using a targeted LC-MS metabolite analysis approach. Some of the key 

downregulated metabolites identified in targeted metabolomics analysis, include glycerol 

3-P, ADP, NAD, 5-methyl uridine, pyroglutamic acid and 3-hydroxybutyric acid (3HBA) 

(Supplementary Figs. 5B–G). Of note, adenine and cis-Acotinate include significantly 

upregulated metabolites in CaP-treated RH30 cells (Supplementary Figs. 5H and I). An 

over representation analysis (ORA) performed on significantly decreased metabolites in 

CaP-treated cells (Supplementary Fig. 5A) revealed several mitochondrial-related pathways 

including mitochondrial respiration in the top 25 enriched metabolites sets (Fig. 5G), 

suggesting that calcifying human skeletal muscle cells had mitochondrial dysfunction.

3.7. Human type I IFN-α (hIFN-α) amplifies mitochondrial calcification of human skeletal 
muscle cells in mtROS-dependent manner

LPS-induced oxidative stress was shown to augment the activity of MCU, leading to 

mitochondrial Ca2+ overload [12]. To determine if mtROS also amplifies HA complex 

formation in RH30 cells, we first performed the induction of calcification experiments in the 

absence or presence of antimycin A (AA), a complex III inhibitor of mitochondrial ETC and 

a known inducer of mtROS [37]. AA in a dose-dependent manner amplified calcification 

in RH30 cells (Supplementary Fig. 6A) with significant mtROS induction and membrane 

potential, respectively (Supplementary Figs. 6B and C). Overall, these experiments with AA 

suggested that mtROS can augment HA complex formation in skeletal muscle cells.

Given relevance of type I hIFN to the pathogenesis of JDM muscle and skin [38,39], we 

investigated the effect of hIFN-α on calcification of RH30 cells. Based on the evidence 

that hIFN-α induces mtROS [40], we hypothesized that hIFN-α could also amplify HA 

complex formation in RH30 cells in an mtROS-dependent manner. Treatment with hIFN-α 
caused a noticeable induction of mtROS in RH30 cells in a dose-dependent manner (CaP 

vs + 30 U/mL hIFN-α, Fig. 6A, P ≤ 0.05) overlapping with significant amplification of 

calcification by hIFN-α (CaP vs + 30 U/mL hIFN-α, Fig. 6B, P ≤ 0.05) consistent with our 

proposition of the mtROS role in calcification. The tested doses did not have a significant 

effect on the viability of RH30 cells (Supplementary Fig. 6D). Higher concentrations of 

hIFN-α did not further amplify mitochondrial calcification (data not shown) why subsequent 

experiments were performed with 30 U/mL. Similar to spontaneous calcification, the 

presence of mitochondrial uncoupler, FCCP (CaP+30 U/mL hIFN-α vs CaP + 30 U/mL 
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hIFN-α + FCCP, Fig. 6C, P ≤ 0.01) attenuated hIFN-α amplified calcification. Next, the 

role of hIFN-α-induced mtROS in amplifying mitochondrial calcification of RH30 cells was 

substantiated by exposing RH30 cells to hIFN-α in the absence or presence of MitoTempo 

concentration (10 μM) that significantly scavenged hIFN-α-induced mtROS (Fig. 6D, P ≤ 

0.05) that paralleled with a marked decrease in hIFN-α-induced calcification (Fig. 6E, P 

≤ 0.01). Overall, we confirmed the role of hIFN-α, a pathogenic factor implicated in the 

pathogenesis of JDM, and as an amplifier of mitochondrial calcification of human skeletal 

muscle cells with mtROS as a central player in our in vitro induction of calcification studies.

3.8. Mitochondrial calcification-induced inflammation in human skeletal muscle cells 
propagates calcification independent of exogenous hIFNα

Mitochondrial dysfunction following calcification (Fig. 5) suggests potential mitochondrial 

damage that could result in cytosolic release of mtDNA contributing to calcification-induced 

inflammation. We performed a preliminary investigation with purified mitochondria from 

RH30 cells and exposed them to calcium phosphate medium. Elevated levels of mtDNA 

(Supplementary Fig. 7A) and increased cardiolipin exposure (Supplementary Fig. 7B) are 

observed in the supernatants and mitochondria of CaP-treated mitochondrial isolations, 

respectively. Consistent with the pro-inflammatory nature of calcified mitochondria, a 

significant induction of interferon-stimulated gene expression, ISGs, was observed in 

calcifying RH30 cells (IFI44L and ISG15), as shown in Fig. 7A and B. As a positive control 

for ISG expression, RH30 cells were cultured in media supplemented with hIFNα−30 U/mL 

and analyzed for ISG gene expression (Supplementary Figs. 8A and B).

Given the release of mtDNA into the extra mitochondrial space upon calcification 

(Supplementary Fig. 7A), which in the context of cell would be cytosol, we next 

assessed the involvement of cGAS-STING pathway in calcification-induced inflammation. 

As shown in Fig. 8A, treatment of RH30 cells with H-151, a covalent antagonist of 

stimulator of interferon genes (STING) [41], led to a dose-dependent decrease in ISG 

expression. RH30 cells transfected with calf thymus DNA are used as a positive control 

(Supplementary Fig. 9). Based on the observation that exogenously added hIFNα amplified 

calcification in RH30 cells (Fig. 6B, C, and E), we hypothesized that calcification-induced 

endogenous inflammation potentiates calcification in the conditions of moderate CaP 

exposure. Consistently, attenuation of inflammation (ISG15 expression, Fig. 8A) paralleled 

with a significant decrease in calcification (Fig. 8B).

3.9. Voltage-dependent anion channel (VDAC)-mediated cytosolic release of mtDNA in 
calcifying human skeletal muscle cells

We next investigated the mechanisms of mtDNA release leading to interferon responses 

using our in vitro calcification model. It was recently demonstrated that, in living cells, a 

mitochondrial outer membrane pore, formed by the oligomerization of VDAC1, facilitates 

cytosolic mtDNA leakage [42]. Therefore, using calcifying cells, we pursued mtDNA 

release using VDAC1 oligomers as a potential mechanism. We employed VBIT-4, an 

inhibitor of VDAC1 oligomerization, shown to block the cytosolic release of mtDNA 

from mitochondrial endonuclease g-deficient mouse fibroblasts [42]. VBIT-4 treatment 

significantly diminished ISG expression in RH30 cells (Fig. 8C). The concentration of 
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the VBIT-4 did not affect the ISG expression induced by hIFN-α, suggesting that the 

observed significant decrease in ISG expression in calcifying RH30 cells is not due to 

general suppression of IFN responses (Supplementary Fig. 10).

4. Discussion

Although calcinosis remains the characteristic debilitating feature of patients with JDM, the 

pathophysiological mechanisms remain unknown. In an in vitro proof-of-concept study, we 

report mtROS as a central and therapeutically targetable regulator of inflammation-driven 

mitochondrial calcification of human skeletal muscle cells (study model; graphical abstract).

In this study, we demonstrate in vivo evidence of mitochondrial calcification in patients 

with JDM. The persistence of damaged mitochondria in JDM tissues suggested potential 

defects of mitophagy, a mitochondrial quality control mechanism, in these patients. This 

proposition corroborates with our previous transcriptomic study where we saw an RNA 

seq signature defective of autophagy in the peripheral blood and muscle of patients with 

JDM [39]. To muscle, defective autophagy of damaged mitochondria could not only mean 

myofiber apoptosis manifesting into myopathy but also accumulation of harmful calcified 

mitochondria extracellularly that can function as nucleation sites for tissue calcinosis and/or 

stimuli for inflammation [26]. There is growing body of literature on the role of defective 

mitophagic clearance of mtDNA in driving type I interferon responses reminiscent of 

autoimmune diseases in animal models [43] and so are the genetic association studies 

implicating defective autophagy genes in lupus and other autoimmune diseases [44,45]. 

However, what remains to be investigated are mechanisms leading to defective autophagy/

mitophagy in various autoimmune diseases including JDM. In mesenchymal stem cells, 

chronic inflammation was found to cause mitochondrial Ca2+ overload mediated by excess 

Ca2+ transfer from ER and defective mitophagy resulting in the accumulation of damaged 

mitochondria [46]. Further, it would be interesting to explore if JDM patients with calcinosis 

would benefit from therapeutic interventions such as NAD+ supplementation, a known 

inducer of mitophagy restoring the mitochondrial dysfunction in effected tissues [47].

While physiological Ca2+ levels promote mitochondrial bioenergetics generating ATP, 

excessive accumulation of mitochondrial Ca2+ leads to mitochondrial dysfunction and cell 

death manifesting into skeletal muscle abnormalities and degeneration. The importance of 

mitochondrial Ca2+ for skeletal muscle function is substantiated in global MCU−/− mice 

that exhibited metabolic and functional alterations of skeletal muscle coinciding with the 

absence of mitochondrial Ca2+ uptake [48]. Human subjects with MICU1 mutations, (thus a 

loss of MCU gatekeeping resulting in elevated levels of resting mitochondrial Ca2+ levels) 

had symptoms comprised of early-onset proximal muscle weakness [49]. Similarly, in our 

in vitro calcification model, pharmacological inhibition of MCU and genetic knockdown 

of MICU1 led to perturbed calcification of skeletal muscle cells suggesting the primary 

involvement of mitochondria. Additionally, as reported in the literature, the role of other 

organelles, including the crosstalk of the endoplasmic reticulum (ER) with mitochondria 

leading to cellular calcification, cannot be ruled out [50].
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As shown by us as well as others, several mechanisms, including buffering of excess 

calcium as calcium phosphate complexes of HA [32, 51], operate in mitochondria to prevent 

mitochondria from the toxicity of matrix-free Ca2+ overload. However, excess calcium-

phosphate complexes can induce a cristae remodeling and thus form physical barriers 

for electron chain complexes resulting in mitochondrial dysfunction [52]. Accordingly, 

calcified skeletal muscle cells in our model exhibited hyperpolarization, elevated mtROS and 

compromised oxidative capacity, as confirmed in the functional and metabolomics studies.

The type of calcification seen in JDM is dystrophic by definition, given that calcification 

occurs predominantly in injured/degenerated tissues despite normal circulating calcium and 

phosphate levels, suggesting a complex interplay of systemic and localized mechanisms 

in the tissue calcinosis of JDM. Consistently, in an injury-driven dystrophic calcification 

murine model induced by cardiotoxin, we have observed that calcifications of injured 

skeletal muscle were transient (<28 days) [53]. Importantly, in cardiotoxin-induced 

calcification model, mitochondria were found to be nucleation sites for skeletal muscle 

calcification; a finding reproduced in our in vitro calcification model, where mitochondria 

were found to be primary sites of HA accumulation. The animal study demonstrated 

that in the absence of additional factors altering the formation and the removal of 

mineralization deposits, calcification is self-limiting. Among several factors implicated 

in JDM pathogenesis, including hypoxia, viral infections, and autoantibodies, the impact 

of inflammation on calcinosis has been widely investigated from the perspective of 

therapeutic interventions. In vitro, type I IFN was shown to mediate muscle atrophy with 

an upregulation of atrophy-associated genes and impaired muscle repair in primary human 

skeletal muscle cells, suggesting the direct pathogenic role of type I IFN in the muscle 

pathology of dermatomyositis [54]. Additionally, pathologically low levels of systemic 

mineralization inhibitors such as fetuin-A in the conditions of chronic inflammation were 

also proposed to contribute to ectopic calcification in JDM [55].

Given the induction of mitochondrial oxidative stress by type I IFN [40], we asked if 

type I IFN can also induce mtROS in a skeletal muscle cell line and whether such an 

induced mtROS can mediate/potentiate the calcification process. Mechanisms reported 

to promote mitochondrial calcium overload in the conditions of inflammation include 

oxidative stress-induced modifications of Ca2+ conducting ions channels, including mtROS-

mediated S-glutathionylation of MCU leading to oligomerization of MCU and augmented 

channel activity [12] and disrupted mitochondria-ER coupling affecting inter organellar 

Ca2+ exchange [46]. Adding to the knowledge concerning the role of inflammation in 

mitochondrial Ca2+ homeostasis, we demonstrated that human recombinant IFN-α could 

amplify calcification of human skeletal muscle cells with mtROS-dependent manner. 

Mechanistically for JDM calcinosis, it could mean that type I IFN could predispose even 

uninjured muscle cells to calcify.

Crystal-mediated inflammation is well established in the literature, including neutrophil 

activation by calcium phosphate crystals as shown by us in JDM tissue and in vitro [26,56]. 

In the current study, we found that calcification makes mitochondria proinflammatory, 

such as increased exposure of cardiolipin, a characteristic of stressed mitochondria, and 

the release of mtDNA. Further exploration of the mechanisms with a pharmacological 
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inhibitor of STING revealed the role of the cGAS-STING pathway in the induction of 

ISGs potentially by mtDNA released from destabilized calcified mitochondria. Importantly, 

impairment of ISG response also led to a significant reduction in the calcification, 

highlighting an autocrine amplification loop of inflammation and calcification in calcifying 

skeletal muscle cells. These findings add to the literature on muscle being the source 

of type I IFN in DM contributing to muscle damage and the role of mitochondria in 

perpetuating inflammation in muscle [57]. As a mechanism of mtDNA release from calcified 

mitochondria resulting in the engagement of cytosolic DNA sensor, cGAS, we demonstrated 

the role of VDAC-pore mediated mtDNA release, as reported in cells undergoing moderate 

stress without affecting their viability [42]. We ruled out BAX/BAK pore-mediated mtDNA 

release, considering that BAX/BAK pore activation in caspase efficient cells results in 

apoptosis [58].

Given the proof-of-concept nature of the investigation, there are inherent limitations to 

the study. All our in vitro studies were done on a rhabdomyosarcoma cell line, RH30, 

established from skeletal muscle precursor cells (myoblasts) that failed to differentiate 

[59] but retained the skeletal muscle characteristics [21]. Hence, study findings should be 

validated in primary human skeletal muscle cells and, more importantly, in patient muscle 

tissues, including in situ mitochondrial assessment, to address the biological relevance of the 

results to calcinosis in patients with JDM. We need animal models akin to our previously 

published dystrophic calcification model [53], with a study designed to investigate the 

role of inflammation and the associated mitochondrial dysfunction in calcinosis. Larger 

patient cohorts are needed to validate our biomarker studies, and detailed characterization 

is necessary to establish the identity of AMAs characteristic of JDM. Clinically inactive 

patients with JDM still exhibit robust immune activation signatures [39]. Not surprisingly, 

the current therapeutic approaches to JDM, including non-specific immunosuppression 

guided by clinical criteria, were met with limited success resulting in partial recovery, 

adverse effects, and frequent relapses. Hence, a deeper understanding of pathophysiology is 

needed to develop targeted therapies for JDM. Our study highlights the role of potential 

utility of mtROS scavengers and/or inhibition of upstream mediators of mitochondrial 

dysfunction as therapeutic strategies for skeletal muscle-associated calcinosis, as occurs in 

children and adults with dermatomyositis. Further, AMAs as predictive biomarkers can aid 

in the better management of calcinosis.
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Fig. 1. 
Mitochondria in JDM. (A) Electron microscopy image of degenerated muscle fiber with 

intracellular mitochondrial calcification. Yellow arrows: Calcified mitochondria with dense, 

elongated crystals. (B) EDAX mineral analysis to evaluate calcium content of mitochondria; 

soft tissue (patient muscle tissue without mineral deposits) and hard tissue (patient muscle 

tissue with mineralized mitochondria) and a positive control, bone (no mitochondria). K 

alpha: Calcium content; Os (osmium): Lipid content; K line: Total protein content. (C) 

Electron microscopy image demonstrating the presence of calcified mitochondria in the 

extracellular space in muscle tissue. qPCR analysis of plasma quantifying (D) mtDNA 

and (E) genomic DNA in different disease groups PM (n = 7), jSLE (n = 10), RNP + 

overlap syndrome (n = 12) and JDM (n = 60) compared to age-matched healthy controls 

(HC; n = 16). Dashed line indicates the 95th percentile of HC levels. (F) Plasma levels of 

MT-ND6 protein as measured by ELISA in JDM patients (n = 50) compared to age-matched 

healthy controls (n = 20). Dashed line indicates the 95th percentile of HCs. (G) Creatine 

Kinase level relative to MT-ND6 levels. MT-ND6 levels are grouped into Low (Lo, n = 

54) and high (Hi, n = 10) based on 95th percentile of HC MT-MD6 levels as measured 

by ELISA. (H) Comparison of mtDNA levels in calcinosis − (n = 42), calcinosis + (n = 

19) patients and healthy controls, HC (n = 17). All graphs: Median is shown. Statistical 

analysis: Non-parametric Mann-Whitney test. *p < 0.05, **p < 0.01, and ***p < 0.001. 

JDM, juvenile dermatomyositis, HC, age-matched healthy controls, PM, polymyositis, 

jSLE, juvenile systemic lupus erythematosus, RNP + overlap syndrome, ribonucleoprotein 

+ overlap syndrome, MT-ND6, mitochondrial-NADH dehydrogenase 6, gDNA, genomic 

DNA, mtDNA, mitochondrial DNA.
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Fig. 2. 
Anti-mitochondrial antibodies in JDM are associated with calcinosis. Levels of anti-

mitochondrial antibodies (AMA) were assessed using an in-house flow cytometry assay. 

(A) Comparison of AMA levels in healthy controls (HC), juvenile SLE (jSLE), polymyositis 

(PM), RNP + overlap syndrome, and juvenile dermatomyositis (JDM). Further stratification 

was done based on myositis-specific autoantibodies (MSA). Data are presented as (A) 

median fluorescence intensity (MFI)and (B) percent positive patients, based on 95th 

percentile of healthy controls (dotted line). (C) Patients were stratified based on prior 

history of calcinosis (Calc+) or not (Calc−) and assessed for AMA levels. (D) AMA levels 

measured in JDM patients without history of calcinosis (Calc−), as well as patients with 

history of calcinosis with blood samples taken either prior (Calc + pre) or after (Calc + post) 

clinical manifest calcification. All graphs: Median is shown. Statistical analysis: A and C: 

Non-parametric Mann-Whitney test. B: Chi2 test. D: Wilcoxon matched-pairs signed rank 

test. *p < 0.05, **p < 0.01, and ***p < 0.001. The ‘floating’ significance asterisks signify 

comparisons to healthy controls, whereas the lined significance compares the groups under 

the line.

Duvvuri et al. Page 21

J Autoimmun. Author manuscript; available in PMC 2023 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Dose- and time-dependent increase in hydroxyapatite (HA) calcium phosphate complexes 

in human skeletal muscle cells. (A) Schematic representation of calcification induction in 

RH30 cells and the quantification of HA complexes by flow cytometry. (B) Dose-dependent 

increase in osteoimage MFI of RH30 cells cultured in moderate (1.77 mM CaCl2 and 

6.63 mM Na3PO4) or high (3.12 mM CaCl2 and 7.63 mM Na3PO4) calcium phosphate 

(CaP) medium for 24 h (n = 3 independent experiments). (C) Viability, as determined by 

Annexin V and Propidium (PI) iodide staining (live cells: Annexin V-PI-) of RH30 cells 

cultured in moderate and high CaP medium for 24 h (n = 3 independent experiments). 

(D) Time-dependent increase in osteoimage MFI in RH30 cells cultured in moderate CaP 

medium for 24 or 48 h (n = 6 independent experiments). All graphs: Median is shown. 

Statistical analysis: (B) Non-parametric Wilcoxon matched-pairs signed rank test was used 

for comparison between media and CaP conditions. CaP conditions are compared using 

non-parametric Mann-Whitney test. (C,D) Non-parametric Mann-Whitney test. (E) Non-

parametric Wilcoxon matched-pairs signed rank test. *p < 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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Fig. 4. 
Mitochondrial calcification of human skeletal muscle cells cultured in moderate calcium 

phosphate medium. (A) Osteoimage flow cytometry analysis of RH30 cells cultured in 

complete media alone, or complete culture media supplemented with 1.77 mM CaCl2 

and 6.63 mM Na3PO4 in the presence or absence of FCCP (5 μM) (n = 4 independent 

experiments) for 24 h. (B) Confocal images of RH30 cells stained for osteoimage, Green 

(HA), Anti-Tom22 (mitochondrial outer membrane protein, Red), and DAPI (nuclear stain, 

Blue) (representative of two independent experiments). White arrows highlight zoomed 

regions. (C) RH30 cells were pretreated with Ru360 (1 μM) 60 min before exposure 

to CaP medium for 24 h s followed by osteoimage analysis by flow cytometry (n = 3 

independent experiments). (D) Relative percentage of calcification (osteoimage MFI) in 

MICU1 knockdown RH30 cells (shMICU1) compared to vector control (shControl) (n 

= 2 independent experiments). All graphs: Median is shown. Statistical analysis: (A) Non-

parametric Mann-Whitney test. (C,D) Non-parametric Wilcoxon matched-pairs signed rank 

test. **P ≤ 0.01; ****≤0.0001.
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Fig. 5. 
Calcification causes mitochondrial dysfunction in calcifying human skeletal muscle cells. 

(A) Mitochondrial membrane potential analysis using MitoTracker Red CMXRos, a 

membrane-potential dependent mitochondrial dye (n = 2 independent experiments). Briefly, 

RH30 cells were cultured in complete RPMI medium supplemented with or without 1.77 

mM CaCl2 and 6.63 mM Na3PO4 for 4 h and analyzed for membrane potential by flow 

cytometry analysis. (B) mtROS analysis of RH30 cells using mitoSOX by flow cytometry (n 

= 6 independent experiments). Briefly, RH30 cells were cultured in the presence or absence 
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of with 1.77 mM CaCl2 and 6.63 mM Na3PO4 for 4 h followed by staining with mitoSOX 

(5 μM in warm 1X PBS) for 30 min at 37 °C. (C) Representative mitochondrial oxygen 

consumption rates in RH30 cells cultured in complete RPMI medium supplemented with 

or without CaP medium for 24 h, under basal conditions, oligomycin (5 μM), FCCP (4.5 

μM), rotenone (1 μM) or antimycin A (1 μM) are shown as measured using Seahorse XF24 

analyzer (n = 2 independent experiments). (D) Average basal respiration (n = 2 independent 

experiments), (E) Average ATP-linked respiration (n = 2 independent experiments), and (F) 

Maximal respiration (n = 2 independent experiments) are shown. (G) Results from over 

representative analysis (ORA) using hypergeometric test to evaluate whether a particular 

metabolite set is represented more than expected by chance within significantly decreased 

metabolites in CaP-treated cells compared to media only (online Supplemental Fig. S5). 

ORA is performed in MetaboAnalyst version 5.0. Enrichment Ratio is computed by Hits/

Expected, where hits = observed hits; expected = expected hits. One-tailed p values are 

provided after adjusting for multiple testing. All graphs: Median is shown. Statistical 

analysis (A,D,E,F) Non-parametric Mann-Whitney test. (B) Non-parametric Wilcoxon 

matched-pairs signed rank test. ****≤0.0001.
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Fig. 6. 
Intracellular mitochondrial calcification of human skeletal muscle cells amplified by hIFN-α 
occurs in an mtROS-dependent manner. (A) mtROS analysis of RH30 cells using mitoSOX 

by flow cytometry (n = 4 independent experiments). Briefly, RH30 cells were cultured in 

complete RPMI medium supplemented with 1.77 mM CaCl2 and 6.63 mM Na3PO4 in the 

presence or absence of different concentrations of hIFN-α for 4 h followed by staining 

with mitoSOX (5 μM in warm 1X PBS) for 30 min at 37 °C. (B) Dose-dependent increase 

in mitochondrial calcification of RH30 cells by hIFN-α (n = 5 independent experiments). 

RH30 cells are cultured for 24 h in with 1.77 mM CaCl2 and 6.63 mM Na3PO4 and −/+ 

human type I IFN-α and then analyzed for HA complex formation by osteoimage flow 

cytometry analysis. (C) Attenuation of calcification in RH30 cells by treatment of cells with 

FCCP (5 μM) (n = 2 independent experiments). RH30 cells are cultured for 24 h in complete 

RPMI medium supplemented with or without 1.77 mM CaCl2 and 6.63 mM Na3PO4 in 

the absence or presence of human type I IFN-α −/+ FCCP (5 μM) and then analyzed for 

HA complex formation by osteoimage flow cytometry analysis. (D) MitoSOX analysis of 

RH30 cells pre-treated with mitoTempo (10 μM) for 30 min prior to the hIFN-α treatment 

and/or CaP media. Cells were analyzed for mtROS using mitoSOX after 4 h of incubation 

(n = 3 independent experiments). (E) Osteoimage staining flow cytometry analysis of HA 
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complexes in RH30 cells cultured for 24 h in complete RPMI medium supplemented with 

or without CaCl2 and Na3PO4 in the absence or presence of hIFN-α and mitoTempo (10 

μM). RH30 cells are pre-treated MitoTempo 30 min prior to the addition of hIFN-α and 1.77 

mM CaCl2 and 6.63 mM Na3PO4 (n = 5 independent experiments). All graphs: Median is 

shown. Statistical analysis (A) Non-parametric Wilcoxon matched-pairs signed rank test was 

used for comparison between media and CaP conditions. (A,B, D,E,F) CaP conditions are 

compared using non-parametric Mann-Whitney test. *P ≤ 0.05; **P ≤ 0.01.
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Fig. 7. 
In vitro calcification induces inflammation in human skeletal muscle cells. (A) IFI44L and 

(B) ISG15 mRNA levels in RH30 cells cultured in complete RPMI medium supplemented 

with or without 1.77 mM CaCl2 and 6.63 mM Na3PO4 for 24 h prior to RNA isolation, 

cDNA preparation followed by qPCR (n = 4 independent experiments). All graphs: Median 

is shown. Statistical analysis: Non-parametric Wilcoxon matched-pairs signed rank. ****P ≤ 

0.0001.
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Fig. 8. 
cGAS-STING-mediated ISG expression and voltage-dependent anion channel (VDAC)-

mediated cytosolic release of mtDNA in calcifying human skeletal muscle cells. RH30 cells 

pretreated with or without different concentrations of H-151 for 60 min in RPMI medium 

followed by the treatment of 1.77 mM CaCl2 and 6.63 mM Na3PO4 media for 24 h and 

then analyzed for (A) ISG expression by qPCR (n = 4 independent experiments (B) for HA 

complex formation by osteoimage flow cytometry analysis (n = 3 independent experiments) 

or for gene expression. (C) RH30 cells pretreated with or without VBIT-4 (1 μM) for 

30 min in RPMI medium followed by the treatment of 1.77 mM CaCl2 and 6.63 mM 

Na3PO4 media for 24 h and then analyzed by qPCR for ISG expression (n = 3 independent 

experiments). All graphs: Median is shown. Statistical analysis (A,B,C) Non-parametric 

Wilcoxon matched-pairs signed rank test. *P < 0.05, **P ≤ 0.01; ***P ≤ 0.001, ***≤0.0001.
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