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ABSTRACT
Objectives  To identify mitochondrial DNA (mtDNA) 
genetic variants associated with the risk of rapid 
progression of knee osteoarthritis (OA) and to 
characterise their functional significance using a cellular 
model of transmitochondrial cybrids.
Methods  Three prospective cohorts contributed 
participants. The osteoarthritis initiative (OAI) included 
1095 subjects, the Cohort Hip and Cohort Knee included 
373 and 326 came from the PROspective Cohort of 
Osteoarthritis from A Coruña. mtDNA variants were 
screened in an initial subset of 450 subjects from the 
OAI by in-depth sequencing of mtDNA. A meta-analysis 
of the three cohorts was performed. A model of cybrids 
was constructed to study the functional consequences of 
harbouring the risk mtDNA variant by assessing: mtDNA 
copy number, mitochondrial biosynthesis, mitochondrial 
fission and fusion, mitochondrial reactive oxygen 
species (ROS), oxidative stress, autophagy and a whole 
transcriptome analysis by RNA-sequencing.
Results  mtDNA variant m.16519C is over-represented 
in rapid progressors (combined OR 1.546; 95% CI 
1.163 to 2.054; p=0.0027). Cybrids with this variant 
show increased mtDNA copy number and decreased 
mitochondrial biosynthesis; they produce higher amounts 
of mitochondrial ROS, are less resistant to oxidative 
stress, show a lower expression of the mitochondrial 
fission-related gene fission mitochondrial 1 and an 
impairment of autophagic flux. In addition, its presence 
modulates the transcriptome of cybrids, especially in 
terms of inflammation, where interleukin 6 emerges as 
one of the most differentially expressed genes.
Conclusions  The presence of the mtDNA variant 
m.16519C increases the risk of rapid progression of knee 
OA. Among the most modulated biological processes 
associated with this variant, inflammation and negative 
regulation of cellular process stand out. The design of 
therapies based on the maintenance of mitochondrial 
function is recommended.

INTRODUCTION
Osteoarthritis (OA) is a chronic musculoskeletal 
disease with a polygenic and heterogeneous nature 
that involves movable joints. The set of features that 

take place during the development of the disease 
lead to consider OA as a severe disease of the whole 
joint as an organ.1–3

The aetiology of knee OA (KOA) is still rela-
tively unknown, but factors such as obesity, age, 
female gender, knee malalignment, previous knee 
injury and genetic predisposition are considered 
risk factors.4 5 Heterogeneity is one of the char-
acteristics that defines KOA in terms of aetiology 
and in terms of progression. Normally, KOA can 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ There is a percentage of patients with 
osteoarthritis (OA) that suffer a rapid 
progression of the disease.

	⇒ During the last years, the study of this ‘new old’ 
phenotype attracted the attention of scientific 
community to try to find out the causes of 
its development and to identify appropriate 
biomarkers to select these patients to include 
them in clinical trials.

WHAT THIS STUDY ADDS
	⇒ This study demonstrates that mitochondrial 
DNA (mtDNA) variation is a part of the puzzle 
that predispose patients with OA to suffer this 
phenotype.

	⇒ Specifically, the presence of the mtDNA D-loop 
variant m.16519C increases the risk of suffering 
this phenotype by acting on different aspects of 
cell behaviour that are related to OA, pointing 
to an altered inflammatory state that could 
predispose patients to suffer this phenotype.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The study provides a new mitochondrial genetic 
biomarker able to classify patients prone to 
suffer this phenotype, opens the door to the 
design of mitochondrial therapies to treat the 
disease and highlights the importance to treat 
inflammation to avoid the development of this 
phenotype.
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be considered a slowly progressive disorder, by which most 
patients gradually worsen over years or decades6; however, a 
small percentage of patients with OA (~14%) show a rapid 
evolution or structural progression of the disease.7 8 During the 
last decades, small series, case reports and different definitions 
and acceptations have been given to describe this particular 
phenotype, although the exact aetiopathogenesis of this KOA 
subtype is still largely unknown.

Over the last few years, an attempt has been made to clas-
sify the different terms used to define this dramatic change in 
joint health: accelerated OA (AOA), rapid progression, rapidly 
progressive OA, rapidly destructive OA or rapid radiographic 
change.8 Although no full consensus has been achieved,9 
different research groups provided definitions of AOA. AOA 
consists in the rapid onset and progression from preradiographic 
KOA (KL grade 0 or 1) to advanced end-stage radiographic KOA 
(KL grade 3 or 4) in 4 years or less.10

The underlying causes for the rapid progression phenotype 
are largely unknown, and the search for differential or specific 
risk factors seems to be challenging since most of those proposed 
to date use to overlap with the risk factors for disease incidence, 
as with those risk factors for normal progression.11 In this sense, 
knee malalignment, meniscal damage, female gender, advanced 
age, previous injury or defects in subchondral bone such as oste-
oporosis or osteonecrosis, are considered potential risk factors 
for the rapid progression phenotype.8 10 12–17

During the last years, it has been consistently demonstrated 
that both mitochondrial dysfunction and certain mitochon-
drial genetic polymorhpisms (ie, mtDNA haplogroups) play an 
important role on different KOA-related features, including 
prevalence, structural damage, incidence or progression of the 
disease.18–22 Moreover, a series of functional consequences of 
the mitochondrial genome on the development of the disease 
has been demonstrated using both animal models23 24 and 
cellular models of transmitochondrial cybrids.25 In addition, 
mtDNA haplogroups show a direct impact on the nuclear 
methylation pattern of human articular chondrocytes,26 on 
telomere length27 and on serum levels of specific OA-related 
biochemical biomarkers.28 Thus, all these features led to 
consider them as complementary genetic biomarkers for the 
disease.29 However, the influence of mtDNA variation on the 
development of the rapid progression phenotype has not been 
evaluated so far.

Taking into account this background, the present study aims to 
assess the influence of mtDNA variation on the rapidly progres-
sive KOA (RPKOA) phenotype in order to identify potential 
biomarkers and therapeutic targets in the mtDNA molecule. 
To carry out this approach, we used longitudinal data from 
three prospective cohorts of patients (osteoarthritis initiative 
(OAI), PROspective Cohort of Osteoarthritis from A Coruña 
(PROCOAC) and Cohort Hip and Cohort Knee (CHECK)), 
applied high-throughput next-generation sequencing techniques 
and designed different functional studies using a cellular model 
based on transmitochondrial cybrids.

METHODS
Cohort’s description
For this study, we used data from three independent prospec-
tive cohorts of patients: the American OAI cohort as a discovery 
cohort, and two European cohorts, CHECK and PROCOAC, as 
replication cohorts. A complete description of OAI, CHECK and 
PROCOAC cohorts is available elsewhere30 31 and in the online 
supplemental methods section.

Rapid progression criteria
We used longitudinal data in terms of Kellgren and Lawrence 
(KL) grade to define, for the first time, the ‘GIR-blanco criteria’ 
to classify patients with RPKOA. This definition considers as 
rapid progressors those patients with a baseline KL grade of 0–1 
or 2 that evolve to KL ≥3 or 4, respectively over a 48-month 
period (60 months for CHECK participants) (online supple-
mental figure 1). Radiographs in CHECK were obtained at 
24-month, 60-month and 96-month follow-up visits, lacking 
48-month visit. Therefore, we only included CHECK patients 
with a minimum follow-up period of 60 months. Patients that 
did not meet these criteria, namely, subjects with the same radio-
graphic characteristics at baseline as rapid progressors but with 
a slower or no structural evolution over time, were classified as 
non-rapid progressors. We excluded from the study: (i) patients 
diagnosed with inflammatory arthritis, (ii) non-rapid progres-
sors patients with baseline KL ≥3 on the contralateral knee and/
or (iii) patients that did not reach a minimum follow-up period 
of 48 months in OAI and PROCOAC cohorts (60 months in 
CHECK).

Taking into account these criteria, we reached 268 rapid 
progressors from the discovery cohort of the OAI, and 66 
and 41 from CHECK and PROCOAC, respectively. Because 
of their similar frequency distribution in terms of gender and 
rapid progressors, we performed the study using, as replication 
cohort, the pooling of CHECK and PROCOAC cohorts (Euro-
pean cohort), reaching a total of 107 rapid progressors. Thus, we 
got a larger sample size as well as an increased statistical power 
to perform the appropriate analyses. In addition, we analysed 
827 non-rapid progressors from the American cohort of the OAI 
and 592 non-rapid progressors from the European cohort (307 
from CHECK and 285 from PROCOAC).

In summary, we analysed 375 rapid progressors (268 from the 
discovery cohort and 107 from the replication cohort) and 1419 
non-rapid progressors (827 from the discovery cohort and 592 
from the replication cohort), reaching a final sample size of 1794 
subjects.

In-depth sequencing of mtDNA
The in-depth sequencing of mtDNA was performed in an initial 
subset of 450 genomic DNA samples from the OAI (184 rapid 
progressors and 266 non-rapid progressors) using an Ion S5XL 
sequencer and an Ion Chef (ThermoFisher Scientific) for auto-
matic library preparation and templating. A more detailed expla-
nation of this methodology is available in the online supplemental 
methods section.

Data analysis
Ion S5XL reads were processed with Ion Torrent Suite software 
V.5.12 (ThermoFisher Scientific) for variant calling using an 
adapted pipeline for Ampliseq libraries using a low stringency 
mode in Torrent Variant Caller plug-in. In order to confirm that 
results are not contingent to the presence of Nuclear Mitochon-
drial DNA Segments (NUMTs), a parallel pipeline was carried 
out consisting in the cleaning-up of NUMT-derived reads.32 33

The resultant mitochondrial variants were initially filtered 
by their population frequency. Thereby, those mitochondrial 
genetic variants with a minor allele frequency (MAF) <0.05 
were discarded. In addition, a conservative heteroplasmy detec-
tion threshold was set to 20%. Even so, after automatic variant 
calling, manual verification was performed using Integrative 
Genomics Viewer software V.2.8.0.
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Statistical analyses of mtDNA sequencing data
All the statistical analyses were performed using IBM-SPSS soft-
ware, release 24 (IBM, Armonk, New York, USA) and R software 
V.3.6.3 (The R Foundation for Statistical Computing).

The first step consisted in the selection of those mtDNA 
genetic variants with a MAF ≥0.05 that showed a differential 
frequency distribution between rapid progressors and non-rapid 
progressors. To proceed with this, a χ2 test was applied to obtain 
the corresponding OR and 95% CI to select those differentially 
represented variants with a p value ≤0.15. From these variants, 
Benjamin-Hochberg (B-H) correction was applied to control the 
false rate discovery (FDR). Finally, we selected those ones with a 
corrected p value <0.05.

As a second step, a binary logistic regression model was 
constructed using, as independent variable, the selected single-
nucleotide polymorphism (SNP) and, as confounding factors, 
a series of clinical variables classically associated with OA, 
including gender, age, body mass index (BMI), contralateral 
KOA, Western Ontario and McMaster Universities Osteoar-
thritis Index (WOMAC) pain score and previous injury in target 
knee (only available in the discovery cohort). The progression 
status (rapid progressors/non-rapid progressors) was used as 
dependent variable.

Meta-analysis
In this work, we performed a subsequent meta-analysis of rapid 
progression of KOA including data from the American cohort 
(discovery cohort) and the European cohort (replication cohort). 
A detailed description is included in the online supplemental 
methods section.

Estimation of adjusted ORs and their 95% CIs was used as the 
effect size measurements for the association between m.16519C 
and the rapid progression of KOA. Meta-analysis was planned 
to be performed on k=2 studies, with an estimated statistical 
power of 90.3% to detect as statistically significant an OR ≥1.5 
associated with the presence of m.16519C, with a p value <0.05 
two-tailed significance level.

Single base extension assay
The assignment of the mtDNA variant with a significantly 
different frequency between rapid and non-rapid progressors 
was carried out in the rest of the samples using the single base 
extension technique on a SeqStudio genetic analyzer system 
(ThermoFisher Scientific). A detailed description of this meth-
odology is available in the online supplemental methods.

Functional studies using transmitochondrial cybrids
Some parts of these methods are available in the extended online 
supplemental methods section.

Cybrid culture and culture conditions
The human osteosarcoma cell line 143B.TK− Rho-0 was used 
to generate the transmitochondrial cybrids by fusing them with 
platelets from healthy donors carrying the haplogroup H and the 
mtDNA variant m.16519C or the haplogroup H and the mtDNA 
reference m.16519T, following the protocol described else-
where.25 We finally obtained two H cybrids: cybrids harbouring 
the mtDNA variant m.16519C and cybrids not harbouring the 
mtDNA variant m.16519C.

mtDNA copy number and complete mtDNA sequencing
Total DNA from cultured cells was isolated with the QIamp DNA 
Mini kit (QIagen) following manufacturer recommendations. 

mtDNA copy number was performed using SYBR Green in a 
LightCycler 480 II system (Roche). This measure was deter-
mined from the Crossing Point values for both mitochondrial 
12S ribosomal gene and nuclear RNaseP gene (12S/RNaseP 
ratio) using standard curves.

Finally, in order to verify that the generated cybrids carry 
the desired mtDNA sequence in terms of haplogroup H and 
mtDNA variant m.16519C, two clones per cybrid were in-depth 
sequenced following the above described method.

RNA isolation and gene expression assays
Quantitative real-time PCR experiments were performed on a 
LightCycler 480 II system (Roche) using Universal Probe Library 
probes to assess the gene expression of genes related to: (i) 
mitochondrial biogenesis (peroxisome proliferator-activated 
receptor gamma, coactivator 1 alpha (PPARGC1A) and tran-
scription factor A mitochondrial (TFAM)) and (ii) mitochondrial 
fusion (mitofusin 2 (MFN2)) and fission (fission mitochondrial 
1 (FIS1)) processes.

RNA-sequencing
A whole transcriptome assay by RNA-sequencing (RNA-seq) 
was performed in cybrids with and without the mtDNA single 
nucleotide variant (mtSNV) m.16519C; 10 ng of complemen-
tary DNA were used to automatically generate libraries using 
the Ion AmpliSeq Transcriptome Human Gene Expression Panel, 
Chef-Ready Kit (ThermoFisher) and subsequently sequenced on 
an Ion S5XL.

CHP files, normalised by reads per million, were automati-
cally generated and imported into the Transcriptome Analysis 
Console (TAC) software V.4.0 (ThermoFisher) to perform 
the differential expression analyses between cybrids with and 
without the mtSNV m.16519C. Only those genes with a fold 
change (Fc) between groups >±2 and a corrected (FDR) p value 
<0.05 were considered as differentially expressed.

To explore the biological meaning of the differentially 
expressed genes, we loaded both the list of upregulated and 
downregulated genes associated with the presence of the mtSNV 
m.16519C into the online Enrichr web-based tool (https://​
maayanlab.cloud/Enrichr/).

Mitochondrial reactive oxygen species production assay
Mitochondrial superoxide anion was evaluated with MitoSox 
Red (ThermoFisher Scientific) at a final concentration of 5 µM 
in Hank’s Balanced Sal Solution (Sigma) during 15 min at 37°C 
in darkness.

Oxidative stress response assay
To evaluate the oxidative stress response under H2O2 incuba-
tion, the CellTiter 96 Aqueous Assay kit (Promega) was used. A 
NanoQuant Infinite M200 (Tecan) microplate reader was used 
to measure absorbance at 490 nm.

To examine for oxidised proteins relevant to mitochondrial 
stress, we analysed post-translational modifications by liquid 
chromatography-tandem mass spectrometry in two clones from 
each type of cybrids.

Mitochondrial membrane potential
We analysed the mitochondrial membrane potential (ΔΨm) using 
the fluorescent Mito Probe JC-1 in cybrids 509 (m.16519T) and 
513 (m.16519C) by flow cytometry. For this procedure, cybrids 
cells were seeded at 8×104 cells per well in 12-well plates in 
Dulbecco’s Modified Eagle Medium (DMEM) 10% fetal bovine 
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serum; when the cell confluence arrived near 80%, the medium 
was changed to DMEM serum-free and treated with the proto-
nophore carbonylcyanide-p-trifluoromethoxyphenylhydrazone 
(FCCP) at 500 µM during 3 hours as depolariser inductor.

The percentage of depolarisation in a cell population was 
calculated by dividing the values of red fluorescence by the 
values of green fluorescence. Therefore, the ratio aggregates:-
monomers (red:green fluorescence) in relation to the FCCP ratio 
corresponding to each cybrid was subsequently used to present 
the data.

Autophagy determination
Autophagy was evaluated through the quantification of 
microtubule-associated protein 1A/1B-light chain 3 (LC3) (I 
and II), sequestosome-1 (p62/SQSTM1) and phospho-ribosomal 
protein S6 (p-rpS6) by western blot analysis (WB). The intensity 
of the bands and the WB quantification were assessed by using 
Amershan Imager 600 software.

RESULTS
Identification of differential mtDNA variants
The analysis of the entire mtDNA sequences obtained from the 
initial subset of the discovery cohort revealed 1335 mtSNVs. 
Then, after filtering the mtSNVs, considering only those ones 
with a MAF ≥0.05, the number of variants dropped to 76 (online 
supplemental table 1). Among these 76 mtSNVs, we considered 
for further analyses only those differentially distributed (nominal 
p≤0.15) between rapid progressors and non-rapid progressors. 
After these initial approaches, the final number of differen-
tial mtSNVs was 9 (online supplemental table 2): m.146T>C 
(nominal p=0.15), m.930G>A (nominal p=0.11), m.5147G>A 
(nominal p=0.044), m.10463T>C (nominal p=0.106), 
m.11812A>G (nominal p=0.042), m.14233A>G (nominal 
p=0.042), m.16294C>T (nominal p=0.07), m.16296C>T 
(nominal p=0.045) and m.16519T>C (nominal p=0.005). 
The only variant that passed the B-H correction was the mtSNV 
m.16519C (B-H corrected p=0.045).

Neither those rare mtSNVs with a MAF <0.05, nor multi-
plasmic positions at D310 poly-C tract (CCCCCTCCCCC from 
position 303 to 316), D16189 poly-C tract (CCCCCTCCCC 
from 16 184 to 16 193) and (CA)n dinucleotide repeat at position 

514, were taken into account in this study, although they were 
identified.

mtDNA variant m.16519C and rapid progression of knee OA 
in subjects of the discovery cohort of the OAI
No significant differences were detected in the distribution of 
gender, BMI, WOMAC pain and contralateral KOA at base-
line among subjects with or without the mtSNV m.16519C. 
However, a significantly higher average age was detected in 
subjects harbouring the allele C at mt.16519 (p=0.049) (table 1).

The frequency of the mtSNV m.16519C in the complete 
discovery cohort (268 rapid progressors and 827 non-rapid 
progressors) was significantly higher in patients who suffered a 
rapid progression of KOA, compared with those patients with a 
slower or no progression (OR 1.558; 95% CI 1.148 to 2.113; 
p=0.004) (table 2).

The association of the mtSNV m.16519C remained significant 
even after adjusting the model for different confounding clin-
ical variables (OR 1.559; 95% CI 1.125 to 2.161; p=0.008). In 
addition, BMI (OR 1.073; 95% CI 1.037 to 1.110; p<0.001), 
contralateral KOA at baseline (OR 2.475; 95% CI 1.830 to 
3.348; p<0.001) and WOMAC pain (OR 1.122; 95% CI 1.065 
to 1.183; p<0.001) were also significant risk factors to suffer 
the rapid progression phenotype (table 3).

mtDNA variant m.16519C and rapid progression of knee OA 
in subjects of the European replication cohort
No significant differences were detected in the distribution of 
gender, BMI, WOMAC pain and contralateral KOA at base-
line among subjects with or without the mtSNV m.16519C. 
However, a significantly higher average age was detected in 
subjects harbouring the allele C at mt.16519 (p=0.030) (table 1).

The frequency of the mtSNV m.16519C in the replication 
cohort (107 rapid progressors and 592 non-rapid progressors) 
was significantly higher in patients who suffered a rapid progres-
sion of KOA, compared with those patients with a slower or 
no progression (OR 1.647; 95% CI 1.013 to 2.678; p=0.043) 
(table 2).

The regression logistic model developed for the replication 
cohort showed some differences in terms of statistical signifi-
cance, but with the same trend than observed in the discovery 

Table 1  Demographic and clinical characteristics of the study populations grouped by mtSNV m.16519T>C

Characteristic

Discovery cohort (OAI) Replication cohort (CHECK+PROCOAC)

m.16519T
(n=373, 34.1%)

m.16519C
(n=722, 65.9%) P value

Total
(n=1095)

m.16519T
(n=215, 30.5%)

m.16519C
(n=484, 68.6%) P value

Total
(n=699)

Age at baseline (years) 61.62±8.6 62.76±9.1 0.049* 62.37±8.9 59.98±7.8 61.06±7.6 0.030* 60.72±7.7

Gender 0.780† 0.720†

 � Male 144 (38.6) 285 (39.5) 429 (39.2) 47 (21.9) 100 (20.7) 147 (21.0)

 � Female 229 (61.4) 437 (60.5) 666 (60.8) 168 (78.1) 384 (79.3) 552 (79.0)

BMI (kg/m2) 28.04±4.4 28.26±4.5 0.543* 28.19±4.5 27.65±4.4 27.65±4.9 0.585* 27.65±4.8

Contralateral knee OA 0.447† 0.689†

 � Yes 161 (43.3) 329 (45.7) 490 (44.9) 34 (16.3) 73 (15.1) 107 (15.5)

 � No 211 (56.7) 391 (54.3) 602 (55.1) 174 (83.7) 409 (84.9) 583 (84.5)

WOMAC pain 1.80±2.7 1.81±2.6 0.552* 1.80±2.6 5.23±4.2 4.91±3.9 0.484* 5.01±4.0

Values are mean±SD or number of patients with percentage in parentheses.
Significant p values are in bold.
*Mann-Whitney U test for comparison between T and C alleles at m.16519.
†χ2 test.
BMI, body mass index; CHECK, Cohort Hip and Cohort Knee; mtSNV, mitochondrial DNA single nucleotide variant; OAI, osteoarthritis initiative; PROCOAC, Prospective Cohort of 
Osteoarthritis A Coruña; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.
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cohort. The association of the mtSNV m.16519C borderlined 
the statistical significance maintaining the same trend as the 
discovery cohort (OR 1.506; 95% CI 0.848 to 2.675; p=0.162). 
Among the rest of confounding factors, only the contralateral 
KOA remained significant as a risk factor for suffering the rapid 
progression phenotype (OR 2.056; 95% CI 1.005 to 4.208; 
p=0.048) (table 3).

Meta-analysis
The search process did not identify any article or abstract 
describing the association of the mtSNV m.16519C with the 
rapid progression phenotype, so that only the two association 
studies performed herein were selected for subsequent meta-
analysis. Considering both analyses, a total of 1794 subjects (1095 
patients from the discovery cohort of the OAI and 699 from the 
European replication cohorts—CHECK and PROCOAC) were 
included in the meta-analysis.

No between-study heterogeneity was detected for the mtSNV 
m.16519C (I2=0%, p=0.9173), however, the random-effect 
model was evenly used. The discovery cohort of the OAI showed 

a higher contribution or relative weight (W) than the European 
replication cohort (75.5% vs 24.5%). The results showed that 
the mtSNV m.16519C significantly associates with the RPKOA 
phenotype (combined OR 1.546; 95% CI 1.163 to 2.054; 
p=0.0027) (figure 1).

Functional study using transmitochondrial cybrids
Basal conditions of transmitochondrial cybrids were established 
following the protocol described elsewhere.34

In-depth sequencing of mtDNA
The complete sequencing of mtDNA from those cybrids used 
in this study confirmed the haplogroup H and the presence or 
absence of the mtDNA variant m.16519C. Uploading of the 
variant call format file into the Haplogrep V.2.4.0 software 
(https://haplogrep.i-med.ac.at/app/index.html) revealed that 
cybrids carrying the mtSNV m.16519C belong to the subhap-
logroup H76 and cybrids not harbouring this mtSNV belong 
to the subhaplogroup H6b2. In addition, a series of differ-
ential SNPs between both cybrids have also been detected. 
Thus, cybrids H6b2 and H76 showed 15 and 14 differential 
mtSNVs, respectively with respect to revised Cambridge Refer-
ence Sequence (rCRS). Six of these variants (m.263G, m.750G, 
m.1438G, m.4769G, m.8860G and m.15326G) were common 
to both cybrids; therefore, in addition to the mtSNV m.16519C, 
the number of differential mtDNA variants between them was 
16 (online supplemental table 3). No traces of heteroplasmy 
were detected in the obtained sequences.

mtDNA copy number
After a set of 7 independent measures per clone, in each of 
the 2 clones, we obtained a total of 14 values per cybrid. The 
results showed that cybrids with mtSNV m.16519C have 1.68-
fold more copies of mtDNA than cybrids without this variant 
(447.4±39.3 vs 266.3±41.14; p=0.001) (figure 2A).

Mitochondrial biogenesis and mitochondrial fusion/fission processes
We performed different gene expression experiments to analyse 
the effect of the mtSNV m.16519C on: (i) mitochondrial biogen-
esis, by assaying the expression of both PPARGC1A and TFAM 
and (ii) mitochondrial fusion and fission processes, by assaying 
the expression of MFN2 and FIS1, respectively.

In terms of mitochondrial biogenesis, the results obtained 
showed a significantly lower expression of PPARGC1A in 
cybrids harbouring the mtSNV m.16519C than in cybrids with 
the wild-type m.16519T (1.02±0.23 vs 2.64±0.62; p=0.0024); 

Table 2  Frequencies and ORs of mtSNV m.16519T>C in rapid and non-rapid progressors of the discovery cohort of the OAI (upper) and of the 
European replication cohort (lower)

Discovery cohort (OAI)

m.16519 Rapid (n=268) Non-rapid (n=827) Total (n=1095) OR 95% CI P value*

T 72 (26.9) 301 (36.4) 373 (34.1)

C 196 (73.1) 526 (63.6) 722 (65.9) 1.558 1.148 to 2.113 0.004

Replication cohort (CHECK+PROCOAC)

m.16519 Rapid (n=107) Non-rapid (n=592) Total (n=699) OR 95% CI P value*

T 24 (22.4) 191 (32.3) 215 (30.8)

C 83 (77.6) 401 (67.7) 484 (69.2) 1.647 1.013 to 2.678 0.043

Values are number of patients with percentage in parentheses.
Significant p values are in bold.
*χ2 test.
CHECK, Cohort Hip and Cohort Knee; mtSNV, mitochondrial DNA single nucleotide variant; OAI, osteoarthritis initiative; PROCOAC, Prospective Cohort of Osteoarthritis A Coruña.

Table 3  Multivariable logistic regression model to predict the risk 
of rapid knee OA progression in subjects belonging to the OAI cohort 
(upper) and subjects belonging to the European replication cohort 
(lower)

Variable B
Adjusted 
OR 95% CI P value

Discovery cohort (OAI)

 � Age 0.052 1.054 1.036 to 1.072 <0.001

 � Gender (female) 0.230 1.258 0.926 to 1.710 0.142

 � BMI 0.070 1.073 1.037 to 1.110 <0.001

 � Contralateral knee OA 0.906 2.475 1.830 to 3.348 <0.001

 � WOMAC pain 0.115 1.122 1.065 to 1.183 <0.001

 � m.16519C 0.444 1.559 1.125 to 2.161 0.008

Replication cohort (CHECK+PROCOAC)

 � Age −0.028 0.972 0.937 to 1.009 0.138

 � Gender (female) 0.459 1.582 0.796 to 3.144 0.190

 � BMI 0.010 1.010 0.957 to 1.066 0.727

 � Contralateral knee OA 0.721 2.056 1.005 to 4.208 0.048

 � WOMAC pain 0.060 1.062 0.997 to 1.130 0.060

 � m.16519C 0.410 1.506 0.848 to 2.675 0.162

Statistical significance declared at p<0.05 (in bold).
B, regression coefficient; BMI, body mass index; CHECK, Cohort Hip and Cohort 
Knee; OAI, osteoarthritis initiative; PROCOAC, Prospective Cohort of Osteoarthritis A 
Coruña; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.
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regarding TFAM, the trend was similar than for PPARGC1A 
but without reaching the statistical significance (0.93±0.15 vs 
1.24±0.14; p=0.063) (figure  2B). Regarding mitochondrial 
fusion and fission processes, the results revealed a lower expres-
sion of the fission-related gene FIS1, that borderlined the statis-
tical significance, in cybrids harbouring the mtSNV m.16519C 
(0.79±0.12 vs 1.56±0.35; p=0.052) (figure 2C).

Cybrids transcriptome analysis by RNA-seq
An initial unsupervised hierarchical clustering analysis based on 
principal component analysis showed two well-differentiated 
clusters representing both types of cybrids, those with the mtSNV 
m.16519C and those without this variant. The first component 

explained the 60.6% of the variance (online supplemental figure 
2).

Expression analysis using TAC software showed 460 differ-
entially expressed genes between both types of cybrids, of 
which 167 were upregulated in cybrids harbouring the mtSNV 
m.16519C, and 293 were downregulated (online supplemental 
table 4). Interestingly, these analyses confirmed the most robust 
association regarding mitochondrial biogenesis-related gene 
PPARGC1A downregulation in cybrids with the risk allele C at 
m.16519 (PPARGC1A; Fc=−3.52; nominal p=0.0009) (online 
supplemental table 4). On the other hand, downregulation 
of FIS1 in these cybrids was also observed throughout RNA-
seq, although did not reach the statistical significance (FIS1; 

Figure 1  Forest plot of the associations analysed in this work involving the mtDNA variant m.16519C and the risk of rapid progression of knee OA. 
CHECK, Cohort Hip and Cohort Knee; OAI, Osteoarthritis Initiative; PROCOAC, Prospective cohort of osteoarthritis A Coruña; Rapid m.16519C, number 
of subjects with the mtDNA variant m.16519C that developed and did not develop a rapid knee OA progression; W, relative weight.

Figure 2  Functional analysis in transmitochondrial cybrids with and without the mtDNA variant m.16519C. (A) mtDNA copy number; (B) mRNA 
expression of genes related to mitochondrial biogenesis PGC1a (PPARGC1A) and TFAM; (C) mRNA expression of genes related to mitochondrial 
dynamics FIS1 and MFN2; (D) superoxide anion production; (E) percentage of cells surviving oxidative stress after incubation with 300 µM H2O2. 
(F) Analysis of autophagy flux: (FA) Western blot analysis using anti-p62 (SQSTM1), LC3 (I and II), p-rpS6 and TUB; (FB) numeric data obtained 
by densitometry (relative protein expression). All data were obtained from three independent experiments. *p<0.05; **p<0.005. CI, cloroquine; 
FIS1, fission mitochondrial 1; LC3, light chain 3; MFN2, mitofusin 2; mRNA, messenger RNA; mtDNA, mitochondrial DNA; mut, mutant; PPARGC1A, 
peroxisome proliferator-activated receptor gamma, coactivator 1 alpha; p-rpS6, phospho-ribosomal protein S6; RP, rapamycin; TFAM, transcription 
factor A mitochondrial; TUB, α-tubulin; WT, wild type.
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Fc=−1.46; nominal p=0.0829) (data not shown). On the 
contrary, no significant differences were detected in relation to 
the expression of TFAM and MFN2.

Gene Ontology (GO) analysis showed three biological 
processes significantly modulated (FDR p<0.05), all of them 
among upregulated genes in cybrids harbouring the risk 
allele m.16519C: positive regulation of acute inflammatory 
response (GO:0002675), positive regulation of leucocyte 
migration (GO:0002687) and negative regulation of cellular 
process (GO:0048523) (figure  3A,B). Among the upregu-
lated genes involved in these processes, insulin growth factor 
binding protein-1, interleukin 6 (IL6), interleukin 24 (IL24), 
prostaglandin-endoperoxide synthase 2 (PTGS2), colony-
stimulating factor 1, vascular endothelial growth factor A, trans-
forming growth factor beta 2 or oncostatin M receptor stand out 
(online supplemental table 4).

Validation of IL6 and PTGS2 expression by quantitative PCR 
(qPCR) revealed the same trend, showing a significant over-
expression in cybrids harbouring the risk allele C at m.16519 
(Fc=14.06 and 3.03, respectively; p=0.0286) (data not shown).

Mitochondrial ROS production and oxidative stress response
Cybrids harbouring the mtSNV m.16519C showed a signifi-
cantly higher production of mitochondrial superoxide anion than 
cybrids without this mtDNA variant (4.21±0.49 vs 2.21±0.47; 
p=0.014) (figure 2D). Moreover, cybrids carrying the mtSNV 
m.16519C showed a lower mean percentage of surviving cells in 
presence of H2O2 than cybrids carrying the allele T at m.16519 
(23.42±3.67 vs 115.7±26.17; p=0.0043) (figure 2E).

In addition, cybrids harbouring the mtSNV m.16519C showed 
a significantly increased amount of oxidation in four mitochon-
drial stress-related proteins (p<0.001), including chaperonin 
10 (CH10), chaperonin 60 (CH60), glucose-regulated protein 
75 (GRP75) and thioredoxin-dependent peroxide reductase 
(PRDX3) (online supplemental figure 3A).

From these results, it can be concluded that the presence of 
the allele C at m.16519 implies a greater production of the mito-
chondrial superoxide anion, and cells carrying this variant are 
more sensitive to oxidative stress.

Mitochondrial membrane potential
The results obtained showed a significantly decreased red:green 
ratio in cybrids with the mtDNA variant m.16519C than in 
cybrids harbouring the wild-type variant m.16519T (p=0.042). 
These data indicate a higher depolarisation in cybrids with this 
mtDNA variant under adverse conditions (FCCP incubation) 
(online supplemental figure 3B).

Autophagy
Autophagy flux analysis revealed that cybrids harbouring the 
mtSNV m.16519C show significantly higher protein p62 
(1.36±0.06 vs 1.07±0.11; p=0.041) and LC3-II (0.69±0.11 vs 
0.33±0.04; p=0.026) accumulation than cybrids without this 
mtDNA variant. In addition, protein levels of p-rpS6, target of 
mammalian target of rapamycin (mTOR) and indicator of its 
activity, were also significantly higher in cybrids with the mtSNV 
m.16519C variant (0.44±0.06 vs 0.29±0.02; p=0.026). Incu-
bation with chloroquine to prevent autophagosome formation 
shows no significant differences between both cybrids on protein 
levels of p62 and LC3-II. However, a significantly increased 
expression of LC3-II only on cybrids harbouring the wild-type 
variant m.16519T incubated with chloroquine in relation to 
its basal non-incubated condition was detected (0.33±0.04 vs 
0.92±0.11; p=0.0238). Finally, the incubation with rapamycin 
as a positive control, which inhibits mTOR, led to the almost 
total repression of p-rpS6 both in cybrids with the mtSNV 
m.16519C (0.44±0.06 vs 0.07±0.01; p=0.0238) and cybrids 
without this variant (0.29±0.02 vs 0.04±0.01; p=0.0238) 
(figure 2F). Altogether, these results point to an impairment of 
autophagy flux in cybrids with mtSNV m.16519C variant, which 
could lead to an excessive accumulation of damaged material, 
namely a less effective autophagy.

DISCUSSION
In this study we report, for the very first time, an association 
study and meta-analysis of the mtDNA variant m.16519T>C on 
the risk of developing a RPKOA. In addition, we provide data 
supporting possible explanations for this association by using a 
cellular model based on transmitochondrial cybrids.

We aimed to identify subjects prone to suffer a rapid evolution 
of the disease in terms of radiographic (KL grade) worsening of 
the joint, describing for the first time the ‘GIR-blanco criteria’ 
for RPKOA. Hence, we included subjects with preradiographic 
KOA at baseline (KL grade 0–1) as well as subjects with consol-
idated KOA at baseline (KL grade 2). Patients selected under 
these inclusion criteria showed a significant correlation with 
the rapidly progressive osteoarthritis type 1 (RPOA 1) criteria 
(loss in joint space width ≥2 mm within 1 year, without gross 
structural failure) in subjects from the discovery cohort of the 
OAI. Thus, up to 64.7% of (n=68) genotyped patients classified 
as rapid progressors using RPOA 1 criteria were also classified 
as rapid progressors using the ‘GIR-blanco criteria’, and up to 

Figure 3  GO analysis using Enrichr online tool. (A) Top 10 biological 
processes associated with genes significantly upregulated in cybrids 
with m.16519C. (B) Top 10 biological processes associated with genes 
significantly downregulated in cybrids with m.16519C. Asterisk (*) 
indicates a biological process significantly altered after corrected (FDR) 
p values (FDR p<0.05). FDR, false rate discovery; GO, Gene Ontology.
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75.4% of (n=529) genotyped patients classified as non-rapid 
progressors using RPOA 1 criteria corresponded with non-
rapid progressors according to ‘GIR-blanco criteria’ (p<0.0001) 
(online supplemental table 5). Besides, the frequency of the 
mtSNV m.16519C was also significantly higher in patients clas-
sified as rapid progressors following RPOA 1 criteria (OR 1.853; 
95% CI 1.016 to 3.379; p=0.042) (online supplemental table 
5).

The robustness of the association described herein manifests 
in different aspects. On the one hand, we identified a significant 
association in subjects of the discovery cohort of the OAI that 
was replicated in a different cohort, composed of subjects from 
PROCOAC and CHECK, and subsequently meta-analysed. On 
the other hand, even analysing these two cohorts separately, the 
frequency of the mtSNV m.16519C followed the same trend 
with an OR >1.4 (online supplemental table 6). Although it 
was not significant due to the small sample size, the subsequent 
meta-analysis of the ORs from the univariate analysis of the 
three cohorts did reach the statistical significance (combined OR 
1.583; 95% CI 1.222 to 2.049; p=0.0005) (online supplemental 
figure 4). Finally, by removing from the study those patients who 
remained radiologically stable in terms of KL grade during the 
follow-up, the association remained significant (p=0.016 for 
the discovery cohort and p=0.006 for the replication cohort) 
(online supplemental table 7). Altogether, these data indicate 
that mtSNV m.16519C is able to classify, specifically, patients at 
increased risk of suffering a RPKOA progression in terms of their 
KL grade evolution.

From the results obtained in this study and others,7 10 it can 
also be concluded that both rapid and non-rapid progressors 
share a set of clinical conditions that predispose them to progres-
sion. Thus, in our regression model, common OA-related clin-
ical variables such as age, BMI, contralateral KOA and WOMAC 
pain at baseline associate, in an independent manner, with the 
risk of rapid progression. In addition, previous injury in target 
knee (data not available in the European cohorts) associates with 
the risk of rapid progression too (online supplemental table 8). 
Therefore, given the high frequency of the C allele at m.16519 
(above 60%), as well as its robust statistical association as a risk 
factor, the interaction of this mtSNV with another unknown 
(clinical and/or genetic) risk factor/s could increase the predispo-
sition of patients with KOA to suffer a more severe progression 
of the disease, as has been described in other disorders such as 
breast cancer.35 The combination of this mitochondrial variant 
with some of the multiple independent loci associated with 
OA in the largest and most powerful genome-wide association 
studies to date,36 is an example of genetic interactions that could 
be potentially explored. Interestingly, among these 100 inde-
pendently reported loci associated with OA risk, only the signal 
rs753350451 belongs to a nuclear region that codes for a mito-
chondrial protein, the mitochondrial translation release factor in 
rescue.36 This protein plays a main role in the regulation of the 
synthesis of the 13 essential subunits of the oxidative phosphor-
ylation complexes by preventing aberrant translation. Therefore, 
due to the role of the mtSNV 16519T>C in mtDNA replication 
and transcription,37 38 of special interest could be to explore the 
impact of the interaction between these two SNPs.

Different associations involving the mtSNV m.16519T>C 
have been described. The T allele has been associated with 
different disorders, including pancreatic cancer-associated 
diabetes mellitus and shorter life expectancy in these patients,37 
irritable bowel syndrome,39 high altitude pulmonary oedema,40 
migraine headache and cycling vomiting syndrome38 or multiple 
functional syndromes.41 On the other hand, the C allele at 

mtSNV m.16519 has been identified as a risk factor for type 2 
diabetes mellitus,42 colorectal cancer,43 breast cancer,44 sudden 
death infant syndrome in females45 and decreased change rate of 
VO2max and citrate synthase activity after endurance training.46 
To our knowledge, the association reported in the present study 
between this mtSNV and the RPKOA phenotype is the first 
association that describes the involvement of this mitochondrial 
SNP in OA pathology, and the first genetic polymorphism asso-
ciated with this phenotype. In addition, despite patients with this 
variant are significantly older in both cohorts, we consider that 
this has no clinical relevance since this difference is barely 1 year 
and the study design allows a minimum mean difference of 0.3 
between C and T alleles to be detected as significant.

This variant is present in all major human races and has arisen 
multiple times in human evolution; in fact, it is widely distributed 
among the different mtDNA haplogroups, but with an increased 
frequency of the C allele among H subjects and a lower frequency 
among J subjects.47 48 The latter would be in agreement with 
our previous results, in which we proposed both haplogroups 
H and J as risk and protective OA-related biomarkers, respec-
tively.19 The SNP is located in the 1 kb non-coding mtDNA 
control region, not far from the origin of heavy-strand replica-
tion and putative mitochondrial internal membrane-attachment 
site.39 Thus, as stated before, variations at this position could 
act by altering the transcription levels of mitochondrial proteins 
as well as mtDNA replication.37 38 Moreover, since the T>C 
change at m.16519 originates a potential CpG site in the D-loop 
region, a possible effect of this variant on mtDNA methylation 
patterns should not be discarded; altered methylation levels in 
the D-loop region have been associated with different human 
disorders including cancer, diabetes, neurodegenerative diseases, 
ageing and senescence.49 In addition, different inherited mtDNA 
variants affecting the non-coding D-loop region have also been 
associated with N-formylmethionine levels, an initiation amino 
acid for intramitochondrial translation50 that has huge effects on 
proteostasis and degradation processes, thereby modifying the 
risk of late-onset diseases.51

Nevertheless, this study is the first to demonstrate a series 
of functional consequences of this variant by using transmito-
chondrial cybrids with uniform nuclear background. Thus, cells 
harbouring the mtSNV m.16519C show increased mtDNA copy 
number, decreased expression of the mitochondrial biogenesis-
related gene PPARGC1A (PGC1α) and decreased expression of 
FIS1 gene. In addition, they produce higher amounts of mito-
chondrial reactive oxygen species (ROS), are less prone to cope 
with oxidative stress and manifest a different behaviour of the 
autophagy flux than cells harbouring the T allele at m.16519. 
Besides, the presence of the risk variant m.16519C induces 
significant differences in the transcriptome of cybrids, specifi-
cally in terms of inflammation. Although most of these features 
may be partially regulated by the nuclear background through an 
anterograde regulation of mitochondrial function,26 52 the simul-
taneous occurrence of all of them, together with other unknown 
risk factors, could dramatically accelerate the progression of the 
disease.

mtDNA copy number is regulated to ensure that mitochondria 
are able to generate appropriate amount of energy and intracel-
lular signals to maintain cellular functions.53 However, it has also 
been demonstrated that this parameter is increased in a variety 
of diseases,54–56 including OA.18 As for other human disorders, 
the increased levels of mtDNA could represent a mechanism to 
compensate for the lower activity of electronic transport chain 
complexes.56 In agreement with previous studies carried out in 
human OA chondrocytes,57 mitochondrial biogenesis seems to 
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be diminished in cybrids with m.16519C. In this sense, activa-
tion of mitochondrial biogenesis has been proposed as a poten-
tial therapeutic strategy to limit OA progression.57

An interesting finding of this study is the relationship between 
the decreased expression levels of FIS1 and the results of the 
autophagy assay. It has been demonstrated that mitochondrial 
dynamic proteins, including FIS1 and MFN2, are associated with 
autophagy.58 59 In vitro studies revealed that FIS1 is significantly 
decreased in OA chondrocytes, and that FIS1 depletion leads to 
an accumulation of LC3 aggregates, inhibiting autophagy and, 
thereby, enhancing chondrocyte apoptosis.60 Moreover, in mice 
FIS1 small interfering RNA with destabilisation of the medial 
meniscus surgery, these authors also detected an increased carti-
lage destruction.60 The results obtained in the present study are 
in agreement with the above findings, since they show signifi-
cantly increased levels of LC3-II and decreased expression of 
FIS1 in cybrids harbouring m.16519C, therefore pointing to an 
accumulation of damaged material that is not properly removed 
due to an impairment of the autophagy flux.

Because of mitochondrial dysfunction, the balance between 
ROS production and antioxidant capacity in chondrocytes is 
broken. This imbalance leads to oxidative stress-mediated cell 
injury, upregulation of metalloproteinases, overproduction of 
pro-inflammatory cytoquines, disrupting of cell signalling and 
cartilage degradation, therefore contributing to the progres-
sion of OA.61–63 In agreement with this, cybrids harbouring the 
risk variant m.16519C produce higher amounts of mitochon-
drial ROS and are less prone to cell survival after exposure 
to hydrogen peroxide, and they show an increased oxidation 
degree in mitochondrial stress-related proteins such as CH10, 
CH60, GRP75 and PRDX3, as well as a higher depolarisation 
under stress conditions. The involvement of certain chaperones 
in OA is not new64 65; hence, their potential role in the develop-
ment of this phenotype should be explored. Altogether, these 
data provide evidence of increased oxidation and mitochon-
drial stress in cybrids carrying the m.16519C variant. In this 
sense, some studies point to the development or use of targeted 
antioxidant-based therapies to treat the progression of OA.63 66 67

Transcriptome analysis of cybrids with and without the mtSNV 
m.16519C revealed an interesting role of inflammation as one of 
the most significant biological process related to the overexpres-
sion of specific genes in cybrids harbouring the risk allele C. The 
role of inflammation in the development and progression of OA 
is well known.68–70 Therefore, the presence of this mtSNV could 
create a pro-inflammatory genetic background that increases the 
predisposition of specific patients with OA to suffer a rapid evolu-
tion of the disease in terms of structural progression. Within this 
inflammatory environment, in which PTGS2 is also significantly 
increased, the potential role of IL6 is of special interest. IL6 
mRNA expression is significantly increased in cybrids with the 
risk variant m.16519C. Interestingly, preliminary data obtained 
by our group, in a small subset of (n=26) rapid and (n=200) 
non-rapid progressors of the OAI, show that baseline serum 
levels of this cytokine are non-significantly elevated in patients 
with RPKOA after adjusting for the confounder factors of age, 
gender, BMI, contralateral KOA and WOMAC (OR 1.934; 95% 
CI 0.761 to 4.912; p=0.165) (data not shown). In line with 
these evidences, some studies highlight the importance of this 
cytokine in both OA incidence and severity.71 The implication 
of this cytokine in the development of this phenotype deserves 
further investigation.

The influence of mitochondrial dysfunction and mtDNA vari-
ation in OA is not new.19 Recent examples of this association 
include the influence of specific mtDNA haplogroups on both 

structural damage and the rate of incidence and progression of 
KOA.20 22 34 72 Moreover, this influence has also been demon-
strated using animal models, specifically conplastic mice and 
prematurely ageing mutator mice PolgD275A.

Conplastic mice BL/6C57 show, after surgically inducing OA, a 
decreased autophagy, a higher apoptosis as well as an increased 
Osteoarthritis Research Society International (OARSI) histopa-
thology score, subchondral bone, menisci score and synovitis 
compared with the BL/6NZB strain.24 Interestingly, 91 was the 
number of differential mtDNA mutations between both strains, 
including 14 missense mutations, 4 transfer RNA mutations 
or 8 ribosomal RNA mutations.73 Prematurely ageing mtDNA 
mutator mice PolgD275A are more prone to suffer elevated 
subchondral bone turnover and hypertrophy in calcified carti-
lage.74 In addition, both mitochondrial dysfunction and the 
accumulation of somatic mtDNA mutations have been related 
to impaired osteogenesis and accelerated bone loss in mtDNA 
mutator mice PolgD275A.23

The study presented herein has some limitations that must be 
drawn. On the one hand, in addition to m.16519T>C, there 
are a few differential mitochondrial genetic polymorphisms 
between H6b2 and H76 cybrids and, unfortunately, the appli-
cation of mtDNA editing techniques to manage homoplasmic 
mtDNA polymorphisms are far from effective actually. However, 
mtDNA haplogroup H has been established as a good candidate 
to perform genetic association studies due to its relatively low 
intragroup sequence variability.38 Moreover, m.16519T>C was 
the only mtSNV that showed a significantly robust differential 
distribution between rapid and non-rapid progressors. On the 
other hand, we pooled subjects from CHECK and PROCOAC 
in order to achieve an improved statistical power as well as an 
increased sample size of rapid progressors in the (European) 
replication cohort; however, even performing the meta-analysis 
using data from the three cohorts separately, the results of the 
meta-analysis remained significant. In relation to this, taking into 
account the wide distribution of this variant among the different 
mitochondrial lineages, the former does not exclude the fact that 
these findings should be replicated in another independent (non-
Caucasian) cohort of patients with KOA. Finally, this study anal-
yses the effect of the mtSNV m.16519C on the uniform nuclear 
background of the osteosarcoma cell line 143B.TK− Rho-0, but 
not its impact on a different nuclear background. Because of 
the well-documented mitochondria-nucleus interactions,35 52 75 
functional studies using chondrocytes-derived cybrids would be 
desirable.

The discovery of biomarkers that allow the identification of 
patients prone to suffer a rapid progression of KOA to include 
them in clinical trials, has been one of the research priorities of 
the EULAR76 and the Applied Public-Private Research enabling 
OsteoArthritis Clinical Headway.77 After analysing 1794 subjects, 
the results of this work show, for the first time, that the pres-
ence of the mtSNV m.16519C increases the risk of suffering a 
rapid progression of KOA in terms of KL grade. From this study, 
it can be concluded that: (i) the design of therapies based on 
the maintenance of mitochondrial function or mtDNA editing 
should become a reality as soon as possible; (ii) the genetic 
predisposition to an increased inflammatory state emerges as a 
potential risk factor for the development of this phenotype and 
(iii) the identification of other unknown (clinical and/or genetic) 
risk factors, whose interaction with this mitochondrial variant 
increases the predisposition to a rapid progression of the disease, 
should be mandatory.
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EXTENDED SUPPLEMENTARY METHODS 

Cohort’s description 
 

The OAI cohort has a public archive of data, biological samples and 

images collected over time from a clinically well-characterized population. 

Participants from this cohort used in the present study were followed annually for 

8 years to detect changes in the clinical status of their knees (and other joints), 

including worsening and onset of symptoms and disabilities, worsening and onset 

of knee structural abnormalities, as well as changes in other imaging and 

biochemical markers of knee OA. 

The CHECK cohort was formed from October 2002 to September 2005. 

The cohort consists of participants with pain and/or stiffness of the knee and/or 

hip, which were followed prospectively. Individuals were eligible if they had pain 

or stiffness of knee or hip, aged between 45-65 years and had no yet consulted 

their physician for these symptoms, or the first consultation was within six months 

before entry. 

The PROCOAC cohort is a longitudinal population-based cohort study on 

the determinants and prognosis of OA of the knees, hips and hands. The 

recruitment of patients started in 2006, and all patients are followed bi-annually. 

Patients were included attending to the following: i) patients from external 

consultations with hand pain and diagnosed with hand OA following the American 

College of Rheumatology (ACR) criteria; ii) patients with knee pain previously 

diagnosed with radiographic knee OA following ACR criteria; and iii) patients with 

hip pain previously diagnosed with radiographic hip OA following ACR criteria. 

In-depth sequencing of mtDNA 

Library preparation 
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Sequencing libraries were automatically generated using Precision ID DL8 

Kit (ThermoFisher Scientific) for the Ion Chef system (ThermoFisher 

Scientific).  This kit enables the preparation of Ion AmpliSeq libraries for the 

Precision ID mtDNA Whole Genome Panel (ThermoFisher Scientific). This panel 

consists of two primer pools, of 81 primer pairs each, that targets the entire 

human mitochondrial genome. Library preparation was done following the 

manufacturer´s recommended protocols. Briefly, gDNA samples were quantified 

using a Qubit device to reach a final concentration of 0.1ng of gDNA in a final 

volume of 15uL. The Ion Chef system is able to automatically prepare up to 8 

libraries (samples) per run, resulting in a final pool of 700uL at 100pM in one tube. 

The maximum number of barcodes available using this technique is 32, so that 

we performed 4 independent runs on the Ion Chef to generate 4 pools of libraries 

(8 per pool). Finally, each set of (8x4) 32 libraries was pooled into a single tube 

in a final volume of 25ul and normalized to 30pM, ready for templating and 

sequencing. 

Templating and sequencing 

The generated libraries are ready for template preparation for clonal 

amplification on the Ion Chef system and sequencing on an Ion S5XL system. 

Once the libraries are normalized to 30pM, the templating process was performed 

automatically on the Ion Chef system following the manufacturer´s recommended 

protocols. Briefly, this process includes the joining of the libraries to the Ion 

Sphere Particles (ISP), in such a way that only one fragment will join one ISP, 

and the subsequent clonal amplification by emulsion PCR, by which each ISP will 

be covered by multiple copies of the same fragment. In addition, through an 

enrichment process, all empty ISPs are removed. 
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Data analysis 

Ion S5XL reads were processed with Ion Torrent SuiteTM software v 5.12 

(ThermoFisher Scientific) for variant calling using an adapted pipeline for 

Ampliseq libraries using a low stringency mode in Torrent Variant Caller plug-in 

(TVC) (OCPv1i3 Panel - 530 - Chef - Somatic - Low Stringency). In order to 

confirm that results are not contingent to the presence of Nuclear Mitochondrial 

DNA Segments (NUMTs), a parallel pipeline was carried out, using the same 

steps but adding a previous clean-up step of potentially NUMT-derived reads 

using standalone IonTorrent tools from publicly available docker image 

(iontorrent/tsbuild). Clean-up consisted in re-aligning reads against both the 

reference nuclear genome (GRCh28, chromosomes 1-23) and the mitochondrial 

genome (revised Cambridge reference sequence (rCRS)).35 For this approach, 

we used TMAP alignment optimization 36 with the same parameters used in the 

regular Ion Torrent SuiteTM process in order to obtain reference-specific 

alignment score (AS) values to be compared. Those reads with a higher AS in 

the alignment against the nuclear genome reference than that obtained against 

the rCRS reference, have been tagged as potentially NUMT-derived and 

subsequently removed from the BAM file using Picard tools before variant calling 

using TVC.  

Additionally, given the circularity of the mitochondrial genome, in order to 

avoid misalignments towards the ends of the rCRS reference, reason why the 

standard Ion Torrent SuiteTM uses the PrecisionID_mtDNA_rCRS reference 

repeats the first 80 nucleotides of rCRS at the end of the sequence, the alignment 

is carried out again using a version of rCRS with an alternative cut point. In this 

alternative version of rCRS, the ends of the original reference sequence rCRS 
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are joined and the cut point is shifted to between nucleotides 8284 y 8285, which 

allows the confirmation of variants identified in positions less than 500 bps away 

from the ends of the original reference sequence.  

All this process has been automated using the workflow management 

system snakemake within the same tsbuild docker container that provided the 

IonTorrent-specific tools (TMAP and TVC).  

The resultant mitochondrial variants obtained after applying the above-

described workflow were initially filtered by their population frequency. Thereby, 

those mitochondrial genetic variants with a minor allele frequency (MAF) <0.05 

were discarded. In addition, a conservative heteroplasmy detection threshold was 

set to 20%. Even so, after automatic variant calling, manual verification was 

performed using Integrative Genomics Viewer (IGV) software v2.8.0. 

Meta-analysis 

In this work, we performed a subsequent meta-analysis of rapid 

progression of KOA including data from the American cohort (discovery cohort) 

and the European cohort (replication cohort). Although we followed PRISMA 

guidelines to perform the meta-analysis, the computerized search strategy did 

not find studies of rapid progression of KOA including the mtDNA variant 

described in this work, therefore, no additional studies were incorporated to the 

meta-analysis.  

Both fixed and random effect models were considered for meta-analysis 

with binary outcome (rapid vs non-rapid progressors) data. Inverse variance 

method was used to calculate the fixed and random effects estimates. Estimation 

of adjusted ORs and their 95%CI was used as the effect size measurements for 

the association between m.16519C and the rapid progression of KOA. The I2 
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index was computed to explore the heterogeneity. Meta-analysis results were 

presented on a forest plot graph. All the computations were carried out using R 

software v4.0.2, using the meta-package. Meta-analysis was planned to be 

performed on k=2 studies, with an estimated statistical power of 90.3% to detect 

as statistically significant an OR ≥1.5 associated to the presence of m.16519C, 

with a p-value <0.05 two-tailed significance level. 

Single Base Extension (SBE) assay 

The assignment of the mtDNA variant with a significantly different 

frequency between rapid and non-rapid progressors, obtained in a subset of 

patients from the discovery cohort, was carried out in the rest of the samples 

using the SBE technique on a SeqStudio genetic analyzer system (ThermoFisher 

Scientific). Briefly, an initial polymerase chain reaction (PCR) was performed to 

amplify the mtDNA fragment containing the informative SNP. The resulting PCR 

fragment was purified with ExoSap-It (ThermoFisher Scientific) and subsequently 

subjected to the SBE reaction following manufacturer´s recommendations. 

Purified SBE product using Fast-AP (ThermoFisher Scientific) was loaded into a 

SeqStudio genetic analyzer to visualize the SNP. Primers used for this assay are 

available upon request.  

This technique was also used to confirm the selected mtDNA variant 

m.16519T>C in a 20% of randomly selected samples form the initial subset from 

the discovery cohort of the OAI. 

Functional studies using transmitochondrial cybrids 

RNA isolation and gene expression assays 

 Cells from cybrid cultures were pelleted and the RNA was isolated using 

Trizol ® (Thermo Fisher Scientific). Isolated RNA was quantified using NanoDrop 
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ND1000 (Thermo Scientific) and subsequently reverse transcribed (1μg) using 

SuperScript VILO Master Mix ® (Thermo Fisher Scientific) following manufacturer 

recommendations. 

Quantitative real time PCR experiments were performed on a LightCycler 

480 II system (Roche) using Universal Probe Library (UPL) probes to assess the 

gene expression of genes related to: i) mitochondrial biogenesis (peroxisome 

proliferator-activated receptor gamma, coactivator 1 alpha (PPARGC1A) and 

transcription factor A mitochondrial (TFAM)); and ii) mitochondrial fusion 

(mitofusin 2 (MNF2)) and fission (fission mitochondrial 1 (FIS1)) processes. The 

results were analyzed with qBase+ software v2.5 (Biogazelle) using the 

Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) as housekeeping gene. 

Primer and probe sequences are available upon request. 

RNA-seq 

A whole transcriptome assay by next generation sequencing (NGS) 

techniques was performed in cybrids with and without the mtSNV m.16519C. 

Isolated RNA was quantified using a Qubit 4 flourometer (ThermoFisher). DNAse-

treated isolated RNA from cybrids was retro-transcribed using SuperScript™ 

VILO™ cDNA Synthesis Kit (Thermofisher) using manufacturer 

recommendations. Then, 10ng of cDNA were subsequently used to automatically 

generate libraries using the Ion AmpliSeq™ Transcriptome Human Gene 

Expression Panel, Chef-Ready Kit (ThermoFisher). After the templating process, 

templated ISPs were automatically loaded onto one Ion 550 chip and placed on 

an Ion S5XL for sequencing, and subsequently post-processed with the 

ampliSeqRNA plug-in of the Torrent SuiteTM software v 5.12 (ThermoFisher 

Scientific). 
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CHP files, normalized by reads per million (RPM), were automatically 

generated and imported into the Transcriptome Analysis Console (TAC) software 

v4.0 (ThermoFisher) to perform the differential expression analyses between 

cybrids with and without the mtSNV m.16519C. Only those genes with a Fold 

change (Fc) between groups >±2 and a corrected (FDR) p-value <0.05 were 

considered as differentially expressed. 

Finally, to explore the biological meaning of the differentially expressed 

genes, we loaded both the list of up-regulated and down-regulated genes 

associated with the presence of the mtSNV m.16519C into the online Enrichr 

web-based tool (https://maayanlab.cloud/Enrichr/). 

Subsequent quantitative real time PCR validation of Interleuquin 6 (IL6) 

and prostaglandin-endoperoxide synthase 2 (PTGS2) genes was performed on 

a LightCycler 480 II system (Roche) using dual labeled Taqman probes 

(ThermoFisher Scientific), as well as GAPDH as reference gene 

Mitochondrial reactive oxygen species (ROS) production assay 

Mitochondrial superoxide anion was evaluated with MitoSox Red (Thermo 

Fisher Scientific) at a final concentration of 5µM in Hank´s Balanced Sal Solution 

(HBSS, Sigma) during 15 min at 37ºC in darkness.  

Cells were harvested by trypsin and re-suspended in saline solution prior 

to be analyzed by flow cytometry. A density of 1x104 cells per assay were 

measured by flow cytometry and data were analyzed with CellQuest software 

(Becton Dickinson). Results were expressed as median of fluorescence intensity. 

Oxidative stress response assay 

To evaluate the oxidative stress response under H2O2 incubation, the 

CellTiter 96® Aqueous Assay kit (Promega) was used. 2x103 cells were grown in 
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MW-96 for 24h in DMEM 10% FBS. Then, the medium was replaced by DMEM 

without serum, and maintained in culture during 24h. Next, 200µM H2O2 was 

added during 30 min and finally 20µl of kit reagents of warm solution (3-(4,5-

dimethythiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) + Phenazine methosulfate (PMS)) were also added to all wells 

and incubated 4h at 37°C followed by measurement of absorbance at 490nm in 

a microplate reader (NanoQuant Infinite M200, Tecan). 

To examine for oxidized proteins relevant to mitochondrial stress, we 

analyzed post-translational modifications (PTMs) by liquid chromatography-

tandem mass spectrometry (LC-MS/MS) in two clones from each type of cybrids. 

The analysis was performed following a classic workflow of nanoliquid 

chromatography coupled to a high resolution TIMS TOF Pro mass spectrometer 

(Bruker). Then, mass spectrometry raw files were processed with PEAKSXpro 

10-6 software (Bioinformatics solutions Inc.) against the UniProtKB/Swiss-Prot 

human database (release 2021_02) previously filtered by mitochondrial proteins. 

For the quantification of PTMs, only mitochondrial oxidized proteins with an 

AScore >20 (p-value <0.01) were considered (Beausoleil SA, Villén J, Gerber SA, 

et al. A probability-based approach for high-throughput protein phosphorylation 

analysis and site localization. Nat Biotechnol 2006;24:1285–92). 

Sample preparation and LC-MS/MS analysis  

Equal amounts of two transmitochondrial cybrids (509 and 513) from two 

different clones were reduced with 10 mM dithiothreitol for 1 h at 37 °C, and 

subsequently alkylated with 50 mM iodoacetamide for 45 minutes at room 

temperature in the dark. Samples were digested with sequencing grade modified 

trypsin (Promega) at 1:40 enzyme-to-substrate ratio. After 16 h of digestion at 37 
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°C, samples were acidified with 10% trifluoroacetic acid to ~pH 3. The digested 

peptides were desalted using in-house made stage tips (3M Empore SPE-C18 

disk,47 mm, Sigma Aldrich) and finally samples were dried under speed-vacuum 

(Thermo, USA). The dried eluates were re-constituted in 0.1% FA (formic acid) 

for direct LC-MS. The peptide mixture (200ng) was loaded in a nanoElute (Bruker 

Daltonics) nano-flow LC was coupled to a high-resolution TIMS-QTOF (timsTOF 

Pro, Bruker Daltonics) with a CaptiveSpray ion source (Bruker Daltonics). 

Technical replicates for each sample were injected. Liquid chromatography was 

performed at 50 °C and with a constant flow of 400 nL/min on a reversed-phase 

column (15 cm * 75 m i.d.) with a pulled emitter tip, packed with 1.9 m C18-coated 

porous silica beads (Dr. Maisch, Ammerbuch-Entringen, Germany). 

Chromatographic separation was carried out using a linear gradient of 5-35% 

buffer B (100% ACN and 0.1% FA) over 50 min. After ESI ionization, peptides 

were analyzed in data-dependent mode with Parallel Accumulation–Serial 

Fragmentation (DDA-PASEF) enabled. 

Analysis of mass spectrometry data 

Mass spectrometry raw files were processed with PEAKSXpro 10.6 build 

20201221 (Bioinformatics solutions Inc.). The MS/MS spectra were matched to 

in silico derived fragment mass values of tryptic peptides against an in-house 

mitochondrial database (1136 entries) generated by filtering the 

UniProtKB/Swiss-Prot human database according to MitoCarta 3.0 database 

(MitoCarta3.0: An Inventory of Mammalian Mitochondrial Proteins and Pathways 

| Broad Institute). Search parameters were: Parent Mass Error Tolerance: 15.0 

ppm; Fragment Mass Error Tolerance: 0.02 Da; Enzyme: Trypsin; Variable 

Modifications: Acetylation (Protein N-term): 42.01; Deamidation (NQ): 0.98; 
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Oxidation (M): 15.99; Oxidation (HW): 15.99; Oxidation or Hydroxylation (C): 

15.99; Oxidation or Hydroxylation: 15.99; Persulfide: 31.97 and 27 more. Fixed 

Modification: Carbamidomethylation: 57.02. PEAKS PTM module allows 

screening more than 30 known PTM types and supports quantitative PTM 

analysis.  

Mitochondrial membrane potential (ΔΨm) 

We analyzed the mitochondrial membrane potential (ΔΨm) using the 

fluorescent Mito Probe JC-1 in cybrids 509 (m.16519T) and 513 (m.16519C) by 

flow cytometry. Mito Probe JC-1 is a lipophilic cation that exists as a monomer at 

low values of ΔΨm (green  fluorescence),  while  it  forms  aggregates  at  high 

ΔΨm (red  fluorescence).  

For this procedure, cybrids cells were seeded at 8×104 cells per well in 

12-well plates in DMEM 10% FBS; when the cell confluence arrived near 80%, 

the medium was changed to DMEM serum-free and treated with the 

protonophore carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP) at 

500 µM during 3h as depolarizer inductor. Cybrids were collected by 

trypsinization and then incubated with 2µM of Mito Probe JC-1 for 30 min at 37°C 

in 5% CO2, sedimented, washed in PBS and analyzed by flow cytometry using 

CytoFLEX (Beckman Coulter). Mean fluorescence intensity values of each 

channel, expressed as arbitrary units, were obtained for all experiments. In each 

experiment, at least 5000 events were analyzed. The percentage of 

depolarization in a cell population was calculated by dividing the values of red 

fluorescence by the values of green fluorescence. Therefore, the ratio 

aggregates:monomers (red:green fluorescence) in relation to the FCCP ratio 

corresponding to each cybrid was subsequently used to present the data. 
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Autophagy determination 

Autophagy was evaluated through the quantification of Microtubule-

associated protein 1A/1B-light chain 3 (LC3) (I and II), Sequestosome-1 

(p62/SQSTM1) and phospho-ribosomal protein S6 (p-rpS6) by Western blotting 

(WB). 

Total protein was obtained from 6 x 105 cells lysed using 200μl of lysis 

buffer (6M urea/2% SDS buffer) and then were sonicated at 4 ºC. The 

homogenate was centrifuged and the supernatant was recovered. The protein 

concentrations in the supernatant were determined by a Bicinchoninic Acid 

reagent assay (BCA) using pierce BCA Protein Assay kit (Pierce Biotechnology, 

IL, USA). The samples were then adjusted to equal concentration (10µg) before 

resolution on 4–20% gels (Invitrogen). Protein was transferred onto nitrocellulose 

membranes (Invitrogen) and then blocked for 1h at room temperature (rt) with 

BSA 5% for LC3, p62/SQSTM1 and p-rpS6, or with 5% dry milk in the case of α-

tubulin in Tris buffered saline–Tween (TBST). The membranes were incubated 

with antibodies for LC3-II (1:1000, Cell Signaling Technology, Beverly, MA, Cat. 

Number #3868), p62/SQSTM1 (1:2000, Cell Signaling Technology, Cat. Number 

#88588), p-rpS6 (1:2000, Cell Signaling Technology, Cat. Number #4858) and α-

tubulin (1:5000, Sigma-Aldrich, Cat. Number #T9026). The membranes were 

then incubated overnight at 4 ºC with horseradish peroxidase (HRP)–conjugated 

anti-rabbit IgG or anti-mouse IgG (1:1000 and 1:10000 respectively. Sigma-

Aldrich Cat Numbers #NA934 and #NA931, respectively) for 1h at rt. Then, the 

membranes were washed 3 times with TBST and developed using an enhanced 

chemiluminescent substrate (Pierce Biotechnology). Cells were incubated with 

30µM chloroquine (Sigma-Aldrich) for 16h as positive control for LC3 and 
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p62/SQSTM1 accumulation and, in the case of p-rpS6, cells were treated with 

10µM Rapamycin (Calbichem, Darstadt, Germany) during 16h. The intensity of 

the bands and the WB quantification were assessed by using Amershan Imagen 

600 software.  

Statistical analysis of cybrids experiments 

Results were expressed as the mean of different independent measures, 

with a minimum of three observations per clone (mean±SEM), using two cybrids 

(one H cybrid harboring the mtDNA variant m.16519C and one H cybrid harboring 

the mtDNA reference m.16519T) and two clones from each cybrid. Statistically 

significant differences between the two groups were determined using Mann-

Whitney non-parametric U test. P-values below 0.05 were considered significant. 

Preliminary determination of serum levels of IL6 

We compared the baseline serum levels of IL6 between (N=26) rapid and 

(N=200) non-rapid progressors belonging to the OAI. Millipore’s MILLIPLEX MAP 

High Sensitivity Human Cytokine multiplex kit was used to measure serum 

concentrations of IL6 following the manufacturer’s instructions. Serum samples 

and standards were assayed in duplicate and measured using the FlexMap3D 

instrument (Luminex, Corp.). We adjusted for batch in all analyses. The limit of 

detection was 0.10 pg/mL. Intra-assay coefficient of variation for the serum 

inflammatory marker studied was less than 5%; inter-assay coefficient of variation 

was less than 19%. Obtained mean and median measures were categorized 

based on the median and statistically analyzed following a logistic regression 

model adjusting for the confounder variables of age, gender, BMI, contralateral 

knee OA and WOMAC pain at baseline. 
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